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Abstract
Porcine parvovirus 1 (PPV1) mainly induces severe reproductive failure in pregnant swine, and causes huge economic 
losses to the swine industry. Cell apoptosis induced by PPV1 infection has been identified the major cause of reproductive 
failure. However, the molecular mechanism was not fully elucidated. In this study, the potential mechanism of PPV1 induced 
apoptosis in PK-15 cells was investigated. Our results showed that PPV1 induced apoptosis in PK-15 cells. Further studies 
revealed toll-like receptor 2 (TLR2) was involved in the PPV1-mediated apoptosis. TLR2 siRNA significantly decreased 
the apoptosis. Finally, our study showed NF-κB was activated by TLR2 during PPV1-induced apoptosis. The activation of 
NF-κB signaling was demonstrated by the phosphorylation of p65, p65 nuclear translocation and degradation of inhibitor of 
kappa B α (IκBα). Together, these results provided evidence that the recognition between PPV1 and PK-15 cells was mainly 
through TLR2, and then induction of the NF-κB signaling pathway activation, which further induces apoptosis. Our study 
could provide information to understand the molecular mechanisms of PPV1 infection.
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Abbreviations
DAPI	� 4′-6-Diamidino-2-phenylindole-dihydrochloride
FITC	� Fluorescein isothiocyanate
hpi	� Hour post infection
HRP	� Horseradish peroxidase
IFA	� Immunofluorescence assay
IκB	� Inhibitory kappa B
IKK	� IκB kinase
NF-κB	� Nuclear factor-kappa B
PAMPs	� Pathogen-associated molecular patterns
PI	� Propidium iodide

p-p65	� Phosphorylation of p65
PPV	� Porcine parvovirus
PRRs	� Pattern-recognition receptors
PVDF	� Polyvinylidene difluoride
RNAi	� RNA interference
TLRs	� Toll-like receptors

Introduction

Parvoviruses are small, non-enveloped, and single-stranded 
DNA viruses in the family Parvoviridae (Cao et al. 2017). 
To date, seven porcine parvovirus (PPV) genotypes (PPV1 to 
PPV7) have been discovered in swine (Li et al. 2021). Classical 
PPV1 is an important pathogen causing reproductive failure in 
sows, characterized by early embryonic death, fetal mummifi-
cation, stillbirths, infertility and delayed return to estrus (Zhang 
et al. 2015; Zhou et al. 2017). Unlike PPV1, the research of 
novel PPVs (PPV2-PPV7) is limited to virus isolations, and the 
pathogenesis of PPV2-PPV7 is unclear (Li et al. 2021). Once 
pregnant sows infect with PPV1, the virus can across placental 
barrier and destroy their embryos or fetuses. PPV1 primarily 
replicates in rapidly dividing cells, which can not induce mito-
sis. A series of ultrastructural changes after PPV1 infection can 
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be observed, such as nuclear swelling, rapid lactate dehydroge-
nase and free viral DNA releasing, all point toward apoptosis 
and necrosis as the main form during virus infection (Meszaros 
et al. 2017a). Zhang et al. agreed that the apoptosis induced by 
PPV1 is considered to be the key factor of cell death and tissue 
damage, which are important pathogenic factors of reproduc-
tive failure in sows (Zhang et al. 2019). However, the molecular 
mechanism of PPV1 inducing apoptosis remains unclear.

Nuclear factor-kappa B (NF-κB) is a highly conserved pro-
tein complex that involves in inflammation, immunity and can-
cer (Taniguchi and Karin 2018). Research showed that NF-κB 
is activated and subsequent “proinflammatory cytokine storm” 
causes serious damage after virus infection. Inhibitors block-
ing the activity of NF-κB signaling pathway provide a potential 
therapeutic target to treat virus infection. Dexamethasone, an 
NF-κB inhibitor, has succeeded in treating COVID-19 for reduc-
ing the incidence of death (Davies et al. 2021). Some selected 
small molecule NF-κB inhibitors are effective at reducing 
adjuvant-induced inflammation, and act as immune potentia-
tors for enhancement of vaccine adjuvants (Moser et al. 2020).
Upon viral infection, pattern recognition receptors (PPRs) rec-
ognize pathogen-associated molecular pattern (PAMPs). The 
compounds engage TIR-domain-containing adaptor inducing 
interferon-β (TRIF), myeloid differentiation primary response 
gene 88 (MyD88), or mitochondria antiviral-signaling protein 
(MAVS). Then these adaptor molecules recruit TNF recep-
tor-associated factor (TRAF) and transforming growth factor 
β-activated kinase 1 (TAK1) to active NF-κB (Zhao et al. 2015).

Toll-like receptors (TLRs), a well-characterized cluster of 
prototype PRRs, play a crucial role in the initiation of innate 
cellular immune responses. TLRs bind to components of path-
ogens, and produce cytokine through activation of signaling 
pathways (Vandevenne et al. 2010). TLRs and their down-
stream signaling pathways play crucial roles in host innate and 
adaptive immune responses (Gray et al. 2006). However, little 
is known about the molecular mechanisms of PPV1-induced 
TLRs/NF-κB activation.

In the present study, TLR2 was verified to be involved in 
PPV1-induced apoptosis using RNA interference (RNAi). 
Subsequently, the activation of NF-κB signaling pathway dur-
ing PPV1 infection was confirmed by dual-luciferase reporter 
test, indirect immunofluorescence assay (IFA) and western 
blotting. These results may provide valuable information 
on the host cell-virus interactions for PPV1 and other swine 
reproductive failure viral infections.

Materials and methods

Cells and virus

The PK-15 cell line (ATCC: CCL-33) was used to propa-
gate PPV1. PK-15 cells were cultured in minimum eagle’s 

medium (MEM, Gibco, USA) supplemented with 10% fetal 
bovine serum (FBS, Gibco, USA) at 37 °C in a humidified 
atmosphere containing 5% CO2. The PPV1 HN-4 strain was 
isolated from the lung tissue of an embryonic death piglet 
in Henan, China (Zhou et al. 2017). The cytopathic effect 
(CPE) and immunofluorescence assay were observed in 
PK-15 cells after five blind passages of PPV1. The TCID50 
was 10–5.1/0.1 mL.

Inhibitor and antibodies

The NF-κB inhibitors BAY 11-7082 was purchased from 
Beyotime company (Beyotime, China) and dissolved in 
Dimethyl sulfoxide (DMSO, Solarbio, China) to a stored 
concentration of 100 μM. The final working concentra-
tion of NF-κB inhibitor BAY 11-7082 is 0.5 μM and 5 μM. 
Monoclonal antibodies against phosphorylated p65, IκBα 
and IKKα were purchased from Cell Signaling Technol-
ogy (CST, USA). Monoclonal antibodies against TBP and 
β-actin were purchased from Proteintech (Proteintech, 
China).

Apoptosis analysis

Annexin V/PI double staining was used to detect phosphati-
dylserine valgus to evaluate apoptosis. In the early stage of 
cell apoptosis, phosphatidylserine in the inner side of the 
cell is everted to the outer membrane and can bind with 
Annexin V- Fluorescein isothiocyanate (FITC). In the late 
stage of apoptosis, propidium iodide (PI) can bind to DNA 
through the damaged cell membrane. According to Annexin 
V-FITC/PI apoptosis decision kit (Solarbio, China), the cells 
infected with PPV1 were stained, and then the apoptosis was 
detected by flow cytometry (Beckman Coulter, USA). Cell 
apoptosis was analyzed using CytExpert software (Beckman 
Coulter, USA).

NF‑κB luciferase assays

PK-15 cells were seeded in 24-well plates. Cell (reached 
approximately 70% - 80% confluence) were used to trans-
fection experiment. Briefly, NF-κB reporter plasmid pNF-
κB-luc (125 ng) and indicated plasmids pRL-TK (25 ng) 
were added to 100 μL of Opti-MEM® Reduced serum 
medium (ThermoFisher Scientific, USA). Then 0.5 μL of 
PLUSTM reagent (ThermoFisher Scientific, USA) was 
added, and incubated for 5 min at room temperature. 1.5 
μL of Lipofectamine®LTX reagent (ThermoFisher Sci-
entific, USA) was subsequently added to the mixture, and 
incubated for an additional 25 min at room temperature. 
This mixture was added to cells and incubated at 37 °C. 
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24 h later, cells were infected with PPV1 (MOI = 0.1/1/10). 
Cell extracts were collected, and the luciferase activities 
were measured using the Dual-Luciferase Reporter assay 
system according to the manufacturer's protocols (Pro-
mega, USA). Values for each sample were normalized 
using the renilla luciferase values. For each experiment, 
firefly luciferase activity was divided by renilla luciferase 
activity to correct for differences in transfection efficiency. 
The resultant ratios were normalized to fold change value 
obtained from PK-15 infected with PPV1.

Western blotting analysis

PK-15 cells were cultured in 60  mm dishes and were 
infected with PPV1 (MOI = 1). At the indicated times, 
cytoplasmic and nuclear protein were extracted sepa-
rately using Cytoplasmic and Nuclear Protein Extraction 
Kit (TDY, China). The total protein was prepared by add-
ing lysis buffer in cells. The cell extracts were separated 
by SDS-PAGE and electroblotted onto a polyvinylidene 
difluoride (PVDF) membrane (Millipore, USA). Then the 
membranes were incubated with specific primary antibod-
ies, followed by incubation with appropriate horserad-
ish peroxidase (HRP) conjugated secondary antibodies. 
Signals were detected using an ECL chemiluminescence 
detection kit (Millipore, USA) and quantitated using 
Image J software.

Immunofluorescence assay (IFA)

PK-15 cells were seeded in 96-well culture plate. At approxi-
mately 50%–60% confluence, cells were infected with PPV1 
(MOI = 1) for 1.5 h. Maintenance medium (MEM contain-
ing 2% FBS) was added for 36 h. Then PK-15 cells were 
fixed with 4% paraformaldehyde for 30 min, permeabilized 
with 3% Triton X-100, and blocked with 3% BSA (Sigma, 
USA) for 30 min. Cells were stained with NF-κB p65 mouse 
monoclonal antibody (5G6) (TDY, China) for 1 h at room 
temperature. Cells were washed with PBS and incubated 
with goat anti-mouse secondary antibodies conjugated with 
Alexa-fluor 594 (Life Technologies, USA) for 1 h. Nuclei 
were stained with 4′-6-diamidino-2-phenylindole-dihydro-
chloride (DAPI, Invitrogen, USA) for 5 min at room tem-
perature. Images were acquired by fluorescence microscope 
(Zeiss, Germany).

The RNAi analysis

Two short interfering RNA (siRNA) sequences target-
ing the porcine TLR2 (siRNA210 and siRNA662) and 
one irrelevant interference sequence (negative control, 

Table 1) were designed separately (based on GenBank: 
NM_213761.1). Sequences were synthesized by GeneP-
harma Company. Cells were transfected with siRNA using 
ExFect®2000 Transfection Reagent (Vazyme, China) 
according to the manufacturer’s instructions. RNAs were 
extracted from cells after 24 h, 36 h and 48 h post-trans-
fection. Protein was collected at 48 h post-transfection.

Real‑time quantitative reverse transcription 
polymerase chain reaction (RT‑qPCR)

RT-qPCR was used to detect of TLR2 and NF-κB signal 
molecule during PPV1 infection. The cells were collected 
and analyzed at different time points after PPV1 infec-
tion. Total RNA was extracted from PK-15 cells using 
TRIzol reagent (Vazyme, China). cDNAs were reversed by 
Strand cDNA Synthesis Kit (Vazyme, China). RT-qPCR 
was performed using Power SYBR Green PCR Master Mix 
(Vazyme, USA). β-actin was used as the internal control, 
and all gene expressions were normalized to β-actin. The 
primers used are listed in Table 2.

Statistical analysis

All experiments were performed in triplicate. Data are pre-
sented as mean ± standard deviation (SD). P values were cal-
culated using Student’s t test or one-way analysis of variance 
(ANOVA). * 0.01 < p < 0.05, ** p < 0.01.

Results

PPV1 infection induces apoptosis in PK‑15 cells

To explore whether PPV1 infection could induce apop-
tosis, PK-15 cells were infected with different MOIs (0.1 
and 1) of PPV1. After 36 h, the cells were stained with 
Annexin V-FITC/PI, and then analyzed by flow cytometry. 
The results showed that the percentage of apoptotic cells in 
PPV1 infected groups were significantly higher than that in 

Table 1   The sequences of siRNA targeting TLR2 used in this study 
(Jin et al. 2020)

Name siRNA sequence (5'–3')

siRNA 210 F: CCA​GAU​CUU​UGA​GCU​CCA​UTT​
R: AUG​GAG​CUC​AAA​GAU​CUG​GTT​

siRNA 662 F: CCA​AAG​AGU​CUG​AGG​UCA​ATT​
R: UUG​ACC​UCA​GAC​UCU​UUG​GTT​

Negative control F: UGA​CCU​CAA​CUA​CAU​GGU​UTT​
R: AAC​CAU​GUA​GUU​GAG​GUC​ATT​
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the mock group. At the MOI of 0.1 and 1, apoptotic cells 
induced by PPV1 increased about 2 and 4.1-fold, respec-
tively (  . 1).

TLR2 is involved in PPV1‑induced apoptosis

To determine whether TLR2 involved in PPV1-induced 
apoptosis, RT-qPCR and RNAi analyses were used. 
mRNA expression of TLR2 had a significant peak at 6 

hpi and 12 hpi in PPV1-infected cells comparing to unin-
fected cells (Fig. 2a). To further understand the role of 
TLR2, TLR2 was silenced by RNAi. We designed two 
specific siRNA sequence, siRNA 210 and siRNA 662. As 
shown in Fig. 2b and c, siRNA 210 significantly decreased 
the mRNA and protein expression level of TLR2. We 
next investigated whether TLR2 was involved in PPV1 
infection. mRNA of TLR2 was significantly reduced in 
PPV1-infected cells after blocking the expression of TLR2 
(Fig. 2d). siRNA 210 treated cells were infected with 
PPV1 (MOI = 1), and stained with an Annexin V-FITC/
PI kit. Results showed that the percentage of apoptotic 
cells were significantly reduced in PPV1-infected TLR2 
knockdown cells, which suggested TLR2 was involved in 
PPV1-mediated apoptosis (Fig. 3a and b).

PPV1 infection active NF‑κB in PK‑15 cells

To investigate whether NF-κB signaling was activated dur-
ing PPV1 infection, PK-15 cells were co-transfected with 
pNF-κB-luc and pRL-TK, and infected with various MOIs of 

Table 2   The sequences of primers used in this study for real-time RT-
qPCR

Gene Sequence (5'–3') Size (bp)

TLR2 F: GGA​GCC​TTA​GAA​GTA​GAG​TTTGA​ 234
R: AAG​GGA​ACA​GGG​AAC​CAG​

NF-κB F: AGG​AGC​ACG​GAT​ACC​ACC​AAGA​ 324
R: CAC​AGC​ATT​CAG​GTC​GTA​GTCCC​

β-actin F: GCG​GCA​TCC​ACG​AAA​CTA​C 137
R: GAT​CTC​CTT​CTG​CAT​CCT​GTC​

Fig. 1   PPV1 infection induces apoptosis in PK-15 cells. PK-15 cells 
were infected with PPV1 at MOI of 0.1 and 1 for 36 h. Mock-infected 
PK-15 cells were used as controls. PPV1-induced phosphatidylserine 
eversion detected by annexin V-FITC/PI staining and flow cytometry 

(a) and presented as a percentage of apoptotic cells (b), respectively. 
Results are expressed as mean ± SD from three independent experi-
ments. *0.01 < p < 0.05, **p < 0.01
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PPV1 later. The luciferase activity was no statistically signif-
icant difference between the PPV1 (MOI = 0.1) infected and 
control cells. While the luciferase activity was significantly 
increased about 1.8 and 2.1-fold at MOI of 1 and 10, respec-
tively. To further confirm NF-κB was activated by PPV1 
infection, PPV1 were inactivated with UV. Data showed that 
PPV1 pretreated with UV did not activate NF-κB signaling 
(Fig. 4a). mRNA level of NF-κB was also decreased when 
PK-15 cells treated with siRNA 210 (Fig. 4b).

PPV1 infection activates NF‑κB associating with p65 
and IκBα axis

NF-κB signaling was activated in PK-15 cells upon 
PPV1 infection demonstrating by the phosphorylation 
of p65 (p-p65), p65 nuclear translocation and degra-
dation of IκBα. The expression of p65 phosphoryl-
ated at serine 536 was analysed by western blotting in 
the indicated time. Compared to the mock cells, the 
expression levels of total p-p65 increased after PPV1 
initial infection, peaked at 6 h, follow by a decrease 

(Fig. 5a). The translocation of p-p65 to nucleus was sig-
nificantly increased from 3 h post-infection (hpi) to 24 
hpi (Fig. 5b). Instead, the p-p65 in the cytoplasm was 
decreased (Fig. 5c).

To investigate the nuclear translocation of p65, PK-15 
cells were infected with PPV1 (MOI = 1) and fixed at 36 hpi. 
P65 was observed with red fluorescence following stimu-
lation with PPV1, and located on nuclear and cytoplasm. 
The amounts of p65 translocated into nuclei was more than 
uninfected cells, indicating PPV1 contributes p65 nuclear 
translocation (Fig. 5d).

Normally, NF-κΒ binds to the inhibitor of NF-κΒ (IκΒ) 
to form an inactivated compound, and sterically block the 
function of NF-κΒ in plasma. Therefore, we used an anti-
IκΒα antibody to analyse IκΒ expression. As shown in 
Fig. 5e, there was a significant decrease in IκBα protein 
levels at 12, 36, 48 and 60 hpi in PPV1 infected PK-15 
cells. IκB kinase (IKK) triggers the phosphorylation and 
degradation of IκB. The results showed IKKα increased 
gradually since 3 hpi, and peaked at 12 hpi, and then 
reduced.

Fig. 2   TLR2 is involved in the PPV1-mediated NF-κB pathway. (a) 
PK-15 cells were infected with PPV1 at MOI of 1, and cell lysates 
were harvested at the indicated time points. The mRNA expression 
levels of TLR2 were analyzed by RT-qPCR. (b) and (c) Silencing 
efficiency of siRNA targeting TLR2 were detected by RT-qPCR and 
western blotting. PK-15 cells were transfected with negative control 
siRNA or TLR2 siRNA. Total RNA was extracted, and the mRNA 

levels of TLR2 were measured by RT-qPCR. Cell lysates were har-
vested and analyzed by western blotting. (d) PK-15 cells were trans-
fected with negative control siRNA or TLR2 specific siRNAs, then 
infected with PPV1 at an MOI of 1. The mRNA expression lev-
els of TLR2 was analyzed by RT-qPCR. Results are expressed as 
mean ± SD from three independent experiments. *0.01 < p < 0.05, 
**p < 0.01
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Fig. 3   TLR2 is involved in 
apoptosis induced by PPV1 
infection. PK-15 cells were 
infected with PPV1 at MOI of 
1 and transfected with siRNA 
(150 pmol) or siNegative 
(150 pmol) as indicated. At 36 
hpi, the percentage of apop-
totic cells was detected by flow 
cytometry analysis using an 
Annexin V-FITC/PI apopto-
sis detection kit. Results are 
expressed as mean ± SD from 
three independent experiments. 
*0.01 < p < 0.05, **p < 0.01
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PPV1 induces apoptosis by activating the NF‑κB 
signaling

NF-κB signaling plays a key role in the regulation of apopto-
sis. Whether the apoptosis of PK-15 cells induced by PPV1 
infection was investigated. PK-15 cells were treated with 
different concentrations (0.5 μM and 5 μM) of NF-κB inhibi-
tor BAY 11-7082 for 0.5 h, and then infected with PPV1 
(MOI = 1). The percentage of apoptotic cells were remark-
ably reduced in BAY 11-7082 treated PPV1-infected cells 
(Fig. 6). These data indicated that PPV1 infection induces 
apoptosis by activating the NF-κB signaling.

Discussion

PPVs have been widely spread and become a serious threat 
to the swine herds. PPV1 is one of the major causes of repro-
ductive failure in swine worldwide, and the economic loss 
was high in the 1960s (Streck and Truyen 2020). For the 
particular clinical symptoms and affected tissues/organs 
of PPV2 to PPV7 are not determined, the pathogenesis 
of novel PPVs is unclear (Vargas-Bermudez et al. 2021). 
Many researches have shown that PPV1 induced host cell 
apoptosis causing cell death, leading to sow reproductive 
failure (Zhang et al. 2019). The strain virulence of PPV1 is 
defined by the severity of sow reproductive failure. In the 
present study, we revealed that PPV1 induced the apoptosis 

of PK-15 cells by activating TLR2 and NF-κB signaling 
pathways (Fig. 7).

Apoptosis is a programmed cell death, and plays an 
important role in viral infection. Viruses have evolved a 
variety of strategies to interfere with the process of apop-
tosis. Some viruses are able to suppress apoptosis for viral 
replication and survival, while apoptosis might also facilitate 
viral egress (Kaminskyy and Zhivotovsky 2010). Human 
parvovirus B19 infection, inducing anemia and nonimmune 
hydrops fetalis, are the result of apoptosis in human eryth-
roid progenitor cells and fetal tissues (Chen and Qiu 2010). 
Cell apoptosis contributes to the tissue damage of canine 
parvovirus infection in dogs (Bauder et al. 2000). Thus, 
apoptosis is one of the factors that cause diseases during 
parvovirus infection. Our results also demonstrated PPV1 
induces apoptosis in PK-15 cells. The ratio of apoptotic cells 
reached 50% in PPV1 YL strain-infected PK-15 cells (Zhang 
et al. 2015). However, Meszaros et al. showed the number of 
apoptotic cells induced by PPV1 strain Kresse was less than 
14%, and necrosis was the main form of cell death PPV1 
infection induced necrosis or apoptosis depending on the 
viral strain and cell type (Meszaros et al. 2017b). And the 
components of PPV1 that induce apoptosis should be further 
studied.

PPV1 induces apoptosis by multiple pathways. Zhang 
et al. demonstrated PPV1 infection induces apoptosis by 
activation of p53 and mitochondria-mediated pathway 
(Zhang et al. 2015). Zhao and Zhang suggested PPV1 

Fig. 4   PPV1 infection promotes NF-κB activation by TLR2 in PK-15 
cells. (a) PK-15 cells were co-transfected with pRL-TK and pNF-κB-
luc expression plasmids for 24 h. Cells were mock treated or stimu-
lated with different MOI (0.1, 1, or 10) of PPV1 or inactivated PPV1 
for 24  h, and cell lysates were analyzed for dual-luciferase reporter 
assays. The ratios were normalized to fold change value. (b) PK-15 

cells were transfected with negative control siRNA or TLR2 spe-
cific siRNAs, then infected with PPV1 at an MOI of 1. The mRNA 
expression levels of NF-κB were analyzed by RT-qPCR. Results 
are expressed as mean ± SD from three independent experiments. 
*0.01 < p < 0.05, **p < 0.01
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induces apoptosis via the ROS/mitochondrial pathway 
(Zhang et al. 2019; Zhao et al. 2016). Data showed fac-
tors or signaling pathways activated by inflammation are 
involved in the regulation of cell apoptosis, and apoptosis 
may be the result of inflammation (Yang et al. 2015). 
Our previous research indicated that PPV1 infection 
activates inflammatory cytokine production, and causes 
severe inflammation (Zhou et al. 2017). TLRs play a 
critical role in immune response. Our data showed the 
mRNA expression of TLR2 was increased after PPV 
infection, suggested TLR2 was involved in the process. 
Ma et al. proved TLR4 signaling pathway was involved in 
PPV1 infection-induced apoptosis (Ma et al. 2020). We 

speculated TLR2 and TLR4 might play synergistic roles 
in PPV1 infection.

Specific PRRs may activate apoptotic by NF-κB sign-
aling pathways. TLR2 is a major TLRs that involves in 
the mediation of NF-κB signaling. NF-κB, one of the 
most important molecules, is essential for inflammatory 
responses. In our study, NF-κB luciferase reporter assay 
showed that higher infective doses of PPV1 caused greater 
activation of the NF-κB promoter. However, infection with 
UV-inactivated PPV1 had no impact on NF-κB promoter 
activity, indicating that the PPV1-mediated activation 
of NF-κB activity is dependent on viral replication in a 
dose-dependent manner. These results are consistent with 

Fig. 5   PPV1 infection activates 
NF-κB associating with p65 
and IκBα axis. PK-15 cells were 
mock treated or stimulated with 
PPV1 (MOI = 1). Cells were 
harvested at 0, 3, 6, 12, 24, 36, 
48 and 60 hpi. The total protein 
(a), cytoplasmic protein (b), 
and nuclear protein (c) were 
subjected to western blotting 
analysis with antibodies against 
phosphorylated p65, β-actin, 
and TBP, respectively. (d) After 
36 hpi, cells were fixed and 
permeated for IFA. Red: p65 
protein; Blue: DAPI; magnifica-
tion, × 200. (e) The cells lysates 
were processed for western 
blotting analysis with antibod-
ies against IκBα and IKKα. All 
experiments were performed 
in triplicate and repeated 
three times. *0.01 < p < 0.05, 
**p < 0.01
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Fig. 6   PPV1 infection induces apoptosis by activating the NF-κB 
pathway. PK-15 cells were infected with PPV1 (MOI = 1) and treated 
with NF-κB inhibitor BAY 11-7082 (0.5 μM or 5 μM) as indicated. 
Mock-infected PK-15 cells were used as controls. After 36  h, the 

cells were subjected to apoptosis analysis. Results are expressed as 
mean ± SD from three independent experiments. *0.01 < p < 0.05, 
**p < 0.01
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the findings of Cao et al. (2017), which suggested that 
PPV1 infection enhanced expression of NF-κB-regulated 
genes in a viral dose-dependent manner, as compared with 
mock-infected cells. siRNA targeting TLR2 decreased the 
expression clearly suggested TLR2 involved in NF-κB 
signaling pathway during PPV1 infection.

NF-κB family consists of homodimers/heterodimers of 
five subunits, and p65 is the main subunit of the canonical 
pathway of NF-κB signaling that is potentially targeted by 
viruses (Rahman and McFadden 2011). Researches showed 
viruses induce phosphorylation of p65 at serine 276 and 
serine 536, and the phosphorylation status of p65 affects 
the transcriptional activity of NF-κB (Liu et al. 2007). Our 
results showed p65 localized to nucleus after PPV1 infec-
tion, which suggested that p65 was involved in activating 
NF-κB signaling pathway. In most cell types, NF-κB dimers 
are retained in the cytoplasm by interaction with specific 
inhibitors known as IκBs. After the degradation of the IκB 
subunit, NF-κB is then released and translocated to the 
nucleus. We determined the changes of IκB during PPV1 
infection. The decrease of IκBα subunits was observed at 36 

hpi. Meanwhile, a decrease in IKKα expression levels was 
observed at 36 hpi, corresponding with the trend of IκBα 
degradation.

In conclusion, our study reveals that PPV1 infection 
activates NF-κB signaling pathway through TLR2 to 
induce apoptosis in PK-15 cells. These findings provide 
a theoretical basis for further understanding the patho-
genesis of PPV1 and provide a therapeutic approach for 
PPV1.
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