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to promote viral replication

HuiDan Deng™, Song Zhu™, Ling Zhu'?, Jing Sun?,

YuChun Ding®, FengQin Li*, ZhiJie Jian?, Jun Zhao*,
LiShuang Deng?, JunLiang Deng*, YouTian Deng?,

HongRui Guo?, XianGang Sun?, Si Yuan Lai*, HuaQiao Tang,
HengMin Cui?, Liang Peng Ge** and ZhiWen Xu****

!College of Veterinary Medicine, Sichuan Agricultural University, Chengdu, China, ?Key Laboratory
of Animal Disease and Human Health of Sichuan Province, Sichuan Agricultural University,
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Seneca Valley virus (SVV), a non-enveloped positive single-stranded virus can
cause vesicular disease in swine. However, the mechanisms by which SVV
activates an innate immune response remain unknown. Mitofusin-2 (MFN2), a
mitochondria-shaping protein regulating mitochondrial fusion and fission,
plays a crucial role in innate immune responses. But, the roles of Mfn2 in SVV
infection have not been elucidated. Here, we show that SVV inhibited Mfn2
expression and NLRP3 inflammasome, activating RIG-1/IRF7 signaling pathway
to increase IFN-A3 expression. Overexpression of Mfn2 inhibited RIG-I/IRF7
signaling pathway, thus decreasing IFN-A3 expression and promoting SVV
replication. Interestingly, overexpression of Mfn2 also activated NLRP3
inflammasome but did not inhibit SVV proliferation. That may mean the RIG-
I/IRF7 signaling pathway plays a more important role in SVV proliferation in PK-
15 cells. This study could provide important insights into the modulation of host
metabolism during SVV infection and provide a strong theoretical basis for a
better understanding of the pathogenic mechanism and immune activation
mechanism of SVV.
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Introduction

Seneca Valley virus (SVV) is a positive single-stranded RNA
virus belonging to the picornavirus family. The virus was
discovered by accident in 2002 in a culture of adenovirus type 5
vectors in PER cell lines. C6, named Seneca Valley Virus 001 (SVV-
001) (1). It is speculated that the agent may be introduced into cell
culture through fetal bovine serum or porcine trypsin. The latter is
considered more likely because abundant viruses serologically
associated with SVV-001 have been isolated from pigs in the
United States over the past 20 years (2). Studies on SVV-001
focused on its oncolytic activity in tumor therapy at first. In
recent years, SVV infection in swine has been reported in the
United States, Canada, Brazil, China and other countries (3-5).
SVV infection can increase the mortality of newborn piglets and
cause fluid-filled/ruptured vesicles and ulcerative lesions at the
snout, coronary band, and hooves, as well as anorexia and lameness
inadult pigs (6, 7). In 2015, the first Chinese SVV strain was isolated
from pigs in Guangdong Province. Since then, more and more cases
of SVV infection have been reported in other provinces of China
and led to serious economic losses, indicating that SVV has spread
rapidly and widely in China (8, 9).

An innate immune response such as retinoic acid-inducible
gene I (RIG-I) like receptors (RLRs) signaling and inflammasomes
is the first line of host defense in response to pathogens. According
to the traditional paradigm, after the virus gets across the mucus,
the virus can be sensed by the pattern recognition receptors
(PRRs), triggering the production of interferons (IFNs) which
induce the expression of hundreds of IFN-stimulated genes (ISGs)
that block viral replication and further virus spread (10). Some
PRRs, such as NACHT, LRR, PYD domains-containing protein 1
(NLRP1), NLRP3, NLR family CARD domain-containing protein
4 (NLRC4) and absent in melanoma 2 (AIM2), recruit apoptosis-
associated speck-like proteins (ASC) and caspase-1 to form
inflammasomes to initiate inflammation and some forms of cell
death. Thus, participation in antiviral response (11). Numerous
studies indicate that SVV disrupts the host defense system in
virus-infected cells. Qian et al. (12) and Wen et al. (13) found that
in human embryonic kidney 293T cells. SVV 2C and 3C protein
induces cleavage of MAVS, TRIF, TANK and degradation of RIG-
I, blocks activation of the RLR pathway and inhibits the
production of type I interferon, meanwhile, SVV infection can
induce host cell apoptosis to promote virus replication. In PK-15
cells, SVV 3Cpro reduces IRF3 and IRF7 protein expression to
block the transcription of interferons (IFNs) such as IFN-f3, IEN-
ol, IFN-04 and ISG54 to escape the host’s intrinsic innate
immune system (14). In macrophages and pigs, SVV 3D binds
with NLRP3 to activate the NLRP3 inflammasome, on the other
hand, SVV 3D protein interacts with IKKo. and IKKP to induce
NF-xB activation. Thus promoting IL-1 B transcription and
secretion (15). Our previous studies have proved that SVV can
activate innate immune response via RIG-I signaling pathway
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(16). However, the details on how SVV activates innate immunity
are still not clear.

Mitofusin2 (Mfn2), a mitochondrial outer membrane that
participates in the initial step of mitochondrial fusion and
18),

cell

promotes the maintenance of cellular homeostasis (17,
regulates various other biological processes such as
proliferation and cell death (19-21). Numerous studies have
shown that Mfn2 is a key regulator of innate immune responses
during viral infections. Earlier study reported that Mfn2 inhibited
antiviral immune responses in hepatitis B virus related
hepatocellular carcinoma (22). However, in HIV-1 Vpr infected
HEK293 cells, Mfn2 overexpression can alleviating cell death via
mediating ER-Mitochondria Interaction (23). Nonetheless the role
of Mfn2 in SVV infecting PK-15 cells has not been studied yet.

Therefore, our studies were carried out to investigate the
possible mechanisms of how Mfn2 affects immune response in
PK-15 cells infection with SVV and find out the relationship
between Mfn2, inflammasome and RIG-I signaling pathway.
Our study provides a foundation and a new insight for future
systematic exploring of SVV infection mechanism.

Materials and methods
Virus and cells

PK-15 cells (kept at Key Laboratory of Animal Disease and
Human Health of Sichuan Province, Sichuan Agricultural
University, Chengdu) were maintained in Dulbecco’s Modified
Eagle’s Medium Nutrient Mixture (DMEM) (Gibco, USA),
supplemented with antibiotics (100 units/ml penicillin and
100ug/ml streptomycin), and 10% fetal bovine serum (FBS)
(Gibco, USA). The SVV was maintained at Key Laboratory of
Animal Disease and Human Health of Sichuan Province, Sichuan
Agricultural University, Chengdu. The virus was propagated in PK-
15 cell with 2% FBS (Gibco, USA) added in the DMEM.

Transfection

The Mfn2 was cloned into vector pcDNA3.1 (kept at Key
Laboratory of Animal Disease and Human Health of Sichuan
Province, Sichuan Agricultural University, Chengdu). For
transfection, the cells were transiently transfected with vector
pcDNA3.1 or plasmids encoding Mfn2 using Lipofectamine 3000
(Invitrogen, 2185325) following the manufacturer’s protocols. Cell
lysates were collected after 24 h to verify overexpression efficiency
by western blot.

Western blot assay

After PK-15 cells were lysed, total proteins were extracted with
RIPA buffer (Thermo Fisher Scientific) and Thermo Scientific Halt
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protease inhibitor cocktail. Protein concentration was measured by
BCA protein assay kit (Thermo Fisher Scientific). Equal amounts of
protein sample were loaded into 12% SDS-PAGE and transferred to
nitrocellulose filter membranes. Then, the membrane was blocked
in nonfat dry milk (5%) for 1 h at RT. Membranes were incubated
with the primary antibodies overnight at 4°C followed by one hour
of incubation using proper secondary HRP-conjugated antibodies
(Bio-Rad) and development with ECL detection kit (GE
Healthcare, Piscataway, NJ, USA). Then, the membranes were
detected with Bio-Rad ChemiDoc XRS+System (Bio-Rad
Laboratories, Inc., Hercules, CA, USA). The primary antibodies
were RIG-I polyclonal antibody (CST, United States), anti-
Phospho-IRF7 (Bioss, China), GAPDH (Abcam, United States),
Rabbit Anti-ASC antibody (Proteintech, United States), cleaved
Rabbit Anti-IL-1f antibody (CST, United States), Rabbit Anti-IL-
18 antibody (CST, United States), Rabbit Caspase 1/p20/p10
Polyclonal antibody (proteintech, United States); Mfn2
polyclonal antibody (proteintech, United States) and NLRP3
polyclonal antibody (proteintech, United States). The second
antibody was anti-Rabbit or mouse IgG-HRP (Sangon, China).
At least three biological replicates were analyzed for
each experiment.

RNA extraction and quantitative
real-time PCR

RNAiso Plus (9109; Takara, China) was used for extracting the
PK-15 cells total RNA following protocols provided by the
manufacturer. RNA (1ug) was used to synthesize cDNA through
Prim-ScriptTM RT reagent Kit (RR047A, Takara, China) following
specific instructions. Primers were designed and synthesized by
Sangon (Shanghai, China). The mRNA expression was measured
with SYBR® Premix Ex TaqTMII (RR820A, Takara, China). The
reactions protocol was 95°C for 10 min, followed by under 95°C for
10 min, under 60°C for 20 s, and under 72°C for 20 s. The qRT-PCR
data were analyzed using the 2-AACT method (21). At least three
biological replicates were analyzed for each experiment. The qRT-
PCR primers were shown in Table 1.

ELISA assay

After treated with SVV for 24 h, the culture supernate was
collected for IFN-A1 and IFN-A3 detection. Test was carried out
according to the kit brochures operation (Enzyme Industrial Co.,

TABLE 1 Primer sequences of genes selected for analysis SVV replication.

Target Primer Primer Sequence (5’->3’) Tm

gene (°C)

SVV-VP1  Forward AGGTACTGGAGAAGGACGCT 57
Reverse ~ GGTTGACGTACAGGCCGAAA
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Ltd, China) and the spectrophotometric absorbance was assessed
at 450 nm for IFN-A1 and IFN-A3.

Immunocytochemistry

Immunocytochemistry was performed to detect SVV
proliferation in vitro. PK-15 cells were cultured in 24-well plates
and treated with SVV for 24 h. After that, cells were washed with
PBS and fixed with 4% PFA at RT for 10 min. Then, cells were
incubated with 0.1% Triton X-100 at RT for 10 min followed by
blocking with 1% BSA at RT for 1 h. Next, cells were incubated with
rabbit anti-VP1 antibody (saved in our lab) overnight at 4 °C. After
washing with PBS, cells were incubated with secondary antibodies
rabbit IgG (Thermo Scientific) at RT for 1 h. Cells were analyzed
using fluorescence microscopy (PhotoFluor LM-75, 89 North,
Burlington, VT, USA). At least three biological replicates for each
experiment were performed and representative images are shown.

Statistical analysis

Data are expressed as mean * standard deviation. All statistical
analyses were analyzed by GraphPad Prism (GraphPad Software,
Inc). Unpaired T-test and One-way analysis of variance (ANOVA)
were used to investigate the significance of differences between the
experimental groups and the control group. p < 0.05 indicates
statistical significance of the difference. Each experiment was
repeated at least three times.

Results

SVV decreased Mfn2 expression and
inhibited NLRP3 inflammasome activation

PK-15 cells were infected with SVV strain SVV-SC-01 at the
multiplicity of infection (MOI) of 2 for 24 h. As shown in
Figure 1, SVV decreased Mfn2 protein expression level (P <
0.05) in comparison with control group. At the same time, the
NLRP3, ASC, caspasel/p10/p20, cleaved-IL-1f and IL-18
protein expression also decreased (P < 0.005) in SVV infection
group when compared to control group. That means the NLRP3
inflammasome activation was inhibited by SVV infection.

The inhibition of RIG-1/IRF7 signaling
pathway promote SVV proliferation in
PK-15 cells

Our previous results also showed that SVV infection activated
RIG-I/IRF7 signaling pathway shown as increased RIG-I and p-
IRF7 protein expression level, 0.5 mol/L IRF7 inhibitor (BX795)
decreased IFN-A1 and IFN-A3 mRNA expression levels (16). But
how the content of IFN-A1 and IFN-A3 in the supernatant changed
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FIGURE 1

SVV decreased Mfn2 expression, inhibited NLRP3 inflammasome activation. (A—C) The western blot assay for Mfn2, NLRP3, ASC, caspasel/p10/p20,
cleaved-IL-1B and IL-18. (D-I) The relative protein expression level of Mfn2, NLRP3, ASC, caspasel/p10/p20, cleaved-IL-1f and IL-18. Unpaired T-test were
used to investigate the significance of differences between the experimental groups and the control group *; P < 0.05, ***; P < 0.005,

after SVV and BX795 treated still unknown. To further investigated
the role of RIG-I/IRF7 signaling in IFN-As seretion and SVV
proliferation. We use 0.5 umol/L IRF7 inhibitor to treated cells 1
h before treated with SVV. The results showed that SVV only
increased IFN-A3 content (P < 0.005). After inhibited IRF7
phosphorylation, only IFN-A3 secretion was inhibited (P < 0.01).
The qRT-PCR results showed SVV proliferation was enhanced (P <
0.001) after BX795 treatment in PK-15 cells. That means the IFN-
A3 may be the key factor in RIG-I/IRF7 mediated SVV
proliferation. The results were shown in Figure 2.

The activation of NLRP3 inflammasome
inhibited SVV proliferation in PK-15 cells

In order to further understand the role of NLRP3 inflammasome
in SVV proliferation. We use NLRP3 inflammasome activator
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Nigeration to treated cells with SVV for 24 h. As shown in
Figure 3. 10 pumol/L Nigeration relieved SVV inhibited NLRP3
inflammasome activation. The NLRP3, ASC, caspasel/p10/p20,
cleaved-IL-1f and IL-18 protein expression level all increased (P <
0.01 or P < 0.05) when compared with SVV infection group. In
addition, the qRT-PCR results showed that 10 pmol/L Nigeration
inhibited the SVV proliferation in PK-15 cells. These results
demonstrated that activation of NLRP3 inflammasome protect
PK-15 cells from SVV infection.

The Mfn2 overexpression enhanced SVV
proliferation and promoted cell damage
in PK-15 cells

To explore the function of Mfn2 in SVV infection in BHK-21.
The Mfn2 was cloned into vector pcDNA3.1. The the cells were
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IRF7 inhibitor (BX795) inhibited IRF7 phosphorytion and IFN-A3 secretion thus promote SVV proliferation. (A) The western blot assay for p-IRF7.
(B)The relative protein expression level of IRF3. (C, D) The Elisa assay for IFN-A1 and IFN-A3. (E) The gRT-PCR assay for SVV copy number. One-
way analysis of variance (ANOVA) were used to investigate the significance of differences between the SVV groups and the SVV+BX795 group or
between the control group and SVV group *; P < 0.05, **; P < 0.01, ***; P < 0.005, ****; P < 0.001, ns means no significance.

transiently transfected with vector pcDNA3.1 (vector group) or
plasmids encoding Mfn2 (Ad-Mfn2 group) using Lipofectamine
3000 for 24 h. Then, cells were infected with SVV for 24 h.
Figures 1A, B showed that Mfn2 protein was successfully
transfected into PK-15 cells. qRT-PCR and Immunocytochemistry
results showed that Mfn2 overexpression increased SVV
proliferation (P < 0.001). And the cellular damage was increased in
Ad-Mfn2 group when compared with WT group under
microscopy (Figure 4).

The Mfn2 overexpression inhibit RIG-1/
IRF7 signaling pathway and decreased
IFN-A3 content

As shown in Figure 5, Mfn2 overexpression (Ad-Mfn2)
decreased (P < 0.001 or P < 0.005) the RIG-I and p-IRF7
protein expression when compared with WT group after SVV
infection. And the Elisa assay results also showed that the IFN-
A3 content in the supernatant in Ad-Mfn2 group was also
decreased (P < 0.01) compared to WT group after SVV infection.

The Mfn2 overexpression activated
NLRP3 inflammasome

As illustrated in Figure 6, after SVV infection in PK-15 cells,
the NLRP3 inflammasome signaling pathway was up-regulated
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in Ad-Mfn2 group compared to WT group. Concretely reflected
in the increased protein expression levels of NLRP3, ASC,
caspasel/p10/p20, cleaved-IL-1f and IL-18 in Ad-Mfn2 group
when compare with WT group during SVV infection (P < 0.0001
or P < 0.005 or P < 0.01).

Discussion

Seneca Valley virus (SVV) is a newly type of virus in pig
industry in China, the first outbreak of SVV occurred in
Guangdong Province in March 2015 and then spread into
other province (24). SVV can cause vesicular disease and
epidemic transient neonatal death in swine. The typical clinical
symptoms include vesicular, ulcerative lesions on the snout, oral
mucosa, coronary bands and hooves (25). Since the outbreak of
SVV in China, Numerous studies have focused on innate
immune response. The results proved that SVV inhibits the
production of type I interferon through a variety of pathways.
The SVV infection does not trigger the host’s early innate
immune response and the production of type I interferon in
human embryonic kidney 293T cells, and its 3C protein induces
the cleavage of receptor molecules of type I interferon pathways
MAVS, TRIF and TANK through protease activity, blocking the
activation of RLR pathway and inhibiting the production of type
I interferon (12). Meanwhile, SVV 3C protease inhibits the
expression of RIG-1, TBK1 and TRAF3 by degrading IRF3
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group *; P < 0.05, **; P < 0.01, ***; P < 0.005.

and IRF7 or acting as a de-ubiquitination enzyme, and inhibits
the type I interferon pathway (14), thus evading the innate
immunity of the host against virus. The host protein RIG-I is
responsible for activating type I interferon pathway to inhibit
viral replication in SVV-infected porcine cells (26). Our previous
study demonstrated that SVV induced RIG-I/IRF7 signaling
pathway activation. In this study, we found that SVV inhibits
Mifn2 protein expression and NLRP3 inflammasome activation.
To further explore the role of Mfn2, NLRP3 inflammasome and
RIG-I in SVV infection in PK-15 cells, we have conducted a
series of studies shown as below.

The innate immune response mediated by RNA virus
involves the RLRs signaling pathway (27). The RNA virus
can be recognized by RIG-I, and then activates downstream
related signal pathways to exert innate antiviral immunity such
as phosphorylates IRF3 and IRF7. Phosphorylated IRF3 and
IRF7 form homologous and/or heterologous dimers that are
transported to the nucleus and bind to IFN-stimulated
response elements (ISREs) to induce IFNs and ISGs (28-30).
In HEK-293T, SW620 and SK6 cells, SVV inhibit type I
interferon production by degrading RIG-I (12, 13) and IRF-7
(14). Li Pengfei (26) has proved that knock out RIG-I in PK-15
cells reduced type I interferon production. Our previous study
was first carried out to investigate the relationship between
RIG-I/IRF7 pathway and type III interferon. We found that
inhibition of IRF7 inhibitor inhibits IFN-A1 and IFN-A3
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mRNA expression in PK-15 cells (16). In this study, we
found that inhibition of IRF7 phosphorylation promote SVV
replication but only reduced IFN-A3 content in supernatant.
These results illustrated that RIG-I/IRF7 meidated IFN-A3
production not IFN-Al play an important role in anti-
viral immunity.

The NLRP3 is one of the member of PRRs activate innate
immune system in response to harmful stimuli (31-33). NLRP3
inflammasome is essential for host immune defense against viral
infections (34). The NLRP3 interacts with the ASC to initiate
inflammasome assembly. Promotes pro-caspase-1 recruitment
to the inflammasome complex and activates caspase-1. Activated
caspase-1 cleaves the cytokines interleukin-1 3 (pro-IL-1f3) and
IL-18 into mature and biologically active forms. Thus,
promoting immune response. Wen wei (25) demonstrated that
in SK6 cells, SVV could induce pyroptosis. However, in late
infection, SVV may reduced caspase-1 expression because 3CP™
cleave NLRP3. In pig bone marrow-derived macrophages
(BMDMs), SVV infection activate NLRP3 to induces IL-1[3
secretion and production (15). On the contrary, our data
illustrated that SVV infection inhibits the activation of NLRP3
inflammasome shown as down-regulation of NLRP3, ASC,
caspase-1/p10/p20, cleaved-IL-1f and IL-18. The difference of
the results between our study and others may because of the
different cells and the different in the origin of viral strain. To
further investigate the role of NLRP3 inflammasome in SVV
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replication. We use activator of NLRP3 inflammasome Nigericin
to treat cells with SVV. The results showed after NLRP3
inflammasome activtation, the SVV proliferation was
inhibited. Declared that NLRP3 inflammasome play an anti-
viral function in SVV infection PK-15 cells.

Mfn2 is a master regulator of immune responses during viral
5). Studies have proved that on one hand, Mfn2
inhibited antiviral immune responses by interacting with MAV's

infections (3

or mediating RLR signaling and IRF3 expression during
encephalomyocarditis virus (EMCV), Measles, VSV, HIN1
infection (36, 37).
immunodeficiency type 1 (HIV-1) in macrophages, Mfn2 was
up-regulated by TREM1. And the TREMI-dependent MFN2
upregulation contribute to the ability of HIV-1 survival in host
cells (38). Interestingly, Mfn2 also have anti-viral functions.

During infection with human

After dengue virus infection, Mfn2 are cleaved by dengue virus
protease NS2B3, and the Mfn2 keeps MMP to inhibit cell death
from dengue virus infection (39). In addition, Mfn2 binds to
NLRP3 to promote IL-1B secretion after infection with RNA
viruses, including influenza, measles, or EMCV (40). In this
study, we found that SVV infection decreased Mfn2 protein
expression. Overexpression of Mfn2 inhibited RIG-I/IRF7
signaling pathway and restrain IFN-A3 secretion, thus
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promoting SVV replication. Mfn2 overexpression also activate
NLRP3 inflammasome. Based on aboved mentioned results,
activation of NLRP3 inflammasome inhibited SVV replication.
However, Mfn2 overexpression promote SVV proliferation.
These results may demonstrate that RIG-I/IRF7 signaling
pathway is more important than NLRP3 inflammasome in
anti-SVV response. And the reason may because IFN-A plays
the most important role in mucosal antiviral immune response
(41, 42). After all, IFN-A is produced earlier and more
frequently, has strong antiviral activity and does not mediate
inflammation. Therefore, many side effects are avoided (43).

Conclusion

Our study demonstrated that Mfn2 inhibited antiviral
activity against SVV infection in PK-15 cells. Mfn2 promote
SVV proliferation via down-regulating RIG-I/IRF7-dependent
IFN-A3 protein expression levels. Also, the activation of NLRP3
inflammasome alone play an antiviral function in SVV infection.
However, Mfn2-dependent NLRP3 inflammasome did not
inhibit SVV replication (Figure 7). That may be because of the
inhibition of IFN-A3 secretion during Mfn2 overexpression. Our
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Schematic diagram of the possible mechanism of Mfn2 antiviral response. Mfn2 promote SVV proliferation mostly via down-regulating RIG-1/

IRF7-dependent IFN-A3 protein expression levels

findings suggest that deficiency of Mfn2 may represent a
promising therapeutic target for SVV prevention in the future,
and the IFN-A3 may be the most important therapeutic agent for
SVV prevention and treatment.
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