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Abstract: African swine fever virus (ASFV) poses serious threats to the swine industry. The mortality
rate of African swine fever (ASF) is 100%, and there is no effective vaccine currently available.
Complex immune escape strategies of ASFV are crucial factors affecting immune prevention and
vaccine development. CD2v and MGF360-505R genes have been implicated in the modulation
of the immune response. The molecular mechanisms contributing to innate immunity are poorly
understood. In this study, we discover the cytopathic effect and apoptosis of ∆CD2v/∆MGF360-505R-
ASFV after infection in porcine alveolar macrophages (PAMs) was significantly less than wild-type
ASFV. We demonstrated that CD2v- and MGF360-505R-deficient ASFV decrease the level of apoptosis
by inhibiting the NF-κB signaling pathway and IL-1β mRNA transcription. Compared with wild-
type ASFV infection, the levels of phospho-NF-κB p65 and p-IκB protein decreased in CD2v- and
MGF360-505R-deficient ASFV. Moreover, CD2v- and MGF360-505R-deficient ASFV induced less
IL-1β production than wild-type ASFV and was attenuated in replication compared with wild-type
ASFV. We further found that MGF360-12L, MGF360-13L, and MGF-505-2R suppress the promoter
activity of NF-κB by reporter assays, and CD2v activates the NF-κB signaling pathway. These findings
suggested that CD2v- and MGF360-505R-deficient ASFV could reduce the level of ASFV p30 and
the apoptosis of PAMs by inhibiting the NF-κB signaling pathway and IL-1β mRNA transcription,
which might reveal a novel strategy for ASFV to maintain the replication of the virus in the host.
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1. Introduction

African swine fever (ASF) is a highly pathogenic animal infectious disease caused
by the African swine fever virus (ASFV) infecting domestic pigs and wild boars, causing
huge economic losses to the pig industry [1]. ASFV was first reported in Kenya in 1921,
and the disease is spreading in Africa, Europe, and Asia, posing a serious threat to the
global economy and ecology [2,3]. The lethality rate of ASFV high-viral strain infection
is as high as 100%, while the low-viral strain can cause latent infection of the host, and
animals can therefore develop immunity against this strain [4]. However, there is currently
no effective ASFV vaccine for prevention and control, and no drugs have been approved
to treat ASF [5]. ASFV infection can evade the host’s defense system and thus escape the
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host’s innate antiviral immunity to ASFV [6]. The huge genome and complex immune
escape mechanism of ASFV pose a huge challenge to the development of high-efficiency
ASFV vaccine [7].

ASFV is a DNA arbovirus and the only member of the family Asfarviridae [8]. ASFV
is an icosahedral virus, encoding a linear dsDNA genome of 165 genes, with a genome
length of 170–190 kb [9]. Previous studies have shown that ASFV protein can inhibit the
host’s defense mechanism, which is of great significance for the immune escape built
by the virus and the maintenance of virus replication [10]. Studies have shown that
deleting virulence genes related to virus virulence from the ASFV genome can be used to
develop ASFV live attenuated vaccines [1]. The CD2v protein of ASFV plays an important
role in the spread of the virus and the immune escape mechanism. It can induce the
infected cells to adsorb pig red blood cells in a rosetting of erythrocytes (haemadsorbtion
or HAD) [11]. It is also a protein necessary for the adsorption of virus particles and pig
red blood cells [12,13]. The pCD2v/pEP402R protein is the only protein that clearly exists
on the outer envelope of virus particles, and it has been found to play an important role
in ASFV invading cells or spreading between cells [14]. In a study, it was found that
deletion of the EP402R gene encoding the CD2v protein of ASFV delayed the appearance
of clinical symptoms and reduced the spread of the virus, but did not reduce the mortality
rate of viral infections [15]. A recent study showed that deleting the EP402R gene of
the BA71V virulent strain will weaken the virulence of the virulent strain and produce
protection against the virulent strain [16]. There are five multi-gene families in ASFV,
including MGF-100, MGF-110, MGF-300, MGF-360, and MGF-505. They can regulate
the host’s immune response mechanism and have host specificity [17,18], however, the
functions and mechanisms of these multi-gene families have not yet been thoroughly
studied. Among them, the two families of MGF360 and MGF505 exist in the highly variable
left-end genomic region and encode products with structural similarity [17,19]. Therefore,
the study of MGF360 and MGF505 regions may clarify their role in ASFV replication and
their contribution to virus virulence. Studies have shown that deleting the MGF gene in the
BA71V strain adapted to Vero cells will reduce the virus replication in macrophages [20,21].
In addition, studies have reported that the MGF360 and MGF505 genes are essential for
the virus replication in ticks [22]. There are also reports that the genes in the MGF360
and MGF505 regions have the function of inhibiting host interferon (IFN) production [9].
MGF360 and MGF505 are related to the host specificity, innate immune mechanism, and
virulence of ASFV; deletion of MGF will reduce the virulence of ASFV [1].

Nuclear factor-kappa B (NF-kappa B) is a family of transcription factors that can
regulate many genes involved in immunity, inflammation, and apoptosis [23]. For a
long time, the NF-κB pathway has been regarded as a typical pro-inflammatory signal
transduction pathway. Pro-inflammatory factors such as interleukin 1 (IL-1) and tumor
necrosis factor α (TNF-α) have an activating effect on NF-κB. The activation of the NF-κB
signaling pathway can promote the secretion of inflammatory factors, chemokines, and
adhesion molecules [24]. However, inflammation is a complex physiological process, and
the inflammatory response is characterized by coordinating and regulating the secretion of
pro-inflammatory and anti-inflammatory factors and the activity of various signal transduc-
tion pathways [23,25]. NF-κB activation is also widely involved in inflammatory diseases,
and many studies have focused on the development of anti-inflammatory drugs for NF-
κB [26]. As generally recognized, NF-kappaB exerts an anti-apoptotic action, promoting
the survival of defective cells, which may result in the development of several viruses.
Nevertheless, recent reports also point to a pro-apoptotic activity of NF-kappaB [27]. A
recent study showed that HO-1 can inhibit IL-1β-induced host cell apoptosis by inhibiting
the activity of NF-κB [28].

Here we report the construction of a recombinant virus ∆CD2v/∆MGF360-505R-ASFV
derived from the highly virulent GZ201801-ASFV by specifically deleting the genes CD2v
and MGF360-505R: MGF505-1R, MGF360-12L, MGF360-13L, MGF360-14L, MGF505-2R,
and MGF505-3R. ASFV-∆CD2v/∆MGF360-505R replicates efficiently in primary swine
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macrophage cell cultures lower than the parental virus. The cytopathic effect of ∆CD2v/
∆MGF360-505R-ASFV after infection with PAMs was significantly less than GZ201801-
ASFV. Co-infection with∆CD2v/∆MGF360-505R-ASFV and GZ201801-ASFV can reduce
the cytopathic effect of PAMs cells. ∆CD2v/∆MGF360-505R-ASFV can down-regulate
phosphorylation levels of NF-κB and IκB, and decrease the level of IL-1β expression.
In reporter assays, expression of MGF360-12L, MGF360-13L, and MGF505-2R inhibited
the NF-κB promoter. Found in the Western blot experiment, CD2v activates the NF-κB
signaling pathway. Detection by flow cytometry showed that ∆CD2v/∆MGF360-505R-
ASFV infection induced apoptosis of PAMs significantly less than GZ201801-ASFV. Our
study explored the relations between the NF-κB signaling pathway and apoptosis in ASFV
infection, which may help us better understand the pathogenic mechanism of ASFV.

2. Materials and Methods
2.1. Cell Culture and Virus

Primary porcine alveolar macrophages (PAMs) were collected from 20–30 day-old SPF
(Specific Pathogen Free, SPF) pigs. The study is meaningless in the case of co-infections
in the porcine respiratory tract; it will affect the study of the interaction between a single
pathogen and the host [29]. Therefore, we found that ASFV, PRV, CSFV, SIV, PCV2, and
PRRSV pathogens and antibodies were negative through the pathogenic detection of PAMs.
CD163 and CD169 are proteins specifically expressed on the surface of macrophages [30,31].
Therefore, the expression of CD163 and CD169 proteins on the cell surface were de-
tected by flow cytometry, and the result shows that the purity of PAMs is approximately
98% (Figure S1). The high virulence, hemadsorbing ASFV isolate GZ201801 (GenBank:
MT496893.1) was isolated in Guangzhou, China, and is p72 genotype II. GZ201801-ASFV,
∆CD2v/∆MGF360-505R-ASFV, ∆CD2v-ASFV, and ∆MGF360-505R-ASFV are preserved
in the Infectious Diseases Laboratory of South China Agricultural University. Viruses
were inoculated in PAMs, cultured in RPMI 1640 (Gibco, Waltham, MA, USA), and sup-
plemented with 10% fetal bovine serum (FBS; Gibco) in a 37 ◦C incubator with 5% CO2.
PK-15 cells were maintained in Dulbecco’s Modified Eagle’s Medium (DMEM; Thermo
Fisher Scientific, Waltham, MA, USA) supplemented with 10% fetal bovine serum (FBS;
Gibco). Cells were grown at 37 ◦C in a 5% CO2 atmosphere saturated with water vapor in a
culture medium supplemented with 2 mM l-glutamine, 100 U/mL gentamycin, and 0.4 mM
nonessential amino acids. For all of the cells used, the mycoplasma contamination was
checked and excluded by a Mycoplasma stain detection kit (Beyotime, Shanghai, China).

2.2. Plasmids

The plasmid NF-κB used for the NF-κB reporter assay was a gift from Professor
Haixue Zheng (Lanzhou Veterinary Research Institute, Chinese Academy of Auricula
Sciences). The plasmids pCAGGs-MGF360-12L, pCAGGs-MGF360-13L, pCAGGs-MGF360-
14L, pCAGGs-MGF505-1R, pCAGGs-MGF505-2R, and pCAGGs-MGF505-3R were con-
structed using PCR and pEASY-Basic Seamless Cloning and Assembly Kit (Transgen,
Beijing, China, CU201-02). All of these plasmids were confirmed by Sanger sequencing
and successfully expressed in PK-15 cells (Figures S2 and S3).

2.3. Reagents and Antibodies

The reagents and antibodies used in this study are α-Tubulin Rabbit Polyclinal Anti-
body (Beyotime, Shanghai, China, AF0001); rabbit monoclonal antibodies against phospho-
NF-κB p65 (Ser536) (93H1) (Cell Signaling Technology, Danvers, MA, USA, 3033T); rabbit
monoclonal antibodies against phospho-IκBα (Ser32) (14D4) (Cell Signaling Technology,
Danvers, MA, USA, 2859T); IRDye 800CW Goat (polyclonal) Anti-Rabbit IgG (H + L),
Highly Cross Adsorbed (LI-COR, 926-32211); IRDye 800CW Goat (polyclonal) Anti-Mouse
IgG (H + L), Highly Cross Adsorbed (LI-COR, 926-32210); Dual-Luciferase Reporter Assay
System, Promega, USA, E1910; Annexin V-APC apoptosis detection kit (KeyGEN BioTECH,
Nanjing, China, KGA1021).
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2.4. HAD Assay

As previously described in [32], primary PAMs were cultured in 96-well plates and
infected with 10-fold diluted ASFV. The HAD50 was calculated by using the Reed and
Muench method [33]. Primary PAMs were infected with GZ201801-ASFV, ∆MGF360-505R-
ASFV, and ∆CD2v/∆MGF360-505R-ASFV at an MOI of 0.1. HAD assay of the ASFV. The
ASFV was inoculated into pig PAMs with 1% pig blood cells. Cultures were observed for
HAD phenomena over 7 days.

2.5. Polymerase Chain Reaction

DNA was isolated by Axyprep Body Fluid Viral DNA/RNA Miniprep Kit (Axygen,
Union City, CA, USA, SV US, AP-MN-BF-VNA). A total of 1 µL of DNA was used for
real-time PCR assay using AceQ Universal U+ Probe Master Mix V2 (Vazyme, Nanjing,
China, Q513-02). This assay targets the VP72 gene of ASFV [34], and the relative quantity
of viral DNA was determined by the CADC p72 primers and probe experiment. Gene-
specific primer and probe sequences are listed in Supplementary Table S1. Total RNA was
isolated by RNAiso Plus (Takara, 9108, Beijing, China). RNA was reverse transcribed into
cDNA using the HiScript II 1st Strand cDNA Synthesis Kit ( + gDNA wiper) (Vazyme,
China, R212-02). The cDNA was used for real-time PCR assay using ChamQ Universal
SYBR qPCR Master Mix (Vazyme, China, Q711-02) kit. The relative quantity of cell RNA
was determined by performing a comparative Ct (∆∆Ct) experiment using GAPDH as
an endogenous control [35–37]. ∆∆CT method assumes 100% efficiency of qPCR assays.
Gene-specific primers sequences were designed using Oligo7 software, listed in Table 1.

Table 1. Primer sequences were used in this study for PCR and real-time PCR in pigs.

Gene Primer Sequence (5′–3′)

CADC-B646L-rPCRF ATAGAGATACAGCTCTTCCAG
CADC-B646L-rPCRR GTATGTAAGAGCTGCAGAAC
CADC-B646L-Probe FAM-TATCGATAAGATTGAT-MGB

B646L-F TGAAATAAAATGGAAGCCCACAGATC
B646L-R ACACTGTACAACATTGCGTAAAAGC

GAPDH-F GCAAAGACTGAACCCACTAATT
GAPDH-R TTGCCTCTGTTGTTACTTGGAG

IL-1β-F ACCTGGACCTTGGTTCTCTG
IL-1β-R CATCTGCCTGATGCTCTTG

2.6. Western Blot Analysis

For the Western blot analysis, cells were lysed in RIPA buffer (Beyotime, Shang-
hai, China) and denatured by adding 4× Laemmle SDS-PAGE buffer (containing DL-
Dithiothreitol), followed by heating for 15 min at 100 ◦C. The proteins were then separated
on SDS-PAGE gels and transferred onto NC membranes by a Trans-Blot Turbo rapid trans-
fer system (Bio-Rad, Hercules, CA, USA) according to the manufacturer’s instructions.
The membranes were blocked in 5% defatted milk (dissolved in Tris-buffered saline (TBS))
for 1 h at 37 ◦C and then incubated with a primary antibody for 1 h at room temperature
or overnight at 4 ◦C. The membranes were then washed extensively in wash buffer (TBS
containing 0.1% Tween 20) three times (for 5 min each time) with agitation and incubated
with an IRDye 800CW secondary antibody for 1 h at 37 ◦C according to the species source of
the primary antibody. The membranes were washed three times in wash buffer and imaged
using an Odyssey (LICOR, Lincoln, NE, USA) to visualize the protein bands. α-Tubulin
was utilized as a loading control.

2.7. Transfection and Luciferase Reporter Assays

Cells were transfected using the Lipofectamine 2000 transfection reagent (Thermo
Fisher Scientific, Waltham, MA, USA). Due to cell characteristics, the plasmid transfection
efficiency of PK-15 cells is 40–50%. For the NF-κB reporter assay, NF-κB-Luc reporter plas-
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mid and luciferase gene internal reference plasmid pRL-TK were mixed and co-transfected
with the control empty vector, pCAGGs-MGF360-12L, pCAGGs-MGF360-13L, pCAGGs-
MGF360-14L, pCAGGs-MGF505-1R, pCAGGs-MGF505-2R, and pCAGGs-MGF505-3R,
respectively. At 6 h post transfection, culture supernatants were replaced with DMEM
without FBS. At 24 h post transfection, cells were collected and subjected to further analy-
sis. Cells were lysed and measured using a dual luciferase assay kit (Promega, Madison,
WI, USA) according to the manufacturer’s instructions.

2.8. Flow Cytometry

After the cells were digested into single cells with 0.25% trypsin, the cells were washed
three times with PBS, and the cells were stained with Annexin V-APC Apoptosis Detection
Kit. Use the excitation wavelength of 633 nm and the maximum emission wavelength of
660 nm of the Beckman flow cytometer to measure the cell fluorescence. Analysis was
carried out on FlowJo software.

2.9. Statistical Analysis

All data of each assay represents at least two separate experiments and were deter-
mined in triplicate. The results collected from triplicate determinations were analyzed
as the means ± standard deviations (SD). The data was tested by using the Kolmogorov–
Smirnov test (with the Dallal–Wilkinson–Lilliefor p value) method in GraphPad, which
showed that these data are normally distributed. Data difference of each experiment was
analyzed by One-Way Analysis of Variance (ANOVA) followed by the Tukey’s t-test in
GraphPad Prism 8.0 software (San Diego, CA, USA). * p < 0.05, ** p < 0.01 and *** p < 0.001
were considered to be statistically significant at different levels.

3. Results
3.1. Replication of ∆CD2v/∆MGF360-505R-ASFV in Primary Swine Macrophages

MGF genes located in the left variable region of the ASFV genome and CD2v gene have
been described to be involved in ASFV replication in swine macrophages [20,21,38,39]. The
in vitro growth characteristics of ∆CD2v/∆MGF360-505R-ASFV were evaluated in primary
swine macrophage cell cultures and the primary cell targeted by ASFV during infection
in swine, and compared to those of the parental GZ201801-ASFV strain in a multistep
growth curve analysis. GZ201801-ASFV has HAD phenomenon, but ∆CD2v/∆MGF360-
505R-ASFV does not (Figure 1A. Cell cultures were infected with these viruses at an MOI
of 0.1, and samples were collected at 0, 3, 6, and 12 h post-infection (hpi) (Figure 1B).
∆CD2v/∆MGF360-505R-ASFV displayed a growth kinetic difference from that of the
parental GZ201801-ASFV virus. CD2v and MGF360-505R knockout inhibit ASFV repli-
cation. The ASFV-p30 protein levels in ∆CD2v/∆MGF360-505R-ASFV were significantly
lower than in the GZ201801-ASFV group (Figure 1C). And the gray analysis of protein
bands was carried out (Figure S4). Therefore, deletion of MGF360 and MGF505 genes in
∆CD2v/∆MGF360-505R-ASFV does significantly affect the ability of the virus to replicate
in primary swine macrophage cultures.

3.2. Cytopathic Effect of ∆CD2v/∆MGF360-505R-ASFV in Primary Swine Macrophages

ASFV has a restricted cellular tropism. The primary target cells for replication are
macrophages and monocytes, although replication in dendritic cells has also been re-
ported [10,40,41]. Macrophages and monocytes infected with ASFV will produce cytopathic
effects, such as vacuolation and shedding. Compared with the control group, the PAMs
cells infected with GZ201801-ASFV produced more severe CPE, while the CPE produced by
∆CD2v/∆MGF360-505R-ASFV-infected PAMs was significantly reduced. When GZ201801-
ASFV and ∆CD2v/∆MGF360-505R-ASFV are co-infected, compared with GZ201801-ASFV-
infected PAMs, CPE is significantly reduced (Figure 2), indicating that ∆CD2v/∆MGF360-
505R-ASFV can reduce the CPE caused by GZ201801-ASFV-infected PAMs.
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Figure 1. Detection of GZ201801-ASFV, ∆MGF360-505R-ASFV, ∆CD2v-ASFV, and ∆CD2v/∆MGF360-
505R-ASFV in primary PAMs. (A) HAD appeared in primary PAMs infected with GZ201801-ASFV
and ∆CD2v/∆MGF360-505R-ASFV. (B) The growth curves of PAMs infected with GZ201801-ASFV
and ∆CD2v/∆MGF360-505R-ASFV. (C) Western blotting was used to detect the expression of p30
protein. PAMs were either infected with GZ201801-ASFV, ∆MGF360-505R-ASFV, ∆CD2v-ASFV, and
∆CD2v/∆MGF360-505R-ASFV at a MOI of 0.1.

3.3. Apoptosis of ∆CD2v/∆MGF360-505R-ASFV in Primary Swine Macrophages

Apoptosis represents an important innate cellular mechanism to prevent virus infec-
tion, and many viruses have developed strategies in turn, for inhibiting or delaying this
cellular response [42]. ASFV-infected cells undergo apoptosis [43] and show the characteris-
tic morphological changes of programmed cell death, including typical membrane blebbing
of the infected cell that led to the formation of numerous vesicles containing virus [44] and
this could be an efficient system for virus spread. After infection with GZ201801-ASFV,
26.49% of PAMs were apoptotic, and after infection with CD2v/∆MGF360-505R-ASFV,
8.72% of PAMs were apoptotic. When GZ201801-ASFV and CD2v/∆MGF360-505R-ASFV
were co-infected, 9.35% of PAMs were apoptotic. After infection with ∆MGF360-505R-
ASFV, 27.67% of PAMs were apoptotic, and after infection with ∆CD2v-ASFV, 30.45%
of PAMs were apoptotic. When GZ201801-ASFV and ∆MGF360-505R-ASFV were co-
infected, 25.99% of PAMs were apoptotic. When GZ201801-ASFV and ∆CD2v-ASFV were
co-infected, 28.67% of PAMs were apoptotic (Figure 3).
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Figure 3. The apoptosis of GZ201801-ASFV, ∆CD2v/∆MGF360-505R-ASFV, ∆MGF360-505R-ASFV,
and ∆CD2v-ASFV are infected in primary PAMs. GZ201801-ASFV caused 26.49% of cell apoptosis af-
ter infection with PAMs, ∆CD2v/∆MGF360-505R-ASFV caused 8.72% of cell apoptosis after infection
with PAMs, ∆MGF360-505R-ASFV caused 27.67% of cell apoptosis after infection with PAMs, ∆CD2v
caused 30.45% of cell apoptosis after infection with PAMs, GZ201801-ASFV and ∆CD2v/∆MGF360-
505R-ASFV caused 9.35% of cell apoptosis after co-infection with PAMs, GZ201801-ASFV and
∆MGF360-505R-ASFV caused 27.67% of cell apoptosis after co-infection with PAMs, and GZ201801-
ASFV and ∆CD2v caused 30.45% of cell apoptosis after co-infection with PAMs. PAMs were either
infected with GZ201801-ASFV, ∆CD2v/∆MGF360-505R-ASFV, ∆MGF360-505R-ASFV, or ∆CD2v-
ASFV at a MOI of 0.1. Significant differences compared with the control group are denoted by
**** (p < 0.001).
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3.4. Phospho-NF-κB p65 and p-IκB of ∆CD2v/∆MGF360-505R-ASFV in Primary
Swine Macrophages

Western blotting was used to measure the expression of phospho-NF-κB p65 protein
and p-IκB protein levels at 3, 6, and 12 h in each group of PAMs. This result suggests
that the level of phospho-NF-κB p65 and p-IκB protein increased after GZ201801-ASFV
infection, and this effect was abrogated by CD2v and MGF360-505R deficiency. The level of
phospho-NF-κB p65 and p-IκB protein after ∆MGF360-505R-ASFV infection is more than
the GZ201801-ASFV infection, and the level of phospho-NF-κB p65 and p-IκB protein after
∆CD2v-ASFV infection is less than GZ201801-ASFV infection. Expression of Tubulin was
used as a positive control (Figure 4). And the gray analysis of protein bands was carried
out (Figure S5).
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Figure 4. NF-κB signaling pathway analysis after ASFV infection. Western blotting was used to
measure the expression of PP65 and PIκB protein at 3, 6, and 12 h in each group of GZ201801-
ASFV-, ∆MGF360-505R-ASFV-, ∆CD2v-ASFV-, and ∆CD2v/∆MGF360-505R-ASFV-infected PAMs.
Expression of tubulin was used as a positive control. PAMs were either infected with GZ201801-ASFV
or ∆CD2v/∆MGF360-505R-ASFV at a MOI of 0.1.

3.5. MGF360-12L, MGF360-13L, and MGF505-2R Inhibit NF-κB Promoter

The luciferase reporter gene internal reference plasmids pRL-TK and NF-κB-Luc
reporter plasmids were mixed, and co-transfected with pCAGGs-MGF360-12L, pCAGGs-
MGF360-13L, pCAGGs-MGF360-14L, pCAGGs-MGF505-1R, pCAGGs-MGF505-2R, and
pCAGGs-MGF505-3R plasmids separately, and Luciferase Reporter Assays were performed.
This result suggests that MGF360-12L, MGF360-13L, and MGF505-2R of ASFV MGF360-
505R significantly inhibit the NF-κB promoter compared with the control empty vector
(Figure 5).
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Figure 5. MGF360-12L, MGF360-13L, and MGF505-2R interfere with the NF-κB signaling pathway.
Plasmid encoding MGF360-12L, MGF360-13L, MGF360-14L, MGF505-1R, MGF505-2R, MGF505-3R,
or empty vectors were co-transfected into PK-15 cells with the NF-κB-Luc promoter reporter plasmid
and with pRL-TK. After 24 h, luciferase activity was determined by dual-luciferase assay. Each datum
represents results of three independent experiments (means ± SD). Significant differences compared
with the control group are denoted by ** (p < 0.01) and *** (p < 0.001).

3.6. ∆CD2v/∆MGF360-505R-ASFV Inhibits the Expression of IL-1β mRNA

To study the changes of IL-1β after the PAMs were infected with GZ201801-ASFV
or ∆CD2v/∆MGF360-505R-ASFV, IL-1β mRNA expression was measured by real-time
RT-PCR. The expression of IL-1β mRNA in the GZ201801-ASFV infection group at 3 h
and 12 h increased with the time of infection. The expression of IL-1β mRNA in the
∆CD2v/∆MGF360-505R-ASFV infection group was significantly lower than in the GZ201801-
ASFV infection group, at 3 h and 12 h (Figure 6).
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Figure 6. Changes in expression of IL-1β mRNA. Real-time RT-PCR was used to assess the mRNA
expression of IL-1β in PAMs incubated with GZ201801-ASFV, ∆CD2v/∆MGF360-505R-ASFV ∆CD2v,
and∆MGF360-505R-ASFV after 0, 3, 6, and 12 h. Increased expression of IL-1β mRNA was seen in
GZ201801-ASFV-infected cells and this effect was abrogated by CD2v and MGF360-505R deficiency.
Each datum represents results of three independent experiments (means± SD). Significant differences
compared with the control group are denoted by * (p < 0.05) and *** (p < 0.001). PAMs were either
infected with GZ201801-ASFV or ∆CD2v/∆MGF360-505R-ASFV at a MOI of 0.1.
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4. Discussion

ASFV infection of domestic pigs or wild boars can cause severe hemorrhagic diseases,
and the mortality rate is as high as 100% [45]. Because ASFV and the host have a complex
interaction mechanism, ASFV can evade the host immune system [4]. Some pathogens kill
macrophages by inducing apoptosis, thereby reducing the phagocytic ability of phagocytes
to pathogens [46]. Using a DNA homologous recombination technique [1], we constructed
∆CD2v/∆MGF360-505R-ASFV viruses by deleting gene segments encoding seven differ-
ent proteins, includingMGF505-1R, MGF505-2R, MGF505-3R, MGF360-12L, MGF360-13L,
MGF360-14L, and CD2v, which have previously been observed to be important for the
virulence of different ASFVs [1,47]. This study shows that GZ201801-ASFV has obvious
CPE after being infected with PAMs, while ∆CD2v/∆MGF360-505R-ASFV infection pro-
duces significantly lower CPE compared with GZ201801-ASFV. Through flow cytometry,
it was found that the percentage of PAMs apoptosis caused by ∆CD2v/∆MGF360-505R-
ASFV infection was significantly lower than that of GZ201801-ASFV infection. When
GZ201801-ASFV and ∆CD2v/∆MGF360-505R-ASFV are co-infected, the CPE of PAMs
and the percentage of PAMs cell apoptosis are also significantly lower than that of the
GZ201801-ASFV infection.

Apoptotic macrophages can also cause the host’s inflammatory response by secret-
ing pro-inflammatory cytokines [23]. In recent years, more and more studies have been
conducted on ASFV infection in order to activate the host NF-κB signaling pathway. Al-
though different viruses activate the upstream signaling molecules of the NF-κB pathway
by different mechanisms, they will eventually converge the signal to the IκB kinase (IKK)
complex. It activates IκB to cause a cascade of signals, and finally initiates the transcription
of target genes [48]. Therefore, it shows that IKK, the IκB kinase complex, is a key node that
activates the NF-κB signaling pathway caused by various external stimuli. The cytokines
and chemokines (TNF-α and IL-1β) produced after the activation of the NF-κB signaling
pathway can reactivate the NF-κB signaling pathway and cause a cascade reaction in the
host [48]. Different signaling pathways respond to different levels of IL-1β, which can lead
to host genotoxic damage and cell apoptosis, or affect cell growth. In the environment
of high levels of IL-1β, cells that have undergone genotoxic damage in the host will par-
ticipate in the apoptosis pathway [49]. This study shows that GZ201801-ASFV infection
of PAMs activates the NF-κB signaling pathway and promotes the expression of IL-1β.
However, the up-regulated expression levels of phospho-NF-κB p65 and p-IκB proteins
and IL-1β by ∆CD2v/∆MGF360-505R-ASFV infection was significantly lower than that of
GZ201801-ASFV. When the MGF360-505 deletion strain is infected with PAMs, it activates
the host’s NF-κB signaling pathway, while the CD2v-deficient strain inhibits the host’s
NF-κB signaling pathway after infecting PAMs, indicating that MGF360-505 has the effect
of inhibiting NF-κB and CD2v has the effect of activating NF-κB. We further found that
MGF360-12L, MGF360-13L, and MGF-505-2R suppress the promoter activity of NF-κB, and
CD2v activates the NF-κB signaling pathway.

The activation and regulation mechanism of apoptosis is an extremely complex process
regulated by the body’s internal mechanisms, and it participates in a variety of life activities.
In depth research on the molecular mechanism of ASFV infection and activation of cell
apoptosis will help to develop and use cell apoptosis as a new weapon against ASFV
replication and provide a theoretical basis for the prevention and treatment of ASF. In
summary, our data demonstrated that ∆CD2v/∆MGF360-505R-ASFV infection caused
PAMs apoptosis and the expression levels of ASFV p30 protein are significantly lower than
the GZ201801-ASFV infection. Also, ∆CD2v/∆MGF360-505R-ASFV infection upregulates
the expression levels of phospho-NF-κB p65 and p-IκB proteins and IL-1β production
are significantly lower than the GZ201801-ASFV infection. Additionally, MGF360-12L,
MGF360-13L, and MGF-505-2R suppress the promoter activity of NF-κB (Figure 7). These
findings suggest that ∆CD2v/∆MGF360-505R-ASFV reduces the apoptosis of PAMs by
inhibiting the NF-κB signaling pathway and IL-1β, which might provide a theoretical basis
for the development of an effective vaccine for ASFV.
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28. Zou, L.; Lei, H.; Shen, J.; Liu, X.; Zhang, X.; Wu, L.; Hao, J.; Jiang, W.; Hu, Z. HO-1 induced autophagy protects against IL-1
β-mediated apoptosis in human nucleus pulposus cells by inhibiting NF-κB. Aging 2020, 12, 2440–2450. [CrossRef]

29. Saade, G.; Deblanc, C.; Bougon, J.; Marois-Créhan, C.; Fablet, C.; Auray, G.; Belloc, C.; Leblanc-Maridor, M.; Gagnon, C.A.; Zhu, J.;
et al. Coinfections and their molecular consequences in the porcine respiratory tract. Vet. Res. 2020, 51, 80.

30. Lau, S.K.; Chu, P.G.; Weiss, L.M. CD163: A Specific Marker of Macrophages in Paraffin-Embedded Tissue Samples. Am. J.
Clin. Pathol. 2004, 122, 794–801. [CrossRef]

31. Munday, J.; Floyd, H.; Crocker, P.R. Sialic acid binding receptors (siglecs) expressed by macrophages. J. Leukoc. Biol. 1999, 66,
705–711. [CrossRef]

http://doi.org/10.1016/j.virol.2016.03.019
http://www.ncbi.nlm.nih.gov/pubmed/27043071
http://doi.org/10.1007/s12250-020-00304-4
http://doi.org/10.1080/22221751.2019.1590128
http://doi.org/10.1128/JVI.78.4.1858-1864.2004
http://doi.org/10.1016/j.virusres.2012.10.013
http://doi.org/10.1128/jvi.67.9.5312-5320.1993
http://doi.org/10.1128/JVI.01994-10
http://www.ncbi.nlm.nih.gov/pubmed/21248037
http://doi.org/10.1099/vir.0.19435-0
http://www.ncbi.nlm.nih.gov/pubmed/14718626
http://doi.org/10.1128/JVI.72.4.2881-2889.1998
http://www.ncbi.nlm.nih.gov/pubmed/9525608
http://doi.org/10.1128/JVI.01293-18
http://doi.org/10.1128/JVI.01058-17
http://doi.org/10.1128/jvi.64.5.2064-2072.1990
http://doi.org/10.1128/jvi.64.5.2073-2081.1990
http://doi.org/10.1006/viro.1994.1426
http://doi.org/10.1128/JVI.75.7.3066-3076.2001
http://doi.org/10.1100/tsw.2002.214
http://www.ncbi.nlm.nih.gov/pubmed/12805900
http://doi.org/10.1128/JVI.78.5.2445-2453.2004
http://www.ncbi.nlm.nih.gov/pubmed/14963141
http://doi.org/10.1101/cshperspect.a001651
http://www.ncbi.nlm.nih.gov/pubmed/20457564
http://doi.org/10.1126/science.274.5288.782
http://doi.org/10.1016/S1074-7613(02)00423-5
http://doi.org/10.1016/j.virol.2019.05.020
http://www.ncbi.nlm.nih.gov/pubmed/31176924
http://doi.org/10.18632/aging.102753
http://doi.org/10.1309/QHD6YFN81KQXUUH6
http://doi.org/10.1002/jlb.66.5.705


Vaccines 2021, 9, 1371 13 of 13

32. Breese, S.S.J.; DeBoer, C.J. Electron microscope observations of African swine fever virus in tissue culture cells. Virology 1966, 28,
420–428. [CrossRef]

33. Rowlands, R.J.; Michaud, V.; Heath, L.; Hutchings, G.; Oura, C.; Vosloo, W.; Dwarka, R.; Onashvili, T.; Albina, E.; Dixon, L.K.
African Swine Fever Virus Isolate, Georgia, 2007. Emerg. Infect. Dis. 2008, 14, 1870–1874. [CrossRef] [PubMed]

34. Donald, P.K.; Scott, M.R.; Geoffrey, H.H.; Sylvia, S.G.; Sylvia, J.W.; Linda, K.D.; Armanda, D.B.; Trevor, W.D. Development of a
TaqMan® PCR assay with internal amplification control for the detection of African swine fever virus. J. Virol. Methods 2003, 107,
53–61.

35. Livak, K.J.; Schmittgen, T.D. Analysis of relative gene expression data using real-time quantitative PCR and the 2(-Delta Delta
C(T)) Method. Methods 2001, 25, 402–408. [CrossRef]

36. Sabal, C.; Gustavo, A.D.; Sushil, K.; Daniel, L.R. African Swine Fever Virus CD2v Protein Induces β-Interferon Expression and
Apoptosis in Swine Peripheral Blood Mononuclear Cells. Viruses 2021, 13, 1480.

37. Zhuo, Y.; Guo, Z.; Ba, T.; Zhang, C.; He, L.; Zeng, C.; Dai, H. African swine fever virus MGF505-11R inhibits type I interferon
production by negatively regulating the cGAS-STING-mediated signaling pathway. Vet. Microbiol. 2021, 263, 109265.

38. Krug, P.W.; Holinka, L.G.; O’Donnell, V.; Reese, B.; Sanford, B.; Fernandez-Sainz, I.; Gladue, D.; Arzt, J.; Rodriguez, L.; Risatti, G.R.;
et al. The Progressive Adaptation of a Georgian Isolate of African Swine Fever Virus to Vero Cells Leads to a Gradual Attenuation
of Virulence in Swine Corresponding to Major Modifications of the Viral Genome. J. Virol. 2014, 89, 2324–2332. [CrossRef]
[PubMed]

39. Dixon, L.K.; Islam, M.; Nash, R.; Reis, A.L. African swine fever virus evasion of host defences. Virus Res. 2019, 266, 25–33.
[CrossRef]

40. Haig, D.M. Subversion and piracy: DNA viruses and immune evasion. Res. Vet. Sci. 2001, 70, 205–219. [CrossRef]
41. Janeway, C.A.; Medzhitov, R. Innate immune recognition. Ann. Rev. Immunol. 2002, 20, 197–216. [CrossRef] [PubMed]
42. Benedict, C.A.; Norris, P.S.; Ware, C.F. To kill or be killed: Viral evasion of apoptosis. Nat. Immunol. 2002, 3, 1013–1018. [CrossRef]

[PubMed]
43. Ramiro-Ibáñez, F.; Ortega, A.; Escribano, J.M.; Alonso, C. Apoptosis: A Mechanism of Cell Killing and Lymphoid Organ

Impairment during Acute African Swine Fever Virus Infection. J. Gen. Virol. 1996, 77, 2209–2219. [CrossRef] [PubMed]
44. Hernaez, B.; Escribano, J.M.; Alonso, C. Visualization of the African swine fever virus infection in living cells by incorporation

into the virus particle of green fluorescent protein-p54 membrane protein chimera. Virology 2006, 350, 1–14. [CrossRef]
45. Galindo, I.; Alonso, C. African Swine Fever Virus: A Review. Viruses 2017, 9, 103. [CrossRef]
46. Hilbi, H.; Zychlinsky, A.; Sansonetti, P.J. Macrophage apoptosis in microbial infections. Parasitology 1997, 115, 79–87. [CrossRef]
47. Reis, A.L.; Abrams, C.C.; Goatley, L.C.; Netherton, C.; Chapman, D.G.; Cordón, P.S.; Dixon, L.K. Deletion of African swine fever

virus interferon inhibitors from the genome of a virulent isolate reduces virulence in domestic pigs and induces a protective
response. Vaccine 2016, 34, 4698–4705. [CrossRef]

48. Zhang, B.; Lu, Y.; Campbell-Thompson, M.; Spencer, T.; Song, S. Alpha1-antitrypsin protects beta-cells from apoptosis. Diabetes
2007, 56, 1316–1323. [CrossRef]

49. Roy, D.; Sarkar, S.; Felty, Q. Levels of IL-1 beta control stimulatory/inhibitory growth of cancer cells. Front. Biosci. 2006, 11,
889–898. [CrossRef]

http://doi.org/10.1016/0042-6822(66)90054-7
http://doi.org/10.3201/eid1412.080591
http://www.ncbi.nlm.nih.gov/pubmed/19046509
http://doi.org/10.1006/meth.2001.1262
http://doi.org/10.1128/JVI.03250-14
http://www.ncbi.nlm.nih.gov/pubmed/25505073
http://doi.org/10.1016/j.virusres.2019.04.002
http://doi.org/10.1053/rvsc.2001.0462
http://doi.org/10.1146/annurev.immunol.20.083001.084359
http://www.ncbi.nlm.nih.gov/pubmed/11861602
http://doi.org/10.1038/ni1102-1013
http://www.ncbi.nlm.nih.gov/pubmed/12407409
http://doi.org/10.1099/0022-1317-77-9-2209
http://www.ncbi.nlm.nih.gov/pubmed/8811021
http://doi.org/10.1016/j.virol.2006.01.021
http://doi.org/10.3390/v9050103
http://doi.org/10.1017/S0031182097001790
http://doi.org/10.1016/j.vaccine.2016.08.011
http://doi.org/10.2337/db06-1273
http://doi.org/10.2741/1845

	Introduction 
	Materials and Methods 
	Cell Culture and Virus 
	Plasmids 
	Reagents and Antibodies 
	HAD Assay 
	Polymerase Chain Reaction 
	Western Blot Analysis 
	Transfection and Luciferase Reporter Assays 
	Flow Cytometry 
	Statistical Analysis 

	Results 
	Replication of CD2v/MGF360-505R-ASFV in Primary Swine Macrophages 
	Cytopathic Effect of CD2v/MGF360-505R-ASFV in Primary Swine Macrophages 
	Apoptosis of CD2v/MGF360-505R-ASFV in Primary Swine Macrophages 
	Phospho-NF-B p65 and p-IB of CD2v/MGF360-505R-ASFV in Primary Swine Macrophages 
	MGF360-12L, MGF360-13L, and MGF505-2R Inhibit NF-B Promoter 
	CD2v/MGF360-505R-ASFV Inhibits the Expression of IL-1 mRNA 

	Discussion 
	References

