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Simple Summary: PRRS is one of the most important diseases that has brought significant economic
losses to the swine industry worldwide. SLAMF1 is a costimulatory factor that is involved in innate
immunity, inflammation, and infection. In this study, we demonstrate that overexpression of the
SLAMF1 gene inhibited PRRSV replication significantly and reduced the levels of key signaling
pathways, including MyD88, RIG-I, TLR2, TRIF, and inflammatory factors IL-6, IL-1β, IL-8, TNF-β,
TNF-α, and IFN-α in vitro. However, the knockdown of the SLAMF1 gene could enhance the
replication of the PRRSV and the levels of key signaling pathways and inflammatory factors. Overall,
our results identify a new antagonist of the PRRSV, providing a new reference and direction for
PRRSV disease resistance breeding.

Abstract: The porcine reproductive and respiratory syndrome virus (PRRSV) causes a highly con-
tagious disease in domestic swine. Signaling lymphocytic activation molecule family member 1
(SLAMF1) is a costimulatory factor that is involved in innate immunity, inflammation, and infection.
Here, we demonstrate that overexpression of the SLAMF1 gene inhibited PRRSV replication signifi-
cantly and reduced the levels of key signaling pathways, including MyD88, RIG-I, TLR2, TRIF, and
inflammatory factors IL-6, IL-1β, IL-8, TNF-β, TNF-α, and IFN-α in vitro. However, the knockdown
of the SLAMF1 gene could enhance replication of the PRRSV and the levels of key signaling pathways
and inflammatory factors. Overall, our results identify a new, to our knowledge, antagonist of
the PRRSV, as well as a novel antagonistic mechanism evolved by inhibiting innate immunity and
inflammation, providing a new reference and direction for PRRSV disease resistance breeding.

Keywords: PRRSV; SLAMF1; replication; innate immunity; inflammatory cytokines

1. Introduction

The PRRSV is a highly infectious agent which causes severe reproductive impairment
in breeding pigs and respiratory disorders in piglets [1–3]. Since the PRRSV was detected
in wild boar in Europe and North America in 1987, it has caused huge economic losses to
the global pork industry [4]. In vivo, the main cell type of PRRSV infection is monocytes,
especially porcine alveolar macrophages (PAMs), which are the main target of the PRRSV
infection [5,6]. The PRRSV first binds to specific receptors on the surface of PAMs and then
enters eukaryotic cells through endocytosis [7]. The PRRSV releases virions in PAMs and
transfers them through the body’s blood and lymphatic circulatory systems, leading to
immunosuppression and, eventually, co-infection with viruses or bacteria [8,9], resulting
in weakened host adaptation and innate immune response [10,11]. The PRRSV’s invasion
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causes a series of immune responses, and then virions escape from the host immune system
to favor their own replication by interacting with the host. The host immune system takes
some measures to suppress the virus replication during the virus invasion. The cellular
protein nucleoporin 62 (Nup62) interacts with nsp1β, leading to the inhibition of host
antiviral protein expression, revealing a new strategy of immune escape [12]. This is the
main cause of PRRSV infection leading to high morbidity and mortality in pigs. Hence,
we need to further study the replication mechanism of the PRRSV and analyze the host
factors involved in the infection. Despite extensive research, there is currently no effective
prevention or treatment to reduce the PRRSV epidemic. Therefore, it is of great significance
for animal husbandry to find a standard method to prevent PRRSV transmission effectively.

Signaling lymphocytic activation molecule family member 1 (SLAMF1) is a cell-surface
glycoprotein expressed on a variety of immune populations that regulates cell–cell inter-
actions, activation, differentiation, and inflammatory responses [13,14], and has been
identified as a potential target for inflammatory diseases. SLAMF1 can activate NF-κB,
P38-MAPK, PI3K-Akt, and other signaling pathways through RIG-I and toll-like recep-
tors, thereby promoting the IRF3-mediated secretion of IFNs, TNF- α, and various in-
terleukins [15,16]. In addition, it can also be incorporated into the phagosome with the
pathogen, inhibiting the proliferation of the pathogen and accelerating the elimination of
the pathogen by promoting the maturation of the phagosome [17]. Therefore, SLAMF1
plays an important role in activating the host antiviral immune response.

Our previous transcriptome study of PRRSV-infected PAMs found that most differen-
tially expressed genes in the phagocytic pathway were down-regulated [18]. In addition,
a large number of differentially expressed genes, including TRAM, TLR4, and a variety
of cells, were enriched in the immune pathway and autophagosome maturation pathway
involved in SLAMF1. At the same time, we detected the absolute viral load in serum and
found that the expression of the SLAMF1 gene was inversely proportional to the viral load
of the host [18]. These results suggest that PRRSV infection could inhibit the phagocytic
maturation pathway of host cells, and the expression level of SLAMF1 was negatively
correlated with the viral load of the PRRSV. This study was conducted to investigate porcine
SLAMF1 functions in PRRSV proliferation.

The frequent genetic variation of the PRRSV causes the diversity of PRRSV strains,
reducing the protection of PRRS commercial vaccines on swine, and posing huge challenges
to the prevention and control of PRRS [19,20]. Our study intended to provide a new non-
vaccine idea for the prevention and control of the PRRSV. In this study, we overexpressed
the exogenous porcine SLAMF1 gene and the down-regulated endogenous SLAMF1 gene
in Marc-145 cells to study the effect of the SLAMF1 gene on PRRSV proliferation and its role
in inducing an inflammatory response, thus revealing a potential PRRSV resistance gene.
These results not only provide an important basis for further research on the interaction
between the SLAMF1 gene and the PRRSV but also provide a new reference for PRRSV
resistance genetics and breeding.

2. Materials and Methods
2.1. Cells, Viruses, Vectors, and Antibodies

PRRSV strain HuB1801, eukaryotic expression vector pEGFP-N1, and the Marc-145 cells
were preserved in the Institute of Animal Husbandry and Veterinary. The SLAMF1 primary
antibody and HRP-labeled goat anti-mouse IgG were purchased from Sanying Biotechnology
Co., Ltd. (Wuhan, China).

2.2. Construction of SLAMF1 Gene Eukaryotic Expression Plasmid

Primer Premier 6.0 software was used to design specific primers based on the nu-
cleotide sequence of the porcine SLAMF1 gene. The primer sequences are listed in Table 1.
The total RNA of Marc-145 cells was extracted by using a Total RNA Kit I (Omega Bio-Tek,
Norcross, Georgia) and then reverse transcribed by using a cDNA Synthesis Kit following
the manufacturer’s instructions. The cDNA was used as the template for PCR amplification;
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concisely, 25 µL of 2 × Phanta Mix, 2 µL of cDNA, 2.5 µL of the forward primer, 2.5 µL
of reverse primer, and 18 µL of ddH2O were added to each well. The procedure for PCR
reactions was as follows: PCR activation at 95 ◦C for 3 min, followed by 35 cycles of 95 ◦C
for 15 s, 55 ◦C for 15 s, and 72 ◦C for 40 s. The SLAMF1 gene was digested with XmaI
and XhoI and was then ligated into pEGFP-N1. The recombinant plasmid was named
pEGFP-N1-SLAMF1. PCR and Sanger sequencing was utilized for verification.

Table 1. Primers for SLAMF1 gene expression.

Primer Name The Necleotide Sequence (5′-3′) Product Length

SLAMF1-F FCCGCTCGAGATGCATAAACTAGACAGTAGAGGCA 1032 bp
SLAMF1-R CCAAGCTTGCTCTCCGGAAGAGTCACG

The endotoxin plasmid can be extracted according to the instructions, and transfection
can be carried out when the cell density reaches about 70–80%. Lipofectamine2000 was
used to transfect Marc-145 cells and si-RNA according to the instructions.

2.3. Real-Time Quantitative PCR (qRT-PCR)

RNA extraction and reverse transcription were performed with TRIzol reagent (Invit-
rogen, Carlsbad, CA, USA) and a reverse transcription kit (Nanjing Novizan Biotechnology
Co., Ltd., Nanjing, China) according to the manufacturer’s instructions. Then, RNA con-
centration and purity were determined by a Nanodrop 2000 UV spectrophotometer. The
real-time quantitative PCR was performed using a 10 µL system and SYBR Green Mas-
ter Mix (Roche, Shanghai, China) at ABI QuantStudioTM 6. The sequences of qRT-PCR
primers used in the experiment are shown in Table 2. Then, qRT-PCR was performed in
a 10 µL reaction including 5 µL of SYBR Green Mix, 1 µL of cDNA, 0.2 µL of the forward
primer, 0.2 µL of reverse primer, and 3.6 µL of ddH2O. For the determination of the relative
mRNA expression levels, the following formula was used: ∆∆CT = ∆CT (treated group) −
∆CT (saline group).

Table 2. Primer for mRNA quantitation used in qRT-PCR.

Primer Sequences (5′-3′)

mTNF-F CACCACGCTCTTCTGTCTGCT
mTNF-R CAGGCTTGTCACTTGGGGTT
mIL-6-F ACTGGTCTTTTGGAGTTTGAGG
mIL-6-R GCTGGCATTTGTGGTTGGTT

mRIG-I-F TGATTGCCACCTCAGTTG
mRIG-I-R TTCCTCTGCCTCTGGTTTG
mIFN-α-F CATTGCCCTTTGCTTTACTGAT
mIFN-α-R CTGGAGCCTTCTGGAACTGGT
mIL-1B-F TCCCACGAGCACTACAACGA
mIL-1B-R CTTAGCTTCTCCATGGCTACAACA
mIL-8-F CTGGCGGTGGCTCTCTTG
mIL-8-R CCTTGGCAAAACTGCACCTT
mTLR2-F CTGCAAGCTGCGGAAGATAAT
mTLR2-R TTCCTGCCGAGCCTCATC
mTRIF-F ACTCGGCCTTCACCATCCT
mTRIF-R GGCTGCTCATCAGAGACTGGTT

mMyD88-F GGCAGCTGGAACAGACCAA
mMyD88-R GGTGCCAGGCAGGACATC

mIKBa-F TCCACTTGGCGGTGATCA
mIKBa-R ATCACAGCCAGCTTCCAGAAG

mGAPDH-F TGGGGAAGGTGAAGGTCGG
mGAPDH-R TCCTGGAAGATGGTGATGGG

qORF7-F TCAGCTGTGCCAAATGCTGG
qORF7-R AAATGGGGCTTCTCCGGGTTTT
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2.4. Western Blot (WB)

The cells were lysed in the RIPA strong buffer (Beyotime, Shanghai, China) containing
a 1% protease inhibitor cocktail and 1% phosphatase inhibitor complex on ice, and were
boiled with 10µL SDS-PAGE loading buffer for 10 min and then placed in an ice bath
for 20 min. Total protein samples were separated by using SDS-PAGE and transferred
electrophoretically onto polyvinylidene fluoride (PVDF) membranes. The membrane was
blocked with 5% skim milk overnight. The membrane was probed with SLAMF1 primary
antibody (1:5000) and HRP-labeled goat anti-mouse IgG (1:5000) successively. The antibody-
specific protein was visualized using an enhanced chemiluminescence (ECL) detection
system, and β-actin(1:5000) was used as an internal control.

2.5. Statistical Analysis

The results of each group of experiments were independently repeated at least three
times. All statistical analyses were performed using GraphPad Prism 8.0.1, and the data
are expressed as the mean ± standard error of the mean. The significant differences among
groups were determined by one-way or two-way analysis of variance (ANOVA). A multiple
t-test was used to analyze the significance of the mean difference in each group of data.
Differences with p-values < 0.05 were considered significant and are designated with * in the
figures. Differences with p-values < 0.001 were considered significant and are designated
with *** in the figures.

3. Results
3.1. Expression of SLAMF1 in Marc-145 Cells by pEGFP-N1-SLAMF1

The SLAMF1 gene fragment was detected by agarose gel electrophoresis and showed
a bright band at 1032 bp (Figure 1a). Double enzyme digestion was used to identify
the selected single-colony plasmid, and agarose gel electrophoresis showed two bands
consistent with the expected size (Figure 1b), indicating that SLAMF1 had successfully
inserted into the PEGFP-N1 vector. The qRT-PCR results indicate that the mRNA expression
of SLAMF1 was significantly increased by pEGFP-N1-SLAMF1 (p < 0.001) (Figure 1c). The
protein expression of the EGFP-labeled SLAM gene was detected by western blot, which
was consistent with the predicted protein size (80 kDa), with the band size of the empty
vector being about 27 kDa. The WB results also indicate that the protein level of SLAMF1
was increased by pEGFP-N1-SLAMF1 (Figure 1d).
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N1-SLAM. M:DL5000 Marker; 1: The result of pEGFP-N1-SLAM digested with a restriction enzyme. 
(c) Relative SLAM mRNA level was determined by qRT-PCR; Note: the pEGFP-SLAM group 
compared with the pEGFP-SLAMF1 group: *** means extremely significant difference (p < 0.001). 
(d) SLAM protein was determined by western blot. 
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Figure 1. pEGFP-N1-SLAMF increases SLAM level. (a) The PCR product of the SLAM gene. M: DL2000
Marker; Line1~3: gene fragment of SLAM. (b) Double enzyme digestion product of pEGFP-N1-SLAM.
M: DL5000 Marker; 1: The result of pEGFP-N1-SLAM digested with a restriction enzyme. (c) Relative
SLAM mRNA level was determined by qRT-PCR; Note: the pEGFP-SLAM group compared with the
pEGFP-SLAMF1 group: *** means extremely significant difference (p < 0.001). (d) SLAM protein was
determined by western blot.

3.2. Overexpression of SLAMF1 Inhibits PRRSV Replication

To study the influence of porcine SLAMF1 on the proliferation of the PRRSV, we
infected Marc-145 cells that overexpressed SLAMF1 for 24 h with the PRRSV and collected
protein samples at multiple time points after PRRSV infection. The results demonstrate that
the PRRSV N protein level in cells transfected with pEGFP-N1-SLAMF1 was significantly
lower than that in cells not transfected with pEGFP-N1-SLAMF1 at 36 h post-infection
(HPI), but not significantly at other time points (Figure 2a). The qRT-PCR results show that
SLAMF1 had different inhibitory effects on PRRSV infection at multiple multiplicities of
infection (MOI), among which the MOI of 0.1 and 18 hpi show the most significant effect
(Figure 2b).

To determine the effect of PRRSV infection on the expression of the SLAMF1 gene in
Marc-145 cells, Marc-145 cells were inoculated with the PRRSV at an MOI of 0.1, 0.5, and
1, respectively. The qRT-PCR results show that the expression of the SLAMF1 gene was
inhibited by PRRSV infection in cells, and the inhibition possesses an MOI dependence.
Marc145 cells were infected by the PRRSV at an MOI of 0.1, and its RNA was collected at
0 h, 12 h, 24 h, 48 h, and 72 h post-infection, respectively (Figure 2c). The results show that
the PRRSV inhibits the SLAMF1 mRNA level after 24 hpi and show a time dependence.



Animals 2022, 12, 3542 6 of 13Animals 2022, 12, x  6 of 13 
 

 
Figure 2. Overexpression of SLAM inhibits PRRSV replication. (a1) Expression of PRRSV−N protein 
at different time points after PRRSV infection. (a2) The protein expression of SLAM in infected Marc-
145 cells at different time points;(b) Effect of overexpression of SLAM and infection with different 
MOI of PRRSV on PRRSV proliferation at different time points. (c) qRT-PCR for detecting the 
differential expression multiple of SLAM gene at different time points and different titers after 
PRRSV infection at 24 h. (c1) Differential expression multiple of PRRSV-infected 24 h SLAM gene 
with 0.1–1 MOI. (c2) 0.1 Differential expression multiple of SLAM gene 0–72 h after MOI PRRSV 
infection. Note: *** means extremely significant difference (p < 0.001). 

3.3. Knockdown of SLAMF1 Enhances PRRSV Replication 
According to the gene sequence of rhesus monkey SLAMF1, a simian si-SLAMF1 

interfering plasmid was designed, among which, si-SLAMF1-197 had the best interference 
effect (Figure 3(a1)). 24h after transfection into Marc-145 cells, western blot was used to 
detect the changes in the SLAMF1 gene in cells. The results show that the level of the 
SLAMF1 in cells was significantly reduced after interfering with SLAMF1 genes (Figure 
3(a2)). 

To study the effect of interfering with the porcine SLAMF1 gene on pathogen 
proliferation, western blot was used to detect the expression of the PRRSV N protein. The 
results show that interfering with the SLAMF1 gene could effectively inhibit the 
proliferation of the PRRSV for 36h after infection. The expression level of the PRRSV N 
protein in cells transfected with PEGFP-N1-SLAMF1 was significantly lower than that in 
cells not transfected with PEGFP-N1-SLAMF1 (Figure 3b). 

The qRT-PCR results show that the SLAMF1 gene was significantly down-regulated 
(p < 0.01) after siRNA interference compared with that in the NC control group. Compared 
with the NC control group, the viral load in the PRRSV-infected group was significantly 

Figure 2. Overexpression of SLAM inhibits PRRSV replication. (a1) Expression of PRRSV−N protein
at different time points after PRRSV infection. (a2) The protein expression of SLAM in infected
Marc-145 cells at different time points; (b) Effect of overexpression of SLAM and infection with
different MOI of PRRSV on PRRSV proliferation at different time points. (c) qRT-PCR for detecting
the differential expression multiple of SLAM gene at different time points and different titers after
PRRSV infection at 24 h. (c1) Differential expression multiple of PRRSV-infected 24 h SLAM gene
with 0.1–1 MOI. (c2) 0.1 Differential expression multiple of SLAM gene 0–72 h after MOI PRRSV
infection. Note: *** means extremely significant difference (p < 0.001).

3.3. Knockdown of SLAMF1 Enhances PRRSV Replication

According to the gene sequence of rhesus monkey SLAMF1, a simian si-SLAMF1 inter-
fering plasmid was designed, among which, si-SLAMF1-197 had the best interference effect
(Figure 3(a1)). 24h after transfection into Marc-145 cells, western blot was used to detect
the changes in the SLAMF1 gene in cells. The results show that the level of the SLAMF1 in
cells was significantly reduced after interfering with SLAMF1 genes (Figure 3(a2)).

To study the effect of interfering with the porcine SLAMF1 gene on pathogen prolifer-
ation, western blot was used to detect the expression of the PRRSV N protein. The results
show that interfering with the SLAMF1 gene could effectively inhibit the proliferation
of the PRRSV for 36h after infection. The expression level of the PRRSV N protein in
cells transfected with PEGFP-N1-SLAMF1 was significantly lower than that in cells not
transfected with PEGFP-N1-SLAMF1 (Figure 3b).

The qRT-PCR results show that the SLAMF1 gene was significantly down-regulated
(p < 0.01) after siRNA interference compared with that in the NC control group. Compared
with the NC control group, the viral load in the PRRSV-infected group was significantly
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up-regulated (p < 0.01), indicating that interference with the SLAMF1 gene can effectively
promote the proliferation of the PRRSV (Figure 3c).
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Figure 3. Knockdown of SLAM enhances PRRSV replication. (a1) Different synthetic si-SLAM interfer-
ing plasmids were transfected into Marc-145 cells, and the mRNA level of the SLAM gene was detected
by qRT-PCR 24 h later. (a2) Si-SLAM-197 was transfected into Marc-145 cells, and the changes in the
SLAM gene in the cells were detected by western blot 24 h later. (b) Effect of SLAM gene on PRRSV
proliferation was detected by western blot. (c) Effect of siRNA interference SLAM gene on PRRSV
proliferation was detected by qRT-PCR. Note: ** means significant difference (p < 0.01), *** means
extremely significant difference (p < 0.001).

3.4. SLAMF1 Gene Overexpression Inhibits PRRSV-Induced Inflammation

qRT-PCR was used to detect the expression levels of key signaling molecules in
Marc-145 cells with SLAMF1 expression and PRRSV infection. The results show that
overexpression of SLAMF1 inhibited the proliferation of PRRSV, and the levels of key
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signaling pathways MyD88, RIG-I, TLR2, and TRIF in cells were significantly inhibited
(p < 0.001) (Figure 4a). The expression levels of cytokines IL-6, IL-1β, IL-8, TFN-β, TNF,
and IFN-α were significantly lower (p < 0.001) than those in the PRRSV-infected group
(Figure 4b).
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3.5. Knockdown of Porcine SLAMF1 Promotes PRRSV-Induced Inflammation

The qRT-PCR results show that, after si-SLAMF1 promotes the proliferation of the
PRRSV, the expression levels of the key signaling pathways TRIF and TLR2 were signifi-
cantly (p < 0.05) higher than those of the PRRSV-infected group, and the expression level
of MyD88 was extremely significantly (p < 0.01) higher than that in the PRRSV-infected
group (Figure 5a). The expression level of IL-6 was significantly (p < 0.05) higher than that
in the PRRSV-infected group, and the expression level of IFN-α was extremely significantly
(p < 0.001) higher than that in the PRRSV-infected group (Figure 5b).
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Figure 5. Knockdown of porcine SLAM promotes PRRSV-induced inflammation. (a) The effect of
si-SLAM on key signaling molecules after PRRSV infection. (b) The effect of the si-SLAM gene on
inflammatory factors after PRRSV infection. Note: * means significant difference (p < 0.05); ** means
significant difference (p < 0.01); *** means an extremely significant difference (p < 0.001).

4. Discussion

The PRRSV has brought huge losses to the pork industry in China and even the
world. Although the resistance of pigs can be improved through vaccine research and
development, it is difficult to control the PRRSV epidemic simply by using vaccines due
to the strong variability of the PRRSV [21]. Therefore, PRRSV resistance genetic breeding
has become an important way to control PRRSV infection. We can compare the response
differences of PRRSV infection in pigs or cells of various breeds, analyze the pathways of
PRRSV infection, screen and verify the antiviral activity of key genes, and breed a variety
with disease resistance or tolerance to PRRSV infection, to improve the resistance ability
of the pig population to the PRRSV. Interferon lambda receptor 1 (IFNLR1) is a type II
cytokine receptor that binds to interleukins IL-28A, IL29B, and IL-29, known as type III
IFNs (IFN-λs). IFN-λs play an antiviral role in preventing and curing infection through the
JAK-STAT signaling pathway [22–24]. IFNLR1 overexpression induces the activation of the
JAK/STAT pathway, thus inhibiting the proliferation of PAMs infected by the PRRSV [25].
Other related studies, including the nucleotide-binding oligomer domain-like receptor
NLRX1 gene [26], and the interferon-inducible genes OAS1, IFITM1 [27], MX1 [28,29], and
IFI30 [30], have also been reported to inhibit PRRSV replication to a certain extent.

SLAMF1 is a co-stimulatory factor expressed on the surface of most immune cells [31,32]
and plays an important role in signal transduction between immune cells [33] and the pro-
motion of phagosome maturation [34]. Numerous studies revealed that SLAMF1 plays
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an important role in natural immunity. In addition, SLAMF1 can activate RIG-I and toll-
like receptors and enhance NF-κB, p38MAPK, AKT, PI3K, and other signaling pathways,
thus promoting the IRF-3-mediated secretion of IFNs, TNF-α, and various interleukin fac-
tors [35,36]. On the other hand, SLAMF1 is related to the migration ability of macrophages,
DC cells, and bone marrow cells [17]. Antigen-presenting cells (APCs) such as macrophages
enwrap pathogens from phagosomal vesicles by actin rearrangement when pathogens
invade the body. Then, they fuse with lysosomes to form phagolysosomes, killing and
degrading pathogens in time after the primary phagosomal vesicles mature [37]. During
this process, SLAMF1 can enter phagosomes with pathogens simultaneously, mobilizing
the ubiquitination enzyme complex and NADPH oxidase NOX2 complex, and accelerating
pathogen clearance by promoting phagosomal maturation. However, the role of SLAMF1 in
PRRSV infection remains unclear. In this study, we first constructed the porcine SLAMF1
gene into the eukaryotic expression vector and verified the anti-PRRSV function of the
porcine SLAMF1 gene by overexpressing the SLAMF1 gene in Marc-145 cells. Our re-
sults show that the mRNA expression of the SLAMF1 gene was significantly up-regulated
(p < 0.001), and the mRNA expression of the virus was significantly inhibited (p < 0.01) 36 h
post-PRRSV infection.

PRRSV infection induces the expression and release of a large number of inflammatory
factors (such as IL-1β, IL-6, IL-8, TNF-α, etc.), leading to acute inflammation in the lungs,
ultimately leading to respiratory failure and death [38]. NF-κB is a transcription factor
that plays a key role in the regulation of inflammatory and immune responses, as well as
cell proliferation and apoptosis. For example, the PRRSV Nsp2 can significantly activate
the NF-κB pathway and thus induce the expression of pro-inflammatory factors such
as IL-6 and IL-8 [39]. The PRRSV Nsp1α can inhibit LUBAC-induced NF-κB activation
and pro-inflammatory cytokine expression in the early stages of PRRSV infection, and
PRRSV Nsp1α inhibits NF-κB activation by targeting the LUBAC complex [40]. The innate
immune signaling pathway includes PRRs, intermediate junction molecules, downstream
signaling molecules of the cascade response, and, ultimately, transcription factors. NLR
receptor genes recognize pathogenic microorganisms that invade the cell and regulate the
innate immune response of the body against pathogenic microorganisms [41]. SLAMF1
genes act as negative regulators of type I interferon production and NF-κB activation, and
SLAMF1 genes knockout mice showed reduced clearance of Gram-negative bacteria [42],
indicating that the SLAMF1 gene has a very important role in immune regulation and
disease prevention and control. In this study, we examined the expression of PRRs and
cytokines in the cellular inflammatory pathway after SLAMF1 inhibited PRRSV replication
and revealed that SLAMF1 could exert antiviral effects and suppress the level of virus-
induced inflammation in Marc-145 cells.

In this study, we demonstrated that the expression levels of inflammatory factors
(IL-6, IL-1B, IL-8, TFN-β, TNF, and IFN-α) were significantly inhibited by SLAMF1. To
further reveal the role of SLAMF1 in inhibiting PRRSV-induced inflammation, we knocked
down the level of the SLAMF1 gene by siRNA. The results show that the interference of
endogenous SLAMF1 in Marc-145 cells promoted the proliferation of the PRRSV, and the
key signal molecules such as MyD88, TRIF, RIG-I, and TLR2. The expression levels of
inflammatory factors such as IL-1β, IL-6, IL-8, IFN-β, and TNF-α also increased corre-
spondingly, suggesting that si-RNA interference with the SLAMF1 gene promotes cellular
inflammation caused by PRRSV infection. Overall, our study provides a theoretical basis
for the research and application of SLAMF1 and provides a new reference and direction for
PRRSV disease resistance breeding.

5. Conclusions

We conclude that the eukaryotic expression vector of the porcine SLAMF1 gene was
successfully constructed and it could be stably expressed in Marc-145 cells. Overexpression
of the porcine SLAMF1 gene in Marc-145 cells could effectively inhibit PRRSV proliferation
and down-regulate PRRSV-induced cellular inflammatory response, while the si-SLAMF1
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gene had the opposite effect. Moreover, PRRSV infection of Marc-145 cells could inhibit the
expression of the SLAMF1 gene in host cells.

Author Contributions: Conceptualization, H.S., J.Q. and P.L.; Methodology, H.S., J.Q. and Y.T.;
Software, H.S., W.L. and L.Z.; Validation, H.S., J.Q., C.L., W.L., L.Z., S.W., H.L., K.Y. and D.Z.;
Investigation, H.S., J.Q., C.L., W.L., L.Z., S.W., H.L., K.Y. and D.Z.; Visualization, H.S., J.Q. and L.Z.;
Writing—Original Draft Preparation, H.S. and C.L.; Writing—Review and Editing, C.L., D.Z. and Y.T.;
Supervision, P.L.; Project Administration, P.L.; Funding Acquisition, P.L. All authors have read and
agreed to the published version of the manuscript.

Funding: This research was supported by Natural Science Foundation of Hubei Academy of Agri-
cultural Sciences (Youth program) (2022NKYJJ09), Technical Innovation Project of Hubei Province
(2021ABA005), and Hubei Province Innovation Center of Agricultural Sciences and Technology
(2019-620-000-001-017).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The datasets used and/or analyzed during the current study are
available from the corresponding author on reasonable request.

Conflicts of Interest: The authors declare that the research was conducted in the absence of any
commercial or financial relationships that could be construed as a potential conflict of interest.

References
1. Zhang, X.; Feng, W.H. Porcine Reproductive and Respiratory Syndrome Virus Evades Antiviral Innate Immunity via MicroRNAs

Regulation. Front. Microbiol. 2021, 12, 804264. [CrossRef] [PubMed]
2. Wan, B.; Chen, X.; Li, Y.; Pang, M.; Chen, H.; Nie, X.; Pan, Y.; Qiao, S.; Bao, D. Porcine FcγRIIb mediated PRRSV ADE infection

through inhibiting IFN-β by cytoplasmic inhibitory signal transduction. Int. J. Biol. Macromol. 2019, 138, 198–206. [CrossRef]
[PubMed]

3. Risser, J.; Ackerman, M.; Evelsizer, R.; Wu, S.; Kwon, B.; Hammer, J.M. Porcine reproductive and respiratory syndrome virus
genetic variability a management and diagnostic dilemma. Virol. J. 2021, 18, 206. [CrossRef] [PubMed]

4. Jeong, J.; Kang, I.; Park, C.; Kim, S.; Park, S.J.; Park, K.H.; Oh, T.; Yang, S.; Yoon, J.S.; Lee, O.; et al. A comparison of the severity of
reproductive failure between single and dual infection with porcine reproductive and respiratory syndrome virus (PRRSV)-1 and
PRRSV-2 in late-term pregnancy gilts. Transbound. Emerg. Dis. 2018, 65, 1641–1647. [CrossRef]

5. Duan, X.; Nauwynck, H.J.; Pensaert, M.B. Effects of origin and state of differentiation and activation of monocytes/macrophages on
their susceptibility to porcine reproductive and respiratory syndrome virus (PRRSV). Arch. Virol. 1997, 142, 2483–2497. [CrossRef]

6. Duan, X.; Nauwynck, H.J.; Pensaert, M.B. Virus quantification and identification of cellular targets in the lungs and lymphoid
tissues of pigs at different time intervals after inoculation with porcine reproductive and respiratory syndrome virus (PRRSV).
Vet. Microbiol. 1997, 56, 9–19. [CrossRef]

7. An, T.Q.; Li, J.N.; Su, C.M.; Yoo, D. Molecular and Cellular Mechanisms for PRRSV Pathogenesis and Host Response to Infection.
Virus Res. 2020, 286, 197980. [CrossRef]

8. Harding, J.C.S.; Ladinig, A.; Novakovic, P.; Detmer, S.E.; Wilkinson, J.M.; Yang, T.; Lunney, J.K.; Plastow, G.S. Novel insights
into host responses and reproductive pathophysiology of porcine reproductive and respiratory syndrome caused by PRRSV-2.
Vet. Microbiol. 2017, 209, 114–123. [CrossRef]

9. Nauwynck, H.J.; Duan, X.; Favoreel, H.W.; Van Oostveldt, P.; Pensaert, M.B. Entry of porcine reproductive and respiratory syndrome
virus into porcine alveolar macrophages via receptor-mediated endocytosis. J. Gen. Virol. 1999, 80 Pt 2, 297–305. [CrossRef]

10. Mulupuri, P.; Zimmerman, J.J.; Hermann, J.; Johnson, C.R.; Cano, J.P.; Yu, W.; Dee, S.A.; Murtaugh, M.P. Antigen-specific B-cell
responses to porcine reproductive and respiratory syndrome virus infection. J. Virol. 2008, 82, 358–370. [CrossRef]

11. Rovira, A.; Clement, T.; Christopher-Hennings, J.; Thompson, B.; Engle, M.; Reicks, D.; Muñoz-Zanzi, C. Evaluation of the
sensitivity of reverse-transcription polymerase chain reaction to detect porcine reproductive and respiratory syndrome virus on
individual and pooled samples from boars. J. Vet. Diagn. Investig. 2007, 19, 502–509. [CrossRef] [PubMed]

12. Ma, J.; Ma, L.; Yang, M.; Wu, W.; Feng, W.; Chen, Z. The Function of the PRRSV–Host Interactions and Their Effects on Viral
Replication and Propagation in Antiviral Strategies. Vaccines 2021, 9, 364. [CrossRef]

13. Gonçalves-Carneiro, D.; McKeating, J.A.; Bailey, D. The Measles Virus Receptor SLAMF1 Can Mediate Particle Endocytosis.
J. Virol. 2017, 91, e02255-16. [CrossRef] [PubMed]

14. Lambert, M.; Poljak, Z.; Arsenault, J.; D’Allaire, S. Epidemiological investigations in regard to porcine reproductive and respiratory
syndrome (PRRS) in Quebec, Canada. Part 1: Biosecurity practices and their geographical distribution in two areas of different
swine density. Prev. Vet. Med. 2012, 104, 74–83. [CrossRef] [PubMed]

http://doi.org/10.3389/fmicb.2021.804264
http://www.ncbi.nlm.nih.gov/pubmed/34975824
http://doi.org/10.1016/j.ijbiomac.2019.07.005
http://www.ncbi.nlm.nih.gov/pubmed/31284005
http://doi.org/10.1186/s12985-021-01675-0
http://www.ncbi.nlm.nih.gov/pubmed/34663367
http://doi.org/10.1111/tbed.12921
http://doi.org/10.1007/s007050050256
http://doi.org/10.1016/S0378-1135(96)01347-8
http://doi.org/10.1016/j.virusres.2020.197980
http://doi.org/10.1016/j.vetmic.2017.02.019
http://doi.org/10.1099/0022-1317-80-2-297
http://doi.org/10.1128/JVI.01023-07
http://doi.org/10.1177/104063870701900507
http://www.ncbi.nlm.nih.gov/pubmed/17823393
http://doi.org/10.3390/vaccines9040364
http://doi.org/10.1128/JVI.02255-16
http://www.ncbi.nlm.nih.gov/pubmed/28100610
http://doi.org/10.1016/j.prevetmed.2011.12.004
http://www.ncbi.nlm.nih.gov/pubmed/22243985


Animals 2022, 12, 3542 12 of 13

15. Dragovich, M.A.; Mor, A. The SLAM family receptors: Potential therapeutic targets for inflammatory and autoimmune diseases.
Autoimmun. Rev. 2018, 17, 674–682. [CrossRef]

16. O’Connell, P.; Amalfitano, A.; Aldhamen, Y.A. SLAM Family Receptor Signaling in Viral Infections: HIV and Beyond. Vaccines
2019, 7, 184. [CrossRef] [PubMed]

17. Wang, C.; Zeng, N.; Liu, S.; Miao, Q.; Zhou, L.; Ge, X.; Han, J.; Guo, X.; Yang, H. Interaction of porcine reproductive and
respiratory syndrome virus proteins with SUMO-conjugating enzyme reveals the SUMOylation of nucleocapsid protein. PLoS
ONE 2017, 12, e0189191. [CrossRef] [PubMed]

18. Liang, W.; Ji, L.; Zhang, Y.; Zhen, Y.; Zhang, Q.; Xu, X.; Liu, B. Transcriptome Differences in Porcine Alveolar Macrophages from
Tongcheng and Large White Pigs in Response to Highly Pathogenic Porcine Reproductive and Respiratory Syndrome Virus
(PRRSV) Infection. Int. J. Mol. Sci. 2017, 18, 1475. [CrossRef]

19. Berger, S.B.; Romero, X.; Ma, C.; Wang, G.; Faubion, W.A.; Liao, G.; Compeer, E.; Keszei, M.; Rameh, L.; Wang, N.; et al. SLAM is a
microbial sensor that regulates bacterial phagosome functions in macrophages. Nat. Immunol. 2010, 11, 920–927. [CrossRef]

20. Xia, W.; Wu, Z.; Guo, C.; Zhu, S.; Zhang, X.; Xia, X.; Sun, H. Recombinant adenovirus-delivered soluble CD163 and sialoadhesin
receptors protected pigs from porcine reproductive and respiratory syndrome virus infection. Vet. Microbiol. 2018, 219, 1–7. [CrossRef]

21. Dai, G.; Huang, M.; Fung, T.S.; Liu, D.X. Research progress in the development of porcine reproductive and respiratory syndrome
virus as a viral vector for foreign gene expression and delivery. Expert Rev. Vaccines 2020, 19, 1041–1051. [CrossRef] [PubMed]

22. Brand, S.; Beigel, F.; Olszak, T.; Zitzmann, K.; Eichhorst, S.T.; Otte, J.M.; Diebold, J.; Diepolder, H.; Adler, B.; Auernhammer, C.J.;
et al. IL-28A and IL-29 mediate antiproliferative and antiviral signals in intestinal epithelial cells and murine CMV infection
increases colonic IL-28A expression. Am. J. Physiol. Gastrointest. Liver Physiol. 2005, 289, G960–G968. [CrossRef] [PubMed]

23. Maher, S.G.; Sheikh, F.; Scarzello, A.J.; Romero-Weaver, A.L.; Baker, D.P.; Donnelly, R.P.; Gamero, A.M. IFNalpha and IFNlambda
differ in their antiproliferative effects and duration of JAK/STAT signaling activity. Cancer Biol. Ther. 2008, 7, 1109–1115. [CrossRef]
[PubMed]

24. Witte, K.; Gruetz, G.; Volk, H.D.; Looman, A.C.; Asadullah, K.; Sterry, W.; Sabat, R.; Wolk, K. Despite IFN-lambda receptor
expression, blood immune cells, but not keratinocytes or melanocytes, have an impaired response to type III interferons:
Implications for therapeutic applications of these cytokines. Genes Immun. 2009, 10, 702–714. [CrossRef] [PubMed]

25. Wang, X.; Shao, C.; Wang, L.; Li, Q.; Song, H.; Fang, W. The viral non-structural protein 1 alpha (Nsp1α) inhibits p53 apoptosis
activity by increasing murine double minute 2 (mdm2) expression in porcine reproductive and respiratory syndrome virus
(PRRSV) early-infected cells. Vet. Microbiol. 2016, 184, 73–79. [CrossRef]

26. Jing, H.; Song, T.; Cao, S.; Sun, Y.; Wang, J.; Dong, W.; Zhang, Y.; Ding, Z.; Wang, T.; Xing, Z.; et al. Nucleotide-binding
oligomerization domain-like receptor X1 restricts porcine reproductive and respiratory syndrome virus-2 replication by interacting
with viral Nsp9. Virus Res. 2019, 268, 18–26. [CrossRef]
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