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Classical swine fever (CSF) is a contagious disease with a high mortality rate and is caused by classical swine fever virus
(CSFV). CSFV non-structural protein 4B (NS4B) plays a crucial role in CSFV replication and pathogenicity. However,
precisely how NS4B exerts these functions remains unknown, especially as there are no reports relating to potential cellular
partners of CSFV NS4B. Here, a yeast two-hybrid (Y2H) system was used to screen the cellular proteins interacting with
NS4B from a porcine alveolar macrophage (PAM) cDNA library. The protein screen along with alignment using the NCBI
database revealed 14 cellular proteins that interact with NS4B: DDX39B, COX7C, FTH1, MAVS, NR2F6, RPLP1,
PSMC4, FGL2, MKRN1, RPL15, RPS3, RAB22A, TP53BP2 and TBK1. These proteins mostly relate to oxidoreductase
activity, signal transduction, localization, biological regulation, catalytic activity, transport and metabolism by GO categories. Tank-binding kinase 1 (TBK1) was chosen for further conﬁrmation. The NS4B-TBK1 interaction was further
conﬁrmed by subcellular co-location, co-immunoprecipitation and glutathione S-transferase pull-down assays. This study
offers a theoretical foundation for further understanding of the diversity of NS4B functions in relation to viral infection and
subsequent pathogenesis.
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1. Introduction
Classical swine fever (CSF) is a high-mortality, contagious
viral disease of domestic pigs and wild boars, resulting in
substantial economic losses to the swine industry worldwide.
CSF is caused by classical swine fever virus (CSFV), which
belongs to the Pestivirus genus within the Flaviviridae
family. Hepatitis C virus (HCV) also belongs to this family
(Simmonds et al. 2017). CSFV is a single-stranded and
positive-sense RNA virus. The genome, approximately 12.3
kb in length, contains a single large open reading frame
(ORF). This ORF is translated into a polyprotein, which is
further cleaved into four structural proteins (C, Erns, E1 and
E2) and eight non-structural proteins (Npro, p7, NS2, NS3,
NS4A, NS4B, NS5A and NS5B) (Lamp et al. 2013).
CSFV is a microscopic organism, and its replication
depends upon the involvement of cellular proteins. Thus,
http://www.ias.ac.in/jbiosci

CSFV-host interactions are crucial in gaining a better
understanding of the potential mechanisms of the CSFV life
cycle through utilizing host factors. Previous studies have
shown that several host cellular proteins interact with CSFV
proteins and participate in the process of CSFV infection (Li
et al. 2015; Wang et al. 2016). Those host factors mainly
contribute to viral attachment, genomic replication and
translation, innate immunity and cell apoptosis (Li et al.
2017). Our previous studies have screened cellular proteins
that interact with CSFV Npro, NS2, NS3 and NS5A, and
uS10-Npro, TRAF6-NS3, HSP70-NS5A and FKBP8-NS5A
interactions have been conﬁrmed (Li et al. 2016, 2017a, b;
Zhang et al. 2014, 2015). However, the interaction of
host cellular proteins with CSFV NS4B has not been
reported.
CSFV NS4B possesses NTPase activity, which is essential
for viral replication (Gladue et al. 2011; Tamura et al. 2012).
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CSFV NS4B has a putative toll/interleukin-1 receptor (TIR)like domain. Toll-like receptors (TLRs) also have the same
domain. NS4B inhibits TLR7-activating effects induced by
imiquimod, while the NS4B mutation within TIR-like
domains reduces the inhibiting activity and exhibits an
attenuated phenotype in pigs (Fernandez-Sainz et al. 2010).
Additionally, NS4B is associated with CSFV virulence (Tamura et al. 2012). Furthermore, the N-terminal domain of
NS4B determines CSFV genome replication in cell culture
and viral pathogenicity in pigs (Tamura et al. 2015). These
studies primarily focused on the roles of NS4B on CSFV
replication and pathogenesis. However, other functions of
CSFV NS4B and the exact mechanism of NS4B involvement
in CSFV life cycle and pathogenesis must be further studied.
Thus, identifying potential cellular partners of CSFV NS4B is
important to gaining further understanding of the molecular
mechanisms of NS4B during CSFV infection.
Tank-binding kinase 1 (TBK1), a serine/threonine protein
kinase, belongs to the inhibitor of nuclear factor kappa-B
(NF-jB) kinase (IKK) family and is also known as NAK
(NF-jB-activating kinase). TBK1 mediates host immune
defence and is essential in maintaining homeostasis of the
immune system (Lin et al. 1998; Yamamoto et al. 2002;
Fitzgerald et al. 2003; Sharma et al. 2003). In HCV, NS4B
blocks STING-TBK1 interactions to evade host innate
immunity (Ding et al. 2013). However, the relationship
between TBK1 and CSFV NS4B is still unknown.
The yeast two-hybrid (Y2H) system is an accurate and
effective way to verify two known protein interactions and to
screen candidate proteins interacting with target proteins
(Sun et al. 2005; Kang et al. 2012). In this study, 14 cellular
proteins interacting with CSFV NS4B were identiﬁed using
the Y2H system. Furthermore, the interaction of NS4BTBK1 was further conﬁrmed by subcellular co-location, coimmunoprecipitation (co-IP) and glutathione S-transferase
(GST) pull-down assays. The data are valuable for studying
the diversity of NS4B functions during CSFV infection.

2. Materials and methods
2.1

Plasmids and strains

Bait expression vector pGBKT7 (BD), positive control plasmid
pGBKT7-p53 (BD-p53), negative control plasmid pGBKT7Lamin C (BD-Lam) and bait expression yeast strain Y2HGold
were purchased from Clontech (USA). Yeast strain Y187 with
porcine alveolar macrophage (PAM) cDNA library was constructed and stored in our laboratory (Lv et al. 2015).

2.2

Vector construction

The full-length sequence of NS4B was ampliﬁed by PCR
and cloned into pGBKT7 to generate BD-NS4B. In addition,
NS4B was ampliﬁed and cloned into pcDNA3.1 (?) with a
Myc-tag and pEGFP-C1 to generate Myc-NS4B and NS4BGFP, respectively. The TBK1 gene was ampliﬁed and
inserted into pCDH-CMV-MCS-EF1 with a Flag-tag,
pDsRed1-N1 and pGEX-6P-1 to create TBK1-Flag, TBK1Red and GST-TBK1, respectively. All primers are listed in
table 1, and the validity of all vectors was veriﬁed by
restriction digestion and sequencing.

2.3

Yeast two-hybrid screening

In the Y2H assay, Y2HGold was transformed with BDNS4B or empty vector pGBKT7 (negative control) and
selected on SD/-Trp/X-a-gal, SD/-His-Trp/X-a-gal and SD/Trp-Leu/X-a-gal plates. Following elimination of toxicity
and autoactivation of NS4B, Y2HGold transformed with
BD-NS4B, BD-p53 or BD-Lam was mated with Y187
containing the PAM cDNA library. The heterozygotes were
grown on SD/-Trp-Leu/X-a-gal/aureobasidin A (DDO/X/A)
plates, and all blue colonies were inoculated onto SD/-His-

Table 1. Primers used in this study
Primers

Sequence (50 ? 30 )

Purpose

BD-NS4B-F
BD-NS4B-R
Myc-NS4B-F

GGAATTCCATATGGCTCAGGGGGATGTGCAGAGATG
AACTGCAGTAGCTGGCGGATCTTTCCTTC
CGGGATCCATGGAGCAGAAACTCATCTCTGAAGAGGATCTGGCTCA
GGGGGATGTGCAG
GGAATTCTCATAGCTGGCGGATCTTTC
CCGGAATTCTGATGGCTCAGGGGGATGTGCAGAGATG
CGCGGATCCCGTAGCTGGCGGATCTTTCCTTC
GGAATTCAATGCAGAGCACTTCTAATCA
CGGGATCCAAGACAGTCAACATTGC
CGGGATCCATGCAGAGCACTTCTAATCA
GGAATTCCTAAAGACAGTCAACATTGC
GGAATTCATGCAGAGCACTTCTAATCA
CGGGATCCCGAAGACAGTCAACATTGC

Ampliﬁcation of NS4B

Myc-NS4B-R
NS4B-GFP- F
NS4B-GFP-R
TBK1-Flag-F
TBK1-Flag-R
GST-TBK1-F
GST-TBK1-R
TBK1-Red-F
TBK1-Red-R

Ampliﬁcation of NS4B
Ampliﬁcation of NS4B
Ampliﬁcation of TBK1
Ampliﬁcation of TBK1
Ampliﬁcation of TBK1

CSFV NS4B binds TBK1

Leu-Trp-Ade/X-a-gal/aureobasidin A (QDO/X/A) plates 3
times continuously. The yeast plasmids were extracted from
the blue colonies on the third QDO/X/A plates, and the
library plasmids were rescued from yeast by transformation
into E. coli DH5a. Each isolated prey plasmid was cotransformed with BD-NS4B into the yeast competent cells
Y2HGold, using co-transformation with BD as a negative
control. The co-transformations were plated on DDO, QDO,
and QDO/X/A plates. The colonies that grew on DDO and
QDO plates and showed a blue colour on QDO/X/A plates
were identiﬁed as positive colonies, and the corresponding
prey plasmids were sequenced and BLAST-aligned using
NCBI.

2.4

Confocal microscopy

PAMs in glass-bottom dishes were co-transfected with
NS4B-GFP and TBK1-Red, empty vectors pEGFP-C1 and
pDsRed1-N1 as control. The cells were thrice washed with
PBS at 36 h post-transfection (hpt), ﬁxed with 4%
paraformaldehyde for 20 min at 37°C, and ﬁnally incubated
with DAPI for 5 min at 37°C. After three washes with PBS,
the cells were observed and images were captured using a
laser confocal microscope (Model LSM510 META, Zeiss).
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elution buffer and detected by Western blot with anti-Myc
antibody.

2.7

Functional classiﬁcation and pathway analysis

Functional classiﬁcation analysis and pathway analysis were
performed based on the Gene Ontology (GO), UniProt
database and the Kyoto Encyclopedia of Genes and Genomes (KEGG) database in DAVID 6.7. The identiﬁed proteins were organized by functional classiﬁcation based on
their biological processes.

2.8 Construction of the NS4B-cellular protein
interaction network
The NS4B-cellular protein interaction network was constructed based upon the identiﬁed protein. The cellular
proteins related to identiﬁed proteins were predicted using
the STRING 10.0 database. The interaction network was
constructed using Cytoscape v3.4.0 software based upon the
correlations between the proteins.

3. Results
2.5

Co-immunoprecipitation assay

PAMs were co-transfected with 2 lg Myc-NS4B and 2 lg
TBK1-Flag. At 36 hpt, the cells were lysed with
immunoprecipitation lysis buffer (Beyotime, China). The
80% of supernatant was subjected to co-IP experiments
with ANTI-FLAG M2 afﬁnity gel or anti-c-Myc agarose
afﬁnity gel antibodies (Sigma, USA). Brieﬂy, the cell
lysate was added to the equilibrated resin and rocked
gently for 12 h at 4°C. Subsequently, the resin was thrice
washed with TBS and subjected to Western blot analysis
with an anti-Myc or an anti-Flag antibody. Input assays
were performed using the remaining 20% of the supernatant for analysis of GAPDH, TBK1-Flag, RFP-Flag and
Myc-NS4B protein expression.

2.6

GST pull-down experiment

GST-TBK1 or GST expressed in E. coli BL21 (DE3) cells
was lysed with pull-down lysis buffer. The cell lysate was
added to equilibrated glutathione agarose resin and was
incubated for 2 h at 4°C. After ﬁve washes with 1:1 wash
solution (TBS: pull-down lysis buffer), the resin was incubated with human embryonic kidney (HEK293T) lysates
containing Myc-NS4B for 12 h at 4°C. After another ﬁve
washes, the bound proteins were eluted with glutathione

3.1 Screening of cellular proteins that interact
with CSFV NS4B
To identify the interactive proteins of CSFV NS4B, we
screened a PAM cDNA library using the Y2H system. The
autoactivation and toxicity tests demonstrated that the bait
protein NS4B has no autoactivation and toxicity to the
Y2HGold strain (data not shown). The yeast strain Y2HGold
containing BD-NS4B was mated with strain Y187 containing the PAM cDNA library. The prey plasmids were rescued
by transformation of yeast plasmids into E. coli DH5a
competent cells, and they were co-transformed with BDNS4B or BD into Y2HGold to distinguish genuine positive
from false positive interactions. Co-transformations with
BD-p53/AD-T and BD-Lam/AD-T were treated as positive
and negative controls, respectively (ﬁgure 1). The positive
prey plasmids of co-transformation were identiﬁed by
sequencing. The sequences were aligned using BLAST
programs on the NCBI website. The results indicated that
there were 14 proteins interacting with NS4B (table 2).

3.2

Functional classiﬁcation and pathway analysis

Based on the UniProt database, identiﬁed proteins were
sorted by enrichment of GO categories. These GO enrichments included DNA binding, metabolic process,
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CSFV NS4B binds TBK1
The cellular proteins interacting with CSFV NS4B in
the Y2H system. The prey plasmids were rescued from yeast by
transformation into E. coli DH5a. Each isolated cDNA plasmid was
co-transformed with BD-NS4B into the yeast competent cells
Y2HGold, co-transformation with BD as negative control. The cotransformations were plated on DDO, QDO, and QDO/X/A plates.
Co-transformations with BD-p53/AD-T and BD-Lam/AD-T served
as positive and negative controls, respectively.

b Figure 1.

oxidoreductase activity, signal transduction, catalytic activity, transport and establishment of localization (ﬁgure 2).
Pathway analysis was based on the KEGG bioinformatics
database. The signalling pathways of these identiﬁed proteins included cytosolic DNA-sensing pathway, retinoic
acid-inducible gene I (RIG-I)-like receptor signalling pathway, TLR signalling pathway, apoptosis, ubiquitin-mediated
proteolysis, ribosome and endocytosis.

TP53BP2, NR2F6, FGL2, RAB22A, MAVS, TBK1,
DDX39B and COX7C were sub-remarkable node proteins.

3.4

Based on these identiﬁed proteins in the Y2H screen, the
cellular proteins related to the identiﬁed proteins were found
in the STRING 10.0 database, and the NS4B-cellular protein
interaction network was constructed using the Cytoscape
v3.4.0 software (ﬁgure 3). In the NS4B-cellular protein
interaction network, the central protein NS4B is marked as a
diamond, identiﬁed proteins interacting with NS4B as triangles, and host cellular proteins associated with identiﬁed
proteins as circles. RPLP1, RPL15, RPS3 and FTH1 were
the most remarkable node proteins, whereas MKRN1,

Subcellular localization of CSFV NS4B and TBK1

We detected whether or not CSFV NS4B protein co-localized with TBK1. The PAMs co-expressing NS4B-GFP and
TBK1-Red were observed by laser confocal microscopy.
The results showed that empty vectors pEGFP-C1 and
pDsRed1-N1 were distributed throughout the whole cells,
including the cell nucleus and cytoplasm. However, NS4BGFP and TBK1-Red were primarily co-located in the cytoplasm (ﬁgure 4). The co-localization coefﬁcient for NS4BTBK1 was determined to be 0.92. The results indicate that
NS4B and TBK1 are spatially accessible.

3.5
3.3 Construction of the NS4B-cellular protein
interaction network
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TBK1 interacts with CSFV NS4B in cells

The co-IP experiment was carried out by incubating Flagagarose beads with the lysates of PAMs overexpressing
TBK1-Flag and Myc-NS4B. Subsequently, the proteins
bound with Flag-agarose beads were detected by Western
blot with an anti-Myc antibody. As shown in ﬁgure 5A,
Myc-NS4B was successfully precipitated by TBK1-Flag,
whereas RFP-Flag was unable to precipitate Myc-NS4B.
The input assay was carried out to assess the expression of
GAPDH, Myc-NS4B, TBK1-Flag and RFP-Flag using 20%
of the cells. In addition, a reciprocal co-IP experiment was
conducted by incubating Myc-agarose beads with the lysates
of PAMs overexpressing TBK1-Flag and Myc-NS4B.

Table 2. Cellular proteins interacting with the CSFV NS4B in the Y2H screen
NCBI protein accession no.
Protein
No.
1
2
3
4
5
6
7
8
9
10
11
12
13
14

Protein name

Gene

Pig

Human

Max identity
(%)

No. of
colonies

DEAD(Asp-Glu-Ala-Asp) box polypeptide
39B
cytochrome c oxidase subunit VIIc
ferritin,heavy polypeptide 1
Nuclear receptor subfamily 2, group F,
member 6
ribosomal protein, large, P1
Proteasome (prosome, macropain) 26S
subunit, ATPase, 4
ﬁbrinogen-like 2
makorin ring ﬁnger protein 1
ribosomal protein L15
ribosomal protein S3
RAB22A, member RAS oncogene family
tumor protein p53 binding protein, 2
tank-binding kinase 1
mitochondrial antiviral signaling protein

DDX39B

AIX97361.1

NP_542165.1

98

2

COX7C
FTH1
NR2F6

NP_001090943.1
NP_999140.1
XP_003123537.1

NP_001858.1
AAH66341.1
NP_005225.2

93
100
99

2
1
1

RPLP1
PSMC4

ABK55653.1
AAQ85116.1

CAG47005.1
BC014488.1

94
94

1
1

AAM52324.1
AAH17813.1
XP_003134656.1 AAI27217.1
NP_001230994.1 AAH81565.1
NP_001038066.1 AAH71917.1
CAN13146.1
AAF00047.2
JAG69088.1
AAV32965.1
EU091339.1
NM_013254.3
NP_001090898.1 AAZ80417.1

81
94
99
99
92
94
98
98

1
2
1
2
2
2
2
1

FGL2
MKRN1
RPL15
RPS3
RAB22A
TP53BP2
TBK1
MAVS
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Figure 2. Functional classiﬁcation of the identiﬁed proteins interacting with NS4B. Functional classiﬁcation of the identiﬁed proteins was
carried out according to GO biological processes. All GO categories with a P value were chosen as the criteria. These identiﬁed proteins
were sorted by enrichment of GO categories. The vertical axis is the GO category, and the horizontal axis is the enrichment of GO.

Subsequently, the proteins bound to Myc-agarose beads
were detected by Western blot with an anti-Flag antibody.
The reciprocal co-IP results showed that Myc-NS4B precipitated TBK1-Flag (ﬁgure 5B). The data further verify the
interaction between NS4B and TBK1.

3.6

TBK1 interacts with CSFV NS4B in vitro

Based on the NS4B-TBK1 interaction in cells, we further
conﬁrmed the interaction between NS4B and TBK1 in vitro
by GST pull-down assay. Myc-NS4B was expressed in
HEK293T cells. GST-TBK1 and GST were expressed in
E. coli BL21 cells. As shown in ﬁgure 6, Myc-NS4B was
detected in GST-TBK1 complexes but not in GST complexes, verifying the NS4B-TBK1 interaction in vitro. The
expression of GST-TBK1 and Myc-NS4B was assessed in
the input assay.

4. Discussion
CSFV NS4B is associated with viral genome replication and
virulence (Fernandez-Sainz et al. 2010; Tamura et al.
2012, 2015). However, there are no reports on host factors
that interact with CSFV NS4B, which may play crucial roles

in the life cycle and pathogenesis of CSFV. Here, fourteen
cellular proteins interacting with NS4B were identiﬁed via
the Y2H system. These identiﬁed proteins participate in
diverse signalling pathways and biological processes by
pathway analysis and GO categories, primarily including
DNA binding, metabolic, oxidoreductase activity, signal
transduction, catalytic activity, transport and establishment
of localization. In addition, the protein-protein interaction
network was constructed, helping us to better understand the
function and mechanism of these proteins. The Y2H system
is a feasible and effective method to screen candidate proteins and is widely used for studying host-virus interactions
(Zhang et al. 2015; Wang et al. 2016). In our study, the
NS4B-TBK1 interaction was further conﬁrmed by subcellular co-location, co-IP and GST pull-down assays, indicating the reliability of the Y2H approach. Even so, the
identiﬁed proteins are not exhaustive, and explicit conclusion of each interaction should be further veriﬁed due to the
intrinsic limitation of the Y2H approach. The function and
potential roles of the identiﬁed proteins in relation to CSFV
infection are discussed below.
Ribosomal protein L15 (RPL15) and ribosomal protein,
large, P1 (RPLP1) are involved in protein biosynthesis and
diseases. It has been reported that ribosomal protein S20
interacts with CSFV Npro and inhibits CSFV replication (Lv
et al. 2017a). In addition, the Npro of pestivirus is involved in

CSFV NS4B binds TBK1
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Figure 3. The NS4B-cellular protein interaction network. The NS4B-cellular protein interaction network was constructed based on the
identiﬁed proteins and the STRING 10.0 database using Cytoscape v3.4.0 software. The central protein NS4B is marked as a diamond,
identiﬁed proteins interacting with NS4B are indicated as triangles, and host cell proteins related to identiﬁed proteins are shown as circles.

translation and production of viral particles by forming a
complex with ribosomal proteins in the cytoplasm (Jefferson
et al. 2014). RPLP1 is an essential host factor of Flavivirus
and promotes early viral protein accumulation (Campos
et al. 2017). These data postulate that RPL15 may contribute
to the process of CSFV infection and RPLP1 may regulate
CSFV protein accumulation. DEAD (Asp-Glu-Ala-Asp) box
polypeptide 39B (DDX39B) encodes an RNA helicase
regulating the expression of TNF and IL-6 (Mendonca et al.
2014). IL-6 and TNF-a play important roles as cytokines in
innate immunity during CSFV infection (Sanchez-Cordon

et al. 2005; Li et al. 2015). Thus, whether DDX39B is
involved in innate immune response during CSFV infection
will be relevant to understanding CSFV pathogenesis. Ferritin, heavy polypeptide 1 (FTH1) is known to inhibit cell
apoptosis (Liu et al. 2012; Lv et al. 2016). Moreover, FTH1
acts as an iron-chelating protein subunit and is involved in
innate immunity (Xu et al. 2014). Makorin ring ﬁnger protein 1 (MKRN1) is an E3 ligase and acts as a transcriptional
co-regulator, negatively regulating p21 and p53 simultaneously. MKRN1 has a dual functions, not only inducing cell
death by inhibiting p21 under stress conditions but also
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Figure 4. NS4B co-localizes with TBK1. PAMs were co-transfected with NS4B-GFP and TBK1-Red, with co-transfection with pEGFPC1 and pDsRed1-N1 as control. At 36 hpt, cells were stained with DAPI and analysed by laser confocal microscopy (4009). Each
ﬂuorescent label was recorded in independent scans, and merged images showed overlap of the NS4B-GFP and TBK1-Red.

Figure 5. Co-IP analysis of NS4B and TBK1. PAMs were co-transfected with Myc-NS4B and TBK1-Flag or Myc-NS4B and RFP-Flag
as a control. The 20% of the cell lysates were subjected to the input assay to assess GAPDH, Flag-fusion and Myc-NS4B protein levels.
(A) The remaining lysates were subjected to IP assay with ANTI-FLAGÒ M2 afﬁnity gel, and the precipitated proteins were analysed by
Western blot with mouse anti-Myc monoclonal antibody. (B) Reciprocal co-IP analysis of TBK1 and NS4B. The IP assay was performed
with an anti-c-Myc immunoprecipitation kit, followed by detection of the precipitated proteins by Western blot with mouse anti-Flag
monoclonal antibody.

maintaining cell survival by repressing p53 under normal
conditions (Lee et al. 2009). Therefore, we speculate that
FTH1 and MKRN1 are more likely to participate in the
inhibition of apoptosis during CSFV infection, and that
FTH1 may also be involved in the host immune response to
regulate CSFV replication. Ribosomal protein S3 (RPS3)
binds to NF-jB p65 and forms a nuclear transcriptionally
active and cytoplasmic inhibitory complex. The N-terminal
truncation of the p65 subunit speciﬁcally modulates RPS3dependent NF-jB gene expression (Wier et al. 2012;

Stanborough et al. 2014). As CSFV fails to activate the NFjB signalling pathway (Chen et al. 2012), RPS3 may provide novel perspectives to explain the inhibition of the NFjB signalling pathway during CSFV infection. Nuclear
receptor subfamily 2, group F, member 6 (NR2F6) exerts
important regulatory roles in adaptive immunity, acting as an
essential gatekeeper of Th17 CD4? T cell effector functions
(Hermann-Kleiter and Baier 2014). Fibrinogen-like 2
(FGL2) mainly acts as an immune-suppressor that represses
proliferation of reactive T lymphocytes and maturation of

CSFV NS4B binds TBK1
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Figure 6. GST pull-down assay of NS4B and TBK1. GST and GST-TBK1 proteins were expressed in E. coli BL21 (DE3) and conjugated
with glutathione-Sepharose resin, followed by incubation with the HEK293T lysates containing Myc-NS4B protein. After washing, the
eluted proteins from the beads were analysed by Western blot with mouse anti-Myc monoclonal antibody. The expression of input proteins
was conﬁrmed by Western blot with mouse anti-Myc monoclonal antibody and mouse anti-GST monoclonal antibody.

bone marrow dendritic cells. Pathogen invasion enhances
FGL2 expression, and excessive expression of FGL2 results
in immune dysfunction (Yang and Hooper 2013). Deletion
of FGL2 enhances adaptive immunity during lymphocytic
choriomeningitis virus WE infection (Khattar et al. 2013).
Thus, the roles of FGL2 and NR2F6 may be signiﬁcantly
important for further understanding adaptive immunity
caused by CSFV.
Mitochondrial antiviral signalling protein (MAVS) is a
crucial common adaptor for RIG-I-like receptors (RLRs)
(Sun et al. 2006). The activation of MAVS recruits and
activates IKK and TBK1, and subsequently activates interferon regulatory factor (IRF)3, IRF7, and NF-jB to induce
antiviral and pro-inﬂammatory factors (Xu et al. 2005; Liu
et al. 2013, 2015). Judging the QDO/X/A column, cotransformation with AD-MAVS enhanced growth compared
to that with AD-TBK1, implying that the interaction afﬁnity
with MAVS may be more than that with TBK1. These
results suggest that NS4B may play an important role in the
immunoregulatory effects of CSFV infection on the host
innate immune response. However, further information
relating to the NS4B-MAVS interaction and the role of
NS4B in the innate immune response will be investigated in
a future study.
TBK1, a multifunctional kinase, is essential in maintaining homeostasis of the immune system (Fitzgerald et al.
2003), cell survival and proliferation (Chien et al. 2006), and
restriction of bacterial proliferation in the cytoplasm (Thurston et al. 2009). During infection, viral RNA can be recognized by RLRs and activate MAVS (Kawai et al. 2005;
Xu et al. 2005). The activation of MAVS recruits and activates TBK1 to induce interferon (IFN) (Liu et al.

2013, 2015). In this study, we demonstrated NS4B-TBK1
interaction using the Y2H system, subcellular co-location,
co-IP and GST pull-down assays. CSFV infection inhibits
IFN-b production and prevents apoptosis by host cells
(Bensaude et al. 2004; Johns et al. 2010). It has been
reported that CSFV NS4B determines CSFV RNA replication (Tamura et al. 2015). Thus, the NS4B-TBK1 interaction
may be very important to further understanding how CSFV
evades host immune defences to promote viral replication.
Similarly, encephalomyocarditis virus 3C protease reduces
type I IFN production to evade the host innate immune
response by disrupting the TANK-TBK1-IKKe-IRF3 complex (Huang et al. 2017). HCV NS4B blocks STING-TBK1
interaction to evade host innate immunity (Ding et al. 2013).
HCV NS2 protease directly interacts with IKKe-TBK1 and
inhibits the IKKe-TBK1-mediated host cell antiviral
response (Kaukinen et al. 2013), and the HCV NS3-TBK1
interaction leads to the suppression of cellular antiviral
responses (Otsuka et al. 2005). Thus, whether NS4B inhibits
the TBK1-mediated host cell antiviral response and the
effect of the NS4B-TBK1 interaction on CSFV replication,
and whether TBK1 interacts with other CSFV non-structural
proteins, must be further studied in order to explain the role
of NS4B during CSFV infection. This novel study draws an
outline of the molecular mechanisms of CSFV NS4B during
CSFV infection.
In the current study, fourteen cellular proteins were
identiﬁed as potential partners of CSFV NS4B. The identiﬁed proteins participate in diverse biological processes,
including signal transduction, catalytic activity, transport,
localization, metabolic and oxidoreductase activity. The
NS4B-TBK1 interaction was further conﬁrmed by
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subcellular co-location, co-IP and GST pull-down assays.
This study lays the theoretical foundations for further
research on the molecular mechanisms of CSFV NS4B and
the role of TBK1 during CSFV infection.
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