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Foot-and-mouth disease (FMD) is a severe, highly contagious viral disease of cloven-hoofed
animals. In order to establish an infection, the FMD virus (FMDV) needs to counteract host
antiviral responses. Tumor progression locus 2 (TPL2), a mitogen-activated protein kinase,
can regulate innate and adaptive immunity; however, its exact mechanisms underlying
TPL2-mediated regulation of the pathogenesis of FMDV infection remain unknown. In this
study, we confirmed that TPL2 could inhibit FMDV replication in vitro and in vivo. The virus
replication increased in Tpl2-deficient suckling mice in association with reduced expression
of interferon-stimulated genes interferon-a (IFN-a) and myxovirus resistance (MX2) and
significantly reduced expression of C-X-C motif chemokine ligand 10 (CXCL10), interferon
regulatory factor 3 (IRF3), and IRF7, while the phosphorylation of IRF3 was not detected.
Moreover, the interactions between TPL2 and VP1 were also confirmed. The
overexpression of TPL2 promoted IRF3-mediated dose-dependent activation of the
IFN-b signaling pathway in association with interactions between IRF3 and TPL2. VP1
also inhibited phosphorylation of TPL2 at Thr290, while Thr290 resulted as the key
functional site associated with the TPL2-mediated antiviral response. Taken together,
this study indicated that FMDV capsid protein VP1 antagonizes TPL2-mediated activation
of the IRF3/IFN-b signaling pathway for immune escape and facilitated virus replication.

Keywords: foot-and-mouth disease virus, viral protein 1, tumor progression locus 2, interferon regulatory factor 3/
interferon-b, immune escape
INTRODUCTION

Foot-and-mouth disease (FMD) is a severe, highly contagious viral disease of livestock worldwide
caused by the foot-and-mouth disease virus (FMDV) infection (1). So far, seven serotypes of FMDV
have been identified, including O, A, C, SAT1, SAT2, SAT3, and Asia-1. There is no cross-protection
between these serotypes, and only a limited cross-reaction is observed between different strains within
org January 2021 | Volume 11 | Article 5803341
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a single serotype due to extensive sequence variation within the
capsid proteins (2). The viral genome, which is about 8.5 Kb,
encodes structural proteins including viral protein (VP)1, VP2,
VP3, and VP4 and at least 10 nonstructural proteins (including L,
2A, 2B, 2C, 3A, 3B1, 3B2, 3B3, 3C, and 3D) along with several
intermediate precursors (1). Many FMDV proteins have evolved
with time; these new mutated proteins can promote rapid and
efficient replication in host cells via antagonism and evade the host
immune system (3). For example, the FMDV leader proteinase
(Lpro) has a critical role in preventing the synthesis of interferon
(IFN)-a/b proteins by reducing IFN-b mRNA and associated
interferon-stimulated gene (ISG) products (4). The structural and
nonstructural proteins, including VP3 (5, 6), VP1 (7), 3A (8), and
3Cpr° (3, 9) modulate the innate immune responses via
distinct mechanisms.

TPL2 is a protein kinase that was initially identified as
protooncogene due to its C-terminal truncation product’s role
in promoting tumor function (10, 11). TPL2 is ubiquitously
expressed and is involved in innate and adaptive immune cells
and diverse host tissues, including the liver, lung, and intestines
(11–14). The immune-regulatory function of TPL2 can activate
the MEK/ERK pathway in response to toll-like receptor (TLR),
interleukin-1 receptor (IL-1R), or tumor necrosis factor receptor
signaling (15, 16). While TPL2 is required for IFN-a production
in plasmacytoid dendritic cells (pDCs) and to promote IFN-g
secretion by CD4+ T cells, it is also a potent negative regulator of
IFN-b in macrophages and DCs (17, 18). Consequently, TPL2 is
essential for mounting effective immune responses during
infections. Tpl2-/- mice have shown to be susceptible to
infection with Toxoplasma gondii (18), Listeria monocytogenes
(19), Mycobacterium tuberculosis (20), and B streptococcus (21).
Surprisingly, information on TPL2-mediated contributions to
host defense against viruses are still rather limited and
contradictory. Although it has been identified as a major
regulator of type I and type II IFNs, the mechanisms
underlying TPL2-mediated regulation of type I IFNs have not
yet been examined in detail. The main effectors that both initiate
and amplify host cell antiviral responses are a family of
transcription factors known as interferon regulatory factors
(IRFs) (22). IRFs have been implicated in numerous cellular
activities. For example, IRF1, IRF2, IRF3, IRF5, IRF7, and IRF9
have been directly implicated in one or more aspects of the
antiviral response (23–30). IRF3 and IRF7 are directly involved
in the transcriptional induction of IFNs and also have the
capacity to induce ISGs in an IFN-I-independent manner (31–
34). Moreover, IRF3, which serves as the key signal mediator and
transcription factor for the induction of IFN-I, undergoes
phosphorylation followed by homodimer formation and
nuclear translocation to initiate gene transcription in response
to pathogen infection. Understanding the link between
phosphorylation and activation of IRF3 has been a topic of
interest with respect to innate immunity. However, it remains
unclear in which host proteins interact with FMDV VP1 and
regulate FMDV replication.

This study found that TPL2 can inhibit FMDV replication
both in vitro and in vivo; FMDV VP1 interacts with TPL2 and
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inhibits its phosphorylation at Thr290. Also, TPL2 promotes the
activation of the IRF3/IFN-b signaling pathway, while VP1
inhibits TPL2-mediated IFN-b, as well as expression of
mRNAs that encode several of the ISGs. Taken together, our
results revealed that the interactions between VP1 and TPL2
result in inhibition of IFN-b-mediated signaling and enhance
virus replication.
MATERIAL AND METHODS

Materials
Porcine kidney (PK-15) cells and cells of the human embryonic
kidney cell line (HEK293T) were cultured in Dulbecco’s
modified Eagle’s medium (Gibco) supplemented with 10% fetal
bovine serum (Gibco) in a humidified atmosphere containing 5%
CO2/95% air at 37°C. Virus infection experiments were carried
out as previously described (35). Foot-and-mouth disease strain
A/GDMM/CHA/2013 and Sendai virus (SeV) are maintained by
State Key Laboratory.

Rabbit anti-IRF3 and anti-phospho-IRF3 antibodies were
purchased from Cell Signaling Technology (Danvers, MA,
USA). RIG-I, TBK1, p-TBK1, IKK- a were acquired from
Sigma-Aldrich. Alexa fluor-conjugated secondary antibodies
for indirect immunofluorescence (IFA) were purchased from
Life Technologies. Rabbit polyclonal anti-TPL2 and rabbit
polyclonal anti-TPL2-T290 antibodies were obtained from
Abcam. Mouse monoclonal anti-c-Myc and mouse monoclonal
anti-c-Flag were purchased from Sigma Aldrich, and mouse anti-
b-actin was bought from Thermo Fisher Scientific.

Construction of Eukaryotic Expression
Plasmids and Transfection
TPL2 primers were designed based on the TPL2 gene sequence
listed in GenBank (NM007746.2) and used to facilitate the
cloning of relevant sequences into the pCMV3N-Myc vector.
Flag-VP1 and the expression vector pCAGGS were constructed
and provided by our lab. The IFN-b promoter-luciferase reporter
plasmids, pRL-TK plasmid, and various HA-tagged plasmids
used in this study were a kind gift from Professor Hongbing Shu
(Wuhan University, China) (36). All newly-constructed plasmids
were sequenced, and the correct insertion of each gene was
verified. The DNA plasmids were transfected into the cells using
the transfection reagent Lipofectamine™ 3000 (Invitrogen)
according to the manufacturer’s instructions.

TPL2 Gene-Deleted PK-15 Cell Line
Established Using CRISPR/Cas9
To construct the TPL2 gene-deleted (TPL2-KO)-PK-15 cell line,
two specific CRISPR-Cas9 sgRNAs were designed to target the
second exon of porcine-derived TPL2. The sgRNA was cloned
into the lentiGuide-EGFP vector using the BsmBI terminal
sequence to construct the lentiGuide-EGFP-TPL2-sg RNA
Lentiviral Expression Plasmid. The lentiGuide-EGFP-TPL2-sg
RNA lentiviral expression plasmid and virus packaging helper
plasmid were then co-transfected into PK-15 cells in order to
January 2021 | Volume 11 | Article 580334
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target TPL2 for gene knockout; Lenti-Guide-EGFP vector and
virus packaging helper plasmid were co-transfected into PK-15
cells as a control. Forty-eight hours after transfection, the
expression of the fluorescent protein was observed under a
fluorescence microscope, indicating that the plasmid was
successfully transfected into PK-15 cells. The virus was
concentrated and used to infect cells; positive clones were
identified by green fluorescence using flow cytometry.

PK-15 Cell Line Stably Expressing Porcine
TPL2
The recombinant lentiviral vector Lv-TPL2 was constructed by
chemical synthesis of the porcine TPL2 gene as per datafile
XM_021064737.1 at the National Center for Biotechnology
Information, Bethesda, MD, USA. The two restriction sites
used were Xba I and BamH I. The appropriate restriction
enzyme sites were ligated into the multiple cloning site of the
lv-pCDH vector. Restriction sites for Xba I and BamH I were
introduced at the 5′and 3′ends of the target DNA fragment.
Recombinant lentiviral vector Lv-MAP3K8 was also obtained.

Luciferase Activity
HEK293T cells (1 × 105) were cultured in 24-well plates, and the
monolayer cells were transfected with 0.2 mg of Myc vector, Myc-
TPL2, HA-IRF3-expressing plasmids, and 0.1 mg of IFN-b-
promoter-driven luciferase reporter plasmid together with 0.02
mg of internal control pRL-TK reporter plasmid. The transfected
cells were then mock-infected or infected with SeV at 24 h post-
transfection (hpt). The luciferase activities were measured using
a dual-luciferase reporter assay kit (Promega) according to the
manufacturer’s protocol.

To evaluate adaptor molecule-induced IFN-b-promoter
activation assay, HEK293T cells (1 × 105) were seeded on 24-
well and transfected with 0.1 mg of the IFN-b, ISRE-promoter-
driven luciferase reporter plasmids, 0.01 mg pRL-TK, 0.1 mg
adaptor plasmids, and Myc-TPL2 plasmids. The dual-luciferase
activity was measured at 24 hpt. All experiments were performed
in triplicate. The results are presented with SEM (standard error
of the mean) from three independent experiments.

Real-Time qPCR (qRT-PCR)
Total RNAs were extracted using TRIzol Reagent (Invitrogen,
USA), and cDNA was synthesized from the extracted RNA
samples. The SYBR Premix Ex Taq reagents (Takara) were
used to quantify RNA copy numbers. The generated cDNA
was used as a template to detect the expression of FMDV RNA
and host cellular mRNA. The gene encoding glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) gene was used as an
internal control. Relative expression of mRNA was calculated
using the comparative cycle threshold (2−DDCt) method. All the
experiments were repeated three times. The primers used to
amplify the genes are listed in Table 1.

Indirect Immunofluorescence Assay (IFA)
HEK293T cells were grown on glass-bottom dishes, cultured
overnight, and then transfected with 2 mg of HA vector or
Frontiers in Immunology | www.frontiersin.org 3
HA-IRF3 and 2 mg of Myc vector or Myc-TPL2 plasmids for
36 h. Cells were mock-infected or infected with SeV at 24 hpt and
cultured for 16 h. The cells were then fixed with 4%
paraformaldehyde for 30 min and permeabilized with 0.1%
Triton X-100 for 15 min. Fixed cells were incubated in 5%
bovine serum albumin at 4°C for 4 h, followed by incubation
with the appropriate primary antibody, and then with Alexa
Fluor 488-or 594-conjugated secondary antibody. The images
were acquired with a laser-scanning confocal microscope (Leica
SP8, Solms, Germany).

Co-Immunoprecipitation and Western
Blotting
Co-immunoprecipitation (Co-IP) assays were performed as
previously described (37). Briefly, HEK293T cells were cultured
in 10 cm2 dishes, and the monolayer cells were transfected with
various plasmids as indicated. For each sample, 0.5 ml of cell
lysate was incubated with 0.5 mg of specific antibody or control
IgG and 40 ml of protein G-Sepharose in 20% ethanol (GE
Healthcare) 12 h. The protein-G-Sepharose beads were washed 3
times with 1 ml of lysis buffer containing 500 mM NaCl. The
precipitates were analyzed by immunoblotting.

For Western blotting (WB), target proteins were separated by
sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE) and transferred onto an immobilon-p membrane
(Millipore, USA). Non-specific binding sites were blocked, and
the membrane was then incubated with appropriate primary and
secondary antibodies. Antibody-antigen complexes were
visualized using enhanced chemiluminescence detection
reagents (Thermo, USA) (38).

Construction of Tpl2 Gene-Knockout
Suckling Mice and Challenge With FMDV
DNA was extracted from the mouse tail using a DNA extraction
kit to identify C57BL/6 mouse genes. Minced tissue was placed in
a 2 ml centrifuge tube with 300 ul lysis buffer with 1 mM
phenylmethylsulfonyl fluoride (PMSF). The tissue was
homogenized 3 times for 30 s each. Then, 100–200 ml of lysis
buffer was added to the tissue sample, which was then mixed on
ice or lysed at 4°C for 10 min. The lysate was centrifuged at
12,000 rpm for 15 min, and the supernatant was collected.
Consequently, 5X SDS loading buffer was added, and the
mixture was centrifuged after boiling for 10 min.

For analysis of the antiviral responses to FMDV infection and
replication, wild type C57BL/6 suckling mice (5 in each group)
were intravenously injected with FMDV (7×104 plaque-forming
units (pfu)). FMDV-associated expression of mRNAs encoding
IFN-a, MX2, CXCL10, and IRF3, IRF7 were analyzed by qRT-
PCR. The survival of the mice was monitored as indicated
(39, 40).

All animal studies (including the mice euthanasia procedure)
were done in compliance with the regulations and guidelines of
Lanzhou Veterinary Research Institute (Chinese Academy of
Agriculture Science) institutional animal care and conducted
according to the AAALAC and the IACUC guidelines (License
No. SYXK [GAN] 2014–003).
January 2021 | Volume 11 | Article 580334
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Statistical Analysis
All data were present as mean values ± standard error
(mean ± SE) of three independent experiments. Two-tailed
Student’s t-tests were used to analyze the significance of the
data. Differences were considered to be statistically
significant at *P<0.05, and highly significant at **P<0.01
and ***P < 0.001.
RESULTS

TPL2 Inhibits FMDV Replication In Vitro
and In Vivo
We first examined whether TPL2 is involved in the regulation of
virus-triggered IFN-b signaling. An overexpression of TPL2
resulted in significant inhibition of FMDV replication at the
levels of gene transcription and protein levels in porcine PK-15
cells (Figures 1A, B). As shown in Figure 1C, SeV-triggered
activation of the IFN-b pathway was markedly higher in the
TPL2-overexpressing 293T cells in comparison to controls.
Frontiers in Immunology | www.frontiersin.org 4
FMDV replication was significantly inhibited in the stable PK-
15/TPL2-overexpressing cell line, as confirmed by IFA, WB, and
qRT-PCR (Figures 1D–F). We also observed a similar trend in
PK-15 and PK-15/TPL2 cells (Figure 1G). As shown in Figure
1H, SeV-triggered phosphorylation of TBK1 and IRF3 was
markedly higher in PK-15/TPL2 cells when compared with
controls. Taken together, these results suggested that TPL2
potentiates virus-triggered activation of the IFN-b signaling
pathway and inhibits FMDV replication.

Further, we investigated the function of endogenous TPL2
with respect to SeV-triggered production of type I IFNs. RNAi
plasmids targeting TPL2 were constructed. Transfection with
TPL2-RNAi plasmids significantly reduced the expression of
endogenous TPL2 and promoted FMDV replication in PK-15
cells (Figures 1I–J). In addition, SeV-triggered transcription of
IFN-b and ISG56 genes was markedly reduced in the TPL2-
knockdown 293T cells compared with that observed in control
cells (Figures 1K, L). Collectively, these results suggested that
TPL2 knockdown results in diminished levels of virus-triggered
induction of IFN-b.

In order to examine the roles of TPL2 in the antiviral innate
immune response, a TPL2 gene-knockout PK-15 cell line was
established using the CRISPR/Cas9 method. Reduced levels of
TPL2 protein were observed in TPL2-knockout PK-15 cells by
WB (Figure 1M). Furthermore, we found that FMDV replication
was markedly increased in TPL2-knockout PK-15 cells
compared with wild-type cells (Figures 1N–P). Further
experiments indicated that SeV-triggered phosphorylation of
TBK1 and IRF3 was markedly reduced in TPL2-knockdown
cells compared to control cells (Figure 1Q).

Next, we explored the role of TPL2 as a mean of host defense
against FMDV infection in vivo. After Tpl2 gene-deleted (Tpl2-/-)
suckling mice were infected with FMDV virus, higher levels of
FMDV replication were detected in the gene-deleted strain when
compared with the wild-type mice (WT; Figures 1R, S). Suckling
Tpl2-/- mice died in response to FMDV, while WT suckling mice
survived with the same dose (P < 0.05; Figures 1T, U).
Collectively, these results suggested that TPL2 has a critical
role in mediating IFN-b signaling and FMDV replication.

Suckling Tpl2-/- mice were successfully knocked out (Figure 2A).
The impact of this gene-deletion on FMDV was verified by qRT-
PCR analysis (Figure 2B). This was associated with a complete
block of the phosphorylation of IRF3 (Figure 2D). IRF3 and IRF7
are transcription factors required for the antiviral response, not only
for the induction of IFN-I but also for establishing an antiviral state.
Moreover, we observed significant reductions in mRNAs expression
encoding IFN-a, MX2, CXCL10, IRF3, and IRF7 in the tissues of
FMDV-infected Tpl2-gene-deleted suckling mice compared with
WT littermates (Figure 2C). These findings suggested that TPL2-
mediated phosphorylation of IRF3/IFN-b is a critical event
associated with positive regulation of antiviral immunity.

FMDV VP1 Interacted With TPL2
For further evaluation of the interaction between TPL2 and VP1,
a Co-IP assay was performed that included co-transfection of
HEK293T cells with plasmids expressing Flag-VP1 and Myc-
TPL2 plasmids. After immunoprecipitation with either anti-Flag
TABLE 1 | Primers used in this study.

Gene Sequences(5’-3’)

TPL2 F: TCGACCAAAGCCGACATCTA
R: TATCAGCTCCCTCATGCCTG

GAPDH F: ACATGGCCTCCAAGGAGTAAGA
R: GATCGAGTTGGGGCTGTGACT

FMDV F: CACTGGTGACAGGCTAAGG
R: CCCTTCTCAGATTCCGAGT

M-GAPDH F: CATGTTCCAGTATGACTCCACT
R: GTAGACTCCACGACATACTCAG

M-TPL2 F: AACCTTTATGCAAGTGAAGAGCC
R: TCCACGGTCCCATATCTGACA

M-TPL2-KO F: CAGTTTAAGCCATCGGATGTGG
R: AGGACGGCACCATATAACTCA

M-IFN-b F: AGCTCCAAGAAAGGACGAACA
R: GCCCTGTAGGTGAGGTTGAT

M-CXCL10 F: CCAAGTGCTGCCGTCATTTTC
R: GGCTCGCAGGGATGATTTCAA

M-ISG15 F: GTGATGCTAGTGGTACAGAACT
R: TCTTAAGCGTGTCTACAGTCTG

M-IRF3 F: CTGACAATAGCAAGGACCCTTA
R: AGGCCATCAAATAACTTCGGTA

M-IRF7 F: AAATAGGGAAGAAGTGAGCCTC
R: CCCTTGTACATGATGGTCACAT

ISG56 F: TCATCAGGTCAAGGATAGTC
R: CCACACTGTATTTGGTGTCTAGG

IFN-b F: GGCTGGAATGAAACCGTCAT
R: TCCAGGATTGTCTCCAGGTCA

H-MXA F: ACCTCGTGTTCCAACTGAAG
R: GTGTGATGAGCTCGCTGGTA

H-GBP1 F: CGAGGGTCTGGGAGATGTAG
R: TAGCCTGCTGGTTGATGGTT

H-ISG20 F: CTCCTGCACAAGAGCATCCA
R: CGTTGCCCTCGCATCTTC

H-IFN-b F: TCTTTCCATGAGCTACAACTTGCT
R: GCAGTATTCAAGCCTCCCATTC

H-OXAS1 F: TCCACAGCCTCACTTCATTCC
R: ACATTAGACATTACCCTCCCATCAG

H-ISG56 F: GCCTTGCTGAAGTGTGGAGGAA
R: ATCCAGGCGATAGGCAGAGATC
January 2021 | Volume 11 | Article 580334
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or anti-Myc antibody, we detected Flag-VP1 co-precipitated with
Myc-TPL2 (Figure 3A). Co-localization of VP1 and TPL2 was
examined by double-label immunofluorescence and confocal
microscopy. The results showed a clear co-localization of VP1
and TPL2 (Figure 3B). Furthermore, the overexpression of VP1
led to decreased levels of IFN-b through a dose-dependent
mechanism associated with TPL2 (Figure 3C). To sum up,
these data indicated that the FMDV VP1 interacted specifically
with host TPL2.

TPL2 Activate IRF3-Mediated IFN-b
Signaling Pathway
In reporter assays, SeV -triggered activation of the IFN-b
promoter and the interferon-specific response elements
(ISREs) were markedly higher in cells that were overexpressing
TPL2. It was observed that TPL2-mediated dose-dependent
inhibition at the IFN-b promoter and ISREs (Figures 4A, B).
qRT-PCR indicated marked inhibition of poly(I:C)-triggered
transcription of the IFN-b and ISG56 in response to
overexpression of TPL2 when compared with control cells
Frontiers in Immunology | www.frontiersin.org 5
(Figures 4C–E). Pattern recognition receptor activation
resulted in the assembly of a signaling complex at the
mitochondrial membrane that included virus-induced signaling
adaptor (VISA) and engagement of both the classical IKK and
IKK-related kinases, as well as mitogen-activated protein kinases
(MAPKs), culminating in the activation of NF-kB, IRF, and AP1,
respectively. Both VISA and IKK promoted activation of IFN-b
promoter and ISRE; these responses are decreased in a dose-
dependent manner in response to TPL2 (Figures 4F–G). Taken
together, these results indicated that TPL2 mediates a dose-
dependent inhibition virus-induced activation of the IFN-b
signaling pathway.

TPL2 inhibited the activation of the IFN-b promoter and
ISREs mediated by RIG-I, VISA, TBK1, and IKKϵ, but not IRF3
(Figures 5A, B). These results suggested that TPL2 targets either
IRF3 or a signaling step upstream. To determine whether TPL2
has an impact on IRF3, we performed reporter assays. The results
of these assays revealed that the overexpression of IRF3 resulted
in the production of IFN-b. Likewise, the overexpression of TPL2
promoted a dose-dependent activation of the IRF3-induced
A B
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FIGURE 1 | Host TPL2 inhibits the replication of FMD virus (FMDV). (A, B) The PK-15 cell line was transfected with 0 mg and 1 mg of Myc-TPL2 plasmid. Twenty-
four hours after transfection, cells were infected with FMDV (MOI = 0.5). Virus titer was evaluated 12 h later using real-time qPCR (qRT-PCR) and Western blotting
(WB). (C) HEK293T cells were transfected with 5 mg each of the plasmids. Twenty-four hours after transfection, the cells were infected with SeV and then evaluated
after 0, 6, and 12 h. WB was performed to detect immunoreactive RIG-I, MDA5, VISA, TBK1, P-TBK1, IRF3, IRF7, and phosphorylated at Thr290 [TPL2 (290)].
(D, E) The PK-15/TPL2 cell line that stably expresses TPL2 and WT PK-15 cells were collected at 0, 8, and 16 h after infection with FMDV (MOI = 0.5). FMDV
replication was evaluated by qRT-PCR and WB. (F) PK-15/TPL2 and WT PK-15 cells were infected with FMDV and analyzed after 16 h using IFA. (G) PK-15/TPL2
and WT PK-15 cells were infected with FMDV (MOI = 0.5); viral titers were determined using the 50% tissue culture infective dose (TCID50) assay. (H) PK-15/TPL2
and WT PK-15 cells line were collected at 0, 6, and 12 h after SeV infection for detection of immunoreactive RIG-I, MDA5, VISA, TBK1, P-TBK1, IRF3, IRF7,
TPL2 (290) by WB. (I) Effect of TPL2-RNAi plasmid on the expression of the endogenous TPL2 gene. (J) TPL2-RNAi plasmid was transfected into PK-15 cells.
After 24 h, the transfected cells were infected with FMDV (MOI = 0.5); qRT-PCR was performed to evaluate FMDV-associated gene transcription. (K, L) WT or
TPL2-RNAi-transfected HEK293T cells were infected with SeV; 12 h later, transcription of genes encoding IFN-b and ISG56 was evaluated by qRT-PCR. (M) WB
evaluated the TPL2 protein level in TPL2 gene-deleted PK-15 cells. (N, O) TPL2 gene-deleted PK-15 cells were infected with FMDV (MOI = 0.5). Cells were collected
0, 8, and 16 h later to evaluate virus titer and FMDV-associated gene transcription by qRT-PCR. (P) WT and TPL2 gene-deleted PK-15 cells were infected with
FMDV (MOI = 0.5); after 16 h, cells were evaluated by immunofluorescence (IFA). (Q) WT PK-15 and TPL2 gene-deleted PK-15 cells were mock-infected or infected
with SeV and collected at 0, 6, and 12 h to evaluate phosphorylation of immunoreactive RIG-I, MDA5, VISA, TBK1, P-TBK1, IRF3, IRF7, and TPL2 (290) by WB.
(R, S) FMDV replication was evaluated in WT and Tpl2-/- suckling mice by qRT-PCR and WB. (T, U) Survival of WT and Tpl2-/- suckling mice was evaluated after
intramuscular injection of 7×104 pfu of FMDV.
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IFN-b signaling pathway (Figures 5C, D). Moreover, WB revealed
that TPL2 promoted the phosphorylation of IRF3. This result also
indicated TPL2 promoted activation of IRF3/IFN-b signaling by
enhancing IRF3 phosphorylation (Figure 5E).
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Since TPL2 targets IRF3 or a signaling step upstream of IRF3,
we evaluated the potential for interactions between TPL2 and
IRF3. We identified a direct interaction between TPL2 and IRF3
(Figure 5F). In addition, confocal microscopy experiments
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FIGURE 2 | TPL2 is essential to inhibit FMD virus (FMDV) replication in vivo. (A) Primers targeting TPL2 knockout region. DNA from WT and Tpl2-/- suckling mice
was extracted. After the PCR procedure, the expected size of PCR fragments appeared in the WT and Tpl2-/- group. (B) WT and Tpl2-/- suckling mice were used to
evaluate FMDV-associated gene transcription by real-time qPCR (qRT-PCR). (C) Total RNA was extracted from the carcasses of WT and Tpl2-/- suckling mice to
evaluate transcription of genes encoding IFN-a, MX2 and CXCL10, IRF3, and IRF7 by qRT-PCR. (D) Protein in lysates extracted from carcasses of WT and Tpl2-/-

suckling mice were used to evaluate phosphorylation of IRF3 and infection with FMDV(n = 5 per group).
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FIGURE 3 | VP1 interacted with TPL2. (A) HEK293T cells were transfected with plasmids expressing FMDV VP1 (8 mg) and TPL2 (8 mg); cell lysates were incubated
with anti-Myc and control IgG antibodies. Co-immunoprecipitation complexes were detected with anti-Flag and anti-Myc. (B) HEK293T cells were transfected with
plasmids expressing Myc-TPL2 (1 mg) and Flag-VP1 (1 mg) and subjected to immunohistochemical staining; as shown Myc-TPL2 (red), Flag-VP1 (green), and cellular
nuclei were stained blue with DAPI. (C) HEK293T cells were transfected with expression plasmids as indicated and then mock-infected or infected with SeV. After
12 h, luciferase assays were performed.
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revealed that TPL2 co-localized with IRF3 in the cell nucleus in
response to SeV infection (Figure 5G). These results suggested
that TPL2-mediated interactions with IRF3 may promote IRF3
translocation into the nucleus.

VP1-Mediated Interactions With TPL2
(Thr290) to Inhibit IRF3/IFN-b Signaling
A series of TPL2 mutants were constructed. Thr290 and Ser400
were converted to alanine (Ala), and Lys167 was mutated to
methionine (Met) (Figure 6J). Plasmids expressing TPL2 with
mutations at key functional sites were then transfected into
HEK293T cells (Figure 6A). Briefly, the TPL2 T290A mutant
protein did not promote IRF3-mediated activation of IFN-b
signaling as determined by reporter assays (Figure 6B).

Next, we explored whether the FMDV VP1 had an impact on
TPL2- mediated IRF3-induced IFN-b activation. The results
revealed that VP1 inhibited TPL2 mediated IRF3 activation of
the IFN-b signaling pathway (Figure 6C). Additionally, the
levels of secreted IFN-b induced by the actions of VISA and
IKK were inhibited by TPL2 (Thr290) in comparison with levels
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detected in control cells (Figures 6D–G). WB confirmed that the
expression of total TPL2 protein as well as the Ser400
phosphorylated form, did not significantly alter in response to
increasing levels of VP1. Phosphorylation at Thr290 significantly
decreased with increasing levels of VP1 transfection (Figures
6H, I). Collectively, these results suggested that the Thr290 site
of TPL2 was important for IFN-I signaling activation.

The qRT-PCR indicated that poly(I :C)-tr iggered
transcription of the genes encoding IFN-b, MXA, GBP1,
ISG20, and ISG56 was markedly inhibited in association with
overexpression of TPL2 and VP1 in comparison with control
cells (Figures 7A–E). In the reporter assays, both TPL2 and IRF3
overexpression promoted IRF3-induced activation of the IFN-b
signaling pathway. In the presence of the TPL2 with T290A
mutation, VP1 was capable of significant inhibition of IFN-b
activation (Figure 7F). WB confirmed that the overexpression of
VP1 inhibits the interaction of TPL2 and IRF3 total protein,
thereby decreasing the phosphorylation of IRF3 (Figure 7G).
To identify the region or regions of FMDV VP1 that
were responsible for this interaction, we generated a series of
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FIGURE 4 | TPL2 activates the IFN-b signaling pathway. (A, B) HEK293T cells were transfected with 3, 12, or 50 ng of TPL2 empty-loaded PCMV and TPL2
plasmids and then infected with SeV. Cells were collected 12 h later for dual-luciferase assays. (C–E) HEK293T cells were transfected with 12 or 50 ng of TPL2
unloaded PCMV and TPL2 plasmids. After 24 h, transfected cells were stimulated with poly (I:C) at 1 mg/ml for an additional 12 h. (F, G) HEK293T cells were
transfected with exogenous mitochondrial antiviral signaling protein (MAVS) and IKKϵ and evaluated with respect to dose-dependent expression of TPL2.
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Flag-tagged truncated VP1 constructs (Figure 7H). Our results
revealed that the N-terminal 115–214 amino acids of VP1 and
the deletion mutant (VP1-△90–125) were not capable of
interfering with IFN-b signaling activation. These results
suggested no functional sites within the amino-terminal 115–
214 region of VP1, although there was at least one functional site
or region located at the sequence within the N-terminal 90–115
amino acids of VP1 (Figure 7I).
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HEK293T-TPL2-/- cell line was constructed to determine the
mechanisms underlying the impact of TPL2 on the VP1-
mediated inhibition of the IFN-b response. SeV infection of
these cells directly impacted the transcription of the IRF3 gene
and IFN-b promoter-reporter activation (Figures 8A, B). We
also found that VP1 potently inhibited SeV-triggered
transcription of the IRF3 and IRF7 genes in HEK293T-TPL2-/-

cells (Figures 8C, D). Similar to results shown in Figure 6E,
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FIGURE 5 | TPL2 regulates virus-triggered signaling at the level of IRF3. (A, B) HEK293T cells were transfected with 100 ng each of ISRE and promoter IFN-b
reporter plasmids and 100 ng each of the TPL2 expression plasmid together with expression plasmids for RIG-I, VISA, TBK1 IKKϵ, and IRF3. After 24 h, reporter
analysis was performed. (C, D) Cells were transfected with 0, 5, 10, or 20 ng of the Myc-TPL2 expression plasmid. Cells were collected 24 h later and analyzed
using a dual-luciferase reporter assay. (E) Cells were transfected with TPL2/pCMV3N-Myc (1 mg) and were infected with SeV for 24 h and collected at 0, 4, 8, 12 h
after infection. The results were compared with no-transfection controls. (F) HEK293T cells were transfected with expression plasmids encoding HA-IRF3 and Myc-
TPL2 (5 mg each). (G) HEK293T cells were transfected with expression plasmids encoding HA-IRF3 and Flag-TPL2 (0.5 mg each). After 24 h, cells were left
untreated or infected with SeV. Immunofluorescence experiments were performed 12 h later.
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reporter assays experiments indicated that endogenous TPL2
also inhibits VP1-mediated antagonistic effects (Figure 8E). As
shown in Figures 8F, G, overexpression of TPL2 restored IFN-b
signaling in VP1-overexpressing cells and in cells of the
HEK293T-TPL2-/- cell line in a dose-dependent manner.
DISCUSSION

The exact mechanisms through which FMDV proteins interact
with host cell proteins are not fully understood. Innate immunity
is the first line of host defense against pathogenic infections.
During their evolution, viruses have acquired numerous
strategies to evade the host immune system. The FMDV L
protease targets LGP2 helicase, which ultimately results in
Frontiers in Immunology | www.frontiersin.org 9
lower levels of IFN-b and antiviral activity (41). Furthermore,
the downregulation of IKK/NF-kB has been observed in human
lung cancer cells that express recombinant FMDV VP1 (42). In
this study, we found that the host cellular TPL2 interacts with the
FMDV structural protein VP1, thereby inhibiting virus
replication. Overexpression of TPL2 resulted in decreasing
FMDV replication; knockdown or knockout of TPL2
significantly enhanced FMDV replication in vitro (Figure 1).
In order to confirm the role of TPL2 with respect to the host
immune response and its ability to inhibit FMDV replication in
vivo, the Tpl2 gene-deletion led to a sharp increase in FMDV-
associated mortality in infected suckling mice in vivo (Figure 1).

Transcription of interferon-stimulated genes encoding IFN-a,
MX2 and CXCL10, IRF3, and IRF7 was significantly reduced in
Tpl2 gene-deleted suckling mice, while phosphorylation of IRF3
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FIGURE 6 | FMDV VP1 inhibits TPL2 phosphorylation at the Thr290 site. (A) HEK293T cells were transfected with TPL2 functional site mutant plasmids. Vector
plasmids (pCMV-3N-Myc) were used as vector control (VC). Except for plasmids of T290A and D270A, the others occupied two lanes. (B) HEK293T cells were
transfected with 10 ng WT Myc-TPL2, 10 ng mutant Myc-TPL2, 100 ng IFN-b-Luc reporter plasmid, 10 ng PRL-TK internal reference plasmid, the pCMV−3N-Myc
empty vector, and the HA-IRF3 plasmid. Cells were collected at 24 h after transfection for evaluation by dual-luciferase assay. (C) HEK293T cells were transfected
separately with Myc-TPL2 (10 ng), Flag-VP1 (100 ng) with 100 ng IFN-b-Luc reporter plasmid, 10 ng PRL-TK internal reference plasmid, pCMV-3N-Myc empty
vector, pCAGGS empty vector, and HA-IRF3 plasmid. 24 h later, activity was detected using the dual-luciferase assay. (D–G) HEK293T cells were transfected
separately with IKKϵ, VISA, Myc-TPL2, TPL2(290) at 10 ng, and Flag-VP1 together with 100 ng of an IFN-b-Luc reporter plasmid, 10 ng PRL-TK internal reference
plasmid, pCMV-3N-Myc empty vector, pCAGGS empty vector and HA-IRF3 plasmid. (H, I) Cells were transfected with 0, 0.5, 1, 1.5, 2, or 3 mg of VP1 expression
plasmid together with the pCAGGS empty vector; cells were then collected at 24 h after transfection to evaluate protein expression and gene transcription. (J)
Sketch map of TPL2 structure and phosphorylation site.
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virtually disappeared (Figure 2). These data also confirmed both
co-immunoprecipitation and co-localization of TPL2 with the
virus VP1 protein (Figure 3). Moreover, it was further suggested
that TPL2 could counteract VP1-mediated inhibition of the
IFN-b signal pathway.

TPL2 has enzymatic activity and is a serine/threonine kinase
in the MAPK signal transduction cascadeTPL2 has an important
role in response to pathogens infection, including viruses,
bacteria, and parasites (43). A previous study that delineated
the signaling circuitry associated with virus sensing pathways
suggested that TPL2 is a key regulator of the induction of
inflammatory and antiviral genes in response to model viral
ligands (44). Surprisingly, the role of TPL2 in innate immunity
has been limited to models of bacterial and influenza virus
infection; extensive studies of FMDV are lacking. Activation of
transcription factors leads to the formation of an enhanceosome
associated with the promoter of the primary type I interferon
(IFN-I) gene product, IFN-b (45). Interestingly, our studies
revealed that IKK and VISA promote type I IFN production
when overexpressed in conjunction with TPL2 (Figure 4). A
Frontiers in Immunology | www.frontiersin.org 10
mutation of the TPL2 Thr290 site led to inhibition of the
activation of IFN-I. Specifically, we found that when a plasmid
expressing TPL2 is co-transfected with one that expresses IRF3,
TPL2 can promote the activation of the IRF3/IFN-b signaling
pathway. More studies are needed to understand the molecular
mechanisms underlying TPL2-mediated IRF3/IFN-b activation
and inhibition of the FMDV replication.

To explore the mechanisms through which TPL2 regulated
virus-triggered expression of IFN-b, we first examined the
molecular basis of TPL2 involvement in this process.
Interestingly, our results revealed that TPL2 regulated IFN-b
activation at the level of IRF3. We also demonstrated both co-
immunoprecipitation and co-localization of host cellular TPL2
and IRF3 (Figure 5).

Phosphorylation of Ser62, Thr290, and Ser400 is necessary to
induce TPL2 kinase activity (46–48). In this study, we
constructed several plasmids that expressed deletion mutants
of TPL2 and included key phosphorylation sites, including
Thr290, Ser400, Asp270, and the TPL2 kinase active site
Lys167. VP1-mediated impact at the IFN-b signaling pathway
January 2021 | Volume 11 | Article 580334
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FIGURE 7 | VP1-mediated TPL2 inhibition of the IFN-b signaling pathway. (A–E) HEK293T cells were transfected with expression plasmids encoding Flag-VP1, and
Myc-TPL2 followed dual-luciferase assay. Quantitative RT-PCR was used to evaluate the expression of genes encoding IFN-b, MXA, ISG-56, GBP1, and ISG-20.
(F) HEK293T cells were transfected with expression plasmids encoding Flag-VP1, Myc-TPL2, TPL2 (290), and IRF3 and detected using the dual-luciferase reporting
system. Each dataset is the result of three or more independent experiments. (G) HEK293T cells were transfected with 0, 0.5, 1, 2, 4, or 8 mg of the Flag-VP1
expression plasmid with 0.5 mg TPL2 expression plasmid. After 24 h, cells were collected, and the lysate was probed with anti-IRF3, anti-P-IRF3, anti-Myc, and anti-
Flag-VP1 by Western blotting (WB). (H) Schematic diagram of VP1 truncated mutants. (I) HEK293T cells were transfected with plasmids encoding Myc or Myc-TPL2
and plasmids expressing Flag-VP1 or Flag-VP1-truncation products. 24 h later, IFN-b was measured by luciferase assay.
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in the presence of TPL2 with mutations at Thr290 and Ser400
was not detected. Furthermore, the Thr290 mutation eliminated
the TPL2-mediated IRF3 activation IFN-b signaling pathway.
We also found that Thr290 of TPL2 is a key site for regulating the
biological function of IRF3; VP1 can inhibit the activation of
TPL2 at Thr290 (Figure 6). Our data revealed that VP1 could
inhibit TPL2-mediated IRF3 activation and, thus, the IFN-b
signaling pathway in a dose-dependent manner (Figure 6C).
We further demonstrated that the VP1 (90-115) region
Frontiers in Immunology | www.frontiersin.org 11
significantly promoted significant inhibition of TPL2-mediated
IFN-b signaling (Figure 7). Furthermore, our study uncovered
that expression of VP1 inhibited the reporter activities of IFN-b
promoters in a dose-dependent manner as TPL2 can
significantly reduce VP1-mediated inhibition of the IFN-b
signaling pathway (Figure 8).

In conclusion, our study revealed that TPL2 is a novel binding
partner of FMDV VP1. In addition, VP1 could inhibit the
phosphorylation of TPL2 at Thr290. Our results also revealed that
January 2021 | Volume 11 | Article 580334
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FIGURE 8 | overexpression of TPL2 restored VP1-induced inhibition of IFN-b signaling. Detection of IRF3 and IFN-b transcription in HEK293T-WT and HEK293T-
TPL2-/- cells both with or without SeV infection using RT-PCR (A) and luciferase assays (B). (C, D) HEK293T cells were transfected with Flag-VP1 or TPL2. At 24
hpt, the cells were mock-infected or infected with SeV for an additional 12 h; qRT-PCR was used to detect IRF3 and IRF7. (E) HEK293T-WT and HEK293T-TPL2-/-

cells were transfected with Flag-VP1, empty vector PCAGG, and Flag-VP1 or TPL2 expression plasmids (F, G). At 24 hpt, the cells were mock-infected or infected
with SeV for an additional 12 h after which luciferase assays were performed.
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TPL2 Thr290 was the key functional site for promoting IRF3-
mediated activation of the IRF3/IFN-b signaling pathway. As shown
in Figure 9, FMDV capsid protein VP1 interacted with host TPL2
and inhibited the TPL2 site Thr290-mediated IRF3/IFN-b signal
pathway for immune escape and to facilitate virus replication.
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FIGURE 9 | Schematic representation of a model VP1 inhibition of TPL2-mediated IRF3/IFN-b signaling. FMDV VP1 interacts with TPL2 and impairs its
phosphorylation at Thr290. IFMDV capsid protein VP1 interacted with host TPL2 and inhibited TPL2-mediated IRF3/IFN-b signal pathway to immune escape and
facilitate virus replication.
January 2021 | Volume 11 | Article 580334

https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Hao et al. FMDV VP1 Inhibit TPL2-Mediated IRF3 Production
REFERENCES
1. Jamal SM, Belsham GJ. Foot-and-mouth disease: past, present and future. Vet

Res (2013) 44:116. doi: 10.1186/1297-9716-44-116
2. Paton DJ, Reeve R, Capozzo AV, Ludi A. Estimating the protection afforded

by foot-and-mouth disease vaccines in the laboratory. Vaccine (2019) 37
(37):5515–24. doi: 10.1016/j.vaccine.2019.07.102

3. Wang D, Fang L, Li K, Zhong H, Fan J, Ouyang C, et al. Foot-and-mouth
disease virus 3C protease cleaves NEMO to impair innate immune signaling.
J Virol (2012) 86(17):9311–22. doi: 10.1128/JVI.00722-12

4. de Los Santos T, de Avila Botton S, Weiblen R, Grubman MJ. The leader
proteinase of foot-and-mouth disease virus inhibits the induction of beta
interferon mRNA and blocks the host innate immune response. J Virol (2006)
80(4):1906–14. doi: 10.1128/JVI.80.4.1906-1914.2006

5. Li D, Yang W, Yang F, Liu H, Zhu Z, Lian K, et al. The VP3 structural protein
of foot-and-mouth disease virus inhibits the IFN-beta signaling pathway.
FASEB J (2016) 30(5):1757–66. doi: 10.1096/fj.15-281410

6. Li D, Wei J, Yang F, Liu HN, Zhu ZX, Cao WJ, et al. Foot-and-mouth disease
virus structural protein VP3 degrades Janus kinase 1 to inhibit IFN-gamma
signal transduction pathways. Cell Cycle (2016) 15(6):850–60. doi: 10.1080/
15384101.2016.1151584

7. Zhang W, Yang F, Zhu Z, Yang Y, Wang Z, CaoW, et al. Cellular DNAJA3, A
novel VP1-interacting protein, inhibits foot-and-mouth disease virus
replication by inducing lysosomal degradation of vp1 and attenuating its
antagonistic role in the beta interferon signaling pathway. J Virol (2019) 93
(13):e00588–19. doi: 10.1128/JVI.00588-19

8. Li D, Lei C, Xu Z, Yang F, Liu H, Zhu Z, et al. Foot-and-mouth disease virus
non-structural protein 3A inhibits the interferon-beta signaling pathway. Sci
Rep (2016) 6:21888. doi: 10.1038/srep21888

9. Du Y, Bi J, Liu J, Liu X, Wu X, Jiang P, et al. 3Cpro of foot-and-mouth disease
virus antagonizes the interferon signaling pathway by blocking STAT1/
STAT2 nuclear translocation. J Virol (2014) 88(9):4908–20. doi: 10.1128/
JVI.03668-13

10. Ceci JD, Patriotis CP, Tsatsanis C, Makris AM, Kovatch R, Swing DA, et al.
Tpl-2 is an oncogenic kinase that is activated by carboxy-terminal truncation.
Genes Dev (1997) 11(6):688–700. doi: 10.1101/gad.11.6.688

11. Patriotis C, Makris A, Bear SE, Tsichlis PN. Tumor progression locus 2 (Tpl-
2) encodes a protein kinase involved in the progression of rodent T-cell
lymphomas and in T-cell activation. Proc Natl Acad Sci U.S.A. (1993) 90
(6):2251–55. doi: 10.1073/pnas.90.6.2251

12. Hedl M, Abraham C. A TPL2 (MAP3K8) disease-risk polymorphism
increases TPL2 expression thereby leading to increased pattern recognition
receptor-initiated caspase-1 and caspase-8 activation, signalling and cytokine
secretion. Gut (2016) 65(11):1799–11. doi: 10.1136/gutjnl-2014-308922

13. Chowdhury FZ, Estrada LD, Murray S, Forman J, Farrar JD. Pharmacological
inhibition of TPL2/MAP3K8 blocks human cytotoxic T lymphocyte effector
functions. PloS One (2014) 9(3):e92187. doi: 10.1371/journal.pone.0092187

14. Watford WT, Wang CC, Tsatsanis C, Mielke LA, Eliopoulos AG, Daskalakis C,
et al. Ablation of tumor progression locus 2 promotes a type 2 Th cell response
in Ovalbumin-immunizedmice. J Immunol (2010) 184(1):105–13. doi: 10.4049/
jimmunol.0803730

15. Vougioukalaki M, Kanellis DC, Gkouskou K, Eliopoulos AG. Tpl2 kinase
signal transduction in inflammation and cancer. Cancer Lett (2011) 304
(2):80–9. doi: 10.1016/j.canlet.2011.02.004

16. Perugorria MJ, Murphy LB, Fullard N, Chakraborty JB, Vyrla D, Wilson CL,
et al. Tumor progression locus 2/Cot is required for activation of extracellular
regulated kinase in liver injury and toll-like receptor-induced TIMP-1 gene
transcription in hepatic stellate cells in mice. Hepatology (2013) 57(3):1238–
49. doi: 10.1002/hep.26108

17. Kaiser F, Cook D, Papoutsopoulou S, Rajsbaum R,Wu X, Yang HT, et al. TPL-2
negatively regulates interferon-beta production in macrophages and myeloid
dendritic cells. J Exp Med (2009) 206(9):1863–71. doi: 10.1084/jem.20091059

18. Watford WT, Hissong BD, Durant LR, Yamane H, Muul LM, Kanno Y, et al.
Tpl2 kinase regulates T cell interferon-gamma production and host resistance
to Toxoplasma gondii. J Exp Med (2008) 205(12):2803–12. doi: 10.1084/
jem.20081461

19. Mielke LA, Elkins KL, Wei L, Starr R, Tsichlis PN, O'Shea JJ, et al. Tumor
progression locus 2 (Map3k8) is critical for host defense against Listeria
Frontiers in Immunology | www.frontiersin.org 13
monocytogenes and IL-1 beta production. J Immunol (2009) 183(12):7984–
93. doi: 10.4049/jimmunol.0901336

20. McNab FW, Ewbank J, Rajsbaum R, Stavropoulos E, Martirosyan A, Redford
PS, et al. TPL-2-ERK1/2 signaling promotes host resistance against intracellular
bacterial infection by negative regulation of type I IFN production. J Immunol
(2013) 191(4):1732–43. doi: 10.4049/jimmunol.1300146

21. Xiao N, Eidenschenk C, Krebs P, Brandl K, Blasius AL, Xia Y, et al. The Tpl2
mutation Sluggish impairs type I IFN production and increases susceptibility
to group B streptococcal disease. J Immunol (2009) 183(12):7975–83. doi:
10.4049/jimmunol.0902718

22. Mamane Y, Heylbroeck C, Genin P, Algarte M, Servant MJ, LePage C, et al.
Interferon regulatory factors: the next generation. Gene (1999) 237(1):1–14.
doi: 10.1016/S0378-1119(99)00262-0

23. Schoggins JW, Wilson SJ, Panis M, Murphy MY, Jones CT, Bieniasz P, et al. A
diverse range of gene products are effectors of the type I interferon antiviral
response. Nature (2011) 472(7344):481–5. doi: 10.1038/nature09907

24. Harada H, Takahashi E, Itoh S, Harada K, Hori TA, Taniguchi T. Structure
and regulation of the human interferon regulatory factor 1 (IRF-1) and IRF-2
genes: implications for a gene network in the interferon system. Mol Cell Biol
(1994) 14(2):1500–9. doi: 10.1128/MCB.14.2.1500

25. Feng D, Sangster-Guity N, Stone R, Korczeniewska J, Mancl ME,
Fitzgerald-Bocarsly P, et al. Differential requirement of histone acetylase
and deacetylase activities for IRF5-mediated proinflammatory cytokine
expression. J Immunol (2010) 185(10):6003–12. doi: 10.4049/jimmunol.
1000482

26. Lazear HM, Lancaster A, Wilkins C, Suthar MS, Huang A, Vick SC, et al. IRF-
3, IRF-5, and IRF-7 coordinately regulate the type I IFN response in myeloid
dendritic cells downstream of MAVS signaling. PloS Pathog (2013) 9(1):
e1003118. doi: 10.1371/journal.ppat.1003118

27. Veals SA, Schindler C, Leonard D, Fu XY, Aebersold R, Darnell JE Jr, et al.
Subunit of an alpha-interferon-responsive transcription factor is related to
interferon regulatory factor and Myb families of DNA-binding proteins. Mol
Cell Biol (1992) 12(8):3315–24. doi: 10.1128/MCB.12.8.3315

28. Genin P, Lin R, Hiscott J, Civas A. Differential regulation of human interferon
A gene expression by interferon regulatory factors 3 and 7. Mol Cell Biol
(2009) 29(12):3435–50. doi: 10.1128/MCB.01805-08

29. Barnes BJ, Richards J, Mancl M, Hanash S, Beretta L, Pitha PM. Global and
distinct targets of IRF-5 and IRF-7 during innate response to viral infection.
J Biol Chem (2004) 279(43):45194–207. doi: 10.1074/jbc.M400726200

30. Chattopadhyay S, Fensterl V, Zhang Y, Veleeparambil M, Yamashita M, Sen
GC, et al. Role of interferon regulatory factor 3-mediated apoptosis in the
establishment and maintenance of persistent infection by Sendai virus. J Virol
(2013) 87(1):16–4. doi: 10.1128/JVI.01853-12

31. Schmid S, Mordstein M, Kochs G, Garcia-Sastre A, Tenoever BR.
Transcription factor redundancy ensures induction of the antiviral state.
J Biol Chem (2010) 285(53):42013–22. doi: 10.1074/jbc.M110.165936

32. Panne D, Maniatis T, Harrison SC. An atomic model of the interferon-beta
enhanceosome. Cell (2007) 129(6):1111–23. doi: 10.1016/j.cell.2007.05.019

33. Escalante CR, Nistal-Villan E, Shen L, Garcia-Sastre A, Aggarwal AK.
Structure of IRF-3 bound to the PRDIII-I regulatory element of the human
interferon-beta enhancer. Mol Cell (2007) 26(5):703–16. doi: 10.1016/
j.molcel.2007.04.022

34. Grandvaux N, Servant MJ, tenOever B, Sen GC, Balachandran S, Barber GN,
et al. Transcriptional profiling of interferon regulatory factor 3 target genes:
direct involvement in the regulation of interferon-stimulated genes. J Virol
(2002) 76(11):5532–9. doi: 10.1128/JVI.76.11.5532-5539.2002

35. Zhang W, Lian K, Yang F, Yang Y, Zhu Z, Zhu Z, et al. Establishment and
evaluation of a murine alphanubeta3-integrin-expressing cell line with
increased susceptibility to foot-and-mouth disease virus. J Vet Sci (2015) 16
(3):265–72. doi: 10.4142/jvs.2015.16.3.265

36. Zhou Q, Lin H, Wang S, Wang S, Ran Y, Liu Y, et al. The ER-associated
protein ZDHHC1 is a positive regulator of DNA virus-triggered, MITA/
STING-dependent innate immune signaling. Cell Host Microbe (2014) 16
(4):450–61. doi: 10.1016/j.chom.2014.09.006

37. Wang X, Deng X, Yan W, Zhu Z, Shen Y, Qiu Y, et al. Stabilization of p53 in
influenza A virus-infected cells is associated with compromised MDM2-
mediated ubiquitination of p53. J Biol Chem (2012) 287(22):18366–75. doi:
10.1074/jbc.M111.335422
January 2021 | Volume 11 | Article 580334

https://doi.org/10.1186/1297-9716-44-116
https://doi.org/10.1016/j.vaccine.2019.07.102
https://doi.org/10.1128/JVI.00722-12
https://doi.org/10.1128/JVI.80.4.1906-1914.2006
https://doi.org/10.1096/fj.15-281410
https://doi.org/10.1080/15384101.2016.1151584
https://doi.org/10.1080/15384101.2016.1151584
https://doi.org/10.1128/JVI.00588-19
https://doi.org/10.1038/srep21888
https://doi.org/10.1128/JVI.03668-13
https://doi.org/10.1128/JVI.03668-13
https://doi.org/10.1101/gad.11.6.688
https://doi.org/10.1073/pnas.90.6.2251
https://doi.org/10.1136/gutjnl-2014-308922
https://doi.org/10.1371/journal.pone.0092187
https://doi.org/10.4049/jimmunol.0803730
https://doi.org/10.4049/jimmunol.0803730
https://doi.org/10.1016/j.canlet.2011.02.004
https://doi.org/10.1002/hep.26108
https://doi.org/10.1084/jem.20091059
https://doi.org/10.1084/jem.20081461
https://doi.org/10.1084/jem.20081461
https://doi.org/10.4049/jimmunol.0901336
https://doi.org/10.4049/jimmunol.1300146
https://doi.org/10.4049/jimmunol.0902718
https://doi.org/10.1016/S0378-1119(99)00262-0
https://doi.org/10.1038/nature09907
https://doi.org/10.1128/MCB.14.2.1500
https://doi.org/10.4049/jimmunol.1000482
https://doi.org/10.4049/jimmunol.1000482
https://doi.org/10.1371/journal.ppat.1003118
https://doi.org/10.1128/MCB.12.8.3315
https://doi.org/10.1128/MCB.01805-08
https://doi.org/10.1074/jbc.M400726200
https://doi.org/10.1128/JVI.01853-12
https://doi.org/10.1074/jbc.M110.165936
https://doi.org/10.1016/j.cell.2007.05.019
https://doi.org/10.1016/j.molcel.2007.04.022
https://doi.org/10.1016/j.molcel.2007.04.022
https://doi.org/10.1128/JVI.76.11.5532-5539.2002
https://doi.org/10.4142/jvs.2015.16.3.265
https://doi.org/10.1016/j.chom.2014.09.006
https://doi.org/10.1074/jbc.M111.335422
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Hao et al. FMDV VP1 Inhibit TPL2-Mediated IRF3 Production
38. Zhu Z, Wang G, Yang F, Cao W, Mao R, Du X, et al. Foot-and-mouth disease
virus viroporin 2b antagonizes rig-i-mediated antiviral effects by inhibition of its
protein expression. J Virol (2016) 90(24):11106–21. doi: 10.1128/JVI.01310-16

39. Meng F, Zhou R, Wu S, Zhang Q, Jin Q, Zhou Y, et al. Mst1 shuts off cytosolic
antiviral defense through IRF3 phosphorylation. Genes Dev (2016) 30
(9):1086–100. doi: 10.1101/gad.277533.116

40. Xiang W, Zhang Q, Lin X, Wu S, Zhou Y, Meng F, et al. PPM1A silences
cytosolic RNA sensing and antiviral defense through direct dephosphorylation
of MAVS and TBK1. Sci Adv (2016) 2(7):e1501889. doi: 10.1126/sciadv.1501889

41. Rodriguez Pulido M, Sanchez-Aparicio MT, Martinez-Salas E, Garcia-Sastre A,
Sobrino F, Saiz M, et al. Innate immune sensor LGP2 is cleaved by the Leader
protease of foot-and-mouth disease virus. PloS Pathog (2018) 14(6):e1007135.
doi: 10.1371/journal.ppat.1007135

42. Ho MY, Hung SW, Liang CM, Liang SM. Recombinant viral capsid protein
VP1 suppresses lung cancer metastasis by inhibiting COX-2/PGE2 and MIG-
7. Oncotarget (2014) 5(11):3931–43. doi: 10.18632/oncotarget.2040

43. Hao J-H. An update on the role and mechanisms of tpl2 in pathogenic
microbial infection. austin immunology. Austin Immunol (2019) 4(1):1017.

44. Chevrier N, Mertins P, Artyomov MN, Shalek AK, Iannacone M, Ciaccio MF,
et al. Systematic discovery of TLR signaling components delineates viral-
sensing circuits. Cell (2011) 147(4):853–67. doi: 10.1016/j.cell.2011.10.022

45. Maniatis T, Falvo JV, Kim TH, Kim TK, Lin CH, Parekh BS, et al. Structure
and function of the interferon-beta enhanceosome. Cold Spring Harb Symp
Quant Biol (1998) 63:609–20. doi: 10.1101/sqb.1998.63.609

46. Cho J, Melnick M, Solidakis GP, Tsichlis PN. Tpl2 (tumor progression locus
2) phosphorylation at Thr290 is induced by lipopolysaccharide via an
Frontiers in Immunology | www.frontiersin.org 14
Ikappa-B kinase-beta-dependent pathway and is required for Tpl2
activation by external signals. J Biol Chem (2005) 280(21):20442–8. doi:
10.1074/jbc.M413554200

47. Stafford MJ, Morrice NA, Peggie MW, Cohen P. Interleukin-1 stimulated
activation of the COT catalytic subunit through the phosphorylation of
Thr290 and Ser62. FEBS Lett (2006) 580(16):4010–4. doi: 10.1016/
j.febslet.2006.06.004

48. Robinson MJ, Beinke S, Kouroumalis A, Tsichlis PN, Ley SC. Phosphorylation
of TPL-2 on serine 400 is essential for lipopolysaccharide activation of
extracellular signal-regulated kinase in macrophages. Mol Cell Biol (2007)
27(21):7355–64. doi: 10.1128/MCB.00301-07

Conflict 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.

The reviewer LP declared a shared affiliation, with no collaboration, with the
authors to the handling editor at the time of review.

Copyright © 2021 Hao, Shen, Wei, Yan, Zhang, Xu, Zhang, Hou, Cao, Jin, Zhang,
Zheng and Liu. This is an open-access article distributed under the terms of the
Creative Commons Attribution License (CC BY). The use, distribution or
reproduction in other forums is permitted, provided the original author(s) and the
copyright owner(s) are credited and that the original publication in this journal is
cited, in accordance with accepted academic practice. No use, distribution or
reproduction is permitted which does not comply with these terms.
January 2021 | Volume 11 | Article 580334

https://doi.org/10.1128/JVI.01310-16
https://doi.org/10.1101/gad.277533.116
https://doi.org/10.1126/sciadv.1501889
https://doi.org/10.1371/journal.ppat.1007135
https://doi.org/10.18632/oncotarget.2040
https://doi.org/10.1016/j.cell.2011.10.022
https://doi.org/10.1101/sqb.1998.63.609
https://doi.org/10.1074/jbc.M413554200
https://doi.org/10.1016/j.febslet.2006.06.004
https://doi.org/10.1016/j.febslet.2006.06.004
https://doi.org/10.1128/MCB.00301-07
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

	Foot-and-Mouth Disease Virus Capsid Protein VP1 Antagonizes TPL2-Mediated Activation of the IRF3/IFN-β Signaling Pathway to Facilitate the Virus Replication
	Introduction
	Material and Methods
	Materials
	Construction of Eukaryotic Expression Plasmids and Transfection
	TPL2 Gene-Deleted PK-15 Cell Line Established Using CRISPR/Cas9
	PK-15 Cell Line Stably Expressing Porcine TPL2
	Luciferase Activity
	Real-Time qPCR (qRT-PCR)
	Indirect Immunofluorescence Assay (IFA)
	Co-Immunoprecipitation and Western Blotting
	Construction of Tpl2 Gene-Knockout Suckling Mice and Challenge With FMDV
	Statistical Analysis

	Results
	TPL2 Inhibits FMDV Replication In Vitro and In Vivo
	FMDV VP1 Interacted With TPL2
	TPL2 Activate IRF3-Mediated IFN-β Signaling Pathway
	VP1-Mediated Interactions With TPL2 (Thr290) to Inhibit IRF3/IFN-β Signaling

	Discussion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Acknowledgments 
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages false
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages false
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 300
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages false
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


