
Contents lists available at ScienceDirect

Developmental and Comparative Immunology

journal homepage: www.elsevier.com/locate/devcompimm

Black carp IRF5 interacts with TBK1 to trigger cell death following viral
infection
Can Yanga,1, Liqun Liub,1, Ji Liua, Zi Yec, Hui Wua, Pinghui Fenga,∗∗, Hao Fenga,∗
a State Key Laboratory of Developmental Biology of Freshwater Fish, College of Life Science, Hunan Normal University, Changsha, 410081, China
bDepartment of Pediatrics, The Second Xiangya Hospital, Central South University, Changsha, 410011, China
c Yali High School of Changsha, No.428 Laodong West Road, 410007, Hunan, China

A R T I C L E I N F O

Keywords:
IRF5
TBK1
Interferon
Cell death
Innate immunity
GCRV

A B S T R A C T

Interferon regulated factor 5 (IRF5) is a key regulator of inflammatory responses in human and mammals;
however, its role in teleost remains largely unknown. In this study, IRF5 homologue of black carp
(Mylopharyngodon piceus) has been cloned and characterized, which possesses conservation in structure and
sequence to its mammalian counterparts. Black carp IRF5 (bcIRF5) was characterized as a predominantly cy-
tosolic protein by immunofluorescent staining and showed little IFN promoter-inducing ability in reporter assay.
The direct association between bcIRF5 and black carp TBK1 (bcTBK1) were identified through co-im-
munoprecipitation assay, and co-expressed bcIRF5 in EPC cells suppressed bcTBK1-mediated IFN promoter
transcription in reporter assay. Surprisingly, the titer of grass carp reovirus (GCRV) in the media of EPC cells co-
expressing bcIRF5 and bcTBK1 was obviously lower than that of EPC cells expressing bcTBK1 alone. It was
interesting that expression of bcIRF5 and/or bcTBK1 in EPC cells showed little effect on cell growth; however,
the survival ratio of EPC cells co-expressing bcTBK1 and bcIRF5 post GCRV infection was much lower than that
of EPC cells expressing bcIRF5 or bcTBK1 alone. These results indicate that bcIRF5 negatively regulates bcTBK1-
mediated IFN signaling in healthy cells; however, it correlates with bcTBK1 and triggers cell death to inhibit the
virus replication during the innate immune activation.

1. Introduction

Innate immunity is the first line of defense against pathogen infec-
tion, which is initiated by the recognition of the invading pathogens by
a variety of the pattern-recognition receptors (PRRs), such as Toll-like
receptors (TLRs) and retinoic acid-inducible gene I (RIG-I)-like re-
ceptors (RLRs) (Carty and Bowie, 2010; Schenten and Medzhitov,
2011). The adaptor antiviral proteins, such as stimulator of interferon
genes (STING) and mitochondrial antiviral signaling protein (MAVS),
are activated after the detection of pathogen associated molecular
patterns (PAMPs) by PRRs, which recruit and activate down stream
kinases including IκB kinases (IKKs). The transcription activators, in-
cluding NF-кB and interferon regulate factor3/7 (IRF3/7), are sub-se-
quentially activated and translocate into nucleus, where they initiate
the transcription of the pro-inflammatory cytokines and interferons
(IFNs) (Fang et al., 2017).

Interferon regulatory factor 5 (IRF5) has been first identified to

induce distinct IFN-α after virus infection and sub-sequential studies
have showed that IRF5 contributes to the activation of inflammatory
cytokines, induction of tumor suppression and regulation of IFN-α and
IFN-β (Barnes et al., 2001; Paun et al., 2008; Takaoka et al., 2005). The
activation of IRF5 depends on its post-translational modifications such
as phosphorylation. IKKβ is an IRF5 kinase and IKKβ-catalyzed phos-
phorylation of Ser462 of IRF5 induced by the ligand for TLR7 is re-
quired for its dimerization and nuclear translocation in myeloid cells
(Lopez-Pelaez et al., 2014). IRF-5 is also phosphorylated by TANK-
binding kinase 1 (TBK1) and IкB kinase ε (IKKε) in co-transfected cells;
however, the phosphorylation of IRF-5 does not lead to IRF-5 nuclear
localization or activation (Lin et al., 2005). On the other side, another
study has demonstrated that IRF-5 was not activated by viral infection;
however, expression of TBK1 or IKKε did provide clear activation of
IRF-5 (Cheng et al., 2006).

Compared with its mammalian counterparts, the role of teleost IRF5
remains largely unknown. IRF5 homologues have been cloned from
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several teleost species, including common carp (Cypriinus carpio), rock
bream (Oplegnathus fasciatus), Japanese flounder (Paralichthys oliva-
ceus), half-smooth tongue sole (Cynoglossus semilaevis), grass carp
(Ctenopharyngodon idella) and zebrafish (Danio rerio)
(Wickramaarachchi et al., 2014; Zhu et al., 2016; Huang et al., 2012).
Most of these studies are limited in the transcription of IRF5, which
demonstrated that IRF5 expression in teleost was affected by multiple
pathogens, such as of GCRV, lymphocystis disease virus (LCDV) and
infectious spleen and kidney necrosis virus (ISKNV) (Xiang et al., 2010;
Hu et al., 2012; Ai et al., 2018). The activity of grass carp IRF5 was
regulated by IRAK4 kinase through indirect ways and GCRV replication
in the EPC cells was significantly inhibited by ectopic expression of
zebrafish IRF5 (Huang et al., 2012; Ai et al., 2018).

As an important economic freshwater species, black carp is threa-
tened by a variety of the pathogenic microorganism, such as GCRV and
spring viremia of carp virus (SVCV) (Wang et al., 2019). In our previous
study, bcIKKε, bcTBK1 and bcIRF7 have been identified to play im-
portant roles in the antiviral innate immune response against both
GCRV and SVCV (Qu et al., 2015; Yan et al., 2017; Li et al., 2018a,b).
To explore the role of IRF5 in the innate immunity of black carp, bcIRF5
has been cloned and characterized in this study. bcIRF5 interacted with
bcTBK1 and co-expressed bcIRF5 in EPC cells inhibited bcTBK1-medi-
ated IFN signaling. EPC cells expressing bcIRF5 and/or bcTBK1 showed
no difference to that of control cells. However, co-expression of bcIRF5
and bcTBK1 triggered cell death after GCRV infection, which in turn
inhibited the virus replication. These results elucidate a new me-
chanism between IRF5 and TBK1 during the innate immune activation
in vertebrates: bcIRF5 inhibits bcTBK1-mediated IFN signaling; how-
ever, it correlates with bcTBK1 and triggers cell death to inhibit the
virus replication following viral infection.

2. Materials and methods

2.1. Cells and plasmids

HEK293T, Epithelioma papulosum cyprini (EPC), Ctenopharyngodon
idella kidney (CIK) andMylopharyngodon piceus kidney (MPK) cells were
kept in the lab (Qu et al., 2015). HEK293T cells were cultured at 37 °C
with 5% CO2; EPC, CIK and MPK cells were cultured at 26 °C with 5%
CO2. All cell lines were maintained in Dulbecco's Modified Eagle
Medium (DMEM) (Gibco, USA) containing 10% fetal bovine serum,
2mM L-glutamine, 100 U/ml penicillin, and 100 μg/ml streptomycin.
Transfection was done as previously described, calcium phosphate was
used for HEK293T transfection, Lipomax (Sudgen, China) was used for
EPC and MPK transfection as previously described (Li et al., 2018a,b).

pcDNA5/FRT/TO (Invitrogen, USA), pRL-TK, Luci-DrIFNφ3 (for
zebrafish IFNφ3 promoter activity analysis accordingly), and Luci-
bcIFNa (for black carp IFNa promoter activity analysis) were kept in the
lab (Yan et al., 2017). The recombinant expression vector pcDNA5/
FRT/TO-Flag-bcIRF5 and pcDNA5/FRT/TO-bcIRF5-Flag were con-
structed by cloning the open reading frame (ORF) of bcIRF5 fused with
a Flag tag at its N-terminus/C-terminus into pcDNA5/FRT/TO, re-
spectively.

2.2. Cloning the cDNA of bcIRF5

Primers (Table 1) were designed to amplify the coding sequence
(CDS) of bcIRF5 based on the transcriptome data of black carp. Total
RNA was isolated from the spleen of black carp by Trizol (TaKaRa,
Japan) and the first-strand cDNA were synthesized by using the Revert
Aid First Strand cDNA Synthesis Kit (Thermo, USA). The coding se-
quence was cloned at the first attempt by using the primers. The am-
plified fragments were cloned into pMD18-T vector (TaKaRa, Japan)
and sequenced by Invitrogen.

2.3. Virus produce and titration

SVCV (strain: SVCV741) and GCRV (strain: GCRV106) were kept in
the lab and propagated in EPC or CIK separately at 26 °C in the presence
of 2% fetal bovine serum. EPC or CIK cells were infected with SVCV or
GCRV accordingly; the cells and the supernatant media were collected
together when the cytopathic effect (CPE) was about 50% and stored at
−80 °C. After freezing and thawing for three times, the mixture was
used for virus titer mensuration. Virus titers were determined by plaque
assay on EPC cells as previously described (Xiao et al., 2017). Briefly,
the 10-fold serially diluted virus supernatants were added onto EPC
cells and incubated for 2 h at 26 °C. The supernatant was replaced with
fresh DMEM containing 2% FBS and 0.75% methylcellulose (Sigma,
USA) after incubation. Plaques were counted at day 3 post infection.

2.4. LPS and poly (I:C) treatment

MPK cells were seeded in 6-well plate (2×106 cells/well) 16 h
before treatment. Poly (I:C) (Sigma, USA) was used for synthetic dsRNA
stimulation, which was heated to 55 °C (in PBS) for 5min and cooled at
room temperature before use. MPK cells were replaced with fresh media
containing Poly (I:C) at different concentrations (5 μg/ml, 25 μg/ml or
50 μg/ml) and harvested at different time points post treatment sepa-
rately. For LPS (Sigma, USA) treatment, MPK cells in 6-well plate
(2×106 cells/well) were treated with LPS at different concentrations
(1 μg/ml, 10 μg/ml, and 50 μg/ml) separately and harvested at dif-
ferent time points post stimulation (Yan et al., 2017).

2.5. Quantitative real-time PCR

The relative bcIRF5 mRNA level in the MPK cells was determined by
quantitative real-time PCR (q-PCR). The primers for bcIRF5 and β-actin
(as internal control) were listed in Table 1. The q-PCR program was: 1
cycle of 95 °C/10min, 40 cycles of 95 °C/15 s, 60 °C/1min, followed by
dissociation curve analysis (60 °C–95 °C) to verify the amplification of a
single product. The threshold cycle (CT) value was determined by using
the manual setting on the Applied Biosystems Fast 7500 Real-Time PCR
System (ABI, USA) and exported into a Microsoft Excel spreadsheet for
subsequent data analysis, where the relative expression ratios of target
gene in treated groups versus those in control group were calculated by
2-△△CT method (Livak, 2001; Wang et al., 2019). The data were ana-
lyzed by two-tailed Student's t-test with the GraphPad Prism 4.0 soft-
ware (GraphPad Prism, USA).

2.6. Luciferase reporter assay

EPC cells in 24-well plate were co-transfected with pRL-TK (50 ng),
Luci-bcIFNa or Luci-DrIFNφ3 (250 ng), pcDNA5/FRT/TO-Flag-bcIRF5
and/or pcDNA5/FRT/TO -bcTBK1-HA. For each transfection, the total
amount of plasmid DNA (500 ng) was balanced with the empty vector.
The cells were harvested and lysed by renilla luciferase lysis buffer
(Promega, USA) on ice at 24 h post transfection. The centrifuged su-
pernatant was used to measure firefly luciferase and renilla luciferase
activities according to the instruction of the manufacturer (Promega,
USA) as described previously (Li et al., 2018a,b).

2.7. Immunoblotting

HEK293T cells in 6-well plate (2× 106) were transfected with
pcDNA5/FRT/TO-Flag-bcIRF5 or pcDNA5/FRT/TO-bcIRF5-Flag sepa-
rately; EPC cells in 6-well plate (2×106) were transfected with
pcDNA5/FRT/TO-Flag-bcIRF5 or pcDNA5/FRT/TO-bcIRF5-Flag sepa-
rately. The transfected cells were harvested at 48 h post-transfection
and lysed for immunoblot (IB) assay as previously described (Zhou
et al., 2015). Briefly, the whole cell lysates were isolated by 10% SDS-
PAGE and transferred to PVDF membrane. The transferred membranes
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were probed with mouse monoclonal anti-Flag antibody (1:3000;
Sigma, USA) or mouse monoclonal anti-HA antibody (1:4000; Sigma,
USA), which were followed by the incubation with goat-anti-mouse IgG
(1:30000; Sigma, USA). The target proteins were visualized with BCIP/
NBT Alkaline Phosphatase Color Development Kit (Sigma, USA).

2.8. Immunofluorescence microscopy

EPC cells and MPK cells in 24-well plate were transfected with
plasmid expressing bcIRF5 or the empty vector separately. The trans-
fected cells were fixed with 4% (v/v) paraformaldehyde at 24 h post-
transfection. The fixed cells were permeabilized with Triton X-100
(0.2% in PBS) and used for immune-fluorescent staining as previously
described (Zhou et al., 2015). Mouse monoclonal anti-Flag antibody
(Sigma, USA) was probed at the ratio of 1:300; Alexa 594-conjugated
secondary antibody (Invitrogen, USA) was probed at the ratio of 1:200
and Alexa 488-conjugated secondary antibody (Invitrogen, USA) was
probed at the ratio of 1:800; DAPI was used for nucleus staining.

2.9. Co-immunoprecipitation (co-IP)

HEK293T cells in 10 cm plate were co-transfected with pcDNA5/
FRT/TO-bcTBK1-HA and/or pcDNA5/FRT/TO-bcIRF5-Flag. The trans-
fected cells were harvested at 48 h post-transfection and lysed for im-
munoprecipitation (IP) assay as previously described (Li et al.,
2018a,b). The whole cell lysates of the transfected cells were incubated
with protein A/G agarose beads at 4 °C for 2 h. Flag-conjugated (or HA-
conjugated) protein A/G agarose beads were added in the supernatant
after pre-clearing and incubated with the supernatant media at 4 °C for
4 h. Flag-conjugated (HA-conjugated) protein A/G agarose beads were
boiled in 6× sample buffer after 3–5 times of wash and the eluted
proteins were used for IB as above.

2.10. Trypan blue staining

EPC cells in 24-well plate (4×105) were transfected with plasmid
expressing bcIRF5 and/or bcTBK1 separately, the transfected cells were
infected with GCRV at 24 h post-transfection. The supernatants were
used to titration and the cell monolayers were used for cell survival
ratio analysis through using trypan blue staining kit (BBI Life Sciences).
Briefly, EPC cells were detached from the plate by trypsin treatment
and re-suspended in 900 μl 1×buffer. Trypan blue staining solution
(100 μl) was added to the cell suspension and the cells were incubated
for 2–10min before counting through microscopy.

2.11. Statistics analysis

For the statistics analysis of the data of q-PCR, luciferase reporter
assay and viral titer measurement, all data were obtained from three

independent experiments with each performed in triplicate. Error bars
represent the standard error of the mean (+SEM) of three independent
experiments. Asterisk (*) stands for p < 0.05. Two-tailed Student's t-
test was used for all statistical analyses with the GraphPad Prism 4.0
software (GraphPad Prism, USA).

3. Results

3.1. Molecular cloning and sequence analysis of bcIRF5

To discern and analyze the role of IRF5 in black carp, bcIRF5 was
cloned from the spleen of black carp. The CDS of bcIRF5 (NCBI acces-
sion number: MK422172) consists of 1557 nucleotides and the predict
protein consists of 519 amino acids. bcIRF5 contains an N-terminal
DNA binding domain (DBD) and a C-terminal IRF association domain
(IAD), which are conserved among IRF5 proteins from human, mouse
and chicken (Fig. 1A). The calculated molecular weight of bcIRF5 is
58.31 kDa and the theoretical isoelectric point of this protein is 5.74
(http://web.expasy.org/protparam/). To study the evolution of bcIRF5,
the amino acid sequence of bcIRF5 has been subjected to multiple
alignments with those of IRF5 proteins from different species. Phylo-
genetic analysis has been applied to bcIRF5 (blue triangle) and IRF5
proteins of other known species, which are divided into five groups,
consisting of mammals, birds, amphibians, reptiles and fish branches
(Fig. 1B). bcIRF5 shares high amino acid sequence similarity with grass
carp (C. idella) IRF5 (99.6%) and zebrafish (Danio. rerio) IRF5 (93.6%)
and is clustered tightly with these two IRF5 proteins, which correlates
with the closest genetic relationship of these cyprinid fishes (Fig. 1B
and Table 2).

3.2. bcIRF5 expression ex vivo in response to different stimuli

To investigate the transcription profile of bcIRF5 during host innate
immune response, MPK cells were treated with different stimuli and
applied to q-PCR analysis. In the Poly (I:C) treated MPK cells, the
transcription of bcIRF5 were increased after stimulation at all con-
centrations. In the group of 5 μg/ml, bcIRF5 transcription was de-
creased right after stimulation and increased from 8h point, which
reached the maximum value (3.4-fold of control) at 12h point. In the
groups of 25 μg/ml and 50 μg/ml, bcIRF5 transcription presented a
dynamic process, which was increased at 2 h point and decreased at 8h
point, then increased and decreased again with 48 h post stimulation
(Fig. 2A). Similar data was seen in LPS treated MPK cells, in which the
relative mRNA level of bcIRF5 was increased post stimulation and the
higher dose of LPS treatment induced the later maximum of the relative
mRNA level within 48 h post stimulation (Fig. 2B). In SVCV infected
MPK cells, bcIRF5 mRNA level varied post infection. In the groups of 1
MOI and 0.01 MOI, SVCV induced a dynamic process of bcIRF5 tran-
scription within 24 h post infection (hpi), in which the highest bcIRF5

Table 1
Primers used in the study.

Primer name Sequence (5′-3′) Primer information

CDS
bcIRF5-F ATGAGTGGTCAACCTCGG bcIRF5 CDS cloning
bcIRF5-R TTAGTGGATGTTTTGAGGCC
Expression construct
bcIRF5-F(N)KpnI ACTGACGGTACCATGAGTGGTCAACCTCGG FRT-TO-FLAG-bcIRF5

FRT-TO-bcIRF5-FLAGbcIRF5-R(N)XhoI ACTGACCTCGAGTTAGTGGATGTTTTGAGGCC
bcIRF5-F(C)KpnI ACTGACGGTACCGCCACCATGAGTGGTCAACCTCGG
bcIRF5-R(C)XhoI ACTGACCTCGAGGTGGATGTTTTGAGGCC
q-PCR
bc Q actin-F TGGGCACCGCTGCTTCCT Ex vivo q-PCR
bc Q actin-R TGTCCGTCAGGCAGCTCAT
bcIRF5-Q-F2 ATCTACTTCTGCTTCGGTGAGG Ex vivo q-PCR
bcIRF5-Q-R2 TGGACAATGATGAGCTTTTTCT
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mRNA level (1 MOI, 24 hpi) was 5.2-fold of the control. In the group of
0.1 MOI, bcIRF5 mRNA level was decreased after infection and kept
lower than the control within 24 hpi. (Fig. 2C). In GCRV infected MPK
cells, bcIRF5 mRNA level was increased right after stimulation (espe-
cially that of 0.01 MOI group) and decreased at 8 hpi for all doses, then
increased again at 24 hpi (Fig. 2D).

3.3. Protein expression and subcellular distribution of bcIRF5

To investigate the protein expression of bcIRF5, EPC cells and
HEK293T cells were transfected with plasmids expressing bcIRF5 and
used for immunoblot assay. A specific band of ∼65 kDa was detected in
the whole cell lysate of EPC cells and HEK293T cells transfected with
plasmids expressing Flag-bcIRF5 or bcIRF5-Flag, but not in the control
groups (Fig. 3A and B), which demonstrated that bcIRF5 were ex-
pressed well in both mammalian and fish system and the location of
Flag-tag did not impact on the expression of bcIRF5. To determine the
subcellular distribution of bcIRF5, MPK and EPC cells were transfected
with plasmid expressing bcIRF5 and infected with SVCV or GCRV re-
spectively before used for immunofluorescence staining assay. The re-
sult demonstrated clearly that bcIRF5-expressing region (green) in both
cell lines tightly surrounded the nucleus and the distribution of bcIRF5
was not influenced by either SVCV or GCRV infection, which indicated
that bcIRF5 was a predominantly cytoplasmic protein (Fig. 3C and D).

3.4. IFN signaling induced by bcIRF5

As a momentous member of IRF family, bcIRF5 is supposed to be
involved in the regulation of IFN production. EPC cells were transfected
with plasmid expressing bcIRF5 to examine it mediated activation of
zebrafish IFNφ3 (DrIFNφ3) promoter or black carp IFNa (bcIFNa)
promoter through the dual luciferase reporter assay. The assay de-
monstrated clearly that bcIRF5 possessed little activity to induce the
transcription of the promoter of DrIFNφ3 or bcIFNa (Fig. 4A and B).

Fig. 1. Sequence analysis of bcIRF5.
(A). Comparisons of bcIRF5 with other vertebrate IRF5 protein sequences by using MEGA 6.0 program and GeneDoc program, which including: H. sapiens
(AAA96056.1), G. gallus (NM_001031587.1), M. musculus (NP_001239311.1) and M. piceus. The domains predicted by NCBI are marked. (B). Phylogenetic tree was
generated from vertebrate IRF5 of different species by using MEGA 6.0 program, which include (GenBank accession number): Danio rerio (NP_001314746.1), Homo
sapiens (AAA96056.1), Gallus gallus (NM_001031587.1), Macaca mulatta (XP_001092569.1), Bos taurus (NM_001035465.1), Sus scrofa (XP_020934616.1), Mus
musculus (NP_001239311.1), Salmo salar (NP_001133324.1), Larimichthys crocea (XP_019126783.1), Ctenopharyngodon idella (ACT83674.1), Fukomys damarensis
(XP_010631767.1), Capra hircus (XP_017902433.1), Oplegnathus fasciatus (AFZ93894.1), Miichthys miiuy (AHB59743.1), Xenopus laevis (NP_001088065.1), Puma
concolor (XP_025785223.1), Cercocebus atys (XM_012088010.1), Mandrillus leucophaeus (XM_011995889.1), Ornithorhynchus anatinus (XM_001509583.5), Denticeps
clupeoides (XM_028953813.1), Peromyscus leucopus (XM_028866208.1), Erpetoichthys calabaricus (XM_028814681.1), Podarcis muralis (XM_028746873.1),
Grammomys surdaster (XM_028762609.1), Gadus morhua (MH813459.1), Phyllostomus discolor (XM_028525568.1), Physeter catodon (XM_028483941.1), Eptesicus
fuscus (XM_008154031.2), Eumetopias jubatus (XM_028104991.1), Balaenoptera acutorostrata (XM_007177188.1), Marmota flaviventris (XM_027955812.1), Vombatus
ursinus (XM_027840181.1), Chelonia mydas (XM_007067432.2) and Mylopharyngodon piceus.

Table 2
Comparison of bcIRF5 with other vertebrate IRF5 (%).

Species Full-length sequence of protein

Identity Similarity

Mylopharyngodon. piceus 100 100
Ctenopharyngodon. idella 99.0 99.6
Danio. rerio 90.8 93.6
Salmo. salar 68.5 77.5
Oplegnathus. fasciatus 67.3 77.2
Podarcis. muralis 54.8 65.7
Xenopus. laevis 53.2 64.8
Capra. hircus 52.7 62.1
Puma. concolor 52.0 61.8
Mus. musculus 50.6 61.1
Homo. sapiens 51.1 60.9
Mus. mulatta 51.0 60.4
Bos. taurus 50.5 60.2
Gallus. gallus 48.3 60.1
Fukomys. damarensis 49.0 58.4

The protein IDs are identical to those of Fig. 1.
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Fig. 2. bcIRF5 expression of in response to different stimuli.
MPK cells in 6-well plate (2× 106 cells/well) were treated with Poly (I:C) (A) or LPS (B) at indicated concentration separately; or infected with SVCV (C) or GCRV (D)
at indicated MOI separately. The cells were harvested for q-PCR independently at the indicated time points post stimulation.

Fig. 3. Protein expression and subcellular distribution of bcIRF5.
EPC cells (A) or HEK293T cells (B) were transfected with plasmid expressing bcIRF5 or the empty vector separately and applied to immunoblot assay. IB: im-
munoblot; Flag-bcIRF5: pcDNA5/FRT/TO-Flag-bcIRF5; bcIRF5-Flag: pcDNA5/FRT/TO-bcIRF5-Flag.
EPC cells (C) and MPK cells (D) were transfected with plasmid expressing bcIRF5 and treated with SVCV or GCRV (MOI=1) at 24 h post transfection separately. The
transfected cells were fixed for immunofluorescence staining at 12 h post infection. The bars stand for the scale of 2 μm, 5 μm or 10 μm accordingly. Mock: EPC cells
without infection; bcIRF5: pcDNA5/FRT/TO-Flag-bcIRF5.
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Although the transcription of bcIFNa promoter was increased in the
control group when EPC cells were stimulated with LPS and Poly (I:C),
the promotion of bcIRF5-induced IFN promoter transcription was more
pronounced than the control group (Fig. 4C and D). Thus, it was
speculated that bcIRF5 was recruited into the IFN signaling but did not
play a pivotal or irreplaceable role in the induction of IFN.

3.5. bcIRF5 down regulated TBK1-mediated IFN promoter activation

In our previous study, bcTBK1 has been identified to play a vital role

in IFN signaling (Yan et al., 2017). To explore the relationship between
bcIRF5 and bcTBK1, EPC cells were co-transfected with bcIRF5 and/or
bcTBK1 and used for dual luciferase reporter assay, in which bcTBK1-
mediated activation of bcIFNa promoter was evidently down regulated
by bcIRF5 in a dose dependent manner (Fig. 5A). And the same result
was seem in the reporter assay of the EPC cells treated with LPS, Poly
(I:C) or GCRV (Fig. 5B). In MPK cells co-expressing bcTBK1 and bcIRF5,
the expressing region of bcIRF5 (green) well matched that of bcTBK1
(red), which suggested the similar subcellular distribution of bcTBK1
and bcIRF5 (Fig. 6A). In the subsequent co-immunoprecipitation assay

Fig. 4. IFN Signaling induced by bcIRF5.
(A)& (B): EPC cells were transfected with plasmid expressing bcIRF5 and applied to reporter assay. For each transfection, the total amount of DNA was balanced with
the empty vector. bcIRF5: pcDNA5/FRT/TO-Flag-bcIRF5.
(C)& (D): EPC cells were transfected with plasmid expressing bcIRF5 and treated with LPS (C) or Poly(I:C) at 22 h post transfection. The treated cells and control cells
were harvested for reporter assay at 2 h post treatment. Control: EPC cells without stimulation; pcDNA5: pcDNA5/FRT/TO; bcIRF5: pcDNA5/FRT/TO-Flag-bcIRF5.

Fig. 5. bcIRF5 down regulated TBK1-mediated IFN signal pathway.
(A) EPC cells in 24-well plate (4× 105 cells/well) were co-transfected with pcDNA5/FRT/TO-Flag-bcIRF5 and/or pcDNA5/FRT/TO-bcTBK1-HA, and applied to
reporter assay. (B) EPC cells in 24-well plate (4× 105 cells/well) were co-transfected with pcDNA5/FRT/TO-Flag-bcIRF5 and/or pcDNA5/FRT/TO-bcTBK1-HA,
stimulated with LPS (5 μg/ml) or Poly (I:C) (5 μg/ml) for 2 h or infected with GCRV (MOI= 0.1) for 4 h (8 h, 12 h) at 24 h post transfection before harvested for
reporter assay. pcDNA5: pcDNA5/FRT/TO; bcIRF5: pcDNA5/FRT/TO-Flag-bcIRF5; bcTBK1: pcDNA5/FRT/TO-bcTBK1-HA.

C. Yang, et al. Developmental and Comparative Immunology 100 (2019) 103426

6



of HEK293T cells, the specific band (red arrow indicated) of 80 kDa
representing bcTBK1 was detected in the bcIRF5-precipitated proteins,
which identified the direct association between bcTBK1 and bcIRF5
(Fig. 6A). Thus, our data indicated that bcIRF5 interacted with bcTBK1
and negatively regulated bcTBK1-mediated IFN signaling.

3.6. Co-expression of bcIRF5 and bcTBK1 triggered cell death under the
condition of virus infection

To further explore the role of bcIRF5 in bcTBK1-mediated antiviral
activity, EPC cells co-expressing bcIRF5 and/or bcTBK1 were infected
with GCRV and used for plaque assay. EPC cells expressing bcTBK1
showed enhanced antiviral activity in contrast to the control group and
EPC cells expressing bcIRF5 showed even similar antiviral activity to
the control. However, the viral titer in the media of EPC cells co-ex-
pressing bcIRF5 and bcTBK1 was obviously lower than that of EPC cells
expressing bcTBK1 alone, which suggested that EPC cells co-expressing
bcIRF5 and bcTBK1 obtained stronger antiviral ability than EPC cells
expressing bcTBK1 alone (Fig. 7A). The subsequent trypan blue staining
showed that EPC cells co-expressing bcIRF5 and bcTBK1 possessed

similar growth rate to that of EPC cells expressing bcIRF5 (or bcTBK1)
alone and the control. However, after virus infection, the survival ratio
of EPC cells co-expressing bcIRF5 and bcTBK1 was obviously lower
than other cells (Fig. 7B). Thus, it was reasonable that co-expression of
bcIRF5 and bcTBK1 led to the cell death under the condition of virus
infection, which in turn inhibited the replication of the invading virus.

4. Discussion

IRFs play a pivotal role in the development of immune cells and
induction of cytokines that are important in immune and inflammatory
responses (Stein et al., 2018). Human IRF family consists of nine
members, IRF1–9, which commonly possess a helix-turn-helix DNA-
binding motif (Taniguchi et al., 2001). As a significant member of IRF
family, IRF5 possesses a highly conserved DBD characterized by five
tryptophan repeats (Au and Pitha, 2001). The C-terminal region of IRF5
carries an IAD, which is responsible for interaction with other IRFs or
other transcription factors (Tamura et al., 2008). Since the first iden-
tification in 2001, most studies of IRF5 focus on its roles in diverse
diseases and innate immunity, such as cancer and systemic lupus

Fig. 6. The interaction between bcIRF5 and
bcTBK1.
(A). MPK cells were co-transfected with plasmids
expressing bcIRF5 and bcTBK1 and applied to im-
munofluorescence staining at 24 h post transfection.
bcIRF5: pcDNA5/FRT/TO-Flag-bcIRF5; bcTBK1:
pcDNA5/FRT/TO-bcTBK1-HA. (B). HEK293T cells
were co-transfected with pcDNA5/FRT/TO-bcTBK1-
HA and/or pcDNA5/FRT/TO-Flag-bcIRF5 and ap-
plied to co-immunoprecipitation as described in
methods. IB:immunoblot; IP: immunoprecipitation;
WCL: whole cell lysate; Flag-bcIRF5: pcDNA5/FRT/
TO-Flag-bcIRF5; bcTBK1-HA: pcDNA5/FRT/TO-
bcTBK1-HA.

Fig. 7. Co-expression of bcIRF5 and bcTBK1 induced cell death after virus infection.
EPC cells in 24-wellplate (4×105 cells/well) were co-transfected with bcIRF5 and/or bcTBK1 respectively, which were infected with GCRV at indicated MOI at 24 h
post transfection. The supernatants of the cells were used for virus titration (A) and the cells were used for trypan blue staining assay (B) at 24 h post infection as
described in methods. pcDNA5: the control cells transfected with pcDNA5/FRT/TO; IRF5: pcDNA5/FRT/TO-Flag-bcIRF5; TBK1: pcDNA5/FRT/TO-bcTBK1-HA.
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erythematosus (SLE) (Lazzari and Jefferies, 2014; Ashwinder et al.,
2018). Hyperactivation of IRF5 results in hyperproduction of type I
IFNs and other cytokines, and ultimately leads to the development of
SLE (Tatsuma et al., 2018). All murine models of SLE studied thus far
have shown that IRF5 is required for the pathogenesis of SLE-like dis-
eases (Tatsuma et al., 2018). In addition to the activation of IFN pro-
duction, IRF-5 is generally involved in the downstream of TLR-MyD88
signaling for gene induction of pro-inflammatory cytokines, such as
interleukin-6 (IL-6) and tumor necrosis factor-alpha (TNFα) (Takaoka
et al., 2005).

RLR signaling is activated when the RNA components of the in-
vading virus are detected by the cytoplasmic RLR members, RIG-I or
MDA5 (Yoneyama et al., 2004). The RLR/IFN pathway is strictly
regulated at multiple steps by both activators and inhibitors, which
either induce interferon expression to enhance immune response or
prevent aberrant interferon production to avoid autoimmune disorders
(Andrejeva et al., 2004). Especially, the key antiviral adaptor proteins
and kinases of RLR signaling, such as MAVS and TBK1, are fine tuned
before/after virus infection. TBK1 is a ubiquitously expressed serine/
threonine kinase of IKK family and is activated by phosphorylation at
Ser-172 within kinase domain activation loop before targeting IRF3/7
(Wu and Chen, 2014). And the activity of TBK1 is regulated by en-
dogenous inhibitors that alter its ubiquitination (A20) or mask its tyr-
osine phosphorylation sites (SHP-2) (Parvatiyar et al., 2010; Tanaka
et al., 2010).

In our previous study, the suppressor of IKKε (SIKE) of black carp
(bcSIKE) has been found to bind to bcTBK1 and inhibit bcTBK1-medi-
ated IFN promoter transcription (Li et al., 2018a,b). IRF5 is a key
regulator of inflammatory responses; and mutations and dysregulation
of IRF5 have been linked to autoimmune and autoinflammatory dis-
eases in humans and mammals (Takaoka et al., 2005; Ashwinder et al.,
2018; Almuttaqi and Udalova, 2018). This paper has showed that
bcIRF5 negatively regulated bcTBK1-mediated IFN signaling in reporter
assay and the direct association between these two molecules has been
detected through co-immunoprecipitation (Figs. 4 and 6). Co-expressed
bcSIKE obviously inhibited bcTBK1-mediated antiviral activity in EPC
cells, which correlated with the data of EPC cells co-expressing bcSIKE
and bcTBK1 (Li et al., 2018a,b). Different to that of bcSIKE, co-ex-
pression of bcIRF5 and bcTBK1 led to cell death right after virus in-
fection, which in turn inhibited the virus replication (Fig. 7). Since EPC
cells expressing bcIRF5 and/or bcTBK1 showed no difference in growth,
the mechanism behind the fiercely induced cell death of EPC cells co-
expressing bcIRF5 and bcTBK1 after virus infection needed to be further
explored. Multiple types of cell death, such as apoptosis, necroptosis
and autophagy, swiftly eliminate undesirable cells, which is an im-
portant feature in tumor suppression and immunity (Hu et al., 2005).
Both IRF-5 and IRF-3 promoted apoptosis, but only if expressed with
IKKε or as the constitutively activate mutant (Cheng et al., 2006; Barnes
et al., 2003). Thus, bcIRF5 possesses dual characters: it inhibits
bcTBK1-mediated IFN induction to avoid autoimmune disorder in
healthy cells and correlates with bcTBK1 to trigger cell death to restrict
the virus replication right after virus infection.
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