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Interferon regulatory factor 7 (IRF7) is essential for the induction of an an-
tiviral response. Previous studies have shown that virus replication causes the ac-
tivation or expression of Type I interferon (IFN) in cells, which further activates
IFN-stimulated genes (ISGs) to retard virus growth. In this study, after infection
of chicken embryo fibroblasts (CEFs) with the lentogenic Newcastle disease virus
(NDV) strain LaSota or the velogenic NDV strain GM, the mRNA and protein
levels of IRF7 showed a significant increase, and part of the IRF7 protein was
translocated from the cytoplasm to the nucleus. In order to further explore the ef-
fect of IRF7-mediated innate immune response on the replication of NDV in
CEFs, the mRNA levels of IFN-a, IFN-B and STAT1 were measured and the rep-
lication kinetics of NDV determined. The results showed that specific siRNA
could inhibit the expression of IRF7 and limit the mRNA level of IFN-a, IFN-8
and STATI and, accordingly, the replication kinetics of both NDVs were en-
hanced after the inhibition of IRF7. In conclusion, IRF7 is an important nuclear
transcription factor for the induction of Type I IFNs during the antiviral response,
which can affect the replication of NDV and spread to CEFs in the early phase of
viral infection.
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Viral infection elicits the activation of numerous cellular signal transduc-
tion pathways, leading to the induction of both innate and adaptive immune re-
sponses to limit further dissemination of the virus throughout the host. Pattern
recognition receptors (PRRs), including transmembrane toll-like receptors (TLRs)
or cytosolic sensors (RIG-I, MDAS, PKR and NOD proteins), are recognised by
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viral components, leading to IFN-mediated and inflammatory responses (Sarkar
et al., 2004; Yoneyama et al., 2005; Kato et al., 2006; Liu et al., 2007; Loo et al.,
2008). In recent years, extensive studies of the interferon regulatory factor (IRF)
family have confirmed that IRFs have gained great attention due to their diverse
roles such as initiating antiviral responses, regulating inflammatory cytokine ex-
pression and controlling cell cycle and apoptosis, as well as mediating the devel-
opment of macrophages, dendritic cells, B and T lymphocytes (Au et al., 1998;
Sato et al., 1998; Honda et al., 2005; Ning et al., 2011). As an important tran-
scription mediator, IRF7 has been initially identified to induce the expression of
IFNs and IFN-stimulated genes (ISGs) in the hosts, and it plays a critical role in
initiating host innate immune responses to viral and bacterial infection (Marie et
al., 1998; Smith et al., 2001).

Newcastle disease (ND) caused by Newcastle disease virus (NDV), a member
of the Paramyxoviridae family, is recognised as a dangerous disease of poultry,
which leads to severe economic losses to the poultry industry all over the world.
NDV isolates are usually classified into three groups, i.e. avirulent (Ientogenic),
mildly virulent (mesogenic) and highly virulent (velogenic), on the basis of their
virulence. Virulent NDV elicits a strong innate immune response in chickens
(Rue et al., 2011), but the knowledge existing on the role of IRF7 in that re-
sponse and on the effect of IRF7 on NDV replication is still limited. In the pre-
sent study, we investigated the expression of IRF7, IFN-a, IFN-f and STATI,
detected the distribution of IRF7 protein in NDV-infected chicken embryo fibro-
blasts (CEFs), and determined the kinetics of NDV replication after the inhibi-
tion of IRF7. The experimental results indicated that two NDV strains of differ-
ent virulence could positively regulate the IRF7-mediated signalling pathway,
increase the expression of IFN-o and IFN-f, and limit the replication of NDVs.

Materials and methods

Cells

Chicken embryo fibroblast cells (CEFs) and Vero cells (African green mon-
key kidney epithelial cells, ATCC) were maintained in D-Minimum Essential
Medium (D-MEM, Gibco®) supplemented with 10% fetal bovine serum (FBS;
PAA Laboratories, Ontario, Canada), respectively.

Viruses

The lentogenic NDV strain LaSota and the velogenic NDV strain GM
(genotype VII) were preserved in our laboratory. The GenBank accession numbers
of LaSota and GM strains are AF077761 and DQ486859, respectively. The virus
titres were determined on CEF and Vero cells. UV inactivation of viruses was
performed by the use of a UV Stratalinker 2400 (Stratagene, USA).
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Real-time quantitative polymerase chain reaction (qPCR)

The CEFs were infected with NDV strain LaSota or GM at a multiplicity
of infection (MOI) of 0.07 in basal D-MEM. The cells were harvested at 3, 6, 12
and 24 h post infection (p.i.). Real-time PCR analysis for mRNA levels of IRF7,
IFN-a, IFN-B and STATI1 genes were normalised using the glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) gene as internal standard (Table 1). The Tm
and Cp values were calculated by using the analysis software. Fold changes in
the expression of each gene were compared with the expression in non-infected
samples, and were analysed by a comparative threshold cycle (Ct) method using
the formula of 2744,

Table 1

Primer sequences and the size of amplicons generated by SYBR Green based real-time PCR

Amplicon size Target gene

Primer Sequence (5°-3) (GenBank
(bp) accession no.)

IFN-0-S AAGCCGACAAAACCACCC 300 AMO49251

[FN-0-AS CAGGAACCAGGCACGAGC

IFN-B-S CCTCAACCAGATCCAGCATT 250 X92479

IFN-B-AS GGATGAGGCTGTGAGAGGAG

IRF7-S AAGCCCAAGGAGTCCAAGCTC

IRF7-AS TCAGAGAGCTGCAGGCTGAC 147 NM_205372

STATI-S GAAACGGCTACATTAGGACTG

STATI-AS GATCCGAGATACCTCATCAAAC 19 NM_001012914

GAPDH-S CCTCTCTGGCAAAGTCCAAG

GAPDH-AS CATCTGCCCATTTGATGTTG 200 V00407

A = adenine, G = guanosine, C = cytosine, T = thymidine

SDS-PAGE and Western blotting

Whole-cell extracts were prepared as described previously (Noyce et al.,
20006). Proteins were separated by sodium dodecyl sulphate-polyacrylamide gel
electrophoresis (SDS-PAGE) and transferred onto nitrocellulose (NC) mem-
branes. The membranes were incubated with primary rabbit anti-IRF7 antibody
(Epitomics, USA) that can detect IRF7 from chicken. Then the NC membranes
were incubated with FITC-conjugated goat anti-rabbit antibody (Millipore, Bil-
lerica, USA). Following the incubation with secondary antibody, protein bands
were imaged with the Odyssey infrared imaging system (Li-Cor, Odyssey). The
GAPDH expression level measured in parallel served as control.
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Immunofluorescence staining

CEFs were infected with NDV at a MOI of 0.07 or were treated with NDV-
UV at the same titre. The cells were fixed with 4% paraformaldehyde. After in-
cubation with primary rabbit anti-IRF7 antibody (Epitomics, USA), the cells
were stained with FITC-conjugated goat anti-rabbit secondary antibody (Milli-
pore, Billerica, USA). In order to stain the nuclei, 4’,6-diamidino-2-phenylindole
(DAPI; Sigma) was added to incubation medium with the cells. The stained cells
were examined under a laser confocal microscope (Olympus, Japan).

IRF7 siRNA treatment

The specific siRNA (GenePharma, China) for chicken IRF7 (5’-CAACCG
CAAAGAAGGGUUGCGUUUA-3’ and 5’-UAAACGCAACCCUUCUUUGCG
GUUG-3") was transfected into the cells at a concentration of 40 pM. Non-
targeting siRNA (sense strand: 5’-UUCUCCGAACGUGUCACGUTT-3’, an-
tisense strand: 5’-ACGUGACACGUUCGGAGAATT-3") was used as control.
Inhibitory efficiency was monitored using qPCR analysis for IRF7, IFN-a, IFN-3
and STAT1. Fold changes in the expression of each gene were compared with its
expression level in normal cells.

Growth kinetics of NDV

A total of 40 pM IRF7 siRNA was transfected into cells at 70% conflu-
ence. After 24 h incubation, the cell monolayers were infected with NDV strain
LaSota at a MOI of 0.7 or with strain GM at a MOI of 0.07, respectively, and
then incubated at 37 °C in virus-producing medium. Supernatants were harvested
every 12 h, and virus titres were determined on Vero cells.

Statistical analysis

The statistical significance of the experimental data was analysed by Stu-
dent’s #-test.

Results

NDV upregulates mRNA levels of IRF7, IFN-a, IFN-f and STAT1. As
shown in Fig. 1, two NDV strains of different virulence could differentially
modulate the mRNA levels of four genes. After NDV LaSota infection for 3 h in
CEFs, the mRNA levels of IRF7, IFN-a, IFN-B and STAT1 revealed a 92-, 8-,
19- and 23-fold increase, respectively, when compared with those in the normal
control cells. Meanwhile, the four genes revealed a 12-, 2.8-, 1.4- and 1.5-fold
increase after infection with the velogenic NDV strain GM. With the extension
of infection time, the mRNA Ilevels of the four genes exhibited an obvious
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downward trend. Taken together, after infection of the CEFs with a velogenic or
lentogenic NDV strain, the mRNA levels of IFN-a, IFN-B and STAT1 were
upregulated; however, there was an obvious difference in mRNA induction of
the four genes between the two NDV strains.
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Fig. 1. Induction of IRF7, IFN-a, IFN-B and STAT1 mRNA in CEFs (A). After the infection of
CEFs with NDV LaSota or GM, the cells were harvested at 3, 6, 12 and 24 h post infection (p.i.).
qPCR analysis on mRNA levels of IRF7, IFN-o, IFN-$ and STAT1 genes was normalised by the

use of GAPDH gene as internal control

NDV upregulates the expression of IRF7. Western blotting analysis
showed that NDV LaSota or GM infection induced different IRF7 protein ex-
pression levels. As displayed in Fig. 2, the cells could synthesise and secrete more
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IRF7 protein in NDV-infected CEFs at a MOI of 0.07 when compared with the
mock-infected group. In addition, some differences in the relative amount of
IRF7 protein induced by the two NDVs were observed. In CEFs infected with
velogenic NDV strain GM for 3 h, the IRF7 protein revealed a marked increase;
while CEFs synthesised more IRF7 protein in the group infected with NDV
strain LaSota at a MOI of 0.07. These results suggested that NDVs of different
virulence could induce the CEFs to synthesise IRF7 protein and activated the
IRF7-mediated signalling pathway. On the other hand, the difference of IRF7
protein expression in the two groups indicated that NDVs of different virulence
revealed different capabilities in activating the IRF7-mediated signalling pathway.
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Fig. 3. Status of IRF7 protein in CEFs. CEFs were infected by activated NDV strain LaSota or
GM, or were treated with UV-inactivated NDV (NDV-UV) strain LaSota or GM. Cells were fixed
with a stationary liquid. They were incubated with rabbit IRF7 antibody and then stained with goat

anti-rabbit antibody labelled with FITC. DAPI was added to CEFs to stain the nuclei. The cells

were observed under a laser confocal microscope

NDV promotes IRF7 protein localisation in the nucleus. In the present
study, most of the IRF7 translocates from the cytoplasm to the nucleus after in-
fection by lentogenic or velogenic NDV in cells (Fig. 3, upper two panels).
However, in the mock-infected CEFs, IRF7 is located predominantly in the cyto-
plasm (Fig. 3, middle panel). In order to gain further insights into the transloca-
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tion mechanism of IRF7, laser confocal analysis was conducted after CEFs had
been treated with UV-inactivated NDV strain GM or LaSota for 24 h. The results
showed that IRF7 located predominantly in the cytoplasm (Fig. 3, lower two
panels), which indicated that the activated NDV could induce the shift of IRF7
protein from the cytoplasm to the nucleus, while the inactivated virus could not
exert this function in CEFs. Therefore, the nuclear translocation of IRF7 is
probably correlated with virus replication.
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Fig. 3. Status of IRF7 protein in CEFs. CEFs were infected by activated NDV strain LaSota or
GM, or were treated with UV-inactivated NDV (NDV-UV) strain LaSota or GM. Cells were fixed
with a stationary liquid. They were incubated with rabbit IRF7 antibody and then stained with goat

anti-rabbit antibody labelled with FITC. DAPI was added to CEFs to stain the nuclei. The cells

were observed under a laser confocal microscope

Inhibition of chicken IRF7 negatively regulates IFN-a, IFN-f and STAT1.
After IRF7 siRNA was transfected to CEFs for 24 h, the mRNA levels of IRF7,
IFN-a, IFN-B and STAT1 were evaluated by qPCR. Compared with the normal
group, the mRNA level of IRF7 revealed a more than 70% decrease and, corre-
spondingly, the mRNA level of IFN-a, [FN-B and STAT1 exhibited an approxi-
mately 50% decline (Fig. 4). Compared with the normal cells, the fold changes in
mRNA levels of IRF7, IFN-a, IFN-B and STAT1 were not obvious after the cells
had been treated with non-targeting siRNA. These results showed that the sup-
pression of IRF7 could inhibit the mRNA level of Type 1 IFN, suggesting that
the IRF7-mediated signalling pathway plays an important role in the process of
antiviral response.

Inhibition of IRF7 enhances NDV replication. After the CEFs had been
treated with specific siRNA for chicken IRF7 for 24 h, and the cells had been in-
fected with NDV strain GM or LaSota, cell supernatants were harvested in order
to examine virus-producing kinetics on Vero cells. In this study, in the presence
of NDV strain GM or LaSota, the virus-producing kinetics was enhanced when
compared with that of the control group if IRF7 was inhibited in advance (Fig. 5).
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Therefore, the IRF7-mediated innate immune response plays an important role in
NDV replication.
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Fig. 4. Inhibition of IRF7 negatively regulates the mRNA level of IFN-a, IFN-B and STAT1.
The cells were treated with 20 pM oligonucleotide of IRF7-non-specific siRNA as control or IRF7-
specific siRNA, then collected to extract the RNA, and IRF7, IFN-a, IFN-f and STAT1 mRNA
levels were determined by qPCR
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Fig. 5. NDV production kinetics between the control group and IRF7 siRNA cell lines. The cells
were treated with 100 pM oligonucleotide of IRF7-non-specific siRNA as control or IRF7-specific
siRNA, and then cells were infected with NDV strain GM or LaSota. The cell supernatant was
collected at 24, 36, 48, 60 and 72 h p.i., and virus titres were determined on Vero cells

Discussion

Interferons are important components of the innate immune response to vi-
ral infection (Borrow et al., 2010). Early response to virus causes the secretion of
a subset of IFNs in the host through PRRs recognised as pathogen-associated
molecular patterns (PAMPS), and further results in the activation of transcription
factors such as IRF-3, IRF7, NF-kB and activator protein-1 (AP-1) (c-jun/ATF).
Once Type I IFNs are synthesised, they will play a key role in the antiviral re-
sponse by mediating direct upregulation of ISGs, activating natural cells (NC)
and dendritic cells (DC), and promoting the induction of adaptive response to limit
viral replication (Mogensen et al., 1999; Pansky et al., 2000; Sharma et al., 2003).
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Different viruses infecting hosts will cause a corresponding change of the
IRF7 signalling pathway. IRF7 has been identified to play a role in the context of
Epstein-Barr virus (EBV) infection, and is regarded as the crucial regulator of
Type I IFN against pathogenic infections. Christensen et al. (2012) have demon-
strated that early Type I IFN response to lymphocytic choriomeningitis virus
(LCMV) infection in the central nervous system (CNS) is controlled by a con-
certed action of IRF3 and IRF7. Previous studies have shown that human plas-
macytoid dendritic cells (pDCs) can express IRF7 constitutively, but this basal
expression is rapidly upregulated after the stimulation and is maintained in vitro
only in the presence of a stimulant. Further studies have demonstrated that nu-
clear translocation of IRF7 occurs earlier than IRF7 induction (Au et al., 1998;
Sato et al., 1998; Honda et al., 2005; Ning et al., 2011). The characterisation of
cellular components involved in viral detection and IRF activation will further
delineate this vital mechanism of the innate immune response.

The IRF7-mediated innate immune response can affect the replication of
different viruses. Overexpression of IRF7 can result in the enhancement of viral
replication, while the knockdown of IRF7 in macrophages can significantly re-
duce viral production (Sirois et al., 2011). Ruddy et al. (2012) have demonstrated
that Chikungunya virus (CHIKV) infection of IRF3- or IRF7-deficient adult
mice is lethal, and the mortality is associated with undetectable serum IFN-0/,
and with increased virus replication.

However, it is unclear how the IRF7-mediated signalling pathway changes
in NDV-infected CEFs, and how the pathway change affects NDV replication in
turn. Our study shows that virulent or lentogenic NDV can activate IRF7-
mediated signalling pathway. Compared with the control group, IRF7 mRNA
and protein levels are obviously increased after infection by both NDVs in CEFs,
and IFN-a and IFN-B mRNA levels are increased correspondingly. Confocal la-
ser trials have also demonstrated that IRF7 mainly distributes in the cytoplasm in
the normal CEF group and in the NDV-UV virus-treated CEF group, while the
IRF protein is mainly distributed in the nucleus after a clear translocation from
the cytoplasm following infection by NDVs in CEFs.

Lentogenic and velogenic NDVs have different capabilities to induce the
expression of IFN-a, IFN-B and STAT1 in CEFs. An important factor responsible
for this is probably the V protein of NDV that functions as an IFN-o/p antagonist
targeting STAT1 (Huang et al., 2003; Park et al., 2003; Nishio et al., 2005). The
difference between V proteins derived from velogenic NDV-GM and lentogenic
NDV-LaSota may be their different ability to target STAT1, which is worthy of
further study in the future. Another possible cause may be correlated with apop-
tosis. NDV is known to cause apoptosis in different cell types including CEFs,
Vero cells and peripheral blood mononuclear cells. Therefore, the entry and rep-
lication of viruses should be required during NDV-induced apoptosis (Lam,
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1995, 1996; Geisler et al., 2007), and different apoptosis rates induced by lento-
genic and velogenic NDVs may lead to differences in protein production in CEFs.

Subsequent studies have explored the effect of the IRF7-mediated signal-
ling pathway on NDV replication by the inhibition of IRF7 siRNA. In the present
study, the mRNA levels of IFN-a and IFN- were significantly decreased and the
virus titre showed a clear and significant increase after virus infection in CEFs,
indicating that the IRF7-mediated signalling pathway can suppress the replica-
tion of NDV.

It is important to choose an appropriate cell line to support the efficient
production of NDV. As primary cells, CEFs are more suitable for studying anti-
viral response than other cell lines. In this study, we have found that the entry of
NDVs into CEFs can result in the activation IRF7, and virus-induced activation
of IFN-a and IFN-f genes will be mediated by IRF7. Once IFN-a and IFN-f pro-
teins are expressed in CEFs, these proteins can execute the innate immune re-
sponse to retard the replication of NDVs by activating the Janus kinase/signal
transducer and activator of transcription (JAK/STAT) signal transduction cas-
cade in both autocrine and paracrine manners, thus leading to the activation of
ISGs to delay the further replication of NDVs. After inhibition of IRF7 by spe-
cific siRNA, the mRNA level of IFN-o/ and STAT will decline significantly in
CEFs and, accordingly, the virus-producing kinetics will exhibit a remarkable
enhancement.

It can be concluded that the IRF7-mediated signalling pathway can be ac-
tivated after CEFs are infected with NDV, and the change in the signalling path-
way can affect the replication of NDVs. These investigations can provide an in-
sight into the mechanism of IRF7-mediated innate immune response elicited by
NDV infection and the response to viral replication in the host.
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