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The study was conducted to evaluate whether avian β-defensins (AvBDs) could be
induced by Newcastle disease virus (NDV) infection, and to investigate the potential
signaling pathway of AvBD2 induction in response to NDV infection as well. First,
mRNA expression of AvBDs (1–14) was evaluated in the chicken embryo fibroblasts
(CEFs) infected with NDV strain F48E9 at 6, 12, 24, 36, and 48 h post-inoculation
(hpi), respectively. The results demonstrated a significant induction of AvBD2 in CEFs
elicited by the NDV strain. Then, we expressed and purified the AvBD2 proteins in
both eukaryotic cells and prokaryotic cells. Of the two recombinant AvBD2 proteins,
only the protein expressed in eukaryotic cells showed directly antiviral activity against
NDV strain F48E9 in vitro. Ligands of toll-like receptors (TLRs) were chosen as
alternatives to NDV to further study signaling pathway of AvBD2 induction here, due
to insufficient upregulation of AvBD2 expression elicited by NDV. We found that the
mRNA expression of AvBD2 was highly upregulated by Pam3CSK4, FLA-ST, and
ODN-M362. Then, four inhibitors of signaling pathway, including inhibitors of JNK,
ERK1/2, p38 MAPK, and NF-κB, were used in this study. Of the four inhibitors, only
inhibition of the p38 MAPK signaling pathway significantly reduced AvBD2 expression
after stimulation with Pam3CSK4, FLA-ST and ODN-M362, respectively. Taken together,
these results revealed that AvBD2 play a pivotal role in host innate immunity response
to NDV infection. The mRNA expression of AvBD2 might be regulated in a p38
MAPK-dependent manner.

Keywords: avian β-defensin 2, Newcastle disease virus, antiviral activity, ligands of toll-like receptors, p38 MAPK
signaling pathway

INTRODUCTION

Newcastle disease virus (NDV), also known as avian paramyxovirus type 1, belongs to the genus
Avulavirus in the family paramyxoviridae (Mayo, 2002) and is the etiological agent of Newcastle
disease (ND), which is an important disease hazardous to the poultry industry. As a negative-sense,
single-stranded, non-segmented, enveloped RNA virus, the NDV genome consists of 15,586
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nucleotides (Liu et al., 2012). ND has a global distribution with
a wide host range that not only results in high morbidity and
mortality in poultry, but also has a great negative effect on the
productivity of surviving birds (Wang et al., 2012). Numerous
studies have focused on characterizing the pathogenesis of
different NDV isolates in past years, while few studies have been
done to evaluate host response to NDV infection. Our recent
study demonstrated that NDV infection induces strong innate
immune responses and intense inflammatory responses at early
stage in goose (Xu et al., 2016). Similarly, it has been also reported
that pigeon paramyxovirus type 1, a variant of NDV, induces
immune responses characterized by activation of TLRs (TLR3
and TLR7), iNOS, and avian β-defensin (AvBD) 2 and 10 of
pigeons post infection (Li et al., 2015).

The innate immune system is the first line of host defense
against invading pathogens. Upon viral infection, the host cell
detects the presence of viral components by means of germline-
encoded pattern-recognition receptors (PRRs). In vertebrate
species, three types of PRRs engage to recognize viruses:
nucleotide oligomerization domain (NOD)-like receptors, Toll-
like receptors (TLRs), and retinoic acid-inducible gene-1-like
receptors (Yoneyama et al., 2004; Le Goffic et al., 2006; Allen
et al., 2009; Barjesteh et al., 2016). TLRs are important PRRs
that recognize essential components of microorganisms, such as
membrane proteins, lipids, and nucleic acids (Rock et al., 1998).
To date, at least 13 TLRs have been identified in mammals.
Although TLR9 is absent and TLR8 is disrupted by a retroviral-
like insertion element in avian species, other TLR orthologs have
been described in avian species (Cheng et al., 2015). Additionally,
two uncommon avian TLRs, TLR15 and TLR21, have been
also identified (Keestra et al., 2010; Ramasamy et al., 2012).
Interactions of TLRs with their specific ligands lead to an innate
immune response through activation of MyD88-dependent or -
independent intracellular pathways to activate the transcriptional
factors mitogen-activated protein kinase (MAPK) and nuclear
factor-kappa B (NF-κB), resulting in the expression of host
defense peptides (HDPs, also known as antimicrobial peptides)
and cytokines (Sato et al., 2005; Yamamoto and Takeda, 2010;
Abdel-Mageed et al., 2014).

The MAPK signal transduction pathways are evolutionarily
conserved in eukaryotes and involved in many cellular processes,
including immune response, apoptosis, and proliferation (Chang
and Karin, 2001; Whitmarsh, 2007; Kyriakis and Avruch, 2012).
The MAPK family of serine/threonine kinases consists of at
least three subfamilies: c-Jun N-terminal kinase (JNK), p38
MAPK, and extracellular signal-regulated kinase 1/2 (ERK1/2)
(Kogut et al., 2012). As a regulator of the transcription factor
c-Jun and a mediator of intra- or extra-cellular stress, the JNK
cascade is the stress-activated protein kinase cascade (Davis,
1994; Plotnikov et al., 2011). The p38 cascade is another MAPK
pathway that demonstrates considerable cross-talk and shares
components with the other stress-induced cascade of JNKs
(Plotnikov et al., 2011). The ERK1/2 cascade was the first MAPK
pathway elucidated (Seger and Krebs, 1995). In mammalian
cells, HDPs could be induced by activation of MAPKs during
stimulation by extracellular stress signals (Krisanaprakornkit
et al., 2002; Lee et al., 2008; Lewis et al., 2016).

The HDPs are important components of the innate immune
response. Being the most studied family of cysteine-rich HDPs,
defensins are critical to innate immunity and subsequent
protection against infection (Yang et al., 1999). They can be
divided into three subfamilies, named α, β, and θ-defensins
according to their structural properties (Ganz, 2003). α-Defensins
are only present in mammalian species and form disulfide bridges
between Cys1–Cys6, Cys2–Cys4, and Cys3–Cys5. β-Defensins can
be found in all vertebrate species and form disulfide bridges
between Cys1–Cys5, Cys2–Cys4, and Cys3–Cys6. θ-Defensins are
cyclic defensins, with cystine bridges between Cys1-Cys6, Cys2-
Cys5, and Cys3-Cys4 and are found in rhesus monkeys and
baboons (Lehrer and Ganz, 2002; Yang et al., 2004; Klotman
and Chang, 2006; Lehrer et al., 2012; Cuperus et al., 2013).
Of the three defensin subfamilies, only β-defensins have been
found in birds (Cuperus et al., 2013). In addition to antibacterial
activities, defensins from various species have been demonstrated
previously to display antiviral activity. It has been reported
that human β-defensins show direct inhibitory activities against
various viruses, including human immunodeficiency virus (HIV)
(Quinones-Mateu et al., 2003), adeno-associated virus (Virella-
Lowell et al., 2000), adenovirus (Bastian and Schafer, 2001),
influenza virus (Leikina et al., 2005), and respiratory viruses
(Zhao et al., 2016). It is also reported that rainbow trout
β-defensin exhibit antiviral activity against the enveloped viral
hemorrhagic septicemia virus (Falco et al., 2008). In addition
to their direct antimicrobial activity, some β-defensins are
capable of promoting local innate and systemic adaptive immune
responses (Yang et al., 1999; Barabas et al., 2013; Cuperus et al.,
2013). It has been shown that β-defensins from various species
can be induced by various viruses following infection both
in vivo and in vitro (Grubor et al., 2004; Chong et al., 2008;
Ma et al., 2011). Sheep β-defensin-1 was increased following
parainfluenza virus type 3 infection (Grubor et al., 2004).
In mice, influenza virus could induce β-defensin-1, -2, and
-3 upregulation in the lungs (Chong et al., 2006). Human
epithelial cells highly expressed β-defensins when infected virus
(Proud et al., 2004). To date, 14 AvBDs have been identified
in chicken (Lynn et al., 2007). In addition to their antibacterial
potential, AvBDs have also been demonstrated direct antiviral
activity against various viruses, including pigeon Paramyxovirus
type 1 (Li et al., 2015), infectious bronchitis virus (IBV) (Xu
et al., 2015), and duck hepatitis virus (DHV) (Ma et al.,
2012).

Based on the antiviral activity of AvBDs and its importance
in the response to viral infections, as well as the need for new
antiviral drugs, the purpose of this study was to assess induction
of AvBD2 by NDV infection, and then speculate the signaling
pathway of AvBD production.

MATERIALS AND METHODS

Ethics Statement
All animal experimental procedures were approved by the Ethical
and Animal Welfare Committee of Heilongjiang Province, China
(License No. SQ20160408).
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Eggs, Cells Culture, and Virus Strains
Specific-pathogen-free (SPF) embryonated chicken eggs were
supplied by the Harbin Veterinary Research Institute, Chinese
Academy of Agricultural Sciences (Harbin, China). Chicken
embryo fibroblasts (CEFs) were prepared with 9-day-old SPF
embryonated chicken eggs as previously described (Shahsavandi
et al., 2013). The CEFs were cultivated in Dulbecco’s modified
Eagle’s medium (DMEM) supplemented with 10% fetal bovine
serum (FBS), 100 U/ml penicillin, 100 µg/ml streptomycin, and
2 mM L-glutamine, at 37◦C in a humidified atmosphere of 95%
air/5% CO2. Expi293 FreeStyle cells were incubated at 37◦C in a
humidified atmosphere of 90% air/10% CO2 on an orbital shaker
platform rotating at 125 rpm and then maintained in Expi293
Expression medium (Gibco, Carlsbad, CA, United States). The
virulent NDV strain F48E9 was used in this study in the
biosafety level-3 laboratory (Guo et al., 2014). The intracerebral
pathogenicity index of the NDV strain is 2.0 (Guo et al., 2014).
The median cell culture infective dose (TCID50) of the virus in
CEFs was 10−6.75/100 µl (tested in this study).

Infection of CEFs With NDV Strain F48E9
The CEFs were cultured at an initial density of 1 × 104 cells
per well in a 96-well cell culture plate and kept overnight.
Firstly, survival rate of CEFs infected with NDV was measured
by the Cell Counting Kit-8 (CCK-8) assay according to the
manufacturer’s protocol. In brief, CEFs in different multiplicity
of infection (MOI) (0.01, 0.1, 1, 10, and 100) at different time
points (24, 36, and 48 h post-infection, hpi) was added to the
CCK-8 solution (5 mg/ml, 10 µl/well) before incubation at
37◦C for 1 h. Absorbance was then measured at a wavelength
of 450 nm by using a microplate reader (model 680; Bio-Rad
Laboratories, Hercules, CA, United States). Then, CEFs were
cultured in 12-well cell culture plates at a density of 1 × 106

cells per well, and were used at 90% confluence. The cells
were infected with NDV strain F48E9 at MOI of 1 at 37◦C
for 1.5 h. After an absorption period of 1.5 h, the wells were
supplemented with DMEM containing 2% FBS after washing off
the unattached virus. The cytopathic effect (CPE) was observed
for 48 h in succession (Li et al., 2014). At 6, 12, 24, 36, and
48 hpi, the supernatants of the cell cultures were harvested
and assayed for virus titer using the hemagglutination (HA)
and TCID50, as previously described. Both the infected and
uninfected cells were harvested for RNA isolation. Uninfected
cells were used as negative controls in these experiments. The
experiment was performed in triplicate. The challenge test was
conducted in isolators in biosafety level-3 facilities under negative
pressure.

HA and TCID50 Assay
The HA assay was performed according to standard method
as described by reference (Sano and Ogawa, 2014). The end-
point dilution is known as 1 HA unit (HAU) and the number
of HAUs in each 50 µl is the reciprocal of the highest dilution
(Sano and Ogawa, 2014). The TCID50 of NDV F48E9 strain in
CEFs was calculated by using the Reed and Muench method
(Reed and Muench, 1938). The experiment was performed in
triplicate.

RNA Extraction and RT-PCR Analysis
The RNA extraction and One-step Real-Time (RT)-PCR were
conducted as described in previous studies (Xu et al., 2015, 2016).
Primers of 18S rRNA and AvBDs (1–14) used in this study were
described by reference (Xu et al., 2015).

Preparation of AvBD2 Protein in
Eukaryotic Cells
The pCAG (+)-AvBD2-His plasmid, in which AvBD2
cDNA was in frame fused to the C-terminal His tag in the
pCAG (+) vector plasmid (stored in our laboratory), was
constructed by standard molecular biology techniques. Briefly,
cDNA sequences that encoded AvBD2 bases (GenBank
Accession No. NM_204992.2) (amino acid sequence:
RDMLFCKGGSCHFGGCPSHLIKVGSCFGFRSCCKWPWNA)
were amplified by PCR from the plasmid of pProEX-HTa-AvBD2
(Xu et al., 2015) using the following primers: forward, 5′–CCGCT
CGAGGCCACCATGAGGATTCTTTACCTGCTTT–3′; reverse,
5′–CGGGATCCTTAATGGTGATGGTGATGATGTGCATTCCA
AGGCCATTTG–3′. The PCR products flanked by the Xho I and
Bam HI restriction sites were inserted into the same sites of the
pCAG (+) vector. The resulting constructs were confirmed to
contain AvBD2 by sequencing and were then transformed into
Expi293 cells using the ExpiFectamine 293 Transfection system.
A total of 5 days after transfection, the cells were harvested by
centrifugation (750 × g, 25◦C, 5 min) and then lysed by RIPA
Lysis Buffer (Beyotime, Shanghai, China). After centrifugation
(13,000× g, 4◦C, 30 min), the supernatant, including the soluble
AvBD2 protein, was purified using the Ni-NTA Purification
System (Invitrogen), and the purified AvBD2 protein was
desalted using the Amicon R© Ultra-15 3K Centrifugal Filter
Device (EMD Millipore, Temecula, CA, United States). The
released mature AvBD2 was examined by 12% SDS–PAGE (Li
et al., 2015). The concentration of the protein was measured
using the NanoVue Plus spectrophotometer (GE Healthcare,
Cleveland, OH, United States). Then, AvBD2 protein band was
cut out and analyzed by mass spectrometry (Beijing Protein
Innovation Co., Ltd., Beijing, China).

Preparation of AvBD2 Protein in
Prokaryotic Cells
The construct of pProEX-HTa-AvBD2 plasmid (Xu et al., 2015)
was transformed into Escherichia coli BL21 (DE3) competent cells
and induced as described previously (Xu et al., 2015). The protein
was expressed, purified and refolded as described previously (Xu
et al., 2015). Purified AvBD2 protein was desalted using the
3K centrifugal filter device. The protein was examined by 12%
SDS-PAGE (Li et al., 2015). The concentration of the protein
was measured using the NanoVue Plus spectrophotometer (GE
Healthcare, Cleveland, OH, USA).

Antiviral Activity of Recombinant AvBD2
Proteins Against NDV in Vitro
Three experiments were conducted to evaluate antiviral activities
of both recombinant AvBD2 proteins against NDV by using
CCK-8 assay (Gong et al., 2010). (1) The NDV strain (1 MOI) was
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FIGURE 1 | Biological characterization of NDV-F48E9 infection in CEFs. (A) Survival rate of NDV infected CEFs in different MOI at different time points. CCK-8 was
used to detect cell viability. Absorbance was measured at a wavelength of 450 nm by using a microplate reader (model 680; Bio-Rad Laboratories, Hercules, CA,
United States). Protective rate was described as previous reports (Pauwels et al., 1988; Gong et al., 2010). Each group has three replicates. The difference between
the same MOI at three different infection time points is represented by ∗p < 0.05. (B) Cytopathic effect of NDV at 6, 12, 24, 36, and 48 hpi. Black arrow indicated the
syncytia induced by NDV. (C) HA titer of the supernatants of NDV-infected cells. (D) Viral RNA copy numbers measured by RT-PCR in CEFs infected with NDV.
(E) TCID50 of the supernatants of NDV-infected cells. All assays were performed in triplicates. Each bar is the mean ± SEM. a,b,c,dThe values with different letters are
significantly different (p < 0.05)

pre-incubated with various concentrations of AvBD2 (3.75-120
ng/µl) freshly diluted in PB for1.5 h at 37◦C. To begin infection,
the cells were washed twice with PBS in order to remove FBS,
followed by adding 100 µl of the AvBD2 protein-virus mixture
and further incubated for1.5 h at 37◦C. (2) CEFs were infected
with NDV at MOI of 1 and incubated for 1.5 h at 37◦C, followed
by addition of various concentrations of AvBD2 (3.75-120 ng/µl)
further incubated for 1.5 h at 37◦C. (3) AvBD2 protein (3.75-120

ng/µl) was incubated with CEFs for 1.5 h at 37◦C, followed by
addition of NDV (1 MOI) and incubation for another 1.5 h at
37◦C. Then, the cells were washed two times with PBS and 100 µl
of fresh DMEM was added to each well and plates were incubated
at 37◦C for 48 h. Ten µl of CCK-8 solution (5 mg/ml) was added
into each well of the cell culture plate and incubated further for
40 min at 37 ◦C. The absorbance at 450 nm was measured as
described above. Cells without virus and AvBD2 mixture were
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used as a negative control. Cells infected with the virus only
served as a positive control. The antiviral activity of AvBD2 was
calculated as follows: protective rate = [(mean optical density
of test – mean optical density of positive controls) / (optical
density of negative controls – mean optical density of positive
controls)] × 100% (Pauwels et al., 1988; Gong et al., 2010). The
experiments were performed in triplicate. Furthermore, the IC50
value was calculated based on the log values by using GraphPad
Prism 5 software in the present study (Motulsky, 2007).

Stimulation of CEFs With TLR Ligands
The CEFs were cultured in 12-well cell culture plates and
were used at 90% confluence. All TLR ligands were purchased
from InvivoGen (San Diego, CA, USA) and were dissolved
in double distilled H2O. The cells were stimulated with
Pam3CSK4 (synthetic triacylated lipoprotein) (0.4 µg/ml), LPS
(standard preparation of lipopolysaccharide from E. coli 055: B5)
(2 µg/ml), poly I:C (polyinosinic-polycytidylic acid) (50 µg/ml),
FLA-ST (flagellin from Salmonella typhimurium) (2 µg/ml),
R848 (imidazoquinoline compound) (5 µg/ml), and ODN-M362
(class C CpG oligonucleotide) (2.5 µM), respectively, and then
harvested at 6, 24, and 48 h post-stimulation (hpt) for RNA
isolation and AvBD2 mRNA evaluation as described above.
The negative controls were treated with the same volume
of endotoxin-free H2O. All experiments were performed in
triplicate.

Inhibition Assay of Signaling Pathway
The CEFs were cultured in 12-well cell culture plates and
were used at 90% confluence. CEFs were pre-treated for 1 h
with various inhibitors (Beyotime, Shanghai, China) of the
signaling pathway dissolved in dimethyl sulfoxide (DMSO). The
following concentration were used: JNK inhibitor (SP600125),
50 µM; ERK1/2 inhibitor (PD98059), 50 µM; p38 MAPK
inhibitor (SB203580), 50 µM; NF-κB inhibitor (PDTC), 50 µM;
the negative control (DMSO, volume < 0.1%), and an
untreated control, respectively. Two experiments were conducted
to evaluate inhibition of the signaling pathway on AvBD2

expression elicited by either of NDV, or ligands of TLRs.
After pre-treatment with inhibitors for 1 h, (1) The cells were
infected with NDV (1 MOI) at 37◦C for 1.5 h. The wells were
supplemented with DMEM containing 2% FBS after washing off
the unattached virus and the CEFs were cultured for another 36
or 48 h. (2) Either of ODN-M362 (2.5 µM), FLA-ST (2 µg/ml),
or Pam3CSK4 (0.4 µg/ml) were added to the plates and the CEFs
were cultured for another 24 h. Then, the cells were harvested for
RNA isolation and AvBD2 mRNA evaluation as described above.
All experiments were performed in triplicate.

Statistical Analysis
Statistical analysis was used GraphPad Prism software v5.01
(GraphPad Software Inc., San Diego, CA, United States). One-
way analysis of variance followed by the Tukey–Kramer post-test
was used. A p< 0.05 was considered statistically significant.

RESULTS

Biological Characterization of NDV
Strain F48E9 Infection in CEFs
The CEFs were infected with NDV strain F48E9 at different
MOI (0.01, 0.1, 1, 10, and 100). Cell survival rate was measured
using the CCK-8 assay at different hours post-infection (24, 36,
and 48 hpi). The results showed that the survival rate of cells
was significantly increased in treatments of 1–100 MOI of NDV
infection at 24 hpi, compared to the other treatments (p < 0.05)
(Figure 1A). Then, the CPE (1 MOI) was monitored for 48 h.
The results showed no obvious CPE in NDV-infected CEFs
until 24 hpi. The CPE was characterized by syncytia owing to
coalescence with adjacent infected cells (Figure 1B). Similarly,
HA titers of cell supernatants were undetectable at 6 and 12 hpi,
but it was detectable at 24 hpi and peaked at 48 hpi (Figure 1C).
To confirm the presence of NDV in the infected cells, viral loads
of NDV in CEFs were examined by RT-PCR (Figure 1D). Viral
replication was time-dependent, occurring as early as 6 hpi, and
peaked at 36 hpi. In contrast, no viral RNA was detected in

**
**

0

1

2

3

4 6 hpi
12 hpi
24 hpi
36 hpi
48 hpi

R
el

at
iv

e f
ol

d 
ch

an
ge

 of
 A

vB
D

s

FIGURE 2 | Relative gene expression of AvBDs in response to NDV infection in CEFs. Fold change of mRNA expression in CEFs of each group were measured by
RT-PCR at 6, 12, 24, 36, and 48 hpi, respectively. Transcript levels of AvBDs were normalized to 18S rRNA and mRNA expression is shown as the fold change
relative to the control. All assays were performed in triplicate, and each bar is the mean ± SEM. Statistically significant differences between groups are indicated by
∗p < 0.05 or ∗∗p < 0.01.
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FIGURE 3 | Recombinant expression of AvBD2 protein and antiviral activity of AvBD2 against NDV. (A) 12% SDS–PAGE analysis of His-tagged recombinant AvBD2
protein expressed in E. coli BL21 (DE3) cells. Lane 1: Supernatant; lane 2: Inclusion body; lane 3: Total protein of Rosetta containing AvBD2 without IPTG induction;
lanes 4–6: Total protein of Rosetta containing AvBD2 at 2, 4, 6 h after induction with IPTG, respectively; lane 7: Purified recombinant AvBD2 protein; lane M: Protein
marker. (B) 12% SDS–PAGE analysis of His-tagged AvBD2 protein expressed in Expi293 cells. Lane 1: purified AvBD2 with a His-tag on the C-terminal; lane 2:
purified vector with a His-tag on the C-terminal; lane M: protein molecular weight marker. (C) Protection of CEFs from NDV infection by using the CCK-8 assay. Red
curve, NDV (1 MOI) and AvBD2 protein (3.75–120 ng/µl) were mixed for 1.5 h at 37◦C. Cells were washed and then incubated with the NDV-AvBD2 protein mixture
for another 1.5 h at 37◦C. Green curve, NDV (1 MOI) and equal volume of PB were mixed and then incubated with CEFs for 1.5 h at 37◦C. Cells were washed and
incubated with AvBD2 protein and equal volume of DMEM without serum for another 1.5 h. Purple curve, AvBD2 protein (3.75–120 ng/µl) and equal volume of
DMEM without serum were mixed to incubate with CEFs for 1.5 h at 37◦C. Cells were washed and then the mixtures of NDV (1 MOI) and equal volume of PB were
added and incubated with CEFs for another 1.5 h at 37◦C. Then, the cells were washed, and 2% DMEM were added and incubated for 48 h at 37◦C. Then CCK-8
solution (5 mg/ml, 10 µl/well) was added to the plate. The absorbance at 450 nm was measured using a microplate reader after the incubation at 37◦C for 1.5 h.
The vector was used as control for each group. Cells without virus-protein mixture were also used as a negative control. Cells only infected with the virus served as a
positive control. The experiment was performed in triplicate.

the uninfected cells (data not shown). Collectively, these results
confirmed successful NDV infection of cells. Furthermore, the
supernatant was tested for TCID50 in CEF and the result showed
that the titers were detectable at 12 hpi and reached the highest at
48 hpi (Figure 1E).

Changes in mRNA Expression of AvBDs
in CEFs in Response to Infection With
NDV Strain F48E9
In order to determine whether mRNA expression of AvBDs in
CEFs was induced in response to NDV infection, expression
of AvBDs 1–14 in the CEFs was evaluated at 6, 12, 24,
36, and 48 hpi, respectively, using RT-PCR. In general, most
of the AvBDs measured were detectable in both the control
and the infected CEFs at each time point. In contrast, little

expression of AvBD1, 7, 8, 13, and 14 was detected in
CEFs during the experimental period (Figure 2). Interestingly,
of the 14 AvBDs, only AvBD2 expression was significantly
upregulated in CEFs at 36 hpi, and peaked at 48 hpi, as
compared with the control (p < 0.05). However, upregulation
of the other AvBDs expression was less significant in NDV
infected CEFs at each time point, as compared to the control
(p> 0.05).

Antiviral Activity of Recombinant AvBD2
Protein Against NDV in Vitro
In order to evaluate the antiviral activity of AvBD2 against
NDV in vitro, recombinant AvBD2 proteins were expressed and
purified in both prokaryotic cells (Figure 3A) and eukaryotic
cells (Figure 3B). The two kinds of recombinant AvBD2 protein
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sample were separated on 12% SDS–PAGE. The gel band
was then confirmed by mass spectrometry. The result showed
that the molecular weight of the recombinant protein was
approximately 7.5 kDa, and pI value was 9.38. The Mascot
Score of the gel band confirmed by mass spectrometry was
342. Proteins with significant score of > 21 (p < 0.05) were
considered successfully identified. This result confirmed that
AvBD2 protein was successfully expressed in eukaryotic cells.
Detailed information about the result of mass spectrometry is
shown in Table 1.

To evaluate the antiviral activity of the two kinds of
recombinant AvBD2 proteins against NDV, three experiments
were conducted by measuring cell viability with the CCK-8
assay. The protective rate of cells is significantly increased in
the treatment in which NDV was pre-incubated with AvBD2
expressed in eukaryotic cells, compared to that of the other
two treatments. The result demonstrated that the recombinant
AvBD2 showed directly antiviral activity against the NDV strain.
The protective rate reached 93.35% at the concentration of
120 ng/µl (Figure 3C). The IC50 of the recombinant AvBD2
was 19.61 ± 4.76. In addition, the results of the cytotoxicity by
CCK-8 assay indicated that the recombinant AvBD2 showed little
cytotoxicity in CEFs, even at concentration of 120 ng/µl (data
not shown). In contrast, little significant protection against NDV
was found by recombinant AvBD2 expressed in prokaryotic cells
(even at concentration of 300 ng/µl), compared with the control
group (data not shown).

Effect of MAPKs/NF-κB Signaling
Pathway Inhibitors on AvBD2 Expression
in CEFs Infected With NDV
In order to elucidate the regulatory mechanism of AvBD2
expression in response to NDV infection, CEFs were infected
with NDV for 36 and 48 h after pre-treatment with MAPK and
NF-κB pathway inhibitors, respectively. However, AvBD2 mRNA
expression was not detectable at both time points (Figure 4),
which may be due to insufficient upregulation of AvBD2 mRNA
expression induced by NDV (the fold change relative to the
uninfected group is less to 3). Alternatives to NDV, such as ligands
of TLRs, needed to be identified for further study.

Regulation of AvBD2 Expression in CEFs
by TLR Ligands
In order to further understand the molecular basis of the
regulation of AvBD2 secretion in response to NDV infection,
ligands of TLRs were chosen as alternatives to NDV in the
study. Different TLR ligands, namely, Pam3CSK4 (TLR1/2),

polyI:C (TLR3), LPS (TLR4), FLA-ST (TLR5), R848 (TLR7),
and ODN-M362 (TLR21) were employed in this study. The
mRNA expression of AvBD2 was evaluated in CEFs stimulated
with each TLR ligands at 6, 24, and 48 hpt, respectively.
The results demonstrated that mRNA expression of AvBD2 in
CEFs was significantly up-regulated by Pam3CSK4, FLA-ST,
and ODN-M362 stimulation at both 24 and 48 hpi, compared
with respective control (Figure 5). In contrast, little significant
regulation on AvBD2 expression was observed by polyI:C, LPS,
and R848 in this study.

The p38 MAPK Signaling Pathway Plays
an Essential Role in AvBD2 Expression
Induced by TLR Ligands
In order to elucidate which signaling pathway regulates
secretion of AvBD2, we have succeeded in detecting ERK,
p38, JNK kinases, and NF-κB 1 in CEFs in this study. Then,
inhibition of transcriptional factor in CEFs was performed.
As shown in Figure 6, expression of AvBD2 was significantly
inhibited by SB203580 in TLR ligands-induced cells (p < 0.05)

NDV
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FIGURE 4 | Inhibitors of MAPK/NF-κB inhibit AvBD2 expression mediated by
NDV. CEFs were pre-treated with 50 µM PDTC (NF-κB inhibitor), 50 µM
SP600125 (JNK inhibitor), 50 µM SB203580 (p38 MAPK inhibitor), or 50 µM
PD98059 (ERK1/2 inhibitor) for 1 h, then infected with or without NDV (1 MOI)
for another 36 or 48 h. Fold change of mRNA expression in CEFs of each
group were measured at 36 or 48 hpi using RT-PCR. Transcript level of AvBD2
was normalized to the levels of 18S rRNA in the same samples and gene
expression is presented as the fold change relative to the uninfected group. All
assays were performed in triplicate, and each bar is the mean ± SEM.

TABLE 1 | Analyses of AvBD2 by mass spectrometry.

Accession No.a Ion scoresb Matched
peptidesc

Sequence coverage Mass pI value Protein name

P46158 342 RDMLFCK
VGSCFGFR

23% 7479 9.38 Gallinacin-2 OS = Gallus gallus
GN = GAL2 PE = 1 SV = 2

aAccession No. is according to Uniprot database. b Ion scores were from LC-MS/MS identification. Proteins with significant ion score of > 21 (p < 0.05) were considered
successfully identified. cPeptides identified by LC-MS/MS matched the successfully identified protein.
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FIGURE 5 | Induction of AvBD2 mRNA expression following TLR ligands stimulation in CEFs. CEFs were treated with Pam3CSK4 (0.4 µg/ml), polyI:C (50 µg/ml),
LPS (2 µg/ml), FLA-ST (2 µg/ml), R848 (5 µg/ml), and ODN-M362 (2.5 µM), respectively. CEFs in the control groups received medium. Fold change of mRNA
expression in CEFs of each group were measured at 6, 24, and 48 h post-treatment using RT-PCR. Transcript levels of AvBD2 were normalized to 18s rRNA and
mRNA expression is presented as the fold change relative to the control group. All assays were performed in triplicate, and each bar is the mean ± SEM. Statistical
significant difference between cells without and with TLR ligands are indicated by ∗ p < 0.05 or ∗∗p < 0.01.

(including Pam3CSK4, FLA-ST, and ODN-M362, respectively)
(Figures 6A–C). Both SP600125 and PD98059 had only a
partial effect on AvBD2 expression (Figures 6A,C). However,
the mRNA expression of AvBD2 was undetectable in which only
be pre-treated with various inhibitors (no TLR ligands added)
(Figures 6A–C). These results suggested that the p38 MAPK
signaling pathway exhibited a more important role on AvBD2
expression than both the ERK1/2 and JNK signaling pathways
(p < 0.05). In addition, PDTC treatment had little effect on
AvBD2 expression (Figures 6A–C). Together, these data revealed
that transcription factor p38 MAPK may play an important
role in the regulation of AvBD2 production in response to
stimulation with the TLR ligands (Pam3CSK4, FLA-ST, and
ODN-M362).

DISCUSSION

The ND is an infectious, highly contagious and pathogenic
avian viral disease caused by virulent NDV strains. Despite
considerable understanding of the pathogenesis of the virus, a
little is known about the host-virus interaction. Recent studies
have shown upregulation of AvBDs, cytokines and iNOS in
goose and chickens infected with virulent NDV, respectively
(Ecco et al., 2011; Rasoli et al., 2014; Li et al., 2015; Xu
et al., 2016). However, limited researches have been reported
on mechanism of AvBD induction in chickens infected with
NDV. It is well documented that HDPs, including AvBDs,
are key components of the host innate immune response
against pathogens and potentially provide a link between
innate and adaptive immunity (Cuperus et al., 2013; Garcia-
Valtanen et al., 2014). The present study showed that only
AvBD2 expression was significantly upregulated in CEFs in
response to NDV infection in vitro, comparing to those
of other 13 AvBDs. Consistent with this observation, our

previous reports also showed that AvBDs, including AvBD2,
from various avian species can be induced by several viruses,
including DHV (Ma et al., 2011, 2012), IBV (Xu et al.,
2015), PPMV-1 (Li et al., 2015), and a genotype VIId NDV
(Xu et al., 2016) strain of goose origin (go/CH/LHLJ/1/06)
in vivo. Overall, these studies suggested that AvBDs, especially
AvBD2, are key components of the innate response and
may play pivotal role in the host defense against viral
infection.

Furthermore, the current results also demonstrated that
the recombinant AvBD2 expressed in eukaryotic cells had
directly antiviral activity against the NDV strain in vitro.
Consistent with the present results, the antiviral activity of other
HDPs against different viruses, including human α-defensins
(HNP1–4, HD5, and HD6) against Herpes Simplex Virus
(HSV), Rabbit α-defensins against HSV-1 and -2 (Lehrer
et al., 1985), and Rhesus θ-defensin 2 against HSV-2 (Yasin
et al., 2004), has been well documented in past years. The
antiviral activity of β-defensins from different species against
viruses, including HSV (Hazrati et al., 2006), spring viremia
of carp virus (Garcia-Valtanen et al., 2014), HIV-1 (Quinones-
Mateu et al., 2003), parainfluenza virus 3 (Grubor et al.,
2004), and influenza virus (Gong et al., 2010) have also
been described previously. Similarly, several AvBDs, including
AvBD2, exhibited directly antiviral activity against DHV (Ma
et al., 2011, 2012), IBV (Xu et al., 2015), and PPMV-1 (Li
et al., 2015) in our recent studies. These findings further
confirmed the importance of HDPs in the host defense
response against viral infection and open the possibility
of developing novel agents based on HDPs to treat viral
infections.

Notably, in contrast to the recombinant AvBD2 protein
expressed in eukaryotic cells, the recombinant AvBD2 protein
expressed in prokaryotic cells exhibited little directly antiviral
activity against NDV in this study. The results were partly
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FIGURE 6 | MAPK signaling pathway is involved in AvBD2 induction mediated
by TLR ligands. CEFs were pre-treated with 50 µM PDTC (NF-κB inhibitor),
50 µM SP600125 (JNK inhibitor), 50 µM SB203580 (p38 MAPK inhibitor), or
50 µM PD98059 (ERK1/2 inhibitor) for 1 h, followed by stimulation with or
without (A) Pam3CSK4 (0.4 µg/ml), (B) FLA-ST (2 µg/ml), or (C) ODN-M362
(2.5 µM) for another 24 h. The DMSO group was used as a negative control.
Fold change of mRNA expression in CEFs of each group were measured by
RT-PCR at 24 h post-treatment. Transcript level of AvBD2 was normalized to
the levels of 18S rRNA in the same samples and gene expression is presented
as the fold change relative to the control group. All assays were performed in
triplicate, and each bar is the mean ± SEM. a,b,c,d,eThe values with different
letters are significantly different (p < 0.05).

different from previous study on the other virus (Xu et al., 2015).
The possible reason needed to be further study. It is considered
that structural organization of most defensins is essential for
their antimicrobial activity (Hoover et al., 2003). Previous

study showed that antimicrobial activity of linear AvBD2-Acm
protein is lower than the fully oxidized protein, indicating
the critical role of the tertiary structure on antimicrobial
activity (Derache et al., 2012). Eukaryotic cell expression
system could provide post-translational modifications, such
as glycosylation and correct protein folding, which is critical
to biological activity of protein (de la Salle et al., 1985).
In this study, Expi293 FreeStyle cells were used to transfect
pCAG (+)-AvBD2-His plasmid in the eukaryotic expression
system. The antiviral activity of the recombinant AvBD2
against NDV might be related to its fully modified and folded
tertiary structure.

The MAPK family is responsible for important signaling
pathways which regulate immune responses (Xing et al.,
2010). It was reported that the responses of HDPs to TLR
ligands rely on the NF-κB or/and MAPK signaling pathways
in mammals in vitro (Frigo et al., 2004; Roux and Blenis,
2004, Lee et al., 2008; Han et al., 2009, Lewis et al.,
2016). Previous study also reported that avian influenza virus
activates ERK, p38 and JNK in avian species (Xing et al.,
2010). In this study, we found that AvBD2 expression was
significantly suppressed by inhibitor of p38 MAPK. The
results revealed that AvBD2 expression might mainly responds
to TLR ligands through the p38 MAPK signaling pathway.
Consistent with the current results, it was also reported that,
in most cases, regulation of TLRs was independent of NF-
κB but dependent on one or more of the MAPK pathway
components (Krisanaprakornkit et al., 2002; Peroval et al.,
2013). Similarly, inhibition of p38 MAPK by SB203580 could
abolish HBD2 up-regulation by NTHi in human middle ear
epithelial cells (Lee et al., 2008). These results showed that
β-defensin 2 has a similar regulatory mechanism in different
species.

CONCLUSION

This study reports that the mRNA expression of AvBD2
was upregulated in CEFs by NDV strain F48E9 infection
in vitro and the recombinant AvBD2 protein expressed
by eukaryotic cells demonstrated direct antiviral activity
against the NDV strain. The AvBD2 expression is also
induced by ligands of TLRs (Pam3CSK4, FLA-ST, and ODN-
M362), and suppressed by inhibitor of p38 MAPK. Our
results revealed that AvBD2 play a pivotal role in host
innate immunity response to NDV infection. The AvBD2
expression might be regulated in a p38 MAPK-dependent
manner.
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