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Abstract
Infection of chickens with virulent Newcastle disease virus (NDV) is associated with severe pathology and increased morbid-
ity and mortality. The innate immune response contributes to the pathogenicity of NDV. As professional antigen-presenting 
cells, dendritic cells (DCs) play a unique role in innate immunity. However, the contribution of DCs to NDV infection has 
not been investigated in chickens. In this study, we selected two representative NDV strains, i.e., the velogenic NDV strain 
Chicken/Guangdong/GM/2014 (GM) and the lentogenic NDV strain La Sota, to investigate whether NDVs could infect LPS-
activated chicken bone-derived marrow DCs (mature chicken BM-DCs). We compared the viral titres and innate immune 
responses in mature chicken BM-DCs following infection with those strains. Both NDV strains could infect mature chicken 
BM-DC, but the GM strain showed stronger replication capacity than the La Sota strain in mature chicken BM-DCs. Gene 
expression profiling showed that MDA5, LGP2, TLR3, TLR7, IFN-α, IFN-β, IFN-γ, IL-1β, IL-6, IL-18, IL-8, CCL5, IL-10, 
IL-12, MHC-I, and MHC-II levels were altered in mature DCs after infection with NDVs at all evaluated times postinfection. 
Notably, the GM strain triggered stronger innate immune responses than the La Sota strain in chicken BM-DCs. However, 
both strains were able to suppress the expression of some cytokines, such as IL-6 and IFN-α, in mature chicken DCs at 24 
hpi. These data provide a foundation for further investigation of the role of chicken DCs in NDV infection.

Abbreviations
NDV  Newcastle disease virus
BM-DCs  Bone-marrow-derived dendritic cells
CEFs  Chicken embryo fibroblasts
MHC  Major histocompatibility complex
PRRs  Pattern recognition receptors
TBST  Tris-buffered saline containing 0.05% 

Tween-20
SPF  Specific-pathogen-free
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Introduction

Newcastle disease virus (NDV) is a member of the family 
Paramyxoviridae, genus Avulavirus, and can cause New-
castle disease (ND) [2]. Despite vaccination and culling 
of infected birds in most countries, ND outbreaks occur 
frequently, particularly in developing countries, including 
China [11, 48, 55]. NDVs have a negative-sense, non-seg-
mented, single-stranded RNA genome of approximately 
15.2 kb that encodes six structural proteins, including 
hemagglutinin-neuraminidase (HN), nucleoprotein (NP), 
fusion protein (F), phosphoprotein (P), matrix (M), RNA-
dependent RNA polymerase (L), and two non-structural 
proteins (V and W proteins) [4, 5]. Based on the cleavage 
site of the F protein and their pathogenicity in chickens, 
NDV strains are classified as velogenic, mesogenic, or len-
togenic [33]. Virulent strains produce a severe systemic 
disease with high mortality in chickens [25].

Since the first infectious NDV derived from cloned 
cDNA was recovered, several studies have shown that the 
virulence of NDV is determined by multiple genes in the 
viral genome [12, 34, 35]. NDV has been shown to initi-
ate the host innate immune response in different suscep-
tible birds, such as chickens, pigeons, ducks, and geese 
[23, 26, 41, 51]. In several in vivo studies, strong immune 
responses were observed in the spleens of chickens follow-
ing infection with virulent NDV, and the expression levels 
of type I and II interferons (IFN-α, IFN-β, and IFN-γ), 
cytokines (i.e., IL-6 and IL-1β), chemokines (i.e., IL-8 and 
CCLi3), and inducible nitric oxide synthase (iNOS) were 
significantly increased [10, 13, 39, 41]. It has therefore 
been concluded that NDV is involved in modulation of 
cytokine responses in the peripheral blood and thymus of 
NDV-infected chickens [21, 30]. Consistent with these in 
vivo results, NDV has also been shown to induce cytokine 
expression in several cell lines, including chicken embry-
onic fibroblasts (CEFs) and chicken splenic leukocytes 
(i.e., IFNs, IL-1β, and IL-6), chicken macrophages (i.e., 
IFN-α and IFN-β), peripheral blood mononuclear cells 
(PBMCs; i.e., IFN-γ and iNOS) [1, 20, 24, 27, 41]. These 
findings highlight that the host innate immune response 
induced by NDV may be associated with its pathogenicity.

DCs are not only adept at antigen processing and pres-
entation but also secrete cytokines, such as type I and II 
interferons, and activate natural killer (NK) and NKT cells 
in response to microbial infection [44]. The key roles of 
DCs in the immune response highlight their importance 
in defending the host against foreign pathogens, such as 
viruses. In the lungs, chicken DCs are involved in uptake 
of bacterial or viral antigens, indicating that chickens DCs 
may have an important role in initiation of the host innate 
immune response against respiratory virus infections, such 

as NDV and avian influenza virus (AIV) [8]. After the first 
functional chicken-derived DCs were produced in vitro 
in 2010 [49], subsequent studies have shown that highly 
pathogenic avian influenza viruses (HPAIVs) can elicit a 
strong innate immune response and enhance the activa-
tion of DCs, which may cause deregulation of the immune 
response [47]. However, the role of mature chicken DCs in 
response to NDVs is still not clear.

To investigate the role of mature chicken DCs in NDV 
infection, we compared the replication ability of NDV strains 
with differing pathogenicity and the immune response in 
mature chicken BM-DCs following infection with velo-
genic and lentogenic NDV strains. These data are expected 
to improve our understanding of the role of DCs in chickens 
following infection with NDV.

Materials and methods

Animals, viruses, and cells

Ten-day-old specific-pathogen-free (SPF) chicken eggs 
and 1-day-old SPF chickens were supplied by Guangdong 
Wens Dahuanong Biotechnology Co., Ltd. (China). Two 
NDV strains, the velogenic strain GM (GenBank acces-
sion number DQ486859) and the lentogenic strain La Sota 
(GenBank accession number AF077761), were preserved 
in our laboratory (National and Regional Joint Engineer-
ing Laboratory for Medicament of Zoonosis Prevention and 
Control, China) as described previously [27]. The viruses 
were propagated in 10-day-old SPF embryonated chicken 
eggs and stored at − 80 °C until further use. Chicken BM-
DCs were isolated and cultured as described previously [28, 
29]. In brief, BM-DCs were generated from 7- to 10-day-old 
SPF chicken bone marrow and cultured in complete RPMI-
1640 medium (Gibco, CA, USA) supplemented with 10% 
foetal bovine serum (BI), 1% penicillin-streptomycin, and 
30–50 ng of recombinant human granulocyte-macrophage 
colony-stimulating factor and recombinant human inter-
leukin (IL)-4 (Pepro Tech, NJ, USA) per mL at 39 °C in 
an atmosphere containing 5%  CO2. After 7 days of culture, 
these cells were stimulated with lipopolysaccharide (LPS) 
for 24 h. Subsequently, chicken BM-DCs were identified 
using an FC500 flow cytometer (Beckman Coulter, Brea, 
CA, USA) with PE-conjugated anti-mouse CD11c and 
FITC-conjugated anti-mouse CD86 monoclonal antibodies 
(Affymetrix eBioscience, CA, USA). Primary CEFs were 
obtained from 10-day-old SPF embryonated chicken eggs 
as described previously [42].
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Infection of mature chicken BM‑DCs with NDV

After stimulation with LPS for 24 h, large veils (a sign of 
maturation) were observed in most of the cells. These mature 
BM-DCs were then infected with the NDV strain GM or La 
Sota at a multiplicity of infection (MOI) of 0.1 in serum-free 
medium for 1 h at 39 °C in an atmosphere containing 5% 
 CO2. The cells were then washed three times with phos-
phate-buffered saline (PBS) and cultured in growth medium 
containing 2% inactivated chicken serum. The supernatants 
and cell lysates from NDV-infected BM-DCs and mock-
infected BM-DCs were harvested at 6, 12, 24, 36, and 48 h 
postinfection (hpi).

Western blotting

Total protein samples from the culture were extracted, sepa-
rated by sodium dodecyl sulphate polyacrylamide gel elec-
trophoresis on 10% gels, and transferred to 0.45-μm nitro-
cellulose membranes (Millipore, USA). Membranes were 
blocked with 7.5% non-fat dry milk at 37 °C for 1 h and 
then incubated overnight at 4 °C with antibodies against 
NP (Zoonogen, Beijing, China) or mouse monoclonal anti-
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) anti-
bodies (Beyotime Inst Biotech, Shanghai, China). The mem-
branes were washed three times with Tris-buffered saline 
containing 0.05% Tween-20 (TBST) and incubated with 
IRDye 800CW goat anti-rabbit or anti-mouse IgG (1:10, 
000; Rockland Immunochemical, Limerick, PA, USA) at 
37 °C for 1 h. Finally, the membranes were washed three 
times with TBST and visualized using an Odyssey Infrared 
Imaging system (LI-COR Biosciences, Lincoln, NE, USA).

RNA isolation and cDNA synthesis

Total RNA was collected from cells using an RNA extrac-
tion kit (TaKaRa, Dalian, China) according to the manu-
facturer’s instructions. All purified RNA samples were 
assayed for quantity and quality using an Ultrospec 2000 
mass spectrophotometer (Pharmacia Biotech, Uppsala, Swe-
den). Subsequently, approximately 1 μg of RNA was reverse 
transcribed into cDNA using a SuperScript III First-Strand 
Synthesis System (Takara) according to the manufacturer’s 
protocol and stored at −20 °C until further analysis.

Growth characteristics of the two NDV strains 
in mature chicken BM‑DCs

To compare the replication ability of the GM and La Sota 
strains in mature chicken BM-DCs, the viral titres in cell 
supernatants from BM-DCs after infection with GM or La 
Sota strains at 6, 12, 24, 36, and 48 hpi were determined 
using a hemagglutination (HA) test and expressed in terms 

of the 50% tissue culture infective dose  (TCID50) on CEFs 
as previously described [27].

Quantitative reverse transcription polymerase chain 
reaction (qRT‑PCR) analysis

qRT-PCR was performed to measure the RNA levels of 
NDV M gene and mRNA levels of pattern recognition 
receptors (PRRs), cytokines, chemokines, and MHC mol-
ecules using SYBR Premix Ex Taq (TaKaRa) with a 7500 
Fast Real-Time PCR system (Applied Biosystems, Foster 
City, CA, USA) according to the manufacturer’s instruc-
tions. Primers (Table 1) used in this study for qRT-PCR 
were selected from previous studies and synthesised by Life 
Technologies. The following PCR conditions were utilized: 
95 °C for 30 s, followed by 40 cycles of 95 °C for 5 s and 
60 °C for 34 s. To confirm the specificity of the SYBR Green 
PCR signal, dissociation curves were carefully analysed, and 
purified amplified products were cloned into the pMD19-T 
vector and sequenced.

Enzyme‑linked immunosorbent assay (ELISA)

The concentrations of IL-6 and IL-8 in culture supernatants 
from NDV and mock-infected mature chicken BM-DCs at 
36 hpi were determined using commercial sandwich ELISA 
kits (Boster, Beijing, China) according to the manufacturer’s 
instructions.

Statistical analysis

The data are presented as the mean ± standard deviation 
(SD). Statistical analysis of NDV titre data was conducted 
using Student’s t-test for pairwise comparisons, and differ-
ences in the expression levels of immune molecules were 
analysed using analysis of variance (ANOVA) with Dunn’s 
multiple comparison test in GraphPad Prism 5 (GraphPad, 
Inc., San Diego, CA, USA). The relative expression levels 
of the genes were calculated by normalizing the levels of 
the target genes to that of GAPDH using the formula 2−ΔΔCt 
[31]. Differences with p-values less than 0.05 were consid-
ered significant. The data were confirmed in at least three 
independent experiments.

Results

Confirmation of NDV infection in cultured mature 
chicken BM‑DCs

In our culture system, over 80% of the cells in LPS-
treated BM-DCs displayed double-positive staining for 
CD11c and CD86, in flow cytometric analysis, indicating 
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maturation of the DCs, while this was observed in only 
32.6% of mock-treated BM-DCs (Fig. 1A). To investigate 
whether NDVs can infect mature chicken BM-DCs, we 
inoculated LPS-treated BM-DCs with NDV strain GM or 
La Sota at an MOI of 0.1 and observed morphological 
changes at 36 hpi. As shown in Figure 1B, an obvious 
cytopathic effect (CPE), including syncytium formation, 
and detachment, was observed in mature chicken BM-DCs 
following infection with the virulent GM strain; however, 
no obvious CPE was observed in BM-DCs after infec-
tion with the avirulent strain La Sota. Meanwhile, the 
expression of the NP protein of NDV was detectable at 36 
hpi in NDV-infected cells, but not in mock-infected cells 
(Fig. 1C).

To compare the proliferation of different NDV strains 
in mature chicken DCs, the multicycle growth kinetics of 
the GM and La Sota strains were determined by measur-
ing the number of  TCID50 units in CEFs. The viral titer of 
the GM strain was  103.94  TCID50 at 12 hpi, and the high-
est viral titer was  107.29  TCID50 at 36 hpi, while those of 
the La Sota strain were  102.42  TCID50 and  103.97  TCID50, 
respectively (Fig. 1D). In addition, the mRNA expression 
levels of the M gene of the GM and La Sota strains in 
BM-DCs, as determined by qRT-PCR, were consistent 
with the results of virus titration assays (Fig. 1E). In sum-
mary, these results suggested that the NDV strains infected 
mature chicken BM-DCs efficiently in vitro and that the 
highly virulent strain GM had a significantly higher rep-
lication capacity in mature chicken DCs than the low-vir-
ulent strain La Sota.

Expression of PRRs in NDV‑infected mature chicken 
BM‑DCs

Previous studies have confirmed that PRRs, particularly 
Toll-like receptors (i.e., TLR3 and TLR7) and RIG-I-like 
receptors (i.e., MDA5 and LGP2), are involved in recogni-
tion of NDV infection [6, 46, 52]. In this study, we analysed 
the expression levels of PRRs (TLR3, TLR7, MDA5, and 
LGP2) in mature chicken BM-DCs after infection with the 
GM or La Sota strain at 6, 12, 24, and 36 hpi. The expres-
sion levels of MDA5 and TLR3 were increased through-
out the period of infection, except that induced by GM at 6 
hpi (0.23- and 0.21-fold, respectively), after infection with 
both viruses (Fig. 2A and C). Notably, the expression levels 
of MDA5 showed the highest upregulation (1316.39- and 
328.61-fold; p < 0.001) at 36 hpi when induced by the GM 
and La Sota strain, respectively. Compared with the mock-
infected control, the expression level of TLR7 was signifi-
cantly increased by infection with the GM strain at 6 and 
12 hpi (5.36- and 2.31-fold, respectively; p < 0.01) but was 
downregulated at 24 and 36 hpi (0.43- and 0.31-fold, respec-
tively). In contrast, TRL7 was maintained at baseline levels 
at 6 and 12 hpi and decreased at 24 and 36 hpi (0.15- and 
0.57-fold, respectively) after induction by the La Sota strain 
(Fig. 2D). The expression levels of LGP2 were significantly 
elevated at 12 and 24 hpi in response to infection by the GM 
or La Sota strain but were decreased in the GM-infected 
group at 6 hpi (0.36-fold) and the La Sota-infected group 
at 36 hpi (0.82-fold; Fig. 2B). Thus, our results suggest that 
TLR3, TLR7, MDA5, and LGP2 might be involved in the 

Table 1  Primers used in this study

a Primers for the viral M gene were designed based on sequences of GM and La Sota

Gene Forward primer (5’ → 3’) Reverse primer (5’ → 3’) GenBank accession no. References

MDA5 ATT CCA CAG CCG CAG ATT C CAA GAT TGG CAC AGA TTT TCAGA NM001193638.1 (Kang et al., 2016b)
LGP2 GCT CCA CGG GTA CCA ACT C TCC TTC TCC AAG TGC TGC TG NM001318408.1 (Kang et al., 2016b)
TLR3 ACA ATG GCA GAT TGT AGT CACCT GCA CAA TCC TGG TTT CAG TTTAG NM_001011691 (Kang et al., 2016b)
TLR7 TGT GAT GTG GAA GCC TTT GA ATT ATC TTT GGG CCC CAG TC DQ780342 (Kang et al., 2016b)
IFN-α ATG CCA CCT TCT CTC ACG AC AGG CGC TGT AAT CGT TGT CT EU367971 (Li et al., 2016b)
IFN-β TGC ACA GCA TCC TAC TGC TCTTG GTT GGC ATC CTG GTG ACG AA NM001024836.1 (Kang et al., 2016)
IFN-γ TGA GCC AGA TTG TTT CGA TG CTT GGC CAG GTC CAT GAT A DQ906156 (Kang et al., 2016)
IL-6 CCT GTT CGC CTT TCA GAC CT GGG ATG ACC ACT TCA TCG GG EU170468 (Li et al., 2016b)
IL-18 AGG TGA AAT CTG GCA GTG GAAT ACC TGG ACG GCA GTG GAA T AJ276026 (Li et al., 2016b)
IL-12 TGG AAC GAT GAG ACA CCA GC AGA CAG GCA GGT GTA GTT GC DQ202328 (Kang et al., 2016)
IL-1β GCT CTA CAT GTC GTG TGT GAT GAG TGT CGA TGT CCC GCA TGA NM204524 (Li et al., 2016b)
CCL5 GGA AGC TGC CCC AGA ATC AT GTA TTC CTT CAC CCA CCG GG NM001045832.1 (Li et al., 2016b)
IL-8 ATT CAA GAT GTG AAG CTG AC AGG ATC TGC AAT TAA CAT GAGG DQ393272 (Li et al., 2016b)
MHC-I AAG AAG GGG AAG GGC TAC AA AAG CAG TGC AGG CAA AGA AT NM001031338 (Kang et al., 2016)
MHC-II CTC GAG GTC ATG ATC AGC AA TGT AAA CGT CTC CCC TTT GG DQ008588 (Kang et al., 2016)
NDV AGT GAT GTG CTC GGA CCT TC CCT GAG GAG GCA TTT GCT A /a (Li et al., 2016b)
GAPDH CCT CTC TGG CAA AGT CCA AG CAT CTG CCC ATT TGA TGT TG NM204305 (Li et al., 2016b)
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Fig. 1  Comparison of multicycle growth kinetics of GM and La Sota 
strains in mature chicken BM-DCs. (A) Expression of the surface 
antigens CD11c and CD86 on non-stimulated and LPS-stimulated 
BM-DCs. (B) Morphological changes in chicken DCs infected with 
La Sota and GM (36 hpi; ×100). (C) Western blot analysis of NP 
expression in mature chicken BM-DCs infected with GM and La Sota 
at 36 hpi. (D) Viral titers of culture supernatants from mature chicken 

DCs infected with GM or La Sota at an MOI of 0.1 determined in 
CEFs by hemagglutination (HA) tests. (E) Viral M RNA expression 
measured by qRT-PCR at 6, 12, 24, and 36 h after inoculation with 
GM or La Sota. The data are shown as the mean ± standard deviation 
(SD) from three independent experiments. *, p < 0.05; **, p < 0.01; 
***, p < 0.001

Fig. 2  Expression of mRNA for 
MDA5 (A), LGP2 (B), TLR3 
(C), and TLR7 (D) in mature 
chicken BM-DCs after 6, 12, 
24, and 36 h infection with GM 
or La Sota, was determined by 
qRT-PCR. The y-axis repre-
sents the fold change of the 
target gene in the NDV-infected 
groups versus that in the mock-
infected group. The data are 
shown as the mean ± SD from 
three independent experiments. 
*, p < 0.05; **, p < 0.01; ***, 
p < 0.001



1412 B. Xiang et al.

1 3

response to NDV infection in mature chicken BM-DCs, 
with MDA5 and TLR3 having more-important roles in this 
process.

Expression of antiviral‑related innate immune 
genes in NDV‑infected mature chicken BM‑DCs

The IFN system plays a key role in host defence systems 
against viral infection, such as inhibition of viral replica-
tion and modulation of innate immune responses [19, 38, 
54]. In the present study, we compared the expression levels 
of IFN-I (IFN-α and IFN -β) and IFN-II (IFN-γ) in mature 
chicken BM-DCs after infection with the GM or La Sota 
strain. Notably, IFN-α expression induced by the GM strain 
was upregulated during the study period, except at 24 hpi 
(0.46-fold); peak expression was observed at 12 hpi (11.07-
fold, p < 0.001; Fig. 3A). In contrast, moderate increases 
were observed at 12 hpi (1.47-fold) and 36 hpi (7.69-fold; 
p < 0.001) with decreases at 6 hpi (0.33-fold) and 24 hpi 
(0.09-fold) in La Sota-infected cells (Fig. 3A). However, 
the expression levels of IFN-β and IFN-γ showed differ-
ent patterns in mature chicken DCs when induced by both 
viruses. As shown in Fig. 3B and C, compared with the 
mock-infected control group, IFN-β and IFN-γ were sig-
nificantly upregulated at 12 hpi (45.04- and 4019.71-fold, 
respectively; p < 0.001), subsequently decreased at 24 hpi, 
and then again increased at 36 hpi (7.46- and 991.43-fold, 
respectively), with a peak at 12 hpi when induced by the GM 
strain; however, the expression levels of IFN-β and IFN-γ 
were slightly increased at 6 hpi, peaked at 12 hpi (11.06- and 
3153.23-fold, respectively), gradually decreased at 24 hpi 
(0.01- and 0.14-fold, respectively), and then again increased 
at 36 hpi (4.52- and 610.79-fold, respectively) when induced 
by the La Sota strain. Thus, these results suggest that the 
expression levels of type I and II IFNs were altered in mature 
chicken BM-DCs in response to both viruses, with weaker 
responses for the La Sota strain than for the GM strain and 

stronger responses for IFN-II than for IFN-I in terms of tran-
script levels.

Expression of cytokines and chemokines 
in NDV‑infected mature chicken BM‑DCs

Cytokines and chemokines play important roles in resist-
ance and clearance of viruses. To evaluate the cytokine 
and chemokine responses in mature chicken DCs after 
infection with the GM and La Sota strains, we investi-
gated the expression levels of pro-inflammatory cytokines 
(IL-1β, IL-6, and IL-18), chemokines (IL-8 and CCL5), 
and anti-inf lammatory cytokines (IL-10) in mature 
chicken BM-DCs after NDV infection by qRT-PCR. As 
shown in Fig. 4A and C, the expression levels of IL-6 
and IL-18 induced by the GM strain were decreased at 6 
hpi (0.47- and 0.36-fold, respectively), increased at 12 hpi 
(152.01- and 13.75-fold, respectively; p < 0.001), mark-
edly decreased at 24 hpi (0.49- and 0.98-fold, respec-
tively), and then again elevated at 36 hpi (439.73- and 
18.86-fold, respectively; p < 0.001). Similar patterns were 
observed after infection with the La Sota strain, except 
for the expression of IL-6 at 6 hpi (5.58-fold). In addi-
tion, the expression level of IL-1β in mature chicken 
BM-DCs was suppressed at 6 hpi (0.52- and 0.39-fold, 
respectively), significantly increased at 12 hpi (64.60- and 
2.91-fold, respectively; p < 0.01), gradually decreased at 
24 hpi (13.76- and 2.92-fold, respectively), and then fur-
ther decreased at 36 hpi (3.51- and 1.18-fold, respectively) 
after infection with the GM or La Sota strain (Fig. 4B). 
However, IL-10 was upregulated at all time points when 
induced by the GM or La Sota strain and peaked at 24 hpi 
(9.75- and 6.28-fold, respectively; p < 0.001; Fig. 4D). 
Compared with the mock-infected control, the expression 
level of IL-8 in GM- or La Sota-infected mature DCs was 
upregulated at 6 hpi (5.48- and 7.01-fold, respectively), 
markedly increased at 12 hpi (24.37- and 16.40-fold, 

Fig. 3  Expression of mRNA for IFN-α (A), IFN-β (B), and IFN-γ (C) 
in mature chicken BM-DCs 6, 12, 24, and 36 h after infection with 
GM or La Sota, determined by qRT-PCR. The data are shown as the 
mean  ±  SD from three independent experiments. *, p  <  0.05; **, 

p  <  0.01; ***, p  <  0.001. The y-axis represents the fold change of 
the target gene in the NDV-infected groups versus that in the mock-
infected group
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respectively; p < 0.001), plateaued at the baseline with no 
significant changes at 24 hpi, and then reached a peak at 
36 hpi (121.89- and 41.70-fold, respectively; p < 0.001; 
Fig. 4E). The expression level of CCL5 in mature DCs 
was upregulated throughout the experiment in response to 
both viruses, with greater responses observed for the GM 
strain than for the La Sota strain (Fig. 4F). The expression 
level of IL-12 was significantly increased in GM- or La 
Sota-infected mature chicken DCs at 6, 12, and 24 hpi but 
decreased at 36 hpi (Fig. 4G). Thus, the GM strain could 
elicit stronger cytokine responses than the La Sota strain 
in mature chicken DCs.

Furthermore, ELISAs showed that the concentrations 
of IL-6 and IL-8 in culture supernatants from NDV- and 
mock-infected chicken BM-DCs at 36 hpi were markedly 
increased in mature chicken BM-DCs in response to NDV 
infection, consistent with the transcription level (Fig. 4H).

Expression of MHC class I and II molecules 
in NDV‑infected mature chicken DCs

To investigate whether MHC-I and MHC-II molecules were 
involved in the immune responses of mature chicken DCs 
following infection with NDV, we measured mRNA expres-
sion in mature chicken DCs after NDV infection. Interest-
ingly, MHC-I mRNA was upregulated in response to the 
GM or La Sota strain throughout the duration of the experi-
ment, with peak expression at 24 hpi (116.14- and 76.95-
fold, respectively; p < 0.001; Fig. 5A). In addition, MHC-II 
mRNA expression in mature chicken DCs began to increase 
at 12 hpi (20.54- and 9.56-fold, respectively; p < 0.001), 
peaked at 24 hpi (45.18- and 16.89-fold, respectively; p < 
0.001), and then gradually decreased at 36 hpi (10.88- and 
16.33-fold, respectively; p < 0.001), in response to infec-
tion with the GM or La Sota strain (Fig. 5B). These data 

Fig. 4  Expression of cytokines and chemokines in mature chicken 
BM-DCs 6, 12, 24, and 36 h after infection with GM or La Sota. The 
expression of mRNA for IL-6 (A), IL-1β (B), IL-18 (C), IL-10 (D), 
IL-8 (E), CCL5 (F), and IL-12 (G) was measured by qRT-PCR. (H) 

The concentrations of IL-6 and IL-8 in the supernatants were deter-
mined by ELISA at 36 hpi. The data are shown as the mean ± SD 
from three independent experiments. *, p < 0.05; **, p < 0.01; ***, 
p < 0.001
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indicate that MHC-I and MHC-II may mediate host immune 
responses in mature chicken DCs after infection with NDV.

Discussion

Previous studies have evaluated the immune responses of 
murine DCs infected with NDV [14, 15]; however, no studies 
have evaluated NDV infection in chicken DCs. Meanwhile, 
several studies have demonstrated differences in susceptibil-
ity to viral infection between immature and mature DCs [17, 
43], suggesting that immature and mature DCs play differ-
ent roles during virus infection. Immature DCs can capture 
antigens without activating T cell, while mature DCs are 
crucial for the sustainability of innate immune responses and 
initiation of adaptive immunity [18, 32]. In this study, we 
analysed the ability of NDV to replicate in mature chicken 
BM-DCs and compared the immune response of mature DCs 
after infection with NDV strains with different pathogenicity.

Our results indicated that NDV can replicate in mature 
chicken DCs and that the virulent strain GM replicated more 
efficiently than the avirulent strain La Sota, which was con-
sistent with the proliferation data for these two NDVs in 
CEFs [27]. This could explain why CPE was observed in 
mature chicken DCs in response to the GM strain but not 
to the La Sota strain. Similar responses to AIV were also 
observed in chicken BM-DCs infected with high- and low-
pathogenicity AIVs [47].

In DCs, a variety of PRRs can recognize pathogen-asso-
ciated molecular patterns and induce activation of down-
stream signalling pathways, leading to the production of 
chemokines and cytokines and stimulating the apoptotic 
response [50]. These PRRs, such as TLR3/7, MDA5, and 
LGP2, play essential roles in facilitating the resistance and 
clearance of RNA viruses during the early stage of infec-
tion [53]. In the current analysis, the expression levels of 

MDA5, LGP2, and TLR3 were significantly increased in 
mature chicken BM-DCs after infection with the GM and La 
Sota strains compared with that in control BM-DCs from 12 
to 36 hpi; these data were generally consistent with previous 
studies [23, 26, 41, 51]. Interestingly, the relative expres-
sion levels of these PRRs (MDA5, LGP2, and TLR3) and 
cytokines showed no significant changes in NDV-infected 
cells when compared with uninfected mature DCs at 6 hpi. 
To obtain mature chicken DCs, immature DCs were stimu-
lated with LPS for 24 h. However, LPS can significantly 
up-regulate the expression levels of PRRs (Supplementary 
Material Figure S1), pro-inflammatory cytokines such as 
IL-1β and IL-6, and chemokines such as the IL-8-like mol-
ecules CXCLi1 and CXCLi2 [49]. During the very early 
stage of infection, the expression levels of immune-related 
genes in mature DCs were mainly affected by previous LPS 
stimulation. However, TLR7 was not significantly altered in 
mature DCs after viral infection, with the exception of that 
induced by the GM strain at 6 and 12 hpi, indicating that 
TLR7 in mature chicken DCs may play a relatively minor 
role against NDV infections. Therefore, MDA5, LGP2, and 
TLR3 but not TLR7 may be involved in the early-stage host 
innate immune response following infection with the GM 
and La Sota strains during the early phase of infection in 
mature chicken BM-DCs.

Our earlier study showed that the highly virulent GM strain 
can trigger more-robust pro-inflammatory cytokine expression 
than the low-virulence La Sota strain [27]. In the present study, 
we also observed that the GM strain induced higher expression 
of proinflammatory cytokines than the La Sota strain in mature 
chicken DCs. However, the levels of IL-18, IL-6, and IL-8 
expression were decreased in NDV-infected mature DCs at 24 
hpi, which was inconsistent with the results in CEFs and DEFs 
[24, 27]. It should be noted that the expression level of IL-10 
reached a peak in mature DCs in response to both viruses at 
24 hpi. Studies have shown that IL-10, an anti-inflammatory 

Fig. 5  Expression of mRNA of MHC-I (A) and MHC-II (B) in 
mature chicken BM-DCs 6, 12, 24, and 36 h after infection with GM 
or La Sota, determined by qRT-PCR. The data are shown as the mean 
± SD from three independent experiments. *, p < 0.05; **, p < 0.01; 

***, p  <  0.001. The y-axis represents the fold change of the target 
gene in the NDV-infected groups versus that in the mock-infected 
group
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cytokine, can significantly inhibit the production of inflam-
matory cytokines [9, 40]. The high level of expression of 
IL-10 might result in the downregulation of proinflammatory 
cytokines in mature chicken DCs after infection with NDVs 
at 24 hpi. These results require further investigation in vivo.

Type I (IFN-α, IFN-β) and type II (IFN-γ) IFNs act as key 
mediators of apoptosis, inflammation, and antiviral activity 
[3]. In the current study, we observed that the highly virulent 
NDV strain GM induced a more potent IFN response than 
the low-virulence NDV strain La Sota, which is consistent 
with previous studies [20, 41]. Surprisingly, the expression 
levels of IFN-α, and IFN-β induced by both viruses were 
decreased at 24 hpi, possibly resulting from the high level 
of V protein that can inhibit the induction of type I IFN 
genes [22, 37]. We also observed the downregulation of 
IFN-γ in La Sota-infected mature DCs at 24 hpi. The IFN-γ 
expression level in NDV-inoculated splenocytes decreased 
in a stepwise pattern at 12 and 24 hpi [20]. Meanwhile, DCs 
can produce IFN-γ in response to IL-12 and IL-18 [45]. 
Furthermore, high expression of IL-10, which significantly 
inhibits IFN-γ production in DCs, was observed in NDV-
infected mature DCs [7, 16]. These factors may contribute to 
low expression of IFN-γ in mature chicken DCs after infec-
tion with NDVs at 24 hpi. However, the exact mechanisms 
behind this observation require further investigation.

The acquired immune responses activated by MHC 
molecules can eliminate pathogens such as viruses. In our 
previous studies, we showed that the virulent NDV strains 
SS-10 and NH-10 increased expression of MHC-I, but sup-
pressed expression of MHC-II in CEFs and duck embryonic 
fibroblasts (DEFs) during early-phase NDV infection [24]. 
In agreement with these findings, the expression of MHC-I 
was upregulated in mature DCs in response to both viruses. 
NDV strains SS-10 and NH-10 could suppress the expres-
sion of MHC-II in CEFs, and DEFs [23]. However, a recent 
study demonstrated that high expression of MHC-II induced 
by NDV-like particles (containing the M and HN proteins 
of NDV) was observed in mouse DCs, consistent with our 
study [36]. In the model of mature chicken DCs, both NDV 
strains could significantly increase the expression of MHC-I 
and -II, but higher expression levels were observed in the 
GM-infected group when compared with those in the La 
Sota-infected group. Therefore, these results indicated that 
NDV strains with differing pathogenicity differed in their 
ability to regulate expression of MHC-I and MHC-II at the 
transcription level.

Conclusion

Although both velogenic and lentogenic NDVs could repli-
cate in chicken DCs, the velogenic NDV strain GM triggered 
a stronger innate immune response than the lentogenic NDV 

strain La Sota. Differences in the replication ability of the 
GM strain and the La Sota strain might play an important 
role in the induction of cytokines and chemokines. However, 
to further evaluate the immune response of DCs infected 
with NDV strains with different pathogenicity, future stud-
ies need to be performed using single-cell RNA sequencing 
methods.
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