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Abstract
Various strains of infectious bronchitis virus (IBV) cause different forms of infectious bronchitis with different clinical 
signs. Here, primary chicken embryo kidney (CEK) cells and specific-pathogen-free (SPF) chickens were infected with 
three pathogenic IBV strains, and it was observed that the TLR7-MYD88 pathway was inhibited but the TLR3-TIRF path-
way was activated. After treatment with poly(I:C)-LMW, poly (I:C)-LMW/LyoVec, and Imiquimod, the replication of IBV 
was significantly suppressed after 24 h. However, treatment with TLR3 pathway inhibitors such as Pepinh-TRIF, celastrol, 
chloroquine, and BX795 resulted in increased replication of IBV after 36 h. These results also showed that chloroquine and 
celastrol were most effective inhibitors of the antiviral response at 48 hpi.

Infectious bronchitis is a contagious disease of poultry 
caused by infectious bronchitis virus (IBV), a member of 
the genus Gammacoronavirus [16]. Different strains of IBV 
cause various pathologies [10, 16]. Avian Toll-like recep-
tor (TLR) 3 and TLR7 recognize viral RNA in endosomes 
and induce immune responses [20, 24]. Avian melanoma 
differentiation associated gene 5 (MDA5) is a RIG-I-like 
receptor (RLR) that recognizes long viral RNA in the cyto-
plasm [28]. Previous studies showed that TLR3 contributes 
to the host defense against severe acute respiratory syn-
drome coronavirus (SARS-CoV) and porcine epidemic diar-
rhea virus (PEDV) [2, 23]. Stimulation of TLR3 hindered 
murine coronavirus infection, but stimulation of TLR7 did 
not affect murine coronavirus production [18]. It was also 
shown that MDA5 is critical for host defense during infec-
tion with murine coronavirus [29]. IBV strains may different 
in their pathogenicity and induce different immune response. 
Here, three IBV strains associated with three classic types of 
pathogenicity were chosen to explore potential differences 
in the innate immune responses they induce.

The AH and TM strains of IBV were isolated from sick 
chickens with respiratory signs, kidney changes, and proven-
triculus changes from chicken farms. IBV strain H52 was 
obtained from QYH Biotech Company Limited, Beijing, 
China. Chicken embryo kidney (CEK) cells were prepared 
from the kidneys of 17-day-old specific-pathogen-free 
(SPF) chicken embryos and were cultured in six-well plates 
(5 × 105 cells/well) at 37 °C. For viral infection, CEK cells 
were inoculated with IBV strain AH, TM, or H52 at a multi-
plicity of infection (MOI) of 1 for 1 h at 37 °C. Mock-treated 
CEK cells were incubated with sterile saline solution with-
out virus and then cultured under the same conditions. The 
cells were collected at 12, 24, 36, or 48 h post-inoculation 
(hpi), and total RNA was extracted from the tissue samples 
and cells using TRIzol Reagent (Invitrogen, Carlsbad, CA). 
All experiments were performed in triplicate. The extracted 
RNA was treated with DNase I (1U/μg RNA) for 20 min 
and then reverse transcribed into cDNA. The 20-μL reaction 
mixture contained 2 μg of total RNA, 0.5 μg of anchored 
oligo (dT18), and 2 μL of EasyScript RT/RI EnzymeMix 
in 1× ES Reaction Mix (Transgen Biotech, Beijing, China). 
The reaction mixture was incubated at 42 °C for 30 min 
and then at 85 °C for 5 min. The initial RNA and DNA 
concentrations were determined using a spectrophotometer 
(NanoDrop Technologies, Wilmington, DE). β-actin (ACTB) 
was selected as a control because it is a stably expressed 
and frequently used reference gene. The qPCR reaction 
mixture contained 0.5 μl (10 μmol) of each primer, 10 μl 
of 2× UltraSYBR Mixture (CWBIO, Beijing, China), 8 μl 
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of nuclease-free water, and 1 μl of the appropriate template 
cDNA. The primers used are shown in Table 1. All reactions 
were performed in triplicate on an Applied Biosystems Ste-
pOne Real-Time PCR System (Thermo Fisher, USA). The 
cycling parameters for this reaction were 95 °C for 10 min, 
followed by 40 cycles of 95 °C for 10 s, 60 °C for 30 s, and 
72 °C for 32 s, with a final cycle of 95 °C for 15 s, 60 °C 
for 1 min, 95 °C for 15 s, and 60 °C for 15 s. Standard 
curves were obtained by plotting the crossing point,  Cq, as 
a function of the logarithm of the plasmid DNA concentra-
tion for each target sequence. The copy numbers of cytokine 
genes were determined using standard curves and normal-
ized to the copy number of the reference gene. An ELISA 
kit was used to determine the concentration of IFNβ in cell 
culture supernatants (Cloud-Clone Corp. Wuhan, China). 
To determine protein levels, CEK cells collected from the 
same virus-infected sample at different time points were 
lysed with RIPA lysis buffer (Beyotime Institute of Bio-
technology, Beijing, China). These proteins were subjected 
to SDS-PAGE on a 12% acrylamide gel, and the separated 
protein bands were transferred to a PVDF membrane using 
a trans-blot (Bio-Rad, CA, USA). The membrane strips were 
tested for their reactivity with an anti-MYD88 antibody, an 
anti-TRIF antibody, an anti-NF-κB antibody, or a β-actin 
antibody (Cell Signaling Technology, CA, USA): For in vivo 
experiments, 40 fifteen-day-old SPF chickens were ran-
domly divided into four groups (animal ethics approval no. 

2017-02-13). They were challenged with 0.2 ml of a virus 
suspension  containing106  EID50 of IBV strain AH, TM, or 
H52 or with 0.2 ml of sterile saline solution. The kidneys 
of these chickens were collected at 5 days post-inoculation 
(dpi), since the virus titer in the kidney has been shown to 
reach a peak after 5-7 days [3, 19, 27]. The tissues were 
stored in liquid nitrogen and used later for RNA extraction 
and qPCR assays. To investigate the effect of innate immune 
molecules, agonists of TLR3, TLR7, and MDA5 and inhibi-
tors of key molecules of the TLR3 pathway were added to 
CEK cells that had grown to 80-90% as instructed by the 
reagent manufacturer (InvivoGen, CA, USA) as follows: 
5 μg of imiquimod (a TLR7 agonist) per mL for 12 h, 10 μg 
of low-molecular-weight (LMW) polyinosinic-polycytidylic 
acid (poly(I:C)) (a TLR3 agonist) per mL for 12 h, 0.5 μg 
of poly (I:C)-LMW/LyoVec (an MDA5 agonist) per mL for 
12 h, 10 μM Pepinh-TRIF (a TRIF inhibitor) for 6 h, 5 μM 
celastrol (an NF-κB inhibitor) for 1 h, 50 μM chloroquine 
(an inhibitor of endosomal acidification) for 0.5 h, and 5 μM 
BX795 (a TBK1 inhibitor) for 6 h. The cells were then 
washed with PBS, and their viability was tested using trypan 
blue staining. The treated cells were incubated at an MOI 
of 1 with IBV strain AH, TM, or H52 for 1 h at 37 °C and 
washed again with PBS. Control CEK cells were infected 
with IBV without pretreatment and cultured under the same 
conditions. The cells were collected at 12, 24, 36, or 48 hpi 
for qPCR using a pair of primers specific for the IBV N 

Table 1  qPCR primers and amplification information

Gene name Primer sequence (5′-3′) Product 
size 
(bp)

Accession no Location PCR 
efficiency 
(%)

Correlation 
coefficient 
 (R2)

y-intercept Slope

TLR3 F: GGA AAT CTG TTT GGC CTT ATA CTG 
A

177 NM001011691 661-837 99 0.9907 48.126 -3.534

R: TAA AAC TGT GAG GTT TGT TCC 
TTG C

TLR7 F: TAA AAT TGC TGA CCT AAG GGT 
GTT C

205 NM001011688 1404-1608 101 0.9988 45.289 -3.610

R: CTT GCA ACT TCG ACC ATA TTC ATC 
MDA5 F: TAA GTG GAA ATA CAG GAG GAA 

CAG A
177 NM001193638 726-902 96 0.9973 46.618 -3.984

R: TCT TTC CAA CAG ATG TTT CCA ATA 
C

IFNβ F: AAG CCT CCA GCT CCT TCA GAA 
TAC G

183 NM001024836 123-305 103 0.9986 44.855 -3.190

R: TGT TTT GGA GTG TGT GGG CTG 
CTA A

IL-6 F: TTC GTT TAT GGA GAA GAC CGT GAG 197 NM204628 682-878 100 0.9978 46.76 -3.452
R: GGT TCC TAG AAG GAA ATG AGA 

ATG C
β-actin F: GTT ACC CAC ACT GTG CCC ATC TAT 

G
159 NM205518 543-701 98 0.9976 44.218 -3.319

R: GTC ACG CAC AAT TTC TCT CTCGG 
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gene (forward, ATG TGA TGA CCC GCA GTT TG; reverse, 
TTC CAG CTG TGC ATT GTT CC) to determine the number 
of copies of the IBV genome.

Compared to the uninfected controls, at 12 hpi, TLR7, 
MDA5, and IFNβ mRNA expression was significantly 
upregulated by IBV strain AH. At 36 hpi, the expression of 
TLR3, TLR7, MDA5, and IFNβ mRNA was significantly 
downregulated in TM-infected cells. At 48 hpi, TLR3 
mRNA expression was significantly upregulated by all three 
IBV strains, whereas TLR7 mRNA expression was signifi-
cantly downregulated by all three strains. MDA5 mRNA 
expression was downregulated in cells infected with IBV 
strain H52. IL6 mRNA expression was downregulated by 
all three IBV strains at 48 hpi. No significant difference in 
IFNβ mRNA expression was observed among groups at 48 
hpi. IFNβ protein expression was downregulated at 12 hpi 
but upregulated at 48 hpi (Fig. 1A-F). The differences in 
mRNA and protein expression suggested that transcription 
or translation of IFNβ could be regulated by the virus.

Expression of the MYD88, TRIF, and NF-κB proteins 
was detected by Western blot. Compared with the levels in 
uninfected cells, the expression of MYD88 was significantly 
downregulated in all IBV-infected cells from 12 to 48 hpi. 
However, the expression of TRIF was significantly upregu-
lated in all IBV-infected cells from 12 to 48 hpi. Moreover, at 
48 hpi, the expression of both MYD88 and NF-κB was sig-
nificantly higher in cells infected with IBV strain H52 than 
in those infected with strain AH or TM (Fig. 1G-I). Impor-
tantly, we found significant activation of the TLR3-TRIF 
pathway and inhibition of the TLR7-MYD88 pathway at 48 
hpi by different IBV strains in CEK cells. Previous studies 
have shown the expression of innate immune molecules in 
chickens [3, 19, 27]. We found that TLR7 and IFNβ mRNA 
expression in the kidney was significantly downregulated in 
chickens infected with AH and TM (Fig. 1K and M). How-
ever, there was no significant difference in mRNA expres-
sion of TLR3 and MDA5 in any the experimental groups 
(Fig. 1J and L). The observed differences might be explained 
by the fact that more kinds of molecules are involved in the 
antiviral response in vivo than in vitro.

The replication of strain AH was significantly inhibited 
compared to the control from 24 to 36 hpi, whereas the rep-
lication of strain H52 was significantly inhibited after 24 hpi, 
and the replication of strain TM was significantly inhibited 
from 12 to 36 hpi (Fig. 2). All of the inhibitors that were 
tested promoted IBV replication after 36 hpi. After treatment 
with Pepinh-TRIF, BX795, or chloroquine, the rate of rep-
lication of IBV in AH-infected CEK cells was significantly 
higher than in control cells at 36 hpi, but the replication of 
AH in celastrol-treated cells was significantly higher at 48 
hpi. After treatment with Pepinh-TRIF and BX795, the rep-
lication rate of IBV strain TM was significantly higher at 36 
hpi. The rate of replication of TM was significantly higher 

at 48 hpi after treatment with all four inhibitors. After treat-
ment with chloroquine, the rate of replication of strain H52 
was significantly higher at 36 hpi, and the rate of replication 
of H52 in Pepinh-TRIF-, celastrol-, and chloroquine-treated 
cells was significantly higher at 48 hpi. At 36 hpi, the most 
effective inhibitor of replication of IBV strain AH was chlo-
roquine, but at 48 hpi, it was celastrol. At 36 hpi, the most 
effective inhibitor of TM was BX795, but at 48 hpi, it was 
chloroquine. From 36 to 48 hpi, the most effective inhibitor 
of H52 replication was chloroquine (Fig. 2).

Previous research has suggested that IBV strains differ in 
their pathogenic mechanisms [16]. TLR3, TLR7, and MDA5 
play critical roles in the activation of the innate immune 
response to IBV infection [13, 24]. For example, TLR3 lev-
els were significantly downregulated in the respiratory epi-
thelial cells and lungs of 6-day-old chickens infected with 
the IBV Connecticut strain [11]. However, another report 
showed that TLR3 and TLR7 levels in the trachea and kid-
neys were upregulated from days 3 to 8 in 2-week-old SPF 
chickens infected with IBV strain M41 [8]. Several studies 
have shown that the expression of TLR3 and TLR7 after 
IBV infection decreases after the passage of the infectious 
virus, which demonstrates the ability of IBV to adapt to the 
host environment [25, 30]. MDA5 has been shown to be 
upregulated in the trachea but downregulated in the kidneys 
[8]. Further research is required to clarify the complex regu-
latory mechanism in the kidneys after IBV infection [19, 27].

IBV has a single-stranded RNA genome, and TLR7 rec-
ognizes single-stranded viral RNA, subsequently activat-
ing an immune response [9, 17]. Our results suggest that 
IBV inhibits the expression of TLR7, but the mechanism 
by which this occurs is unclear. Innate immune receptors 
are competitive determinants of cell fate [5]. In the case of 
IBV, in addition to the structural proteins, more than 20 non-
structural proteins and secretory proteins have important 
biological functions that still need to be elucidated. TLR3 
activates an immune response after it recognizes viral dou-
ble-stranded RNA [1]. We found that TLR3 was upregulated 
by IBV in CEK cells. Viral double-stranded RNA is synthe-
sized in CEK cells late in IBV infection, so TLR3 probably 
plays an important role in the recognition of IBV during 
the late period of IBV infection. MYD88 and TRIF were 
the adaptor molecules of TLR7 and TLR3, respectively [17, 
26]. Here, we found that MYD88 protein expression was 
significantly suppressed, but TRIF was significantly upregu-
lated. There is an evident correlation between activation and 
inhibition of immune recognition receptors and signal path-
way molecules. NF-κB protein expression was upregulated 
at 48 hpi in cells infected with IBV strain H52, which is an 
efficient vaccine strain. This result might therefore identify 
another signaling pathway by which the immune response is 
activated after infection with H52, such as the TLR3 path-
way [1]. In contrast to earlier reports, we found that IBV 
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Fig. 1  Transcriptional regula-
tion and protein expression of 
chicken TLR3, TLR7, MDA5, 
IFNβ, MyD88, TRIF, and 
NF-κB in IBV-infected CEK 
cells and SPF chickens. (A-E) 
CEK cells were inoculated with 
IBV strain AH, TM, or H52 at 
an MOI of 1. The cells were 
collected at 12, 24, 36, or 48 
hpi. The expression of chicken 
TLR3, TLR7, MDA5, IFNβ, 
and IL-6 mRNA was detected 
using qPCR. (F) The expression 
of IFNβ protein in cell culture 
supernatants was detected using 
an ELISA assay. (G-I) The 
expression of MyD88, TRIF, 
NF-κB, and β-actin proteins 
was detected using anti-MyD88, 
anti-TRIF, anti-NF-κB, and 
anti-β-actin antibody. (J-M) SPF 
chickens were challenged with 
a 0.2-ml suspension contain-
ing  106  EID50 of IBV, and the 
kidneys of these chickens were 
collected at 5 dpi. The expres-
sion of chicken TLR3, TLR7, 
MDA5, and IFNβ mRNA was 
detected using qPCR. Data were 
analyzed using unpaired t-tests 
or ANOVA, followed by Dun-
nett’s multiple comparison test, 
using GraphPad Prism (Graph-
Pad Software, San Diego, 
CA). The significance of the 
differences between the infected 
and mock-infected groups is 
indicated by the p-value
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strains with different pathogenicity induced different levels 
of MDA5 mRNA [14], indicating that TLR3 is probably 
the main pattern recognition receptor (PRR) recognizing the 
IBV genome, rather than TLR7 or MDA5.

Imiquimod (also known as R837) is a ligand of TLR7 
[15]. Poly(I:C) is recognized by TLR3 [12]. Poly(I:C)-
LMW/LyoVec is a preformed complex consisting of 
poly(I:C)-LMW and the transfection reagent LyoVec. 
Naked poly(I:C) is recognized by TLR3, whereas trans-
fected poly(I:C) is sensed by MDA5 [6]. Both showed a 
strong effect on immune activation in this study. We suggest 

that the TLR3 pathway is the major immune pathway that 
inhibits early replication of IBV. TRIF and TBK1 are key 
molecules in TLR3 signaling pathway. Pepinh-TRIF con-
tains a 14-aa sequence that corresponds to the sequence of 
TRIF [22]. BX795 inhibits the catalytic activity of TBK1/
IKKε by blocking its phosphorylation [4]. Celastrol is an 
effective inhibitor of NF-κB [21]. Chloroquine is an inhibi-
tor of endosomal acidification [7]. Al of these compounds 
enhanced IBV replication after 36 hpi in this study, con-
sistent with the signal transmission by these downstream 
molecules. Celastrol inhibited all of the IBV strains at 48 

Fig. 2  The effect of agonists and inhibitors on the replication of dif-
ferent IBV strains. Agonists of TLR3, TLR7, MDA5 and inhibitors 
of key molecules of the TLR3 pathway were added to the CEK cells, 
which were infected with IBV strain AH, TM, or H52 at an MOI of 
1. The cells were collected at 12, 24, 36, or 48 hpi, and IBV N and 

β-actin mRNA expression was measured using qPCR. Data were ana-
lyzed using unpaired t-tests or ANOVA, followed by Dunnett’s multi-
ple comparison test, using GraphPad Prism (GraphPad Software, San 
Diego, CA). The significance of the differences between the treatment 
and control groups is indicated by the p-value
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hpi, since NF-κB is the downstream molecule of the immune 
pathway. In addition to celastrol, chloroquine also showed a 
strong ability to promote replication of IBV strains TM and 
H52. This suggests that endosomal acidification and RNA 
degradation are important for immune recognition of IBV. 
The three IBV strains tested showed different sensitivity 
to inhibitors. This study provides preliminary data on the 
immune responses induced by different IBV strains and their 
pathogenicity. Future studies can use these data to analyze 
the mechanisms underlying the variations in IBV pathology 
and immune responses. These data also can be helpful for 
future IBV vaccine research.
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