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Abstract 
The inflammatory response is an essential component of innate immunity to defense 

against pathogens. Infectious bursal disease (IBD) is the most important immunosuppres-

sive disease in chickens and is caused by the infectious bursal disease virus (IBDV). Acute 

inflammation is a typical pathogenic process for IBD, however, the underlying mechanism 

is not clear. Here, we report that IBDV induces obvious inflammatory response in vivo and 

in vitro. Furthermore, viral VP2 is identified as an important inflammatory stimulus. It is 

observed that IBDV VP2 can activate NF-κB signaling pathway and then increase IL-1β 

production. In detail, IBDV VP2 interacts with myeloid differentiation primary response 

gene 88 (MyD88), potentiates the oligomerization of MyD88 and assembly of MyD88 

complex, which is one important element leading to NF-κB signaling pathway activation 

and IL-1β production increase. More meaningfully, residues 253/284 of viral VP2 are sig-

nificantly involved in IBDV-induced inflammatory response through modulating the inter-

action strength between VP2 and MyD88 and the following MyD88-NF-κB-IL-1β signaling 

pathway. This study reveals one molecular mechanism that trigger inflammation during 

IBDV infection, which is of great significance for a deeper understanding of the pathogenic 

mechanisms of IBDV.

Author summary
The inflammatory response is an important pathogenic process for infectious bursal 
disease (IBD). Whereas, the in-depth mechanisms by which the infectious bursal disease 
virus (IBDV) induces inflammation are still poorly understood. In this study, we show 
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that IBDV infection promotes IL-1β production and activates NF-κB signaling pathway 
and identify that IBDV VP2 targets to the myeloid differentiation primary response gene 
88 (MyD88), promotes MyD88 complex assembly and MyD88 oligomerization, which 
highlight the role of IBDV VP2 in modulating MyD88-NF-κB signaling network in 
inflammation during IBDV infection. This study contributes to a better understanding of 
the pathogenesis of IBDV infection.

Introduction
Innate immunity is critical host defense system of resisting pathogens invasion, which effi-
ciently recognizes the pathogen-associated molecular patterns (PAMPs) of pathogens to acti-
vate cellular pattern recognition receptors (PRRs) to induce innate immune response [1,2]. A 
wide array of microbial components, such as proteins, could lead to the activation of the PRRs 
such as toll-like receptors (TLRs) to trigger innate immune defense system [3,4]. Upon ligand 
binding, TLRs bind to MyD88 through the common toll/interleukin-1 receptor (TIR) domain, 
which can change conformation and enhance the proximity of TIR domains. The death 
domain (DD) domain of MyD88 couples enzymatic activity with self-stacking and produces 
plenty of helical oligomers. Six MyD88 DDs provide ring-like platforms for four IRAK4 DDs 
and four IRAK2 DDs combination in a helical assembly to initiate MyD88 oligomerization 
and activate myddosome signaling [5–8]. Another protein containing the TIR domain is the 
TIR-domain-containing adaptor protein (TIRAP), which possesses a lipid-binding motif that 
facilitates the association of MyD88 with TLRs to form myddosome protein complex. Several 
kinases, including the E3 ubiquitin ligase tumor necrosis factor receptor associated factor 
6 (TRAF6) are recruited following myddosome activation. Subsequently, IκBα disinhibits 
NF-κB leading to the translocation of p65 and p50 subunits of NF-κB to nucleus and initiates 
the production of pro-inflammatory cytokines [9–11].

The inflammatory response, as a defense mechanism against viral infection, is a critical 
host defense machinery that limits viral propagation for virus clearance during innate immu-
nity [12–14]. IBD is the most important immunosuppressive disease in chickens caused by 
IBDV [15,16]. IBDV is the typical member of the Birnaviridae family with a genome of double 
strand RNA (dsRNA) [17–19]. The main target cells of the virus are immature B lymphocytes, 
macrophages, and monocytes [20,21]. The IBDV genome comprises segment A and segment B. 
Segment A encodes viral proteins VP2, VP3, VP4, and VP5. Segment B encodes the RNA- 
dependent RNA polymerase VP1 [22–24]. IBDV is a non-enveloped virus, of which VP2 is the 
only capsid protein that contains the major antigenic sites which responsible for neutralizing 
antibodies induction and involves in the virulence, cell tropism, and pathogenic phenotype 
[25–28], and the acute inflammation is the typical pathogenic process [29–32]. Inoculating 
chicken with very virulent IBDV (vvIBDV) causes severe disease and is associated with a 
significant up-regulation of pathways involved in inflammation [31]. Additionally, necrosis 
and B cells decreased, and inflammatory cytokine level increased in the bursa tissue infected 
with vvIBDV, resulting in immune injury in chickens [32]. Although previous studies have 
demonstrate that IBDV infection increases the transcription levels of NF-κB, TNF-α, and IL-1β 
[33–37], the deep mechanism by which IBDV infection induces inflammation is unknown.

In the current study, we clarified whether and how IBDV VP2 promotes NF-κB signaling 
pathway activation leading to IL-1β secretion. Specifically, we discovered that the VP2 of 
IBDV can increase MyD88 oligomerization and trigger MyD88 complex assembly which is 
required for the activation of the pro-inflammatory response. This work elucidates one key 
mechanism of IBDV-induced inflammation.
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Results

IBDV infection induces severe inflammation
Animal experiment showed that the infection of vvIBDV HLJ0504 strain caused severe acute 
damage to the bursa of chickens. At 3 day post-infection (dpi), all detected bursa showed 
visibly atrophied with inflammatory mucus secretion, some of them even presented a typical 
“purple grape” like appearance due to severe bleeding (Fig 1A). Furthermore, the micro-
scopic pathological analysis showed that the bursa lymphoid follicles of infected chicken were 
obviously atrophied with severely lymphocytes depletion; and a large number of inflammatory 
cells infiltration including macrophages were also observed (Fig 1D). In addition, in the serum 
of infected chickens, higher levels of IL-1β (Fig 1B) compared to mock group were detected 
from 1 dpi to 7 dpi, and higher levels of TNF-α (Fig 1C) compared to mock group were 
detected from 6 hour post-infection (hpi) to 7 dpi. These results indicate that IBDV infection 
could induce severe inflammation response in vivo.

Macrophages play important roles in initiating and regulating inflammatory responses 
[38]. In order to investigate the molecular mechanism by which IBDV triggers an inflamma-
tory response, the infection experiment was performed using chicken macrophage cells HD11 
by IBDV. HD11 cells were incubated with the vvIBDV HLJ0504 strain (1×1010 copies/1×106 
cells), and the number of IBDV copies gradually increased in a time-dependent manner at 2 
hpi-24 hpi (Fig 1E). The confocal microscopy experiment results showed that, at 2 h post- 
incubation, IBDV particles were engulfed by macrophages and entered the interior of HD11 
cells (Fig 1F). Next, whether IBDV promotes the up-regulation of pro-inflammatory cytokines 
IL-1β and TNF-α was elucidated. HD11 cells were infected with vvIBDV HLJ0504 strain or 
stimulated by lipopolysaccharide (LPS) for 0-12 h and the mRNA levels of IL-1β and TNF-α 
were assessed with RT-qPCR experiments. The results of RT-qPCR revealed that IBDV 
induced inflammatory response in HD11 cells, as were evident from higher levels of IL-1β (Fig 
1G) and TNF-α (Fig 1H) compared to the mock control. Besides, the cell lysates were col-
lected to analyse the pro-IL-1β production by immunoblot analyses and the cell supernatants 
were collected to analyse IL-1β levels by ELISA. The results showed that the protein levels 
of IL-1β increased after IBDV infection in HD11 cells (Fig 1I), of which this phenomenon is 
dose-dependent (Fig 1J). These results indicate that IBDV infection induces severe inflamma-
tory response in vitro.

IBDV capsid protein VP2 can activate the inflammatory response
The viral capsid protein is located on the outermost surface of the viral particle and has been 
reported to play an important role in triggering the inflammatory response in some viruses 
[39]. To explore whether the capsid protein VP2 of IBDV is involved in the inflammatory 
response, we assessed the effect of overexpression of VP1, VP2, VP3, VP4, and VP5 on 
activating inflammatory response in HD11 cells using RT-qPCR. The results showed that 
the genes expression of IL-1β (Fig 2A) and TNF-α (Fig 2B) had the strongest increase in 
VP2-overexpressed HD11 cells. Correspondingly, the ELISA (Fig 2C) and immunoblot (Fig 
2D) results showed that the protein levels of IL-1β were increased most in VP2-overexpressed 
HD11 cells. Next, we tested whether the purified viral-like particle (VLP) composed of VP2 
of the vvIBDV HLJ0504 strain could activate inflammatory responses. At 2 h post-incubation 
of HD11 cells with VLP (100 μg/ml), VLP was phagocytosed into the cytoplasm of HD11 cells 
(Fig 2E). Subsequently, HD11 cells were incubated with purified VLP for 0, 6, and 12 h. After 
treatment, the cell suspensions were collected to analyse IL-1β and TNF-α levels by RT-qPCR. 
RT-qPCR results showed that IL-1β (Fig 2F) and TNF-α (Fig 2G) mRNA levels in HD11 
cells were effectively up-regulated by VLP, of which this phenomenon is dose-dependent. 
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Fig 1. IBDV infection induces inflammatory response in vivo and in vitro. (A) Macroscopic lesions of the bursa of vvIBDV- 
infected chicken at 3 dpi. (B, C) Protein abundance of IL-1β (B) and TNF-α (C) in serums at indicated times post-infection were 
detected by ELISA. (D) Representative H&E stained analysis of the bursa sections of mock and vvIBDV infected chickens at 3 dpi. 
The lymphoid follicles which infected with vvIBDV were severely atrophied with hemorrhage, lymphocytes depletion, and inflam-
matory cells infiltration including macrophages (green arrow). (E) The vvIBDV growth dynamic in HD11 cells was analysed by 
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Consistently, the production of IL-1β in cell lysates detected by immunoblot analysis and in 
cell supernatants detected by ELISA were also be up-regulated (Fig 2H).

Subsequently, we assessed the ability of VP2 overexpression on activating inflammatory 
response in HD11 cells by RT-qPCR. The results showed that the genes expression of IL-1β 
(Fig 2I) and TNF-α (Fig 2J) was increased in VP2-overexpressed HD11 cells in a time- 
dependent manner. Correspondingly, the immunoblot (Fig 2K) and ELISA (Fig 2L) results 
showed that the protein levels of IL-1β were increased in VP2-overexpressed HD11 cells in 
both time-dependent and dose-dependent manner. Collectively, these results indicate that 
IBDV capsid protein VP2 is an important inflammatory stimulus.

IBDV VP2 promotes the NF-κB signaling pathway activation associating 
with inflammatory response
NF-κB is an important family of transcription factors that plays a crucial role in regulating 
inflammation and immune responses [40,41]. Once NF-κB signaling pathway is activated, 
IκBα is phosphorylated and degraded, which leads to the NF-κB subunits p65 phosphory-
lated and translocation from cytoplasm to nucleus and then initiates expression of a large 
number of pro-inflammatory genes including IL-1β [42–44]. To explore how IBDV and its 
VP2 regulate the NF-κB signaling pathway, we first focused on the effect on p65 transcription 
during IBDV infection or VP2 overexpression. HD11 cells were infected with IBDV or trans-
fected with plasmid expressing HA-VP2 for 0-24 h and the p65 expression was monitored 
by RT-qPCR. IBDV infection induced significant up-regulation of p65 mRNA levels, which 
was approximately 3.6-fold (24 hpi) higher than that at 0 hpi (Fig 3A). In addition, viral VP2 
overexpression also induced significant up-regulation of p65 mRNA compared to that at 0 h 
(Fig 3B).

Furthermore, the phosphorylation of IκBα and p65 during IBDV infection or VP2 over-
expression was tested. The results showed that the phosphorylation levels of IκBα and p65 
increased in a time-dependent manner both in IBDV-infected (Fig 3C) and VP2- 
overexpressed (Fig 3D) HD11 cells. The nuclear translocation of p65 is a hallmark of NF-κB 
signaling pathway activation. The confocal microscopy experiments results showed that p65 
presented significant aggregation in the nucleus of IBDV-infected HD11 cells (Fig 3E), a phe-
nomenon similar to that obtained in VP2-overexpressed HD11 cells (Fig 3F and 3G). These 
results indicate that IBDV and viral VP2 can increase the phosphorylation of IκBα and p65, 
leading to the activation of NF-κB signaling pathway.

Subsequently, we assessed whether BAY 11-7082 (NF-κB inhibitor) inhibited pro- 
inflammatory response mediated by NF-κB signaling pathway during IBDV infection. 
IL-1β production was monitored by immunoblot and ELISA analyses. The immunoblot and 
ELISA results showed that IL-1β were notably down-regulated (~50%) in IBDV-infected 
or LPS-stimulated HD11 cells following BAY 11-7082 incubation (Fig 3H). BAY 11-7082 

RT-qPCR. (F) The vvIBDV subcellular localization. HD11 cells were incubated with vvIBDV (1×1010 copies/1×106 cells) for 2 h. The 
vvIBDVs were stained as green color and the engulfed vvIBDVs by cell pseudopodia were highlighted with the white arrows and 
white boxes. (G, H) Effect of vvIBDV infection on IL-1β or TNF-α gene expression in HD11 cells. HD11 cells were infected with 
vvIBDV (1×1010 copies/1×106 cells), and the mRNA levels of IL-1β (G) or TNF-α (H) were assessed by RT-qPCR at 0, 6, 12, 24 hpi. (I, 
J) Effect of vvIBDV infection on IL-1β production in HD11 cells. In the HD11 infection experiments, the IL-1β in the cell super-
natants at indicated times post infection were detected by ELISA, and the pro-IL-1β in the cell protein extracts were measured by 
immunoblot analysis (I). In addition, different infection doses of vvIBDV on IL-1β production in HD11 cells at 6 h were detected by 
ELISA and immunoblot analysis (J). HD11 cells stimulated with LPS (1 μg/mL) was measured at 6 h after stimulating as a control. All 
data are representative of at least three independent experiments. Graphs show mean ± SD, n = 3, * P < 0.05, *** P < 0.001.

https://doi.org/10.1371/journal.ppat.1012985.g001

https://doi.org/10.1371/journal.ppat.1012985.g001
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Fig 2. IBDV capsid protein VP2 can activate the inflammatory response. (A, B) Effect of viral VP1, VP2, VP3, VP4, and 
VP5 on IL-1β or TNF-α gene expression. HD11 cells were transfected with the recombinant plasmid expressing viral protein 
fusing HA-tag (3 μg/1×106 cells) for 24 h, and levels of IL-1β (A) or TNF-α (B) mRNA were assessed by RT-qPCR. (C, D) 
Effect of viral VP1, VP2, VP3, VP4, and VP5 on IL-1β production. HD11 cells were transfected with the recombinant plasmid 
expressing viral protein fusing HA-tag (3 μg/1×106 cells) for 24 h, and IL-1β in the cell supernatant were measured by ELISA 
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incubation also inhibit IL-1β production induced by VP2 overexpression in HD11 cells (Fig 
3I). In addition, the short hairpin RNA (shRNA) was designed to silence p65 expression in 
HD11 cells and its impact on IL-1β production was investigated. Firstly, with RT-qPCR (Fig 
3J) and immunoblot (Fig 3K) experiments, three shRNA targeting p65 was screened and the 
interference efficiency of shp65#1 (knockdown ≥ 60%) in HD11 cells during IBDV infection 
was the best. With the silence of p65 using shp65#1, it was observed that the production of 
IL-1β significantly decreased in HD11 cells compared with that in control cells infected with 
IBDV or stimulated with LPS (Fig 3L). Also, we noted remarkable reduction in IL-1β production  
in VP2-overexpressed HD11 cells because of p65 inhibition (Fig 3I) and knockdown (Fig 3M). 
These results suggest that IBDV and viral VP2 significantly promote the NF-κB signaling 
pathway and then induce the pro-inflammatory response in HD11 cell.

MyD88 is associated with NF-κB-dependent inflammatory response 
activated by IBDV
TIRAP, MyD88, and TRAF6 are essential adaptors upstream of the NF-κB signaling pathway 
[45]. We further elucidate the mechanism by which IBDV regulates TIRAP, MyD88, and 
TRAF6. HD11 cells were infected with IBDV or treated with VLP or transfected with plas-
mids expressing HA-TIRAP, HA-MyD88, or HA-TRAF6, and the mRNA expression was 
monitored by RT-qPCR. The results showed that MyD88 had the most significant increase in 
mRNA levels in IBDV-infected (Fig 4A), VLP-treated (Fig 4B), or plasmids-transfected (Fig 
4C) HD11 cells. In addition, the shRNA was designed to silence TIRAP expression in HD11 
cells and its impact on IL-1β production was investigated. Firstly, with RT-qPCR (Fig 4D) and 
immunoblot (Fig 4E) experiments, three shRNA targeting TIRAP was screened and the inter-
ference efficiency of shTIRAP#2 (knockdown ≥ 60%) in HD11 cells during IBDV infection 
was the best. With the silence of TIRAP using shTIRAP#2, it was observed that the produc-
tion of IL-1β significantly decreased in HD11 cells when compared with that in control cells 
infected with IBDV or stimulated with LPS and VLP (Fig 4F). At the same time, the shRNA 
was designed to silence MyD88 expression in HD11 cells and its impact on IL-1β production 
was investigated. The interference efficiency of shMyD88#1 (knockdown ≥ 60%) in HD11 
cells during IBDV infection was the best (Fig 4G and 4H). With the silence of MyD88 using 
shMyD88#1, it was observed that the production of IL-1β significantly decreased in HD11 
cells when compared with that in control cells infected with IBDV or stimulated with LPS and 
VLP (Fig 4I). The ST2825 (MyD88 inhibitor) was used to explore whether MyD88 affected the 
NF-κB-driven inflammatory response activated by IBDV. HD11 cells were IBDV-infected or 

(C), and pro-IL-1β in the total cell protein extracts were resolved by immunoblot analysis (D). (E) VLP of VP2 is engulfed by 
HD11 cells. HD11 cells were incubated with VLP of VP2 (100 μg/mL) for 2 h. VLP staining using IBDV VP2 monoclonal anti-
body was showed as green color and the engulfed VLP by cell pseudopodia was highlighted with the white arrows. (F, G) Effect 
of VLP incubation on IL-1β or TNF-α gene expression. HD11 cells were incubated with VLP (50 μg/mL or 100 μg/mL) for 0, 
6, 12 h, and the IL-1β (F) or TNF-α (G) mRNA were assessed by RT-qPCR. (H) Effect of VLP incubation on IL-1β production. 
HD11 cells were incubated with VLP (50 μg/mL and 100 μg/mL) for 6 h or stimulated with LPS (1 μg/mL) for 6 h, the pro-
IL-1β in the total cell protein extracts were detected by immunoblot analysis with specific antibodies shown on the left, and 
IL-1β in the cell supernatants were measured by ELISA. (I, J) Effect of viral VP2 on IL-1β or TNF-α gene expression. HD11 
cells were transfected with the plasmid expressing HA-VP2 (3 μg/1×106 cells) for 0, 6, 12 and 24 h, and levels of IL-1β (I) or 
TNF-α (J) mRNA were assessed by RT-qPCR. (K, L) Effect of VP2 on IL-1β production. HD11 cells were transfected with the 
plasmid expressing HA-VP2 (1.5 μg/1×106 cells and 3 μg/1×106 cells) for 6, 12 and 24 h, and pro-IL-1β in the total cell protein 
extracts were resolved by immunoblot analysis (K), and IL-1β in the cell supernatant were measured by ELISA (L). HD11 cells 
stimulated with LPS (1 μg/mL) was used as a control. All data are representative of at least three independent experiments. 
Graphs show mean ± SD, n = 3, *** P < 0.001.

https://doi.org/10.1371/journal.ppat.1012985.g002

https://doi.org/10.1371/journal.ppat.1012985.g002
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Fig 3. IBDV VP2 promotes the NF- κB signaling pathway activation. (A, B) Effect of IBDV or viral VP2 on NF-κB mediated 
gene expression. HD11 cells were infected with vvIBDV (1×1010 copies/1×106 cells) (A) or transfected with the plasmid expressing 
HA-VP2 (3 μg/1×106 cells) (B) for 0, 6, 12 and 24 h, and levels of p65 mRNA were assessed by RT-qPCR. (C, D) Effect of IBDV or 
viral VP2 on the phosphorylation and nuclear translocation of p65. HD11 cells were infected with vvIBDV (1×1010 copies/1×106 
cells) (C) or transfected with the plasmid expressing HA-VP2 (3 μg/1×106 cells) (D) for 0, 6, 12, 24 h or stimulated with LPS (1 μg/
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LPS-stimulated or VLP-treated following ST2825 incubation and the IL-1β production was 
monitored by immunoblot and ELISA analyses. We observed that the production of IL-1β was 
significantly reduced (~50%) with ST2825 incubation in IBDV-infected or LPS-stimulated or 
VLP-treated HD11 cells (Fig 4J). Meanwhile, after being screened, the shTRAF6#2 (knock-
down ≥ 55%) targeting TRAF6 was used to silence TRAF6 expression in HD11 cells ((Fig 4K 
and 4L). Immunoblot and ELISA results showed that IL-1β production in HD11 cells induced 
by IBDV or LPS or VLP was significantly down-regulated because of TRAF6 knockdown (Fig 
4M). To investigate whether TIRAP, MyD88, and TRAF6 affects NF-κB-driven inflammatory 
response, we detected the effect of TIRAP, MyD88, and TRAF6 on NF-κB promoter activa-
tion in HD11 cells. The results revealed that MyD88 induced a more significant regulation 
of NF-κB activation than the other transfected samples (Fig 4N). Overall, MyD88 is deeply 
involved in the inflammatory response triggered by IBDV.

The interaction of IBDV VP2 and MyD88 mediates the NF-κB signaling 
pathway activation
To further explore the mechanism by which VP2 regulates MyD88, we examined the effect of 
VP2 on MyD88-driven NF-κB promoter activation in HD11 cells. The results revealed that 
the VP2 and MyD88 induced positive regulation of NF-κB activation was more significant 
than in the mock-transfected sample (Fig 5A). To verify how VP2 regulates MyD88, HD11 
cells were transfected with the Flag-MyD88 plasmid or co-transfected with the HA-VP2 
plasmid and either the Flag-MyD88 or pCAGGS plasmid. The results of confocal micros-
copy experiments showed that MyD88 mainly concentrated in the cytoplasm adjacent to the 
cytomembrane. However, MyD88 exhibited significant cluster-like accumulation in the cyto-
plasm, and some MyD88 entered the nucleus when co-transfected with the plasmid expressing 
VP2 in HD11 cells, whereas VP2 co-localized with MyD88 in both the cytoplasm and nucleus 
(Fig 5B and 5C).

mL) (C) for 6 h, and p65 in the total cell protein extracts were detected by immunoblot analysis. (E) Effect of IBDV on the nuclear 
translocation of p65. HD11 cells were infected with vvIBDV (1×1010 copies/1×106 cells) or stimulated with LPS (1 μg/mL) for 12 h, 
and p65 was stained using p65 monoclonal antibody. The nuclear translocation of p65 is highlighted with the white arrows. (F, G) 
Effect of viral VP2 on the phosphorylation and nuclear translocation of p65. HD11 cells were transfected with the plasmid express-
ing Flag-p65 (2 μg/1×106 cells) or HA-VP2 (2 μg/1×106 cells) respectively or simultaneously for 24 h, and p65 was stained using 
p65 monoclonal antibody. The nuclear translocation of p65 is highlighted with the white arrows (F). The cytoplasmic and nuclear 
extracts were detected by immunoblot analysis (G). (H) Effect of NF-κB inhibitor on IL-1β production induced by IBDV. HD11 cells 
mock treated or pre-treated with BAY 11-7082 (20 μM) for 6 h were mock infected, or infected with vvIBDV (1×1010 copies/1×106 
cells) in the presence or absence of drug pre-treated for 6 h and then harvested at 6 hpi, or stimulated with LPS (1 μg/mL) in the 
presence or absence of drug pre-treated for 6 h and then harvested at 6 hpi. The total cell protein extracts were detected by immu-
noblot analysis, and IL-1β in cell supernatants were measured by ELISA. (I) Effect of NF-κB inhibitor on IL-1β production induced 
by viral VP2. HD11 cells mock treated or pre-treated with BAY 11-7082 (20 μM) for 6 h were mock transfected, or transfected with 
the plasmid expressing HA-VP2 (3 μg/1×106 cells) in the presence or absence of drug pre-treated for 6 h and then harvested at 24 
h. Total cell protein extracts were detected by immunoblot analysis, and the protein production of IL-1β were measured by ELISA. 
(J, K) RT-qPCR (J) and immunoblot (K) analysis of p65 in HD11 cells untreated or treated with indicated shRNA (1 μg/1×105 
cells). Twenty-four hours later, cells were infected with vvIBDV (1×1010 copies/1×106 cells) for 6 h. (L) Effect of p65 interference on 
IL-1β production induced by IBDV. HD11 cells mock treated or infected with vvIBDV (1×1010 copies/1×106 cells) in the presence 
or absence of shRNA-mediated specific gene silence pre-treated for 24 h and then harvested at 6 hpi, or stimulated with LPS (1 μg/
mL) in the presence or absence of shRNA-mediated specific gene silence pre-treated for 24 h and then harvested at 6 h. Total cell 
protein extracts were detected by immunoblot analysis, and the protein production of IL-1β were measured by ELISA. (M) Effect 
of p65 interference on IL-1β production induced by viral VP2. HD11 cells mock treated or transfected with the plasmid expressing 
HA-VP2 (3 μg/1×106 cells) in the presence or absence of shRNA-mediated specific gene silence pre-treated for 24 h and harvested at 
24 h post-transfection. Total cell protein extracts were detected by immunoblot analysis, and the protein production of IL-1β were 
measured by ELISA. HD11 cells stimulated with LPS (1 μg/mL) was used as a control. All data are representative of at least three 
independent experiments. Graphs show mean ± SD, n = 3, * P < 0.05, ** P < 0.01, *** P < 0.001.

https://doi.org/10.1371/journal.ppat.1012985.g003

https://doi.org/10.1371/journal.ppat.1012985.g003
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Fig 4. MyD88 is associated with NF- κB-dependent inflammatory response activated by IBDV. (A-C) Effect of IBDV 
or VLP or viral VP2 on TIRAP, MyD88, and TRAF6 gene expression. HD11 cells were infected with vvIBDV (1×1010 
copies/1×106 cells) (A) or incubated with VLP (100 μg/mL) (B) or transfected with the recombinant plasmid express-
ing HA-VP2 (3 μg/1×106 cells) (C), and levels of TIRAP, MyD88, and TRAF6 mRNA were assessed by RT-qPCR. (D, 
E) RT-qPCR (D) and immunoblot (E) analysis of TIRAP in HD11 cells untreated or treated with indicated shRNA (1 
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To further identify the relation of VP2 and MyD88, the co-immunoprecipitation (Co-IP) 
was performed in HEK293T cells. The results indicated that VP2 interacted with MyD88 (Fig 
5D), which was further confirmed by the Glutathione S-transferase (GST) pull-down assay 
(Fig 5E). As MyD88 contains a death domain (DD) (amino acids [aa] 30 to 110), an interme-
diate (INT) domain (aa 111 to 162), and a toll/interleukin-1 receptor (TIR) domain (aa 163 to 
300), to further map the key elements of MyD88 interacting with VP2, the plasmid expressing 
DD (aa 30 to 110) or TIR (aa 163 to 300) truncation of MyD88 was constructed (Fig 5F) and 
its interaction with VP2 was analysed. The Co-IP results demonstrated that both the DD and 
TIR domains of MyD88 interact with VP2 (Fig 5G and 5H). These results indicate that VP2 
interacts with MyD88.

IBDV VP2 enhances MyD88 complex assembly and MyD88 
oligomerization
MyD88 is the core of myddosome, in which the TIR domain of MyD88 functionally interacts 
with TIRAP. The activation of myddosome drives the subsequent recruitment of TRAF6, 
which further activates the NF-κB to mediate the inflammatory responses [46]. Since the 
activation of MyD88 is associated with TIRAP and TRAF6, to further verify whether viral 
VP2 is involved in the assembly of the MyD88 complex, HD11 cells were co-transfected with 
plasmids expressing HA-TIRAP, Flag-MyD88, Myc-TRAF6, and either Myc-VP2 or pCAGGS. 
Co-IP experiments results showed that VP2 significantly promoted interaction among TIRAP, 
MyD88, and TRAF6 (Fig 6A). To further elucidate whether VP2 strengthens the interaction 
of endogenous MyD88 complex, we performed Co-IP experiments using antibodies against 
endogenous TIRAP, MyD88, and TRAF6 in HD11 cells. The results showed that VP2 overex-
pression enhanced the endogenous MyD88 complex assembly (Fig 6B).

μg/1×105 cells). Twenty-four hours later, cells were incubated with LPS (1 μg/mL) for 6 h. (F) Effect of TIRAP interfer-
ence on IL-1β production. HD11 cells mock treated or infected with vvIBDV (1×1010 copies/1×106 cells) in the presence 
or absence of shRNA-mediated specific gene silence pre-treated for 24 h and then harvested at 6 hpi, or stimulated with 
LPS (1 μg/mL) or VLP (100 μg/mL) in the presence or absence of shRNA-mediated specific gene silence pre-treated for 
24 h and then harvested at 6 h. Total cell protein extracts were detected by immunoblot analysis, and protein production 
of IL-1β were measured by ELISA. (G, H) RT-qPCR (G) and immunoblot (H) analysis of MyD88 in HD11 cells untreated 
or treated with indicated shRNA (1 μg/1×105 cells). Twenty-four hours later, cells were incubated with LPS (1 μg/mL) 
for 6 h. (I) Effect of MyD88 interference on IL-1β production. HD11 cells mock treated or infected with vvIBDV (1×1010 
copies/1×106 cells) in the presence or absence of shRNA-mediated specific gene silence pre-treated for 24 h were harvested 
at 6 hpi, or stimulated with LPS (1 μg/mL) or VLP (100 μg/mL) in the presence or absence of shRNA-mediated specific 
gene silence pre-treated for 24 h and then harvested at 6 h post stimulation. Total cell protein extracts were detected by 
immunoblot analysis, and IL-1β in the cell supernatants were measured by ELISA. (J) Effect of MyD88 inhibitor on IL-1β 
production. HD11 cells mock treated or pre-treated with ST2825 (15 μM) for 6 h were mock infected, or infected with 
vvIBDV (1×1010 copies/1×106 cells) in the presence or absence of drug pre-treated for 6 h and then harvested at 6 hpi, or 
stimulated with LPS (1 μg/mL) or VLP (100 μg/mL) in the presence or absence of drug pre-treated for 6 h and then har-
vested at 6 h post stimulation. Total cell protein extracts were detected by immunoblot analysis, and protein production 
of IL-1β were measured by ELISA. (K, L) RT-qPCR (K) and immunoblot (L) analysis of TRAF6 in HD11 cells untreated 
or treated with indicated shRNA (1 μg/1×105 cells). Twenty-four hours later, cells were incubated with LPS (1 μg/mL) for 
6 h. (M) Effect of TRAF6 interference on IL-1β production. HD11 cells mock treated or infected with vvIBDV (1×1010 
copies/1×106 cells) in the presence or absence of shRNA-mediated specific gene silence pre-treated for 24 h were harvested 
at 6 hpi, or stimulated with LPS (1 μg/mL) or VLP (100 μg/mL) in the presence or absence of shRNA-mediated specific 
gene silence pre-treated for 24 h and then harvested at 6 h post stimulation. Total cell protein extracts were detected 
by immunoblot analysis, and IL-1β in the cell supernatants were measured by ELISA. (N) Luciferase assay of NF-κB 
promoter. HD11 cells co-transfected with NF-κB reporter plasmid (1 μg/1×106 cells) and HA-TIRAP (1 μg/1×106 cells), or 
HA-MyD88 (1 μg/1×106 cells), or HA-TRAF6 (1 μg/1×106 cells), and then harvested at 24 h post transfection. The protein 
production of Luciferase was measured by ELISA. HD11 cells stimulated with LPS (1 μg/mL) as a control. All data are 
representative of at least three independent experiments. Graphs show mean ± SD, n = 3, * P < 0.05, ** P < 0.01, *** P < 
0.001.

https://doi.org/10.1371/journal.ppat.1012985.g004

https://doi.org/10.1371/journal.ppat.1012985.g004
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Fig 5. IBDV VP2 interacts with MyD88. (A) Luciferase assay of NF-κB promoter. DF-1 cells co-transfected with NF-κB reporter plasmid (1 μg/1×106 
cells) and HA-VP2 (1 μg/1×106 cells) in the presence or absence of Flag-MyD88 (1 μg/1×106 cells) and then harvested at 24 h post-transfection. The protein 
production of Luciferase was measured by ELISA. (B, C) Co-localization of MyD88 with VP2. HD11 cells transfected with the plasmid expressing Flag-
MyD88 (2 μg/1×106 cells) and HA-VP2 (2 μg/1×106 cells) respectively or simultaneously for 24 h, MyD88 and VP2 were stained using the Flag Tag and HA 
Tag, respectively. The aggregation of MyD88 was highlighted with the white arrows (B). The cytoplasmic and nuclear extracts were detected by immunoblot 
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Previous studies have demonstrated that a large number of oligomers formation is rep-
resentative of MyD88 activation, the crucial step of macromolecular myddosome complex 
activation is the assembly of six helical oligomers of MyD88 which have the enzymatic activ-
ity, called “MyD88 oligomerization” [47]. MyD88 biochemically interacts with TLR/IL-1R 
through the heterotrimeric TIR domain, which has no endogenous enzymatic activity. Once 
the ligand binding, TLR/IL-1R associated receptor dimerization, the DD domain of MyD88 
couples to enzymatic activity and self-stacks consisting of six MyD88s [48,49]. In the preced-
ing studies, the formation of cluster-like structures may suggest that the MyD88 oligomeri-
zation in HD11 cells (Fig 5B). Accordingly, in confocal microscopy experiments, HD11 cells 
were infected with IBDV or stimulated with LPS, and endogenous MyD88 dispersed through 
the cytoplasm under normal physiological conditions, whereas MyD88 aggregated around the 
cytomembrane or entered the nucleus during IBDV infection or LPS simulation (Fig 6C). To 
further clarify the effect of VP2 on MyD88 oligomerization, plasmids expressing Flag-MyD88 
and HA-MyD88 with either Myc-VP2 or pCAGGS were co-transfected in HD11 cells. The 
Co-IP results revealed that VP2 markedly enhanced the interaction between Flag-MyD88 and 
HA-MyD88 in a dose-dependent manner (Fig 6D). To further determine whether endogenous 
MyD88 oligomerization could be affected by VP2, we conducted further Co-IP experiments 
in HD11 cells with plasmid expressing HA-VP2 for 12 h (Fig 6E) or IBDV infection for 24 
h (Fig 6F) and discovered that the oligomerization of endogenous MyD88 was significantly 
increased. As described earlier, the self-oligomerization of MyD88 is concomitant with grad-
ual formation of multimers, which have a remarkably high molecular weight in natural state 
[48,49]. Moreover, we performed native PAGE experiments using an antibody against MyD88 
in HD11 cells to verify the aggregation of MyD88 with a natural protein structure. Similarly, 
we found that the endogenous MyD88 oligomerization remarkably enhanced in a dose- 
dependent manner with VP2 overexpression (Fig 6G and 6H) and in a time-dependent  
manner with IBDV infection (Fig 6I).

Residues 253 and 284 of VP2 are involved in IBDV-induced inflammatory 
response
Based on our previous studies, residues 253 and 284 of VP2 significantly affect the virulence of 
IBDV [50], However whether these two residues are involved in the IBDV-induced inflamma-
tory response has never been reported. Considering that the interaction of VP2 with MyD88 
mediates the NF-κB-driven IBDV-induced inflammatory response, we first examined whether 
they affect the interaction of VP2 and MyD88. The plasmid expressing VP2-HT with double 
mutation Q253H/ A284T was constructed. Co-IP results showed that both VP2 and VP2-HT 
interact with MyD88, whereas VP2-HT showed a decreased (~2.9-fold) interaction capacity 
compared to VP2 (Fig 7A).

Furthermore, the growth kinetics of the vvIBDV HLJ0504 strain and medium-virulence 
HT strain were compared in HD11 cells. IBDV strains HLJ0504 and HT infected HD11 

analysis (C). (D) The interaction of VP2 and MyD88 detected by Co-IP. HEK293T cells were transfected with indicated plasmid (2 μg/1×106 cells) and 
harvested at 30 h post-transfection. Cell lysates were immunoprecipitated using Flag Tag and analysed using the HA Tag and Flag Tag. (E) The interaction 
of VP2 and MyD88 detected by GST pull-down assay. Purified GST-MyD88 or GST was incubated with cell lysates of the plasmid expressing HA-VP2 (2 
μg/1×106 cells) in HEK293T cells. Cell extracts were incubated with GST agarose beads for 12 h. Mixtures were analysed by immunoblot using the HA Tag 
or GST Tag. (F) Schematic of the plasmids expressing the full-length MyD88 and its truncations (DD or TIR). (G, H) VP2 interacts with MyD88 trunca-
tions. HEK293T cells were transfected with indicated plasmid (2 μg/1×106 cells) and harvested at 30 h post-transfection. Cell lysates were immunoprecipi-
tated using the Flag Tag and analyzed using the HA and Flag Tag. All data are representative of at least three independent experiments. Graphs show mean ± 
SD, n = 3, ** P < 0.01, *** P < 0.001.

https://doi.org/10.1371/journal.ppat.1012985.g005

https://doi.org/10.1371/journal.ppat.1012985.g005
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Fig 6. IBDV VP2 enhances MyD88 complex assembly and MyD88 oligomerization. (A) VP2 promotes the associations of TIRAP-
MyD88-TRAF6. HD11 cells were co-transfected with indicated plasmids (1 μg/1×106 cells) for 24 h. Cell lysates were immunoprecipitated 
using the HA Tag and analysed using the HA, Flag, and Myc Tag. (B) VP2 promotes the association of endogenous TIRAP-MyD88-
TRAF6. HD11 cells were transfected with the plasmid expressing HA-VP2 (3 μg/1×106 cells) for 12 h. Cell lysates were immunoprecip-
itated using the HA Tag and analysed using TIRAP, MyD88, TRAF6 monoclonal antibody, and HA Tag. (C) Effect of IBDV on MyD88 
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cells with similar growth kinetics in the early stages of viral infection (Fig 7B). Additionally, 
RT-qPCR experiments showed that the mRNA levels of MyD88 in HT-infected HD11cells 
were significantly lower than that in the HLJ0504-group at 6 and 12 hpi (Fig 7C), and native 
PAGE experiments showed that both HLJ0504 and HT strains could up-regulated the aggre-
gation of endogenous MyD88 in HD11 cells, with the HT strain group being comparatively 
lower (Fig 7D). Besides, HD11 cells were inoculated with HLJ0504 and HT strains for 6 and 
12 h, and the p65 expression was monitored by RT-qPCR (Fig 7E) and immunoblot (Fig 7F) 
analysis, which showed that HLJ0504 increased the expression and phosphorylation levels of 
p65, but this effect was much decreased in the HT strain-infected HD11 cells.

We next investigated whether HT promotes the release of pro-inflammatory cytokines 
IL-1β and TNF-α in HD11 cells. RT-qPCR results showed that HT strain triggered rela-
tively lower transcription of IL-1β (Fig 7G) and TNF-α (Fig 7H) in HD11 cells compared to 
HLJ0504 group. Moreover, the protein levels of IL-1β in cell lysates and cell supernatants were 
detected by immunoblot and ELISA, respectively. Additionally, we demonstrated that residues 
253 and 284 of VP2 are crucial for IBDV-induced inflammation in DT40 cells (S1 Fig).

These results revealed that both HLJ0504 and HT strains were able to elevate IL-1β produc-
tion, while the ability of HT was extremely weak when compared to HLJ0504 (Fig 7I). These 
results indicated that residues 253 and 284 of VP2 are dramatically involved in the IBDV- 
induced inflammatory response.

Discussion
In the long-term confrontation with the organism, IBDV has evolved various approaches 
to escape the host immune system. Recently, there have been elucidated that IBDV could 
impair the ability of transcriptional regulatory factors translocate into the nucleus, leading 
to the inhibition of IFN and pro-inflammatory cytokines expression [51]. The inflammatory 
response is an essential component of innate immunity to defense pathogens [12–14]. Based 
on our results, we demonstrate that the NF-κB signaling pathway is activated by the interac-
tion of viral VP2 and MyD88 and the resulting pro-inflammatory cytokines including IL-1β 
are produced during IBDV infection, which is the first to reveal the molecular mechanism by 
which IBDV triggers inflammation.

The major hallmarks of IBDV infection are rapid progression and intense inflammatory 
response. Uncontrolled inflammatory response is thought to be the main reason for disease 
exacerbation [29,30]. There has been reported that vvIBDV induced strong pro-inflammatory 
responses in bursal tissue by increasing IL-1β, IL-6, and CXCLi2 mRNA transcription [29]. 
IBDV infection in two chicken lines leads to severe depletion of B cells and more-extensive 

distribution. HD11 cells were infected with vvIBDV (1×1010 copies/1×106 cells) or stimulated with LPS (1 μg/mL) for 12 h, and MyD88 
was stained using MyD88 monoclonal antibody. The aggregation of MyD88 was highlighted with the white arrows. (D) VP2 enhances 
the oligomerization of MyD88. HD11 cells were transfected with plasmids expressing Flag-MyD88 (1.5 μg/1×106 cells), HA-MyD88 (1.5 
μg/1×106 cells), and increasing doses of Myc-VP2 (0, 0.7, 1.5 μg) for 24 h. Cell lysates were immunoprecipitated using the Flag Tag and 
analysed using the HA, Flag, and Myc Tag. (E) VP2 enhances the oligomerization of endogenous MyD88. HD11 cells were transfected with 
plasmid expressing HA-VP2 (3 μg/1×106 cells) for 12 h. Cell lysates were immunoprecipitated using HA Tag and analysed using MyD88 
and HA Tag antibodies. (F) IBDV enhances the oligomerization of endogenous MyD88. HD11 cells were infected with vvIBDV (1×1010 
copies/1×106 cells) for 24 h. Cell lysates were immunoprecipitated and analysed using anti-MyD88 antibody. (G-H) VP2 enhances oligom-
erization of MyD88 in the natural condition in HD11 cells. HD11 cells were transfected with the plasmid expressing HA-VP2 (3 μg/1×106 
cells) for 12 h. Cell lysates were separated by native or SDS PAGE and analysed by immunoblot with the indicated antibodies. (I) IBDV 
enhances oligomerization of MyD88 in the natural condition in HD11 cells. HD11 cells were infected with vvIBDV (1×1010 copies/1×106 
cells) for 12 and 24 h. Cell lysates were separated by native or SDS PAGE and analysed by immunoblot with the indicated antibodies. HD11 
cells stimulated with LPS (1 μg/mL) as a control. All data are representative of at least three independent experiments.

https://doi.org/10.1371/journal.ppat.1012985.g006

https://doi.org/10.1371/journal.ppat.1012985.g006
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Fig 7. Residues 253 and 284 of VP2 are involved in the difference of inflammatory response induced by different 
IBDV strains. (A) Residues 253/284 mutations downregulate the interaction of VP2 and MyD88. HEK293T cells 
were transfected with indicated plasmids (2 μg/1×106 cells) for 30 h. Cell lysates were immunoprecipitated using 
Flag Tag and analysed using the HA Tag and Flag Tag. (B) The growth dynamics of HLJ0504 or HT strain of IBDV 
in HD11 cells were analysed by RT-qPCR. (C, D) Effect of HLJ0504 or HT strain on MyD88 gene expression and 
production. HD11 cells were infected with HLJ0504 or HT strain (1×1010 copies/1×106 cells), and levels of MyD88 
mRNA were assessed by RT-qPCR at 6 and 12 hpi (C), and total cell protein extracts were analysed by native or SDS 
PAGE and probed with specific antibodies shown on the left (D). (E, F) Effect of HLJ0504 or HT strains on NF-κB 
mediated gene expression and production. HD11 cells were infected with HLJ0504 or HT (1×1010 copies/1×106 cells) 
for 6 and 12 hpi, and levels of p65 mRNA were assessed by RT-qPCR (E), and total cell protein extracts were analysed 
by immunoblot analysis, and probed with specific antibodies shown on the left (F). (G-I) Effect of HLJ0504 or HT 
strain on the expression of IL-1β, TNF-α, and production of IL-1β. HD11 cells were infected with HLJ0504 (1×1010 
copies/1×106 cells) or HT strain (1×1010 copies/1×106 cells) for 6 and 12 hpi, and levels of IL-1β (G) and TNF-α (H) 
mRNA were assessed by RT-qPCR. The pro-IL-1β in the cell lysates were analysed by immunoblot analysis, and IL-1β 
in the cell supernatants were measured by ELISA (I). All data are representative of at least three independent experi-
ments. Graphs show mean ± SD, n = 3, *** P < 0.001.

https://doi.org/10.1371/journal.ppat.1012985.g007

https://doi.org/10.1371/journal.ppat.1012985.g007
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p53-related induction in the bursa, inducing a faster inflammatory response [30]. In this 
study, several evidences demonstrate that IBDV infection induces severe inflammation of 
chickens. For infected chickens, the inflammatory factors including IL-1β and TNF-α in 
serum increased; the bursa was severely damaged with obvious hemorrhage and inflamma-
tory mucus secretion; the bursa lymphoid follicles were atrophied with massive lymphocytes 
depletion and inflammatory cells infiltration including macrophages.

Macrophages may play an important role in the infection and inflammation process of 
IBDV. It is thought that the invading IBDV infects intestinal macrophages, after which IBDV is 
carried into bursa-beginning proliferation as the macrophages migration. It has been reported 
that the chicken macrophage migration inhibitory factor (chMIF) secreted by primary bursal 
cells could induce the migration of peripheral blood mononuclear cells and promote the tran-
scription of pro-inflammatory cytokines in chicken macrophages upon IBDV infection [52].

In this study, the chicken macrophage cell line, HD11, was used to investigate the association 
between IBDV infection and inflammation. Two hours after virus inoculation, IBDV particles 
were engulfed by the pseudopodia of the HD11 cells and entered the cytoplasm. Macrophages 
participate in the inflammatory response mainly by secreting various cytokines, including IL-1β. 
The production of biologically activated IL-1β with biological activity usually involves two 
events. Initially, host defenses recognize pathogens invasion and activate downstream correlated 
signaling pathways, such as the NF-κB signaling pathway. This induces the synthesis of pro-
IL-1β, which was an inactive precursor. Whereafter, post-translational modifications mediated 
by inflammasome activation catalyze pro-IL-1β maturation and secretion, turning pro-IL-1β 
into IL-1β. Based on our results, in IBDV-infected HD11 cells for 6-24 hpi, the up-regulation of 
pro-IL-1β and IL-1β were detected in cell lysate and cell supernatant, respectively, which indi-
cates that IBDV infection promotes inflammation response in HD11 cells.

Previous studies have found that the viral capsid protein, as a strong stimulus, can be 
recognized by PRRs to induce inflammatory response [12–14]. As the only capsid protein in 
IBDV, VP2 is located on the outermost surface of the viral particle and may play an important 
role in triggering the inflammatory response. To verify this speculation, the VLP composed of 
VP2 was used to incubate with HD11 cells. Results showed that VLP was phagocytosed into 
HD11 cells and the expression and secretion of IL-1β was up-regulated. IBDV has completed 
virus replication within 24 h. Based on our results, in VP2-transfected HD11 cells for 6-24 
hpi, the up-regulation of pro-IL-1β and IL-1β were detected in cell lysate and cell supernatant, 
respectively, which indicates that both the VP2 from input virus and newly synthesized VP2 
in the cell could trigger inflammation response in HD11 cells. These results indicate that the 
capsid protein VP2 of IBDV is an important inflammatory stimulus.

The NF-κB signaling pathway mediates the transcription of pro-IL-1β, which consequently 
triggers inflammation response. Nuclear translocation of p65 subunit in NF-κB is a symbol 
of NF-κB signaling pathway activation [40,41,43]. To explore the mechanism by which IBDV 
activates the NF-κB signaling pathway, HD11 cells were inoculated with IBDV or trans-
fected with plasmid expressing viral VP2 for 6-24 h. Our results demonstrate that both IBDV 
infection and VP2 overexpression increase the gene expression, production, phosphorylation, 
and nuclear translocation of p65, leading to the activation of NF-κB signaling pathway and 
downstream signal transduction associating with inflammatory response.

MyD88 is the core of the myddosome, which is an essential adaptor responsible for trans-
mitting signals from PRRs to NF-κB signaling pathway in inflammatory response [11]. Our 
results showed that, in the presence of IBDV VP2, MyD88 was up-regulated and beneficial 
to NF-κB activation. To study how viral VP2 regulates MyD88, the relationship of VP2 and 
MyD88 was further identified. Results of confocal microscopy, Co-IP, and GST pull-down 
confirmed the interaction of VP2 and MyD88. The interaction of VP2 and MyD88 altered 
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the subcellular localization of MyD88. MyD88 mainly concentrated in the cytoplasm near the 
cytomembrane, but exhibited significantly cluster-like accumulation in the cytoplasm and 
some entered the nucleus when co-expressed with viral VP2. Similarly, a portion of MyD88 
translocated from the cytoplasm to the nucleus upon stimulation with LPS or IBDV. There 
have been reported that the nuclear translocation of MyD88 is associated with the regulation 
of TLR-related signaling pathways [53–56]. IBDV VP2 interacts with both the DD and TIR 
domains of MyD88. However, it has been reported that the peste des petits ruminants virus 
(PPRV) N protein only interacted with TIR domain of MyD88 [57]. Different viruses trigger 
MyD88-activated response in different ways. These results provide a deeper understanding 
about oligomerization of MyD88 during virus infection. Of course, the details of MyD88 
oligomerization, MyD88 complex assembly, and its signal transduction in IBDV induced 
inflammation deserve further in-depth study.

When compared to the vvIBDV HLJ0504 strain with a high mortality, the medium viru-
lence IBDV strain with Q253H/ A284T mutations of VP2 has no lethality and induces lower 
inflammatory response [50,51]. Some amino acid residues are critical for proteins to perform 
functions and affect the process of the inflammatory response [58,59]. Our study shows that 
residues 253/284 mutations of viral VP2 not only attenuate the strength of the interaction 
between VP2 and MyD88, but significantly reduce the expression and production of MyD88, 
p65, and IL-1β in the axis of MyD88-NF-κB-IL-1β signaling pathway, which greatly diminish 
the induced inflammation. Thus, residues 253/284 of VP2 are deeply involved in IBDV- 
induced inflammatory response. Our previous results have proven that low-dose (1×103  
copies/1×106 cells-1×109 copies/1×106 cells) HT infects HD11 cells could not activate the 
inflammatory response. In order to better compare the differences in activating the inflamma-
tory response between vvIBDV and HT strains, we observed weak activation of the inflamma-
tory response only when the dose was increased to 1×1010 copies/1×106 cells, which is why we 
finally chose 1×1010 copies/1×106 cells as the infection dose of IBDV.

Collectively, to our knowledge, this study was the first to demonstrate that IBDV capsid 
protein VP2 is an important inflammatory stimulant and revealed its molecular mechanism 
associated with MyD88 oligomerization. Certainly, viral infection first activates PRR(s) 
located on the cell surface, and then transmits signals to MyD88 through ligand binding, 
which is also an important mechanism for virus triggered inflammation [3,4]. In other words, 
the enhancement of MyD88 oligomerization may not only be due to direct stimulation but 
also due to stimulation through TLRs and other PRRs. About ten TLRs of chicken have been 
identified, which possess several unique characteristics in terms of ligand specificity, the 
formation of TLR receptor complexes, and the activation of TLR signaling pathways [60]. In 
this study, no direct data was presented to exclude roles for TLRs and other PRRs in activating 
inflammation following IBDV infection. The more comprehensive and detailed mechanism 
of the inflammatory process triggered by IBDV deserves further exploration. Overall, we dis-
covered that IBDV infection induces high levels of IL-1β and the viral VP2 plays critical role 
in promoting the production of IL-1β. Mechanically, VP2 binds to MyD88 to enhance MyD88 
oligomerization and promote MyD88 complex assembly, subsequently, facilitates nuclear 
translocation of p65, which in consequence increases IL-1β production. Our findings reveal 
one key molecular mechanism by which IBDV triggers inflammation.

Materials and methods

Ethics statement
All the chickens were purchased from the National Poultry Experimental Animal Resource 
Bank of the HVRI and housed in a negative pressure isolator at the Experimental Animal 
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Center of the HVRI. The animal experiment was conducted in compliance with the Animal 
Welfare Act and Guide for the Care and Use of Laboratory Animals, approved by the Lab-
oratory Animal WelfareCommittee of Harbin Veterinary Research Institute (HVRI) of the 
Chinese Academy of Agriultural Sciences (approval number 230724-01-GR).

Cells and viruses
Chicken fibroblast cells DF-1 and Human embryonic kidney (HEK293T) cells were cultured 
in Dulbecco’s modified minimal essential medium (DMEM) (Sigma-Aldrich) supplemented 
with 10% fetal bovine serum (FBS) (Sigma-Aldrich), 100 U/ml penicillin, and 100 mg/ml 
streptomycin. Chicken macrophage cells HD11 were cultured in RPMI1640 medium  
(Sigma-Aldrich) complemented with 10% FBS (Sigma-Aldrich), 2% chicken serum (Sigma- 
Aldrich), 1% sodium pyruvate (Sigma-Aldrich), 1% non-essential amino acids (Gibco), and 
1‰ β-mercaptoethanol (Sigma-Aldrich). Except for HD11 cells (38.5°C), other cells were 
cultured in a humidified incubator at 37°C with 5% CO2.

The representative epidemic strain of very virulent IBDV (vvIBDV) named HLJ0504 
(GenBank No: GQ451330/GQ451331) [61] was isolated and identified by the Avian Immu-
nosuppressive Disease Division at Harbin Veterinary Research Institute (HVRI), the Chinese 
Academy of Agricultural Sciences (CAAS) (referred to as “our laboratory” in this paper). 
The rescued IBDV strain (referred to as the HT strain, GenBank No: PQ773517/PQ773518) 
[48,51] from the parent backbone HLJ0504 strain with double mutations of Q253H/A284T 
in VP2 was preserved in our laboratory. Compared to the vvIBDV HLJ0504 strain with high 
mortality, HT is a medium virulent strain and is not lethal.

Plasmids
Luciferase reporter plasmid (NF-κB-Luc) was purchased from Beyotime Biotechnology. The 
VP2 gene of the IBDV strains HLJ0504 or HT was cloned into the pCAGGS vector, with 
an HA, Myc or Flag tag fused to the N-terminus. Plasmids encoding chicken p65 (Gen-
Bank accession No. NM_001396038.1), TIRAP (GenBank accession No. NM_001024829.1), 
MyD88 (GenBank accession No. NM_001030962.5), or TRAF6 (GenBank accession No. 
XM_046942060.1) were constructed by cloning the synthesized sequences into pCAGGS 
vector containing Myc, HA, or Flag tags. The recombinant plasmid pGEX-GST-MyD88 was 
constructed by cloning the chicken MyD88 gene (GenBank accession No. NM_001030962.5) 
into the pGEX-4T-1 vector with a GST tag fused to the N-terminus.

Antibodies and reagents
The mouse anti-HA monoclonal antibody (mAb, H9658), rabbit anti-HA polyclonal antibody 
(pAb, H6908), mouse anti-Flag mAb (F1804), rabbit anti-Flag pAb (SAB4301135), mouse 
anti-Myc mAb (M4439), rabbit anti-Myc pAb (C3956), rabbit anti-GST pAb (G7781), mouse 
anti-β-actin mAb (A5441) were purchased from Sigma-Aldrich. Rabbit anti-pro-IL-1β pAb, 
Rabbit anti-p65 pAb, rabbit anti-p-p65 pAb, rabbit anti-TIRAP pAb, rabbit anti-MyD88 pAb, 
rabbit anti-TRAF6 pAb were developed by immunizing the rabbits with recombinant proteins 
(Biodragon). Rabbit anti-IκBα pAb (T55026) and rabbit anti-p-IκBα pAb (T55572) were pur-
chased from Abmart. Rabbit anti-Lamin B1 (ab229025) was purchased from Abcam. Rabbit 
anti-GAPDH (AC001) was purchased from ABclonal. IRDye 800CW goat anti-mouse (926-
32210) and IRDye 680LT goat anti-rabbit (926-68021) secondary antibodies were purchased 
from LiCor Bio-Sciences. Mouse anti-VP2 mAb of IBDV was produced and preserved in our 
laboratory. LPS (HY-D105), BAY 11-7082 (NF-kB inhibitor, HY-13453), ST2825 (MyD88 
inhibitor, HY-50937) were purchased from MedChem Express.
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Preparation of viral-like particle (VLP)
The VP2 gene of the vvIBDV HLJ0504 strain with a His-tag at the N-terminus was subcloned 
into the prokaryotic expression plasmid pCold Ⅰ (Takara). The recombinant plasmid was 
transformed into the engineered Escherichia coli (E. coli) BL21 (DE3) (Takara) to express the 
recombinant VP2. Recombinant VP2 was further purified via ammonium sulfate precipita-
tion, followed by size-exclusion chromatography. Transmission electron microscopy revealed 
that the purified protein could self-assembled into 25-nm VLP. The detailed methods are 
based on our previous publication [62].

Animal experiments
Three-week-old specific-pathogen-free (SPF) chickens were randomly allocated into two 
experimental groups. One group (45 chickens) was infected with the vvIBDV HLJ0504 strain 
at the dose of 36 copies per chicken via the ocular and intranasal routes. The other group (20 
chickens) was mock-infected and served as a control. Clinical symptoms were monitored 
daily. At 6 h, 12 h, 1 d, 3 d, 5 d, and 7 d post-infection, seven infected and three mock chickens 
per group were humanely sacrificed and their serum and bursa of Fabricius (bursa) were har-
vested. The serums were used to assess cytokines levels (for IL-1β and TNF-α) with chicken 
cytokines ELISA kit (Cloud-Clone). The bursa were fixed in 10% buffered formalin, embed-
ded in paraffin, sectioned, and stained with hematoxylin and eosin analysis.

Virus growth kinetics
The multi-step viral growth kinetics of HLJ0504 and the HT strain of IBDV in HD11 cells 
were analysed. The cells were infected with 1×1010 copies/1×106 cells and collected at 2, 6, 12, 
and 24 hpi, and tested for viral genome copies using RT-qPCR assays.

Co-immunoprecipitation (Co-IP) and immunoblot analysis
For Co-IP, cells transfected with the indicated plasmids were lysed in NP-40 lysis buffer 
(Beyotime) containing a protease inhibitor cocktail (Roche) and centrifuged at 13,000 g at 
4˚C for 5 min. Whole cell lysate were precleared with protein A/G agarose and then incubated 
with anti-tag beads or the appropriate antibody and protein A/G agarose at 4˚C overnight 
with constant rotation. Co-IP samples were collected by centrifugation and washed with PBS 
ten times. After washing, the cellular lysate protein samples were boiled with 5×SDS loading 
buffer (Beyotime) for 10 min and subjected to immunoblot analysis.

For the immunoblot analyses, the protein lysates were separated by electrophoresis on 
SDS-PAGE gels and then the proteins were transferred onto a nitrocellulose membrane. The 
membrane was blocked with 5% (w/v) skim milk in PBST for 1 h and then incubated with the 
corresponding primary antibodies diluted in PBS. After washing with PBST, the membrane 
was incubated with the appropriate secondary antibodies diluted in PBS. Finally, the mem-
brane was washed four times with PBST and scanned using an Odyssey Infrared Imaging 
System (Li-Cor Bio-sciences) for further analysis.

RT-qPCR
Whole-cell RNA was extracted from transfected, infected, or uninfected mock cells at the 
indicated time points using the RNAiso Plus kit (9109, TaKaRa, Japan). The extracted RNA 
was reverse-transcribed into cDNA using HiScript II QRT SuperMix for quantitative PCR 
(qPCR) (R223-01, Vazyme, China). Each sample was triplicated for relative abundance analy-
sis of individual mRNA transcripts from the viral genome or host factors, with the 28s mRNA 
serving as the normalizing reference. The RT-qPCR amplification reaction utilized the SYBR 
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Green qPCR Kit (QPS-201, TOYOBO, Japan) with the following cycling conditions (host fac-
tors): initial denaturation at 95°C for 2 min, followed by 40 cycles of 95°C for 5 s, 60°C for 30 
s, and a melt curve. The results were analysed using the 2-ΔΔC method. To determine the viral 
loads of IBDV in infected cells, the Premix Ex Taq (Probe qPCR; R390B, TaKaRa, Japan) was 
employed with cycling conditions of 48°C for 30 min and 95°C for 20 s, followed by 40 cycles 
of 95°C for 3 s, and 60°C for 30 s. The primers used in this study are available upon request.

Primers sequences are as follows: IL-1β (F: 5’-CCGAGGAGCAGGGACTTT-3’, R: 
5’-AGGACTGTGAGCGGGTGTAG-3’), TNF-α (F: 5’-AGCAGGGCTGACACGGAT-3’, R: 
5’-TGTTGGCATAGGCTGTCCTG-3’), p65 (F: 5’-TGCGGTTCCGCTATAAGTGT-3’, R: 
5’-CGGTAATGGTTTACGCGGATG-3’), TIRAP (F: 5’-TTCCTGTTATGGCCGGATGG-3’, 
R: 5’-TGAAAGTGAGTGGCTGGTGG-3’), MyD88 (F: 5’-GGATGATCCGTATGGGCATGG-3’,  
R: 5’-CTCCGTTTGCTCCAACTCTCT-3’), TRAF6 (F: 5’-GTGTCCAAGGCGTCAAGTCT-3’, R:  
5’-GCAGGTTTGGTCATGAAGCTCT-3’).

RNA interference
Control, chicken p65, and chicken MyD88 siRNAs were purchased from Sigma-Aldrich. 
HD11 cells were transfected with siRNAs (1 μg/1×105 cells) using Lipofectamine 2000 (Invit-
rogen) following the manufactures’ protocol. At 24 h post-transfection, the cells were infected 
with IBDV (1×1010 copies/1×106 cells). At 6 h post-infection, HD11 cells were examined using 
RT-qPCR or SDS-PAGE.

Luciferase assays
DF-1 cells were transfected with luciferase reporter plasmid (NF-κB-Luc) and the indicated 
plasmids. At 24 h post-transfection, the cells were harvested, and luciferase activity was 
detected using a dual luciferase reporter kit (ThermoFisher Scientific) according to the manu-
facture’s protocol.

Native polyacrylamide gel electrophoresis (native-PAGE)
HD11 cells were collected and washed twice with PBS. The cells were then lysed with native 
lysis buffer (ab156035, Abcam), supplemented with protease inhibitor cocktail (Roche) for 30 
min on ice. The lysates were centrifuged at 13,000 g for 5 min and added 5× native loading 
buffer, and then subjected to immunoblot analysis.

Glutathione S-transferase (GST) pull-down assays
The GST-MyD88 was purified by glutathione agarose beads (GE Healthcare). HA-VP2 was puri-
fied by using Ni-nitrilotriacetic acid agarose (GE Healthcare). The purified proteins were incu-
bated with glutathione agarose beads for 6 h. The beads were washed three times with PBS, mixed 
with 5× SDS loading buffer and boiled for 10 min and then analysed by immunoblot analysis.

Statistical analysis
All statistical analyses were performed using the GraphPad Prism software. Differences were 
considered statistically significant if the P value was less than 0.05.

Supporting information
S1 Fig.  Residues 253 and 284 of VP2 are involved in the difference of inflammatory 
response induced by different IBDV strains in DT40 cells. (A) The growth dynamics of the 
HLJ0504 and HT strain of IBDV in DT40 cells were analysed using RT-qPCR. (B-D) Effect 
of HLJ0504 or HT strain on the expression of IL-1β, TNF-α, and production of IL-1β. DT40 

http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1012985.s001


PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1012985 March 11, 2025 22 / 25

PLOS PathOgenS Enhancing MyD88 oligomerization is one mechanism by which IBDV VP2 induces inflammatory response

cells were infected with HLJ0504 or HT strain (1×1010 copies/1×106 cells) for 6 and 12 hpi, 
and levels of IL-1β (B) and TNF-α (C) mRNA were assessed by RT-qPCR. The pro-IL-1β in 
the cell lysates were analysed by immunoblot analysis, and IL-1β in the cell supernatants were 
measured by ELISA (D). All data are representative of at least three independent experiments. 
Graphs show mean ± SD, n=3, ***, P<0.001.
(TIF)

S1 Data.  Excel spreadsheet containing, in separate sheets, the underlying numerical data 
and statistical analysis for Figures. 
(XLSX)
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