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ABSTRACT While the entry of infectious bursal disease virus (IBDV) is initiated by
the binding of the virus to the two major receptors integrin and HSP90, the signal-
ing events after receptor binding and how they contribute to virus entry remain elu-
sive. We show here that IBDV activates c-Src by inducing the phosphorylation of the
Y416 residue in c-Src both in DF-1 chicken fibroblasts and in vivo in the bursa of
Fabricius from specific-pathogen-free (SPF) chickens. Importantly, inactivated IBDV
fails to stimulate c-Src Y416 phosphorylation, and a very virulent IBDV strain induces
a much higher level of c-Src Y416 phosphorylation than does an attenuated strain.
Inhibition of c-Src activation by an Src kinase inhibitor or expression of a c-Src domi-
nant negative mutant results in a significant decrease in the internalization of IBDV
but has little effect on virus adhesion. Furthermore, short hairpin RNA (shRNA)
downregulation of integrin, either the �4 or �1 subunit, but not HSP90 remarkably
attenuates IBDV-induced c-Src Y416 phosphorylation, resulting in a decrease in IBDV
internalization but not virus adhesion. Moreover, interestingly, inhibition of either
c-Src downstream of the phosphatidylinositol 3-kinase (PI3K)/Akt-RhoA signaling cas-
cade or actin rearrangement leads to a significant decrease in IBDV internalization ir-
respective of the IBDV-induced high levels of c-Src phosphorylation. Cumulatively,
our results suggest a novel feed-forward model whereby IBDV activates c-Src for
benefiting its cell entry via an integrin-mediated pathway by the activation of down-
stream PI3K/Akt-RhoA signaling and cytoskeleton actin rearrangement.

IMPORTANCE While IBDV-caused immunosuppression is highly related to viral inva-
sion, the molecular basis of the cellular entry of IBDV remains elusive. In this study,
we demonstrate that IBDV activates c-Src by inducing the phosphorylation of the
Y416 residue in c-Src to promote virus internalization but not virus adhesion. The
ability to induce the level of c-Src Y416 phosphorylation correlates with the patho-
genicity of an IBDV strain. IBDV-induced c-Src Y416 activation is �4�1 integrin but
not HSP90 dependent and involves the activation of the downstream PI3K/Akt-RhoA
GTPase-actin rearrangement cascade. Thus, our findings provide new insights into
the IBDV infection process and the potential for c-Src as a candidate target for the
development of IBDV therapeutic drugs.
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Infectious bursal disease virus (IBDV), a member of the genus Avibirnavirus of the
family Birnaviridae, is the causative agent of infectious bursal disease, which is an

acute and highly contagious disease of young chickens manifested as inflammation
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and subsequent atrophy of the bursa of Fabricius (BF) and immunosuppression (1).
IBDV targets mainly the BF, the major chicken immune organ, resulting in immu-
nosuppression and an increased susceptibility to secondary infections in young
chickens (2).

IBDV is a nonenveloped, icosahedral virus with a double-stranded RNA (dsRNA)
genome consisting of two segments, segment A (3.2 kb) and segment B (2.8 kb). While
segment B has only one open reading frame (ORF) that encodes VP1, the putative
RNA-dependent RNA polymerase of IBDV (3), segment A is composed of two overlap-
ping ORFs, ORF1 and ORF2, that encode the viral nonstructural protein VP5, which may
be involved in virus egress (4, 5), and a precursor polyprotein (pVP2-VP4-VP3), respec-
tively (6, 7). While VP4 is a serine protease that cleaves the polyprotein (VP2-VP4-VP3)
to form VP2, VP3, and VP4, the major viral structural protein VP2 assembles into 260
trimers to form a T�13 icosahedral IBDV capsid (8). In addition, VP4 inhibits the
expression of type I interferon (IFN) by binding to the glucocorticoid-induced leucine
zipper (9). Our previous study showed that VP3 competes with MDA5 to bind intracel-
lular viral genomic dsRNA to block IFN-� induction (10).

IBDV infection begins with virus attachment to the putative cellular receptors on the
surface of host cells. So far, three putative IBDV receptors on host cells have been
identified, including IgM in chicken B lymphocytes (11), integrin in mouse NIH 3T3 cells
(12), and HSP90 (heat shock protein 90) in chicken fibroblasts (13). While integrins are
cell surface-expressed membrane proteins, HSP90, a highly conserved molecular chap-
erone, can be present inside the cell, expressed on the cell surface (13, 14), and secreted
into the extracellular space (15). Beside its role as a cell attachment receptor for IBDV,
which confers susceptibility to nonpermissive cells in IBDV infection (13), surface HSP90
was recently shown to initiate the autophagy cascade by interacting with VP2 of IBDV
(14). The capsid protein VP2 is the primary immunogen of IBDV and is displayed as
trimeric clusters of outer-protruding structures on IBDV capsids (16). This protein
contains three distinct domains, namely, the base (B), shell (S), and projection (P)
domains (17, 18). The P domain contains a conserved putative �4�1 integrin binding
motif of Ile-Asp-Ala (IDA), which mediates the interaction of IBDV with integrin recep-
tors on the surface of permissive cells (19). After receptor binding, IBDV actively
modulates and engages cytoskeletons and is then internalized to enter target cells via
a mechanism of adsorptive or receptor-mediated endocytosis that is independent of
clathrin (20). Endosomal penetration by IBDV is mediated by a pep46-dependent
pore-forming mechanism. pep46, a membrane permeabilization protein present in the
virus capsid, is generated from the self-cleavage of precursor VP2 during VP2 matura-
tion. This protein interacts with the lipid bilayer to induce pores with a diameter of �10
nm in endosomal membranes, resulting in the release of viral particles from the
endosome into the cytoplasm (21). However, the signaling events that occur after IBDV
particles attach to cellular receptors and the cellular factors that regulate these virus
entry events have not yet been clear.

c-Src kinase is a multifunctional nonreceptor tyrosine kinase involved in regulating
a diverse spectrum of biological activities such as proliferation, survival, metastasis, and
angiogenesis (22). c-Src has been implicated in the regulation of the life cycles of
various viruses. A number of viruses, including herpes simplex virus 8 (human herpes-
virus 8 [HHV8]) (23), Japanese encephalitis virus (JEV) (a member of the genus Flavivirus
of the family Flaviviridae) (24), and bovine ephemeral fever virus (BEFV) (a member of
the genus Ephemerovirus of the family Rhabdoviridae) (25), stimulate c-Src phosphory-
lation to facilitate virus entry. One of the possible mechanisms is that c-Src bridges
between the upstream surface �4�1 integrin receptors and downstream phos-
phatidylinositol-3-kinase (PI3K)/Akt signaling cascades. Through the activation of
downstream RhoA, a small G protein, activated PI3K/Akt regulates the actin cytoskel-
eton, which is essential for virus entry and the virus life cycle (26).

The regulation of c-Src activity involves the phosphorylation of two key tyrosine
sites on c-Src, Y416 and Y527 (27). Under basal conditions, c-Src is phosphorylated at
Y527, which enables c-Src to be maintained in an inactive configuration by multiple

Ye et al. Journal of Virology

February 2017 Volume 91 Issue 3 e01891-16 jvi.asm.org 2

http://jvi.asm.org


intramolecular interactions. Tyrosine 416 is present in the activation loop, and inter-
molecular autophosphorylation of this site promotes kinase activity (28, 29).

IBDV actively modulates and engages cytoskeletons during its entry into cells, and
inhibitions or depletions of c-Src kinase lead to a significant reduction of IBDV cell entry
(20), suggesting that c-Src plays a role in IBDV infection, especially in virus entry.
Despite these indications, however, it is not clear whether the activation of c-Src
signaling could be moderated during IBDV infection and how it contributes to IBDV
infection. In the present study, we have thus determined the effect of IBDV on host
c-Src phosphorylation/activation and its role in IBDV invasion at an early stage. Our
results demonstrate that IBDV infection rapidly induces the tyrosine phosphorylation of
c-Src kinase at Y416, which is a prerequisite for efficient IBDV internalization but not for
virus-receptor binding. IBDV-induced c-Src tyrosine phosphorylation and activation are
�4�1 integrin dependent and involve the downstream activation of the PI3K-RhoA
GTPase-actin rearrangement cascade. This is the first report demonstrating a novel
feed-forward model whereby IBDV activates c-Src kinase via an integrin pathway but
not HSP90 to facilitate its entry into cells.

RESULTS
IBDV infection elicits host c-Src Y416 phosphorylation/activation in a

virulence-dependent manner both in vitro and in vivo. c-Src, a tyrosine protein
kinase, has been reported to play an important role in virus entry into host target cells
(30). The activation of c-Src is characterized by the intermolecular autophosphorylation
of tyrosine 416 in the activation loop (31). To investigate whether c-Src kinase could
also play a role during IBDV infection, we examined c-Src expression and its tyrosine
phosphorylation at the activation-related Y416 site by Western blotting of the IBDV-
infected or mock-infected chicken fibroblast cell line DF-1 over a time course of 4 h. The
kinetics of c-Src Y416 phosphorylation was plotted by using the quantified band
intensity of c-Src phosphorylation against whole c-Src expression in IBDV-infected DF-1
cells. Upon IBDV infection of DF-1 cells, c-Src phosphorylation at Y416 showed a rapid
increase, peaked at 1 h postinfection (hpi), and decreased thereafter (Fig. 1A). As a
control, total c-Src protein levels were not changed (Fig. 1A, middle). We next examined
whether the induction of c-Src phosphorylation at Y416 requires the infectivity of IBDV
by infecting DF-1 cells for 1 h with either live IBDV or heat-inactivated virus that was
rendered noninfectious. Whereas live-IBDV infection induced a �3-fold increase in c-Src
kinase phosphorylation at Y416, infection by heat-inactivated IBDV induced only a
slight increase in c-Src kinase phosphorylation at Y416 (Fig. 1B). To investigate whether
IBDV infection induces c-Src Y416 phosphorylation in vivo, specific-pathogen-free (SPF)
chickens were challenged with two IBDV strains, a very virulent strain (vvIBDV) and an
attenuated IBDV strain (aIBDV). We chose four postinoculation intervals, i.e., 1, 2, 3, and
4 days postinfection (dpi), to include the time points ranging from the early appearance
of infection to maximum infection by both vvIBDV and aIBDV before death. Infected BFs
were harvested and subjected to hematoxylin and eosin (H&E) staining and Western
blot analysis of c-Src tyrosine phosphorylation at Y416. As expected, H&E staining of
histological sections of BFs showed that vvIBDV caused moderate hemorrhage, severe
necrosis, and depletion of lymphocytes, whereas aIBDV caused slight hemorrhage and
atrophy (Fig. 1D, right versus middle). As observed for the DF-1 cell line, both the
vvIBDV and aIBDV strains induced significant and comparable increases in c-Src phos-
phorylation at Y416 in BFs from virus-infected SPF chickens at 1 dpi (Fig. 1C). However,
the level of c-Src Y416 phosphorylation induced by vvIBDV continued to increase and
peaked at 2 dpi, whereas in aIBDV-infected BFs, c-Src Y416 phosphorylation started to
decline at 2 dpi (Fig. 1C, lane 3 versus lane 7). To further confirm the correlation
between the pathogenicity of IBDV strains and elevated levels of c-Src Y416 phosphor-
ylation in vivo, histological sections of BFs were subjected to immune staining using
specific antibodies against VP3 and chicken c-Src-phosphorylated Y416, followed by
confocal image analysis. As expected, there were significantly more viral components,
i.e., VP3 (Fig. 1E, green) detected in vvIBDV-infected BFs than in aIBDV-infected BFs.

c-Src Controls IBDV Cell Entry Journal of Virology

February 2017 Volume 91 Issue 3 e01891-16 jvi.asm.org 3

http://jvi.asm.org


FIG 1 IBDV infection elicits host c-Src tyrosine phosphorylation and activation in a cell line and in vivo.
(A) Time course of c-Src Y416 phosphorylation upon IBDV infection. DF-1 cells were either mock infected
or infected with IBDV (MOI � 50) for different times (0.25 to 4 h), and Western blot analysis was then

(Continued on next page)
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Staining of c-Src Y416 phosphorylation (Fig. 1E, red) was also much more abundant in
vvIBDV-infected BFs than in aIBDV-infected BFs (Fig. 1E). Taken together, c-Src kinase
phosphorylation is induced during IBDV infection both in a cell line and in vivo, and the
intensity of c-Src kinase phosphorylation appears to correlate with the extent of virus
dissemination and pathogenicity of IBDV strains.

Inhibition of c-Src kinase phosphorylation leads to decreased internalization,
but not adhesion, of IBDV. Given the observation that IBDV rapidly induced c-Src
tyrosine phosphorylation and activation in the DF-1 cell line as well as in vivo in the
bursa of Fabricius, we next examined the effect of c-Src tyrosine phosphorylation and
activation on the early stages of IBDV infection, including viral particle adhesion and
entry into target cells. DF-1 cells were either mock treated or pretreated with the c-Src
inhibitor AZD0530 for 1 h, prior to IBDV infection for 1 h, and the effect of c-Src kinase
inhibition by AZD0530 treatment on IBDV adhesion and internalization was assessed by
various methods, including Western blotting, plaque assays, reverse transcription-
quantitative PCR (qRT-PCR) analysis of the 5= untranslated region (UTR) of segment A,
and immunofluorescence assays (IFAs). In contrast to the marked increase of c-Src
kinase phosphorylation at Y416 in mock-treated DF-1 cells, AZD0530 pretreatment led
to a reduction of c-Src phosphorylation in a dose-dependent manner (Fig. 2A). To
confirm the reduction in virus internalization by c-Src inhibition, we further analyzed
the expression of IBDV VP3 proteins at 1 h and 4 h postinfection using Western blot
analysis. At all time points, there was significantly less VP3 protein detected in the
AZD0530 treatment group (Fig. 2B, lane 4 versus lane 2 and lane 5 versus lane 3).
Furthermore, the effect of c-Src inhibition by treatment with AZD0530 on the entry of
IBDV was assessed by a plaque assay. The viral titer was monitored in IBDV-infected
DF-1 cells treated with dimethyl sulfoxide (DMSO) or with AZD0530 at the time points
of 1, 4, 12, and 24 hpi. The results clearly indicate that a significant decrease in IBDV
internalization by AZD0530 treatment occurred by as early as 1 h postinfection, which
suggested an early role of IBDV-induced c-Src signaling in the early steps of the entry
of infectious virus (Fig. 2C). The effect of c-Src inhibition by treatment with AZD0530 on
IBDV entry was assessed by immunofluorescence staining of the IBDV structural protein
VP3 (Fig. 2D, green, and a to c). Given that in the cells at 1 hpi, VP3 was derived mostly
from the internalized parent IBDVs rather than from the newly synthesized progeny
viruses, VP3 displayed a small-dotted staining pattern. There were considerably many
more dot-like VP3 signals detected specifically in DMSO-treated DF-1 cells than in
AZD0530-treated cells (Fig. 2D, b versus c). In addition, comparison of the quantitative
score in percentages of VP3-positive cells indicated that there was a significantly lower
number of VP3-positive cells in cells treated with AZD0530 than in control cells treated
with DMSO (Fig. 2Dd). The effects on both IBDV entry and IBDV binding to target cells
with AZD0530 treatment were further assessed in parallel by using both qRT-PCR
analysis of the 5= UTR of segment A (Fig. 2E) and a plaque assay (Fig. 2F). In both assays,
while the adhesion of IBDV to target cells showed little difference between the mock
and AZD0530 treatment groups (Fig. 2E and F, open bars), IBDV internalization was
reduced by about one-half in the AZD0530 treatment group in comparison to that in
the mock treatment group (Fig. 2E and F, filled bars). Furthermore, to investigate

FIG 1 Legend (Continued)
performed by using antibodies against phospho-c-Src (Y416), VP3, and total c-Src. GAPDH was used as
a loading control. The line graph shows data from densitometry analysis of the ratio of phospho-c-Src/
total c-Src. (B) DF-1 cells were mock infected or incubated with live IBDV or with heat-inactivated IBDV
for 1 h, and Western blot analysis was then performed by using antibodies against phospho-c-Src, VP3,
and total c-Src. The histogram shows data from densitometry analysis of the ratio of phospho-c-Src/total
c-Src. (C) SPF chickens inoculated with vvIBDV or aIBDV were sacrificed at the indicated times (days
postinfection), and the BFs were collected for Western blotting to analyze the phosphorylation level of
c-Src at Y416. (D) H&E staining of BF sections for assessment of pathological lesions. (E) Representative
confocal microscopy images of BF sections from SPF chickens inoculated with aIBDV or vvIBDV coim-
munostained with anti-VP3 plus anti-mouse Ig Alexa Fluor 488 or anti-phospho-c-Src plus anti-rabbit Ig
Alexa Fluor 568, respectively. Nuclei (blue) were stained with DAPI (4=,6-diamidino-2-phenylindole). All
the data are presented as means � SDs from three independent experiments. **, P � 0.01; #, P � 0.05.
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FIG 2 Inhibition of c-Src activation by treatment with AZD0530 or overexpression of a c-Src dominant
negative (DN) mutant leads to decreased internalization but not adhesion of IBDV. (A) DF-1 cells
pretreated with either DMSO or different concentrations of AZD0530 were mock infected or infected
with IBDV for 1 h. The whole-cell lysates were then extracted and subjected to Western blot analysis
using anti-phospho-c-Src, followed by anti-c-Src and anti-GAPDH as the loading controls. (B) DF-1 cells
pretreated with either DMSO or 20 �M AZD0530 were mock infected or infected with IBDV for either
1 h or 4 h, and Western blot analysis was then performed by using anti-VP3. GAPDH was included as
a loading control. (C) DF-1 cells pretreated with either DMSO or 20 �M AZD0530 were infected with
IBDV for either 1 h, 4 h, 12 h, or 24 h. The viral titer under each condition was then measured by a viral
plaque assay. (D) Representative confocal microscopy images of immunostaining of VP3 (green) in
DF-1 cells that were pretreated with either DMSO or 20 �M AZD0530, followed by infection with IBDV
or mock infection for 1 h (a to c). Nuclei were stained with DAPI (blue). The bar graph indicates the
quantitative score in the percentage of VP3-positive cells determined by counting 150 cells per group
(d). (E and F) The effects of AZD0530 treatment on both IBDV entry and IBDV binding to target cells
were further assessed in parallel by using both a plaque assay (F) and qRT-PCR analysis of the 5= UTR
of segment A (E), with values normalized against the value for GADPH. (G and H) The effect of the
expression of c-Src DN on IBDV binding and internalization was measured in parallel by using qRT-PCR
(G) and a plaque assay (H). The expression of the Flag-tagged c-Src DN mutant was verified by Western
blotting (G, right). All the data are presented as means � SDs from at least three independent
experiments. **, P � 0.01.
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whether there is a direct link between c-Src Y416 phosphorylation and IBDV internal-
ization, we examined the effect of a c-Src dominant negative (DN) mutant on IBDV
internalization. In DF-1 cells, transfection of the c-Src DN mutant led to a 60% reduction
in virus internalization (Fig. 2G and H, filled bars) but little change in virus adhesion (Fig.
2G and H, open bars). These results suggest that c-Src phosphorylation at Y416 and
activation are required for IBDV entry into cells but not for adhesion to host cells.

IBDV-induced c-Src phosphorylation and activation are mediated by mem-
brane surface �4�1 integrin but not HSP90. Upon infection, IBDV first needs to make
an attachment to target cells and subsequently progresses to cell internalization (20).
The cell surface molecule �4�1 integrin links to its downstream c-Src via focal adhesion
kinase (FAK) (22) in the integrin signaling pathway. Integrin and HSP90 are two major
IBDV binding receptors (12, 13). To address the role of integrin and HSP90 in IBDV-
induced c-Src Y416 phosphorylation and activation, we screened for effective short
hairpin RNAs (shRNAs) by Western blotting (Fig. 3Aa to c) and confirmed the effect of
shRNA knockdown of the integrin �4 or �1 subunit or HSP90 by qRT-PCR (Fig. 3Ad).
Knockdown of either the integrin �4 or �1 subunit but not HSP90 significantly reduced
IBDV-enhanced c-Src Y416 phosphorylation (Fig. 3B and D). Furthermore, the effect of
�4�1 integrin knockdown on IBDV adhesion and internalization was examined. While
the level of IBDV adhesion to target cells was hardly affected (Fig. 3C), knockdown of
either the �4 or �1 subunit of integrin led to a significant 50% decrease in IBDV
internalization, as determined by qRT-PCR analysis of the 5= UTR of segment A in DF-1
cells. In contrast, despite having little effect on c-Src Y416 phosphorylation, knockdown
of HSP90 led to significant reductions in not only IBDV internalization but also virus
attachment (Fig. 3E), supporting that HSP90 serves as the major binding receptor for
IBDV attachment. These data indicate that IBDV-induced c-Src Y416 phosphorylation is
mediated through the host cell surface molecule integrin but not HSP90, which is
required specifically for c-Src-mediated IBDV internalization but not for virus adhesion
to target cells.

Inhibition of c-Src downstream PI3K/Akt-RhoA signaling and cytoskeleton
actin rearrangement prevents c-Src activation-mediated IBDV internalization.
Given that IBDV-induced c-Src activation promotes integrin-mediated IBDV internaliza-
tion, the next question is which c-Src downstream targets are involved in IBDV
internalization. It was reported previously that IBDV could activate the PI3K/Akt signal-
ing pathway (32), one of the downstream targets of c-Src. To examine whether c-Src
Y416 phosphorylation and PI3K/Akt activation upon IBDV infection are two separate or
coupled events, we thus investigated the effect of c-Src inhibition on IBDV-induced
PI3K/Akt activation and the effect of PI3K/Akt inhibition on IBDV-induced c-Src Y416
phosphorylation. PI3K activity upon IBDV infection was measured by analysis of Akt
phosphorylation at S473 in IBDV-infected DF-1 cells (33). In line with data from a
previous report (32), Akt phosphorylation at S473 was greatly increased upon IBDV
infection (Fig. 4A, lane 2). Treatment with the c-Src inhibitor AZD0530 significantly
reduced not only IBDV-induced Y416 phosphorylation of c-Src (Fig. 4A, lane 4 versus
lane 2) but also IBDV-induced S473 phosphorylation of Akt (Fig. 4A, lane 4 versus lane
2). In contrast, treatment with the Akt inhibitor LY294002 inhibited only IBDV-induced
Akt phosphorylation at S473 (Fig. 4A, lane 6 versus lane 2) but had little effect on
IBDV-induced phosphorylation of c-Src at Y416 (Fig. 4A, lane 6 versus lane 2). These
results suggest that IBDV-induced c-Src Y416 phosphorylation is an event that occurs
earlier than IBDV-induced Akt activation, and PI3K/Akt signaling is a downstream target
of activated c-Src upon IBDV infection.

RhoA is one of the small GTPases downstream of PI3K/Akt signaling and is the
master regulator of cytoskeleton rearrangement for virus entry into cells (26). To
examine whether enhanced c-Src activation upon IBDV infection has an effect on the
activation of these signaling molecules involved in cytoskeleton rearrangement, we
measured the activity of RhoA GTPase by Western blotting and a G-LISA assay. Upon
IBDV infection, the RhoA GTPase activity was significantly increased, peaked at 1 h
postinfection, and then decreased (Fig. 4B). This result was further confirmed by a
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G-LISA showing that RhoA activity was upregulated by nearly 3-fold in DF-1 cells upon
IBDV infection compared to that in mock-treated cells (Fig. 4C). Interestingly, IBDV-
induced RhoA activation was inhibited not only by pretreatment of target cells with
RhoA inhibitor I but also by pretreatment with either the c-Src inhibitor AZD0530 or the

FIG 3 IBDV-induced c-Src phosphorylation and activation are dependent on host cell surface integrin
�4�1, which is required for IBDV internalization but not for IBDV adhesion. (A) Generation of stable DF-1
cell pools with lentivirus-mediated expression of integrin ITG�4 shRNAs, integrin ITG�1 shRNAs, HSP90
shRNA, and nontargeting EGFP shRNA as a control. shRNA-ITG�4#2 (a, lane 3), shRNA-ITG�1#3 (b, lane
8), and shRNA-HSP90 (c, lane 10) effectively suppressed the expression of Flag-tagged ITG�4, shRNA-
ITG�1, and HSP90, respectively. GAPDH was detected as a loading control. The knockdown of the
integrin subunits chITGA4 and chITGB1 or HSP90 in the stable line was confirmed by qRT-PCR, and values
were normalized to the value for GAPDH (d). (B) DF-1 cells that stably expressed shRNAs against integrin �4,
integrin �1, or EGFP (control) were infected with IBDV for 1 h, and the activation of c-Src was examined by
Western blotting using anti-phospho-c-Src, followed by anti-c-Src and anti-GAPDH as the loading controls.
The histogram shows data from densitometry analysis of the ratio of phospho-c-Src/total c-Src. (C) IBDV
binding and internalization assays were performed in DF-1 cells stably expressing shRNAs against integrin �4,
integrin �1, or EGFP. (D) Knockdown of HSP90 has little effect on IBDV-induced phosphorylation of c-Src. DF-1
cells with stable expression of HSP90 shRNA or control EGFP shRNA were infected with IBDV for 1 h, and the
phosphorylation of c-Src was examined by Western blotting using anti-phospho-c-Src, followed by anti-c-Src
and anti-GAPDH as the loading controls. The histogram shows data from densitometry analysis of the ratio
of phospho-c-Src/total c-Src. (E) IBDV particle adhesion and internalization assays were performed by using
DF-1 cells with stable expression of shRNA against HSP90 or EGFP. All the data are presented as means � SDs
from three independent experiments. **, P � 0.01.
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FIG 4 c-Src and the downstream molecule PI3K/Akt in the integrin signaling pathway are required for
IBDV internalization. (A) DF-1 cells were pretreated with the indicated inhibitors and then infected with
IBDV at an MOI of 50 for 1 h. Western blot analysis of cell lysates was performed by using the indicated

(Continued on next page)
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PI3K/Akt inhibitor LY294002 (Fig. 4C). As expected, all these inhibitors had an inhibitory
effect on IBDV internalization but not on virus adhesion (Fig. 4D).

To further investigate whether actin rearrangement also plays a role in IBDV infection,
we stained cytoskeleton actin with tetramethyl rhodamine isocyanate (TRITC)-labeled
phalloidin in DF-1 cells that were mock infected or infected with IBDV. As shown in Fig.
4E, while the stress fibers crossing the cytoplasm were prominent in control DF-1 cells
(left), the stress fibers nearly disappeared and the actin filaments accumulated in the
periphery of cells infected with IBDV (middle left). Interestingly, IBDV failed to induce
actin rearrangement in cells that were pretreated with either the c-Src inhibitor
AZD0530 or the PI3K/Akt inhibitor LY294002 prior to IBDV infection (Fig. 4E, middle
right and right). In line with the above-described result, the amount of internalized IBDV
(Fig. 4E, green) was reduced significantly in DF-1 cells pretreated with AZD0530 or
LY294002 compared to that in cells that were mock treated or treated with the vehicle
DMSO (Fig. 4E, top). Furthermore, pretreatment of host DF-1 cells with a cellular actin
dynamic inhibitor, either cytochalasin D (34) or jasplakinolide (35), inhibited IBDV
internalization in a dose-dependent manner (Fig. 4F). Thus, IBDV induces cellular
cytoskeleton actin rearrangement for its internalization, which is dependent on the
earlier event of c-Src activation, and inhibition of cytoskeleton actin rearrangement also
prevents c-Src activation-mediated IBDV internalization.

Taken together, these results suggest that the elevated c-Src activity induced by
IBDV promotes IBDV internalization by targeting the PI3K/Akt-RhoA signaling cascade
and cytoskeleton actin rearrangement.

DISCUSSION

IBDV-caused immunosuppression is highly related to virus invasion. However, the
molecular processes and signaling events involved in IBDV cellular entry are poorly
characterized. In this study, we show that IBDV infection stimulates �4�1 integrin-
dependent c-Src tyrosine phosphorylation at Y416 in both the chicken DF-1 cell line
and bursa of Fabricius from SPF chickens, which is required for IBDV internalization but
not for adhesion. Our data support a model where IBDV infection rapidly activates c-Src
via an integrin pathway as an essential feed-forward mechanism to facilitate the entry
of IBDV into cells. Thus, modulation of the phosphorylation dynamics of c-Src down-
stream of integrin by IBDV constitutes an essential mechanism for the rapid and
efficient entry of the virus into host cells.

Modulation of c-Src tyrosine activation following virus infection represents an
important mechanism that is involved in the virus life cycle (36). Our analysis of the
effect of IBDV infection on c-Src tyrosine phosphorylation shows that IBDV could rapidly
trigger c-Src tyrosine phosphorylation at an early stage of infection in both the chicken
DF-1 cell line and bursa of Fabricius from SPF chickens. Notably, heat-inactivated IBDV
failed to induce an increase in c-Src Y416 phosphorylation, suggesting that the infec-
tious ability of IBDV is required for its induction of c-Src tyrosine phosphorylation. This

FIG 4 Legend (Continued)
antibodies. The ratio of the signal intensity of phosphorylated c-Src to that of total c-Src and the ratio of
the signal intensity of phosphorylated Akt to that of total Akt were quantitated from three independent
experiments and are plotted in a histogram (right). (B) Time course of RhoA GTPase activity in DF-1 cells
that were infected with IBDV at an MOI of 50 for various time periods (0.5 to 1.5 h). GTP-RhoA was
analyzed by a pulldown assay, and the ratio between GTP-RhoA and RhoA was quantified from three
independent experiments and plotted in a histogram. (C) DF-1 cells were pretreated with the indicated
inhibitors and then infected with IBDV at an MOI of 50 for 1 h, and RhoA GTPase activity was then
measured by using a G-LISA assay. (D and F) DF-1 cells pretreated with the c-Src inhibitor AZD0530, the
PI3K inhibitor LY294002, RhoA inhibitor I, as well as the cytoskeleton actin inhibitors cytochalasin D and
jasplakinolide were subsequently used for measuring IBDV binding and internalization as described in
the legend of Fig. 2. The values plotted in the bar chart were normalized to 1 for the mock treatment
control. (E) DF-1 cells pretreated with the c-Src inhibitor AZD0530, the PI3K inhibitor LY294002, or DMSO
were infected with IBDV at an MOI of 50 for 1 h, and coimmunofluorescence staining with TRITC-labeled
phalloidin and anti-VP3 was performed to detect F-actin (red) and the viral protein VP3 (green). Nuclei
were stained with DAPI. Images were captured by using a confocal microscope. All the data are
presented as means � SDs from three independent experiments. **, P � 0.01.
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was supported by the finding that the highly pathogenic IBDV strain induced a higher
level of c-Src Y416 phosphorylation than did the attenuated lowly pathogenic strain
(Fig. 1C and E), suggesting that the ability to induce the level of c-Src Y416 phosphor-
ylation correlates with the pathogenicity of a particular IBDV strain. Thus, IBDV-induced
c-Src Y416 phosphorylation can potentially serve as a hallmark of viral infection.

What are the major benefits of IBDV triggering a rapid surge in the tyrosine
phosphorylation of c-Src kinase at an early stage when interacting with target cells? The
finding that virus internalization but not adhesion was significantly reduced in cells
pretreated with the c-Src inhibitor compared with that in mock-treated cells points to
the prerequisite of an increase in c-Src Y416 phosphorylation for efficient internalization
of IBDV, which was not needed for attachment. This was further supported by the
finding that the expression of the c-Src dominant negative mutant specifically dis-
rupted IBDV internalization but not virus adhesion. These data suggest that the
attachment and internalization of IBDV are separate phases that are dependent on
different membrane surface molecules. So far, there have been three reported putative
IBDV receptors on host cells, which are HSP90 in chicken fibroblast (13), integrin in
mouse NIH 3T3 cells (12), and IgM in chicken B lymphocytes (11). shRNA downregula-
tion of either the �4 or �1 subunit of surface integrin but not HSP90 disrupted
IBDV-induced c-Src tyrosine phosphorylation (Fig. 3B), suggesting that the stimulatory
effects of IBDV infection on c-Src phosphorylation are mediated by integrin but not by
HSP90. Because of the ablation of IBDV-induced c-Src tyrosine phosphorylation, as
expected, knockdown of integrin resulted in a significant decrease in the level of IBDV
internalization. However, surprisingly, the level of IBDV attachment was not affected
upon the knockdown of �4 or �1 integrin (Fig. 3C), one of the putative IBDV receptors
in mouse NIH 3T3 cells (12). Given that IBDV has multiple binding receptors, one
potential scenario that could account for the unchanged virus adhesion to integrin
knockdown cells is that when the integrin molecules are knocked down, the other
major IBDV attachment receptors, e.g., HSP90, could compensate to mediate virus
attachment. In support of this interpretation, in contrast with the knockdown of
integrin, HSP90 shRNA downregulation caused a significant reduction in IBDV attach-
ment (Fig. 3E). IBDV internalization in HSP90 knockdown cells was also disrupted, but
this was most likely a consequence of the loss of virus binding, supporting that HSP90
serves as the major binding receptor for IBDV attachment, although the possibility that
HSP90 could also play a direct role in IBDV internalization is not excluded. Thus, these
data argue that there is a discrepancy between integrin and HSP90 in mediating IBDV
binding. While HSP90 serves as a major IBDV binding receptor that supports virus
adhesion to host cells, integrin-mediated IBDV attachment initiates the downstream
signaling cascades that mainly regulate IBDV internalization.

The decrease in IBDV internalization by AZD0530 treatment occurred by as early as
1 h postinfection. However, AZD0530 treatment also yielded an even more significant
decrease in virus internalization at 24 h postinfection than at 12 h postinfection (Fig.
2C). One possible explanation for this finding is that besides its early role in promoting
virus internalization, IBDV-induced c-Src signaling has potential late functions in other
steps of the virus replication cycle (e.g., postinternalization). For example, it is likely that
the actin arrangement driven by IBDV-induced c-Src signaling will have an impact on
IBDV endosomal penetration to promote the release of IBDV particles from endosomes
to the cytosol (21) and the postendocytic trafficking of virus-containing endosomal
vesicles (Fig. 5).

However, the exact viral component of IBDV that is responsible for inducing c-Src
tyrosine phosphorylation remains unknown. Given that the ability of IBDV to induce
c-Src Y416 phosphorylation is associated with viral infectivity, the component should
serve as a viral virulence factor to confer to IBDV the ability to induce rapid integrin-
dependent c-Src tyrosine phosphorylation for viral cellular entry. Furthermore, the
component could either indirectly trigger the activation of the integrin signaling
pathway or serve as a direct ligand for integrin to initiate the activation of the integrin
signaling pathway. It is more likely that VP2, which possesses a surface integrin

c-Src Controls IBDV Cell Entry Journal of Virology

February 2017 Volume 91 Issue 3 e01891-16 jvi.asm.org 11

http://jvi.asm.org


molecule binding motif, mediates virus infection (34). However, our results suggest that
the induced c-Src phosphorylation cannot be attributed entirely to the sole component
of a viral protein such as VP2, as heat-inactivated IBDV lost the ability to induce c-Src
kinase phosphorylation (Fig. 1B). Given this finding and as IBDV is a nonenveloped,
icosahedral virus, it is most likely that the induction of c-Src Y416 phosphorylation may
involve multiple components of IBDV, which also need to be maintained in an optimal
conformation. Thus, the exact component(s) of IBDV that is responsible for the induc-
tion of c-Src tyrosine phosphorylation and the activation pathway needs to be further
determined in the future.

The major effects on the entry of IBDV into cells were attributed previously to the
process of Akt phosphorylation and downstream cytoskeleton rearrangement. It is
possible that the role of c-Src activation in promoting IBDV internalization is simply to
enable cytoskeleton rearrangement via the downstream PI3K-RhoA signaling cascade.
Supporting this interpretation is the reduction of IBDV-induced c-Src Y416 phosphor-
ylation and IBDV internalization but not adhesion in cells expressing shRNA against
integrin or by treatment with the c-Src-specific inhibitor (Fig. 3C and 4D). While
pep46-mediated pore formation for endosomal penetration by IBDV occurs after the
virus is internalized into endosomes, our work has focused mainly on the signaling
aspect associated with IBDV entry at the step of endocytic internalization of the virus.
We have shown that IBDV induces and hijacks integrin-dependent c-Src phosphoryla-
tion/activation for facilitating its cellular entry but not viral cell binding. This action is
via c-Src activation of its downstream signaling axis of c-Src-PI3K/Akt-RhoA GTPase,
resulting in actin skeleton rearrangement. Thus, this work extends and nicely comple-
ments the existing IBDV endosomal membrane penetration model. In addition to the
effect on the endocytotic internalization of IBDV, actin rearrangement driven by c-Src
signaling may also have an impact on IBDV endosomal penetration, which could
contribute to IBDV replication by an enhancement of the release of IBDV from endo-
somes.

FIG 5 Suggested model scheme of the c-Src signaling pathway being induced and hijacked by IBDV to
facilitate its infectious entry. Subsequent to binding to cell receptors, IBDV takes advantage of clathrin-
independent endocytosis to be internalized (20) and is subsequently unlocked from endosomes through
a viral structural peptide pep46-mediated endosomal membrane penetration mechanism (21). Our data
suggest that IBDV activates and hijacks the integrin-dependent c-Src–PI3K/Akt–RhoA–actin signaling
axis, which plays an essential role in promoting these early processes of IBDV entry. First, actin
rearrangement can mediate membrane ruffling and blebbing and create protrusions that encompass
viral particles for endocytosis. Second, it is also likely that the actin rearrangement driven by IBDV-
induced c-Src signaling may have an impact on IBDV endosomal penetration to promote the release of
IBDV particles from endosomes to the cytosol (21). Third, IBDV-induced c-Src–PI3K/Akt–RhoA–actin
signaling may play a role in other steps of the IBDV life cycle, e.g., promoting postendocytic trafficking
of the virus-containing endosomal vesicles and influencing the spread of the viruses via the regulation
of intercellular connections (45).
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In summary, our results demonstrate that the activation of the phosphorylation of
integrin-mediated c-Src kinase is indispensable for the IBDV entry process, and the
phosphorylation level is related to virus virulence. Our model favors the possibility that
IBDV activates the integrin– c-Src–PI3K signaling axis by specifically inducing Y416
phosphorylation of c-Src, which serves as a component of the switch apparatus that
controls IBDV cell entry (Fig. 5). Thus, our findings provide new insights into the IBDV
infection process and c-Src as a potential candidate target for the development of IBDV
therapeutic drugs.

MATERIALS AND METHODS
Cell lines, virus strains, and reagents. HEK293T (ATCC CRL-11268) cells and the chicken fibroblast

cell line DF-1 (ATCC CRL-12203) were routinely maintained in Dulbecco’s modified Eagle’s medium
(DMEM; Gibco, Carlsbad, CA) supplemented with 10% fetal bovine serum (FBS) (Gibco). IBDV very virulent
strain ZJ2000 (vvIBDV) and attenuated strain HZ2 (aIBDV) (adapted for growth in DF-1 cells) were gifts
from Yaowei Huang (37). The very virulent strain and the attenuated strain of IBDV were propagated in
SPF chicken embryos and DF-1 cells. All propagated virus was concentrated by ultracentrifugation. Mock-
or IBDV-infected BFs from SPF chickens were prepared as described previously (38). Mouse anti-Flag
monoclonal antibody was purchased from Sigma-Aldrich (St. Louis, MO). Rabbit anti-Src (Y416), mouse
anti-Src, rabbit anti-Akt (S493), and mouse anti-Akt antibodies were purchased from Cell Signaling
Technology (Danvers, MA). Mouse anti-VP3 polyclonal antibody was generated by immunization with
prokaryotic purified VP3. Rabbit polyclonal antibody against GAPDH (glyceraldehyde-3-phosphate de-
hydrogenase) was purchased from Hangzhou GoodHere Biotechnology Co. Ltd. (Hangzhou, China). The
G-LISA biochemical kits for RhoA, Rac1, and Cdc42 activation assays were purchased from Cytoskeleton
Inc. (Denver, CO, USA). The pulldown kits for the RhoA activation assay were purchased from Merck
Millipore Corporation (Billerica, MA, USA). TRITC-labeled phalloidin used for actin filament staining was
purchased from Sigma-Aldrich.

Virus infection and Western blotting. Monolayers of DF-1 cells were incubated with DMEM without
serum for 24 h at 37°C prior to virus infection. The cells were mock infected or infected with concentrated
IBDV at a multiplicity of infection (MOI) of 50 at 37°C for 1 h after mock or chemical inhibitor treatment
at 37°C for 1 h. The total cell lysates were extracted by using radioimmunoprecipitation assay (RIPA)
buffer (50 mM Tris-HCl [pH 7.4], 150 mM NaCl, 1% Triton X-100, 1% sodium deoxycholate, 0.1% SDS) at
4°C for 30 min, followed by centrifugation at 12,000 � g at 4°C for 30 min. Equivalent amounts of the
cell lysate were subjected to 12% SDS-PAGE and transferred onto nitrocellulose membranes. After
blocking with 5% bovine serum albumin in phosphate-buffered saline (PBS) containing 0.1% Tween 20
(PBST) at room temperature for 1 h, the membranes were incubated with primary antibodies at 4°C
overnight, followed by incubation with horseradish peroxidase (HRP)-conjugated goat anti-mouse IgG or
goat anti-rabbit IgG (Sigma-Aldrich) at 37°C for 1 h. The blots were developed with ECL Prime Western
blotting detection reagent (Amersham). Finally, the blots were scanned, and densitometric analysis was
performed by using Bio-Rad Quantity One software.

Measurements of GTPase activity. DF-1 cells were incubated with DMEM (without FBS) for 24 h at
37°C, and the cells were then mock infected or infected with purified IBDV at an MOI of 50 at 37°C for
different times. The activity of the small GTPase RhoA was determined by a pulldown assay according to
the manufacturer’s instructions (Merck Millipore, Billerica, MA, USA). A G-LISA was carried out to
determine RhoA activity in DF-1 cells under conditions of IBDV or mock infections with or without a
combination of different chemical inhibitors according to the instructions provided with a kit purchased
from Cytoskeleton Inc. (Denver, CO, USA).

Plasmids and transfection. The full-length cDNA of c-Src was amplified from DF-1 cells by
two-step RT-PCR according to standard RT-PCR protocols and generated Flag-tagged c-Src expres-
sion plasmid Flag-c-Src. The c-Src dominant mutant (39) was generated by QuikChange site-directed
mutagenesis using Flag– c-Src as the template, as described previously (10). All c-Src mutants were
confirmed by Sanger sequencing. Transfections of DF-1 cells and HEK293T cells were performed by
using the Lipofectamine 2000 reagent (Invitrogen, Carlsbad, CA) according to the manufacturer’s
instructions.

qRT-PCR. Total RNA of the samples was prepared with the TRIzol reagent (Invitrogen) according
to the manufacturer’s instructions. Reverse transcription of 1 �g total RNA was carried out by using
a SuperScript first-strand synthesis system (Fermentas, Pittsburgh, PA) according to the manufac-
turer’s protocol. The amplification of the target gene was used to determine the transcript abun-
dance, and the transcripts of gapdh were used as the internal control. The qRT-PCR assay was
performed with an ABI 7500 sequence detector system (Applied Biosystems, Carlsbad, CA) by using
the SYBR Premix Ex Taq reagent (TaKaRa, Dalian, China) (40). The primer sequences for qRT-PCR are
available upon request.

RNAi and generation of the stable knockdown DF-1 cells. shRNA target sequences for integrin �4
(4.1 [5=-GCATCTGAATGTTCTGTTTGA-3=], 4.2 [5=-GGAAAGTACCATCAGAGAAGA-3=], and 4.3 [5=-GCACAGC
AAGTCAGTACTTCT-3=]) and integrin �1 (1.1 [5=-GCTGTCCTGAGCAAGATATAG-3=], 1.2 [5=-GCATACAATTC
CCTTTCTTCA-3=], and 1.3 [5=-GCGATCGATCAAACGGTTTGA-3=]), selected by using the RNA interference
(RNAi) target sequence selector available on the GenScript website, and a validated shRNA against
chHSP90 (5=-GGACCACTTGGCTGTCAAACA-3=) (41) were generated as described previously (10). An
shRNA targeting enhanced green fluorescent protein (EGFP) mRNA, which was not found in the chicken
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database, was used as a negative control. An shRNA-mediated in vitro screening assay was used to
generate and validate the stable specific knockdown cell lines as reported previously (42, 43). In detail,
we cotransfected shRNAs expressed in plasmids against the chicken integrin subunit chITGA4 or chITGB1
or chHSP90 together with the corresponding plasmids expressing the Flag-tagged full-length chicken
integrin subunit chITGA4 or chITGB1 or chHSP90 into HEK293T cells. The interference efficiency of each
shRNA clone in silencing the expressed relevant protein was assessed by Western blotting with anti-Flag
antibody. The highest-efficiency shRNA was then packaged into a lentivirus that was used to infect DF-1
cells. After puromycin selection, the stable DF-1 cell line with the downregulated integrin subunit
chITGA4 or chITGB1 or chHSP90 was established after continuous selection for 3 weeks, when the control
mock-infected DF-1 cells died out completely. The reduction in the mRNA level of chITGA4, chITGB1, or
chHSP90 in knockdown DF-1 cells was further validated by qRT-PCR.

Plaque assay. Series of 10-fold dilutions of virus were inoculated onto DF-1 cell monolayers in 6-well
plates. Generally, 1 h later, the monolayers were covered with 1% low-melting-point agarose after 3
washes with PBS. The plates were stained with 1% crystal violet after another 72 h of incubation. The
wells containing between 10 and 100 plaques were counted to calculate the titer.

Virus adhesion and internalization assays. The protocol used for virus adhesion and internalization
assays was described previously, with minor modifications (20, 44). The monolayers of DF-1 cells in 6-well
plates were mock treated or treated with chemical inhibitors for 1 h at 37°C. The cells were washed 3
times with ice-cold PBS, and 2 ml serum-free DMEM was then added to each well. After the plate was
placed at 4°C for 30 min for precooling, cells were infected with IBDV at an MOI of 50, the plate was then
placed at 4°C for virus binding, and 1 h later, the supernatant was collected by freeze-thawing three
times. Alternatively, the cells placed at 4°C for virus binding were washed with ice-cold PBS 3 times and
detached by incubation with Tris-EDTA (TE) at 37°C for 20 min, and the collected cells were then seeded
into wells with 2 ml complete DMEM for virus internalization assays. The supernatant from the cells for
the adhesion assay or the internalization assay with 3 freeze-thaw cycles was subjected to a plaque assay
to measure the virus titer. Alternatively, total RNA was extracted to perform qRT-PCR to assess the
binding and internalization of IBDV by amplification of the 5= UTR of segment A.

Cell staining and confocal laser scanning microscopy. DF-1 cells in chamber slides were incubated
for 24 h with DMEM without serum at 37°C and were then incubated at 37°C for another 1 h with DMSO
or the chemical inhibitors AZD0530 and LY294002. The cells were washed 3 times with DMEM without
serum and were then mock treated or infected with purified IBDV at an MOI of 50 for 1 h. The cells were
fixed in a 4% formaldehyde solution in PBS for 30 min, permeabilized with 0.1% Triton X-100 in PBS after
extensive washing, and stained with 50 �g/ml TRITC-labeled phalloidin at room temperature for 1 h. The
confocal images were acquired on a Zeiss LSM 510 confocal microscope with excitation wavelengths of
488 nm for Alexa Fluor 488 (green) and 543 nm for Alexa Fluor 568 (red).

Animal experiment. Thirty 4-week-old SPF chickens (purchased from Hangzhou Jianliang Biotech-
nology Ltd.) were divided into 3 groups randomly: one group was mock treated as a negative control,
and the other two groups were subjected to infection with 104 50% egg infectious doses (EID50) of very
virulent IBDV strain ZJ2000 and 104 PFU attenuated IBDV strain HZ2, respectively, via nasal drops. Two
pieces of BF were collected from different animals sacrificed at 24, 48, 72, and 96 h postinfection. The
negative BFs from mock-treated chickens were collected at the same time. Two pieces of one-third of the
BFs were mixed to extract the whole lysate to perform Western blotting to analyze the phosphorylation
level of c-Src at Y416 in different groups, and 4 pieces of negative BFs at each time point were mixed to
extract the whole lysate for use as the negative control. The remaining BFs were fixed in a 4%
formaldehyde solution, and histological sections were taken to perform a double-immune-staining assay
to analyze viral protein expression and c-Src phosphorylation by confocal microscopy. The animal
experiments were carried out with the approval of the ethics committee of Zhejiang A&F University
(ZAFU).

Statistical analysis. All data are presented as means � standard deviations (SDs) for each group and
were analyzed by using SPSS13.0 (IBM, Armonk, NY, USA). Student’s t test was used for comparisons
between two groups. A P value of �0.05 was considered statistically significant.
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