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ABSTRACT Infectious bursal disease virus (IBDV) is an important member of the
Birnaviridae family, causing severe immunosuppressive disease in chickens. The ma-
jor capsid protein VP2 is responsible for the binding of IBDV to the host cell and its
cellular tropism. In order to find proteins that potentially interact with IBDV VP2, a
liquid chromatography-mass spectrometry (LC-MS) assay was conducted, and the
host chicken CD74 protein was identified. Here, we investigate the role of chicken
CD74 in IBDV attachment. Coimmunoprecipitation assays indicated that the extracel-
lular domain of CD74 interacted with the VP2 proteins of multiple IBDV strains.
Knockdown and overexpression experiments showed that CD74 promotes viral infec-
tivity. Confocal assays showed that CD74 overexpression allows the attachment of
IBDV and subvirus-like particles (SVPs) to the cell surface of nonpermissive cells, and
quantitative PCR (qPCR) analysis further confirmed the attachment function of CD74.
Anti-CD74 antibody, soluble CD74, depletion of CD74 by small interfering RNA
(siRNA), and CD74 knockdown in the IBDV-susceptible DT40 cell line significantly in-
hibited IBDV binding, suggesting a pivotal role of this protein in virus attachment.
These findings demonstrate that CD74 is a novel important receptor for IBDV attach-
ment to the chicken B lymphocyte cell line DT40.

IMPORTANCE CD74 plays a pivotal role in the correct folding and functional stabil-
ity of major histocompatibility complex class II (MHC-II) molecules and in the presen-
tation of antigenic peptides, acting as a regulatory factor in the antigen presentation
process. In our study, we demonstrate a novel role of CD74 during IBDV infection,
showing that chicken CD74 plays a significant role in IBDV binding to target B cells
by interacting with the viral VP2 protein. This is the first report demonstrating that
CD74 is involved as a novel attachment receptor in the IBDV life cycle in target B
cells, thus contributing new insight into host-pathogen interactions.
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Infectious bursal disease virus (IBDV), first identified in 1957 (1), is a nonenveloped,
double-stranded RNA, icosahedral virus belonging to the genus Avibirnavirus of the

family Birnaviridae (2). IBDV targets immature B lymphoid cells and can replicate in
other immune cells, such as macrophages (3), monocytes (4, 5), and natural killer (NK)
cells (6). Chickens 3 to 6 weeks of age, when the bursa of Fabricius (BF) is maximally
developed, are highly susceptible to this virus. IBDV causes a highly immunosuppres-
sive and contagious disease in young chickens, manifesting itself with BF destruction
and immunosuppression (1, 7) and leading to devastating economic losses in the
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poultry industry worldwide (1, 8). To complete its life cycle, the virus needs to rely on
the host cell (9). The first step in the virus infection process is viral attachment to
specific receptors (10, 11). However, the cellular receptors for virus binding have not
been well characterized, especially for very virulent IBDV (vvIBDV) strains.

Thus, we tried to identify the cellular receptors involved in virus binding based on
the capsid protein VP2, which determines virus-host binding and cell tropism (12–14).
Previous studies demonstrated that the addition of both recombinant Hsp90 protein
and anti-Hsp90 antibody in cell culture medium can inhibit infection of DF-1 cells by
IBDV, proving that cHsp90� is a functional part of the IBDV receptor complex in DF-1
cells (15). Delgui et al. characterized the role of the interaction between the VP2
Ile-Asp-Ala (IDA) motif and �4�1 integrin in the binding of IBDV to susceptible cells (16).
They noted the structural similarity between the IBDV VP2 projection domain (P
domain) and the corresponding projection domains of reovirus capsid polypeptides,
which were proven to be able to use integrins as essential entry molecules and/or
binding receptors (11). The VP2 IDA motif plays a critical role in the binding of
IBDV-derived subvirus-like particles (SVPs) and virus particles to IBDV-susceptible cells,
and a single point mutation in this motif completely abrogates SVP cell binding and
virus infectivity (16). Further results showed that IBDV activates the phosphorylation of
c-Src to induce cell entry via an �4�1 integrin-mediated pathway by activating down-
stream phosphatidylinositol 3-kinase (PI3K)/Akt-RhoA signaling and actin cytoskeleton
rearrangement (17), but more details still need to be uncovered. As a nonenveloped
virus, the outermost part of the IBDV viral particle is the primary capsid VP2 protein (18,
19), playing a pivotal role in determining cell tropism (20–22) and the interactions with
host cellular receptors (15, 16). Based on the crystal structures of IBDV VP2 and SVPs,
VP2 can be divided into three domains: the base domain (B domain), the shell domain
(S domain), and the P domain (18, 19, 23). The P domain (amino acids [aa] 206 to 350),
also known as the hypervariable region, is responsible for epitope recognition by
neutralizing antibodies and interacting with receptor components (24). Mundt first
recognized the role of the VP2 protein in cell tropism, showing that specific mutations
(Q253H/A284T) could change the cellular tropism of IBDV (25). Our previous results
confirmed by reverse genetics that the dual Q253H/A284T mutation of the VP2 protein
is the molecular basis for cell tropism of IBDV (22). In addition, another dual-mutation
site of VP2, located at aa 279 and 284, could also lead virulent IBDV to adapt to chicken
embryonic fibroblasts (26).

CD74 (27), also known as the invariant chain (Ii) of major histocompatibility complex
class II (MHC-II) molecules (28), has been proven to play important roles in the
functional stability and correct folding of MHC-II molecules (29) as well as in antigen
peptide presentation (30). At present, two isoforms of chicken CD74 have been
uncovered: Ii-1 and Ii-2 (corresponding to human p33 and p41, respectively) (31). Ii-1
has the function of enhancing the presentation of Ii-dependent MHC-II-restricted
epitopes (31), while Ii-2 could act as a regulatory factor in antigen presentation
epitopes (32). Moreover, CD74 is the cellular receptor of the macrophage migration-
inhibitory factor (MIF), participating in the activation of downstream inflammatory
pathways (33).

In this study, vvIBDV VP2 was used to search for host proteins involved in IBDV-host
interactions. We found that the cellular protein CD74 is responsible for virus-host
binding and specifically that CD74 is a novel IBDV attachment receptor.

RESULTS
Identification of CD74 as a putative receptor for IBDV. Previous studies showed

that the IBDV primary capsid protein VP2 is responsible for the interaction with cellular
proteins and antigenicity (34). To investigate possible receptor molecules, we per-
formed affinity purification with an IBDV major capsid protein VP2 monoclonal anti-
body (mAb) in DT40 cells, which were incubated with VP2 protein (or an empty vector
as a negative control) for 6 h, followed by mass spectrometry analysis. As shown in Fig.
1A, a variety of host proteins were associated with VP2, including chicken CD74. Based
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on the liquid chromatography-mass spectrometry (LC-MS) results, to further confirm
the interaction of VP2 with the CD74 extracellular domain, we used a coimmunopre-
cipitation (co-IP) assay. 293T cells were transfected with Flag-CD74out (or hemagglu-
tinin [HA]-CD74out) (a eukaryotic expression plasmid for the CD74 extracellular domain
spanning aa 57 to 286) and VP2-HA (or VP2-Flag) of the Gx or HLJ0504 viral strain. The
cell lysate was immunoprecipitated with anti-Flag agarose and immunoblotted with an
anti-HA antibody. The results showed bands corresponding to VP2 (Fig. 1B) or the CD74
extracellular domain (Fig. 1C) in the Flag co-IP assay, indicating an interaction between
the CD74 extracellular domain and Gx/HLJ0504 VP2.

To determine the distribution of CD74, organs (heart, liver, spleen, lung, kidney,
thymus, and bursa) of uninfected specific-pathogen-free (SPF) chickens were collected
for assessment of CD74 transcription levels. The results indicated that CD74 was most
abundantly expressed in the bursa of Fabricius, which is the primary target organ of
IBDV (Fig. 1D).

To study the role of CD74 in vvIBDV infection, SPF chickens were challenged with
vvIBDV or phosphate-buffered saline (PBS). Bursas were collected for reverse
transcription-quantitative PCR (RT-qPCR) analysis of CD74 transcription levels. As shown

FIG 1 Identification of CD74 as a putative receptor for IBDV. (A) Affinity purification with mAb against the IBDV major capsid protein VP2 in DT40 cells, incubated
with VP2 (or the empty vector as a negative control), followed by mass spectrometry analysis. Many host proteins were associated with VP2, including chicken
CD74. (B and C) Interaction between VP2 and the CD74 extracellular domain detected via a coimmunoprecipitation (co-IP) assay. (B) Western blot (WB) analysis
using an antibody against the HA tag showing the bands corresponding to VP2 in the Flag co-IP assay. (C) Western blot analysis using an antibody against the
HA tag showing the bands corresponding to the CD74 extracellular domain in the Flag co-IP assay. (D) To determine the distribution of CD74 in organs, the
heart, liver, spleen, lung, kidney, thymus, and bursa of Fabricius of uninfected SPF chickens were collected to measure CD74 transcription levels. The most
abundant CD74 expression was found in the bursa. (E) To confirm the involvement of chicken CD74 in the IBDV infection process, SPF chickens were challenged
by vvIBDV or PBS. Bursas were collected for RT-qPCR analysis of CD74 transcription levels. CD74 mRNAs were significantly induced by vvIBDV at 12 h p.i. (*, P
� 0.05; **, P � 0.01). The arithmetic means and standard deviations for at least three independent experiments performed in duplicate are shown.
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in Fig. 1E, CD74 mRNA levels were significantly induced by vvIBDV at 12 h postinfection
(p.i.) (P � 0.05), compared with the PBS group.

CD74 is essential for IBDV infection. To determine whether CD74 was involved in

IBDV infection, the expression level of the CD74 Ii-2 isoform was upregulated by
plasmid transfection and downregulated by small interfering RNA (siRNA) interference
in DT40 cells. After 24 h of siRNA interference or overexpression of CD74, the vvIBDV Gx
strain was added to the cells at a multiplicity of infection (MOI) of 1, and cells and
supernatants were collected for Western blot, qPCR, and 50% egg lethal dose (ELD50)
analyses. The results indicated that effective downregulation of CD74 (Fig. 2A) clearly
suppressed IBDV infectivity, as shown by VP2 protein expression declining at 24 to 48 h
p.i. in Western blot assays (Fig. 2B), by the IBDV copy number dropping off at 48 h p.i.
in the qPCR analysis (6.34-fold decrease; P � 0.05) (Fig. 2C), and by the IBDV titer being
downregulated at 48 h p.i. in the ELD50 assay (14.0-fold decrease; P � 0.05) (Fig. 2D)
compared with the siRNA negative control.

To further improve the efficiency of CD74 downregulation, we used a short hairpin
RNA (shRNA) for CD74 to establish a CD74 knockdown (KD) DT40 cell line (screened
with red fluorescence labeling). The percentage of red fluorescence reached 91.1% after
fluorescence-activated cell sorting was repeated three times, and the knockdown
efficiency of CD74 was determined by Western blotting (data not shown). Next, CD74
knockdown cells were infected with vvIBDV at an MOI of 1 (wild-type DT40 groups were
used as controls), and cells and supernatants were collected at 24, 48, and 72 h p.i. for
Western blot, qPCR, and ELD50 analyses. The qPCR results showed that CD74 expression
was indeed mostly knocked down (Fig. 2E). Moreover, the CD74 knockdown cell line
significantly suppressed IBDV infectivity, with VP2 protein expression declining at 24 to
72 h p.i. in Western blot assays (Fig. 2F), the IBDV copy number dropping off at 24 to
72 h p.i. in the qPCR analysis (103- to 104-fold decrease; P � 0.05) (Fig. 2G), and the IBDV
titer being downregulated at 72 h p.i. in the ELD50 assay (4.42 � 104-fold decrease;
P � 0.05) (Fig. 2H) compared with wild-type cells.

Moreover, overexpression of the CD74 Ii-2 isoform remarkably promoted IBDV
infectivity: the IBDV copy number was increased in the overexpression group compared
with the control group (2.90-fold increase; P � 0.05) (Fig. 3A), and IBDV VP2 protein
expression was upregulated at 48 to 72 h p.i. in the overexpression group (Fig. 3B).
Overall, these results show that CD74 isoform Ii-2 is responsible for IBDV infection and
that cellular CD74 is essential for vvIBDV infection.

CD74 isoform Ii-2 confers attachment ability to a vvIBDV-nonpermissive cell
line. To further investigate if CD74 can confer susceptibility to IBDV infection, 293T cells

(nonpermissive for vvIBDV) were transfected with a full-length chicken CD74 Ii-2
plasmid with an HA tag (or the empty vector as a negative control). Twenty-four hours
after transfection, treated and control cells were incubated with vvIBDV at an MOI of 5
at 37°C for 36 h to investigate whether CD74 confers susceptibility to IBDV infection.
Cells were processed for confocal analysis, using IBDV VP2 mAb and an HA tag antibody
as primary antibodies. The results showed that no virus (green fluorescence) was
detected in the empty vector control cells (Fig. 4A, top), while in the CD74 Ii-2
overexpression group, CD74 (red fluorescence) accumulated on the cell membrane,
colocalizing with IBDV (green fluorescence) particles (Fig. 4A, bottom). No virus was
observed to enter CD74-overexpressing nonpermissive cells (Fig. 4A, bottom), demon-
strating that CD74 could confer attachment ability but not susceptibility to IBDV
infection.

To confirm that IBDV attaches to CD74 on the cell membrane via its VP2 protein, VP2
SVPs of the vvIBDV Gx strain expressed in Pichia pastoris were used, as follows (35):
HA-tagged chicken CD74 Ii-2 or the empty vector was overexpressed in 293T cells for
24 h, and the cells were then incubated with 200 �g SVPs at 4°C for 1 h. Confocal
analysis indicated that SVPs (green fluorescence) were bound to CD74-overexpressing
cell membranes (red fluorescence) and colocalized with CD74 but were not bound to

Liu et al. Journal of Virology

January 2020 Volume 94 Issue 2 e01712-19 jvi.asm.org 4

https://jvi.asm.org


FIG 2 CD74 knockdown suppresses IBDV replication. The expression of the CD74 Ii-2 isoform was downregulated by siRNA
interference or knockdown by shRNA in DT40 cells. The vvIBDV Gx strain at an MOI of 1 was added to the CD74 siRNA interference
groups or the CD74 KD cell line. Infected cells were washed with PBS at 4 h p.i., and DT40 complete medium was then added. Cells
and supernatants were collected at 24, 48, and 72 h p.i. for Western blotting and qPCR and at 72 h p.i. for ELD50 analysis. (A) CD74
expression levels in DT40 cells determined by Western blotting, showing that CD74 downregulation was effective. siSc., scrambled
control siRNA. (B) Western blot assays showing IBDV VP2 expression declining at 24 to 48 h p.i. (C) qPCR analysis showing IBDV copy
numbers dropping off at 48 h p.i. (6.34-fold decrease compared with the siRNA negative control; *, P � 0.05). (D) ELD50 assay showing
the IBDV titer being downregulated at 48 h p.i. (14.0-fold decrease compared with the siRNA negative control; *, P � 0.05). (E) CD74
mRNA level in DT40 cells determined by qPCR, indicating that CD74 knockdown was effective. (F) IBDV VP2 protein expression was
downregulated significantly at 24 to 72 h p.i. in the CD74 KD groups. (G) The IBDV copy number was downregulated at 24 to 72 h p.i.

(Continued on next page)
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the membranes of empty-vector-transfected cells (Fig. 4B). These results indicated that
IBDV VP2 alone was able to bind CD74-overexpressing nonpermissive cells.

To further investigate whether CD74 can confer attachment ability in IBDV infection,
two kinds of nonpermissive cells were used. 293T and HeLa cells (both of which are
nonpermissive to vvIBDV) were transfected with a eukaryotic expression plasmid of
HA-tagged chicken CD74 Ii-2 (or the empty vector as a negative control) and main-
tained for 24 h under normal culture conditions. Cells were incubated with vvIBDV at an
MOI of at 4°C for 1 h for binding assays and washed with PBS 5 times to remove the
unbound virus. No virus (green fluorescence) was detected by confocal analysis to bind
or infect 293T cells (Fig. 4C, top) or HeLa cells (Fig. 4D, top) transfected with the empty
vector. As expected, however, IBDV (green fluorescence) could colocalize with overex-
pressed chicken CD74 (red fluorescence) on the membrane of nonpermissive cells, both
293T cells (Fig. 4C, bottom) and HeLa cells (Fig. 4D, bottom). qPCR analysis indicated
that CD74 overexpression promoted IBDV binding, with a 9.55-fold increase in 293T
cells (Fig. 4E) and a 5.07-fold increase in HeLa cells (Fig. 4F) (both P � 0.05), compared
with cells transfected with the empty vector.

These results demonstrate that CD74 isoform Ii-2 is able to confer the ability of virus
to attach to vvIBDV-nonpermissive cell lines.

A soluble form of CD74 and CD74 antibody impair IBDV attachment. To further
confirm that CD74 played an essential role in virus binding, a blocking assay with
soluble CD74 protein or anti-CD74 antibody was performed in the following experi-
ments. The viability of DT40 cells was not affected by the determined concentrations in
the blockade assay (data not shown). In the protein blocking assay, Fc-tagged chicken
CD74 Ii-2 protein (deleted transmembrane domain) and Fc protein (as a negative
control) were expressed and purified. A total of 10, 20, 40, or 80 ng/�l of CD74-Fc or Fc
protein was incubated with vvIBDV at an MOI of 50 at 4°C for 1 h. Next, the mixture was
added to DT40 cells (prechilled at 4°C) and allowed to bind at 4°C for another 1 h. After
washing, cells were collected for IBDV copy number determination, using 28S rRNA as
the reference, with the value for the negative control being normalized to 1 to calculate
the relative binding ability for IBDV. The results demonstrated that at all concentrations,
IBDV binding to DT40 cells was markedly blocked, with the blocking percentage

FIG 2 Legend (Continued)
(103- to 104-fold decrease compared with the wild-type [WT] control; P � 0.05). (F) ELD50 assay showing the IBDV titer being
downregulated at 72 h p.i. (4.42 � 104-fold decrease compared with wild-type cells; P � 0.05). The arithmetic means and standard
deviations for at least three independent experiments performed in duplicate are shown.

FIG 3 CD74 overexpression promotes IBDV replication. CD74 Ii-2 isoform overexpression promotes IBDV
infectivity. The expression of the CD74 Ii-2 isoform was upregulated by plasmid transfection in DT40 cells.
Next, vvIBDV at an MOI of 1 was used to infected the cells as described in the text. Cells and supernatants
were collected at 24, 48, and 72 h p.i. for Western blotting and at 48 h p.i. for qPCR analysis. (A) CD74 Ii-2
isoform overexpression remarkably promotes IBDV replication. The IBDV copy number was increased in the
overexpression groups at 72 h p.i. compared with the nonoverexpression group (2.90-fold increase; *, P �
0.05). (B) IBDV VP2 protein expression is upregulated at 48 to 72 h p.i. in the overexpression group.
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FIG 4 CD74 isoform Ii-2 confers to vvIBDV the ability to attach to a vvIBDV-nonpermissive cell line. (A) 293T cells (nonpermissive
to vvIBDV) were transfected with a full-length chicken CD74 Ii-2 plasmid with an HA tag (or the empty vector as a negative control).
Twenty-four hours after transfection, cells were incubated with vvIBDV at an MOI of 5 at 37°C for 36 h to investigate whether CD74
confers susceptibility to IBDV infection. (Top) Cells were processed for confocal analysis, using IBDV VP2 mAb and an HA tag
antibody as the primary antibodies. No virus (green fluorescence) was detected in the empty vector control. (Bottom) In the CD74
Ii-2 overexpression group, CD74 (red fluorescence) accumulated on the cell membrane, colocalizing with the IBDV particles (green
fluorescence). No virus was observed to enter CD74-overexpressing nonpermissive cells. CD74 could confer attachment ability but
not susceptibility to IBDV infection. (B) 293T cells overexpressed HA-tagged chicken CD74 Ii-2 or the empty vector for 24 h and were
then incubated with 200 �g SVPs at 4°C for 1 h. After washing with PBS 5 times, cells were processed for confocal analysis as
described above. SVPs (green fluorescence) were bound to the membranes of CD74-overexpressing cells (red fluorescence) and
colocalized with CD74, but no binding was observed for the empty vector group. (C and D) 293T and HeLa cells (both of which

(Continued on next page)
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ranging from 45% to 59% (Fig. 5A) (P � 0.05). In another experiment, 80 ng/�l (i.e., the
determined optimum blocking concentration) of CD74-Fc or Fc protein was incubated
with vvIBDV at an MOI of 1, 5, or 50 at 4°C for 1 h. Cells were processed as described
above to determine their relative ability to bind to DT40 cells. The results showed that

FIG 4 Legend (Continued)
are nonpermissive to vvIBDV) were transfected with a eukaryotic expression plasmid of HA-tagged chicken CD74 Ii-2 (or the empty
vector as a negative control) and maintained for 24 h under normal culture conditions. The cells were then incubated with vvIBDV
at an MOI of 50 at 4°C for 1 h for the binding assay and washed with PBS 5 times to remove the unbound viruses. Cells were
processed for confocal analysis using the same antibodies and procedure as the ones described above. No virus (green
fluorescence) was found to bind or infect 293T (C) or HeLa (D) cells transfected with the empty vector. In contrast, IBDV (green
fluorescence) colocalized with overexpressed chicken CD74 (red fluorescence) on the membrane of nonpermissive 293T (C) and
HeLa (D) cells. (E and F) qPCR analysis indicating that CD74 overexpression promotes IBDV binding to 293T or HeLa cells compared
with the empty vector transfection group (9.55-fold increase in 293T cells [E] and 5.07-fold increase in HeLa cells [F]; both P � 0.05).
The arithmetic means and standard deviations for at least three independent experiments performed in duplicate are shown.

FIG 5 A soluble form of CD74 and CD74 antibody impair IBDV attachment. (A) In the protein blocking assay, 10,
20, 40, or 80 ng/�l of CD74-Fc or Fc protein was incubated with vvIBDV at an MOI of 50 at 4°C for 1 h, and the
mixture was then added to DT40 cells (prechilled at 4°C) and bound at 4°C for another hour. The cells were then
washed 5 times with PBS and collected to measure IBDV copy numbers using 28S rRNA as the reference. The value
for the negative control was normalized to 1 to calculate the relative binding ability for IBDV. All concentrations
of protein were able to markedly block IBDV binding to DT40 cells, with the blocking percentages ranging from
45% to 59% (P � 0.05). (B) A total of 80 ng/�l of CD74-Fc or Fc protein was incubated with vvIBDV at an MOI of
1, 5, or 50 at 4°C for 1 h. Cells were processed as described above to determine the relative IBDV binding ability.
All viral doses could be blocked by 80 ng/�l CD74-Fc protein, compared with the Fc protein group (P � 0.05). (C)
In the antibody blocking assay, different dilutions (1:10�1, 1:10�2, 1:10�3, 1:10�4, and 1:10�7) of CD74 mouse
polyclonal antibody or mouse IgG were incubated with DT40 cells, which were maintained at 4°C for 1 h. After
washing twice with PBS, vvIBDV at an MOI of 50 was added to the cells for binding at 4°C for another hour, and
the cells were then washed 5 times to dispose of the unbound virus. Cells were then processed as described above
to determine the relative binding ability. The CD74 polyclonal antibody (PcAb) was able to block the attachment
ability of IBDV at all dilutions (blocking percentages ranging from 39% to 60%), and the optimum blocking dilution
was 1:10�4 (60% of the binding capacity blocked). (D) A 1:10�4 dilution of CD74 antibody or mouse IgG was
incubated with vvIBDV at an MOI of 1, 5, or 50 at 4°C for 1 h. Cells were processed as described above to assess
their relative binding ability. Virus at all doses was significantly blocked by the CD74 antibody compared with the
mouse IgG group (all P � 0.05).

Liu et al. Journal of Virology

January 2020 Volume 94 Issue 2 e01712-19 jvi.asm.org 8

https://jvi.asm.org


all viral doses could be blocked by 80 ng/�l CD74-Fc protein (P � 0.05), compared with
the Fc protein group (Fig. 5B).

In the antibody blocking assay, different dilutions (1:10�1, 1:10�2, 1:10�3, 1:10�4,
and 1:10�7) of CD74 mouse polyclonal antibody or mouse IgG were incubated with
DT40 cells, and vvIBDV at an MOI of 50 was added to the cells. After washing with PBS
to dispose of the unbound virus, cells were processed as described above to determine
their relative binding ability. The results are summarized in Fig. 5C. The CD74 polyclonal
antibody was able to block the attachment ability of IBDV at all dilutions (blocking
percentage of 39% to 60%), and the optimum blocking dilution was 1:10�4 (60% of the
binding capacity blocked; P � 0.05).

In another experiment, a 1:10�4 dilution (i.e., the determined optimum blocking
concentration) of CD74 antibody or mouse IgG was incubated with vvIBDV at an MOI
of 1, 5, or 50 at 4°C for 1 h. Cells were processed as described above to determine the
relative ability of the virus to bind to DT40 cells. Notably, all virus doses were blocked
by the CD74 antibody, compared with the mouse IgG group (all P � 0.05) (Fig. 5D).

CD74 isoform Ii-2 is responsible for IBDV binding to DT40 cells. To determined
the ability of IBDV to bind to DT40 cells, CD74 was downregulated by siRNA interfer-
ence. After DT40 was transfected with CD74 siRNA for 24 h, cells were processed by the
binding assay described above to determine their binding ability. The results demon-
strated that the IBDV binding capacity was downregulated by CD74 siRNA interference,
with binding suppressed by 64% for vvIBDV at an MOI of 5 and by 52% at an MOI of
50, compared with the control siRNA group (both P � 0.05) (Fig. 6A).

FIG 6 CD74 isoform Ii-2 is responsible for IBDV binding to DT40 cells. (A) CD74 was downregulated by siRNA interference to assess binding
to DT40 cells. After DT40 cells were transfected with CD74 siRNA or CD74 Ii-2 plasmids for 24 h, cells were processed as described in the
text to assess their binding ability. The IBDV binding capacity was downregulated by CD74 siRNA interference, with binding reduced by
64% for vvIBDV at an MOI of 5 and by 52% at an MOI of 50 compared with the control group (both P � 0.05). (B) CD74 shRNA was used
to establish a CD74 knockdown DT40 cell line (screened with red fluorescence labeling). A binding assay (same as the one described
above) was applied to investigate the capacity of IBDV to bind CD74 knockdown cells (with wild-type DT40 cells as negative controls).
Less IBDV binding was observed in CD74 knockdown cells than in wild-type cells, with a 74% decrease for vvIBDV at an MOI of 5 and a
59% decrease at an MOI of 50 compared with wild-type DT40 cells (both P � 0.05). (C) CD74 was overexpressed by transfecting CD74
plasmids, to assess the capacity for attachment to DT40 cells. After DT40 cells were transfected with CD74 Ii-2 plasmids for 24 h, cells were
processed as described above to assess their binding ability. The IBDV binding capacity was induced by CD74 overexpression, with a
1.28-fold increase for vvIBDV at an MOI of 5 and a 1.77-fold increase at an MOI of 50, compared with the pCAGGS empty vector group
(both P � 0.05). The arithmetic means and standard deviations for at least three independent experiments performed in duplicate are
shown.
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The same binding assay as the one described above was then applied to investigate
the capacity of IBDV to bind to the CD74 knockdown cell line (with wild-type DT40 cells
as a negative control). The results showed fewer IBDV particles binding CD74 knock-
down cells than wild-type DT40 cells, with reductions of 74% for vvIBDV at an MOI of
5and 59% at an MOI of 50, compared with the empty vector transfection group (both
P � 0.05) (Fig. 6B).

In another experiment, CD74 was overexpressed by transfecting CD74 plasmids to
detect the ability of the virus to bind to DT40 cells. After DT40 cells were transfected
with CD74 Ii-2 plasmids for 24 h, cells were processed as described above for the
binding assay. As expected, IBDV binding was induced by CD74 overexpression, being
increased 1.28-fold for vvIBDV at an MOI of 5 and 1.77-fold at an MOI of 50 (both P �

0.05), compared to the pCAGGS empty vector groups (Fig. 6C). Taken together, these
results demonstrate that CD74 isoform Ii-2 is responsible for IBDV binding to DT40 cells.

DISCUSSION

In this study, we demonstrate that CD74 is involved in the process of IBDV infection
and plays a pivotal role in IBDV attachment to the chicken B lymphocyte line DT40. It
has been reported that IBDV could activate the phosphorylation of c-Src to promote
viral entry (17). CD74, as one of the cellular receptors for MIF, could also induce c-Src
phosphorylation by forming a complex (33). Therefore, we investigated whether CD74
might be involved in the early stages of IBDV infection. The interaction of the CD74
extracellular domain with the capsid protein VP2 was confirmed by a coimmunopre-
cipitation assay. Overexpression and RNA interference (RNAi) assays demonstrated that
CD74 promoted IBDV infectivity. Moreover, vvIBDV replication significantly dropped off
in the CD74 KD cells compared to wild-type DT40 cells. These results indicated that
CD74 is an important host factor involved in IBDV infection. Our results furthermore
show that CD74 overexpression on the surface of nonpermissive cells could allow the
virus to bind the membrane but not to enter the cell. The binding capacity was
significantly inhibited by CD74 RNA interference, antibody, protein blockade assays,
and CD74 knockdown, further proving that CD74 is involved in IBDV attachment, the
earliest stage of IBDV infection. Based on all these results, the identification of CD74 as
a novel receptor for IBDV attachment to DT40 cells provides fresh insight to help us
understand the process of virus replication and pathogenicity and could contribute to
drug target discovery and disease prevention and control.

As a multifunctional protein, CD74 takes part in a variety of immune-related
processes (29, 36) and in particular plays an important role in regulating the function
and expression of MHC-II molecules (28). Moreover, previous studies showed that CD74
is involved as a signaling molecule in B cell maturation (37) and MHC-I expression on
the cell surface (38). Chicken CD74 (MHC-II Ii) exists in two isoforms (Ii-1 and Ii-2),
resulting from alternative splicing, and is strongly expressed in the major immune
organs (31, 32). Northern blot results in 6-week-old chickens revealed high levels of Ii-1
and Ii-2 mRNA expression in the bursa and spleen and low levels of Ii-1 in the heart,
liver, and thymus, while Ii-2 was not expressed in these tissues (31). Consistently with
these results, we found the highest mRNA levels of CD74 Ii-2 in the bursa and the
spleen of 3-week-old chickens. Previous studies indicated that Ii-1 was more extensively
distributed than Ii-2 and that Ii-2 was expressed only in organs important for immune
function related to class II antigen presentation (31). Pathogenic IBDV mainly targets
immature B cells in the bursa; therefore, we focused on the CD74 Ii-2 isoform to explore
whether CD74 is involved in IBDV infection. Interactions between CD74 and viruses
have rarely been reported, but previous research showed that the HIV Vpu-CD74
interaction has multiple downstream consequences for the immune system (39).
However, CD74 has not been reported to be a cellular receptor of any virus. The chicken
CD74 amino acid sequence is quite different from those of mammals, with 47.19%
identity to human CD74, 51.7% to monkey, 50.0% to wolf, and 46.6% to mouse,
indicating that chicken CD74 might have some functions that are from those of
mammalian CD74. Our results revealed that CD74 interacts with the outermost IBDV
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VP2 protein and acts as the attachment receptor for IBDV infection, putting forward a
novel role of CD74 in the viral infection process.

VP2, involved in cell tropism (22, 34), has been identified as an important cellular
receptor binding protein (15, 16). IBDV SVPs are formed by self-assembling VP2 protein
upon its expression, and their structure has been solved by X-ray crystallography (19,
23). Currently, SVPs are extensively applied in IBDV receptor studies (15, 17): previous
studies demonstrated that SVPs could compete with IBDV by directly blocking virus
attachment (15, 17). Therefore, we used SVPs derived by expression in yeast (35) to
investigate the IBDV attachment receptor and found that SVPs could bind CD74-
overexpressing 293T cells (cells that are nonpermissive to vvIBDV), further proving the
binding capacity of SVPs and the interaction between IBDV VP2 and CD74.

In previous IBDV receptor studies, the chicken fibroblast line DF-1 (15, 16) and the
chicken bursa-derived pre-B cell line DT40 (40) have been used. We chose DT40 cells to
investigate the IBDV receptor due to their susceptibility to both pathogenic and
attenuated IBDV, while DF-1 cells might not be permissive to all the current pathogenic
IBDV strains, including the vvIBDV Gx and HLJ0504 strains in this study (40). Taking into
account the potential side effects of antibodies on cells, as proposed previously by Luo
et al., we used a CD74 knockdown cell line to investigate the relationship between
CD74 and IBDV binding capacity (40). The binding capacity was significantly reduced,
but the reduction still provides evidence that CD74 is involved in IBDV attachment to
pre-B cells. Moreover, IBDV replication was significantly inhibited in CD74 knockdown
cells compared to the wild-type groups, indicating that CD74 is important for IBDV
infection. Combined with the binding results, this led us to suppose that the effect of
CD74 might be not only on binding but also on other steps of IBDV replication.

Hypotheses about the IBDV receptor complex have been formulated in some
previous studies, and in particular, Hsp90 has been confirmed to be a putative
component of the receptor complex (15). Moreover, IBDV could hijack �4�1-dependent
c-Src signaling to allow initial virus entry (17). In our study, we demonstrate that IBDV
CD74 is also a candidate component of the receptor complex. The complex formed by
human CD74 and its ligand can activate c-Src (33). Therefore, we hypothesize that CD74
(or a complex containing CD74) might have an effect similar to that of �4�1 in
activating c-Src, with IBDV hijacking the pathway to entry into target cells (17). More
details about the downstream mechanism of CD74 in IBDV replication still need to be
explored.

In conclusion, our study demonstrates that CD74 is a novel attachment receptor for
IBDV and presumably one of the components of the IBDV receptor complex. The initial
infection process of IBDV still needs to be explored in further detail.

MATERIALS AND METHODS
Cell cultures, viruses, and antibodies. 293T and HeLa cells were grown in Dulbecco’s modified

Eagle’s medium (DMEM) (Sigma) supplemented with 10% fetal bovine serum (FBS) (Gibco) under an
atmosphere of 5% CO2 at 37°C. DT40 cells (a chicken lymphoma cell line) were a generous gift from
Venugopal Nair of the Pirbright Institute. Cells were cultured at 37°C in a 5% CO2 atmosphere in RPMI
1640 medium (Gibco, USA) supplemented with 50 �M �-mercaptoethanol, 1% L-glutamine (Gibco), 2%
chicken serum (Sigma), and 10% FBS.

The vvIBDV strain Gx had been identified and preserved in our laboratory (41). The viral loads of the
Gx strain were determined by performing 50% egg lethal dose (ELD50) assays. SVPs of the Gx strain were
expressed and preserved by our laboratory (35).

The SVPs of vvIBDV Gx VP2 (full length, aa 1 to 441 in the polyprotein) with an N-terminal 6�His
amino acid tag were expressed in P. pastoris strain SMD1168 (Invitrogen) based on the protocol of our
laboratory (35). Briefly, recombinant yeasts were cultured until the optical density at 600 nm (OD600)
reached 2 to 6 and then resuspended at an OD600 of 1 with 0.5% (vol/vol) methanol added every 12 h.
Cells were harvested at 120 h and disrupted, and the supernatant contained the SVPs. The SVPs were
detected by SDS-PAGE, Western blotting, and electronic microscopy.

Anti-HA tag, -Flag tag, and -�-actin antibodies were purchased from Sigma. The custom chicken
CD74 polyclonal antibody was obtained from the Biodragon Immunotechnologies Company (Beijing).
The IBDV VP2 mAbs were produced and preserved by our laboratory.

Animals. All animal experiments were approved by the Committee on the Ethics of Animal
Experiments at the Harbin Veterinary Research Institute (Harbin, China), Chinese Academy of Agricultural
Sciences, and performed in accordance with the guidelines for experimental animals of the Ministry of
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Science and Technology (Beijing, China). All chickens and chicken embryos were cared for in accordance
with humane procedures. To establish a chicken model of vvIBDV infection, 18 3-week-old SPF chickens
were infected with a total volume of 200 �l vvIBDV (1 � 102 ELD50) or PBS (pH 7.0) per chicken. PBS was
used for the viral dilutions. Samples (including heart, liver, spleen, lung, kidney, thymus, and bursa) were
collected for subsequent experiments.

Protein precipitation and mass spectrometry. DT40 cells were washed twice with PBS (pH 7.0) and
then lysed with IP lysis buffer for 30 min. The cell lysate was incubated with VP2 protein expressed in
293T cells for 10 h with protein A/G-agarose and anti-VP2 antibody. Precipitates were washed four times
in IP lysis buffer and once in PBS. Bound proteins were separated by SDS-PAGE and silver staining
(Thermo Fisher Scientific). Differential bands between infected and mock groups were excised from the
gel and subjected to mass spectrometry.

RNA extraction and quantitative PCR. Specific primers and TaqMan probes for chicken 28S rRNA
(42), CD74 (catalog no. 4351372; Thermo Fisher Scientific), and IBDV loads (43) were synthesized or
purchased from Invitrogen (China). Total RNA was extracted from tissues or cells using the RNeasy minikit
(Qiagen, Germany), and 1 �g RNA was reverse transcribed to cDNA using the ReverTra Ace qPCR RT
master mix with a genomic DNA (gDNA) remover (Toyobo, Japan) in a 20-�l reaction mixture. The cDNA
was analyzed by qPCR performed using Premix Ex Taq (probe qPCR) (TaKaRa, Japan). Quantitative PCR
was performed under the following conditions: 95°C for 30 s for initial denaturation, followed by 45
cycles for 5 s at 95°C for denaturation and for 20 s at 60°C and collection of the PCR product. All
standards, controls, and infected samples were examined in triplicate on the same plate. The cDNA
copies were normalized to 28S cDNA copies measured from the same samples. The 2���CT method was
used for the relative quantification of CD74. IBDV loads and CD74 levels were measured quantitatively
by the absolute analysis method.

ELD50. vvIBDV-infected DT40 supernatants were diluted with PBS, and 100-�l samples were then
inoculated on the chorioallantoic membrane of 9-day-old SPF eggs (purchased from Harbin Veterinary
Research Institute). The mortality of eggs was observed daily for 7 days after infection. All the chicken
embryos were cared for in accordance with humane procedures.

Eukaryotic expression of recombinant proteins and purification. The full-length CD74 gene
(Table 1) with a deleted transmembrane domain (aa 33 to 56) was amplified and fused with the
N-terminal signal peptide and the C-terminal Fc tag by overlapping PCR. The CD74-Fc gene was
constructed in the CAG vector (Addgene, MA). Next, chicken CD74-Fc and Fc proteins were expressed by
transient transfection of Expi293F cells (Thermo Fisher Scientific) using Polyfectine (Sigma). Cell culture
supernatants were harvested at 4 days posttransfection and centrifuged at 12,000 � g to remove cell
debris. The supernatants were sterile filtered, and proteins were purified by using protein A resin
(GenScript).

RNA interference and overexpression assays. To downregulate chicken CD74, we used negative-
control sense siRNA 5=-UUCUCCGAACGUGUCACGUTT-3= and antisense siRNA 5=-ACGUGACACGUUCGG
AGAATT-3=, CD74-gga-144 sense siRNA 5=-GGCUGUCACCAUCUACUAUTT-3= and antisense siRNA 5=-AU
AGUAGAUGGUGACAGCCTT-3=, CD74-gga-579 sense siRNA 5=-GCACAAGUGGCUGCUCUUUTT-3= and
antisense siRNA 5=-AAAGAGCAGCCACUUGUGCTT-3=, and CD74-gga-659 sense siRNA 5=-GCGAUGA
GAACGGUGACUATT-3= and antisense siRNA 5=-UAGUCACCGUUCUCAUCGCTT-3=, all synthesized by
GenePharma. Five million cells were electrotransfected using Amaxa cell line Nucleofector kit T (Lonza)
according to the manufacturer’s protocol. The efficiency of RNA silencing was verified 48 h after
transfection by Western blotting. To overexpress chicken CD74, DT40 cells were electrotransfected with
pCAGGS-CD74 using the same protocol as the one described above.

Twenty-four hours after transfection, CD74-downregulated or -overexpressing DT40 cells were
incubated with vvIBDV at an MOI of 1 at 37°C for 4 h and washed three times with PBS (pH 7.0), and DT40
complete medium was added. Cells were collected at 24, 48, and 72 h p.i. for Western blot assays and
at 48 or 72 h p.i. for qPCR and ELD50 analyses to determine IBDV replication and titers, respectively.

In another experiment, CD74-downregulated or -overexpressing DT40 cells were chilled at 4°C for
20 min and then incubated with vvIBDV at an MOI of 50 at 4°C for 1 h. Cells were washed three times with
PBS (pH 7.0) and collected for qPCR analysis to detect IBDV attachment.

TABLE 1 Amino acid sequence for full-length chicken CD74a

aRed type represents the transmembrane domain, and blue type represents the extracellular domain
(GenBank accession no. NM_001001613.1).
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Coimmunoprecipitation analysis. 293T cells were cotransfected with the bait and prey plasmids.
Thirty-six hours after transfection, total protein was isolated from 293T cells using IP lysis buffer. Co-IP
analysis was performed by using anti-Flag M2 affinity gel (Sigma) according to the manufacturer’s
instructions. Immunoblot analysis of the proteins was subsequently performed using mAbs against HA
and Flag (Sigma).

Blocking assay. To check for inhibition of IBDV attachment by soluble CD74-Fc protein, IBDV at an
MOI of 50 was incubated with different dilutions of CD74-Fc protein or Fc protein (negative control) for
1 h at 4°C. The mixture was added to the chilled DT40 cells for 1 h at 4°C, and the cells were then washed
4 times with PBS and collected for RT-qPCR to detect IBDV binding.

In another experiment, to check the inhibition of IBDV attachment by CD74 antibodies, cells were
incubated with different dilutions of the specific mouse polyclonal antibodies or mouse IgG (negative
control) for 1 h at 4°C, followed by two washes with chilled PBS. IBDV (MOI of 50) was added to the cells
for 1 h at 4°C. The cells were then washed 4 times with PBS and collected to detect IBDV attachment.

Confocal imaging. 293T and HeLa cells were plated onto cell imaging dishes (Eppendorf) and
transfected with pCAGGS-HA-CD74. After 24 h, the cells were adsorbed with the vvIBDV Gx strain at an
MOI of 50 or 200 �g Gx SVPs and bound at 4°C for 1 h or incubated at 37°C for 36 h. The cells were
washed four times with PBS (PH 7.0); fixed with 4% formaldehyde for 30 min, followed by further washing
with PBS; treated with 1% Triton X-100 for 5 min; washed twice with PBS; incubated with IBDV VP2 mAb
(1:200) and HA tag antibody in PBS for 1 h; and washed three times. The cells were then stained with goat
anti-mouse IgG(H�L) cross-adsorbed Alexa Fluor 488 secondary antibody (Invitrogen) (1:200) to visualize
IBDV and SVPs, goat anti-rabbit IgG(H�L) cross-adsorbed Alexa Fluor 546 secondary antibody (Invitro-
gen) (1:200) to visualize HA-tagged CD74, and 4=,6-diamidino-2-phenylindole (DAPI) to visualize the cell
nuclei. The cells were incubated for 1 h with secondary antibodies in PBS and washed 5 times with PBS.
Images were captured on a Zeiss LSM880 confocal laser scanning microscope with Fast Airyscan using
ZEN2 software.

CD74 knockdown by shRNAs. Lentivirus packaging was performed by GenePharma (Shanghai,
China). The shRNA sequences were sense sequence 5=-GCGAUGAGAACGGUGACUATT-3= and antisense
sequence 5=-UAGUCACCGUUCUCAUCGCTT-3=. DT40 cells were infected by lentivirus, and the infected
cells were screened by red fluorescent protein (RFP) fluorescence-activated cell sorting (MoFlo XDP).
CD74 knockdown-positive cells were detected by using a fluorescence microscope (Evos FL; AMG) and
a flow cytometer (BD Accuri C6) to measure the percentage of RFP-positive cells and assessed by Western
blotting and qPCR determine the efficiency of knockdown of CD74.

Statistical analysis. Statistical analysis was performed with the unpaired t test. P values of less than
0.05 were considered statistically significant. Data are reported as means � standard deviations.
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