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ABSTRACT Infectious bursal disease virus (IBDV) of the Birnaviridae family leads to im-
munosuppression of young chickens by destroying B cells in the bursa of Fabricius (BFs).
Given the increasing number of variant IBDV strains, we urgently require a method to
produce attenuated virus for vaccine development. To accomplish this goal, the dual-
promoter plasmids in which the RNA polymerase Il and RNA polymerase | (Pol 1) pro-
moters were placed upstream of the IBDV genomic sequence, which was followed by
mouse Pol | terminator and a synthetic polyadenylation signal, were developed for rapid
generation of IBDV. This approach did not require trans-supplementation of plasmids for
the expression of VP1 and VP3, the main components of IBDV ribonucleoprotein (RNP).
Based on the finding in this study that the IBDV RNP activity was partially retained by
VP1-FLAG, we successfully rescued the replication-competent IBDV/1FLAG expressing
VP1-FLAG. Compared with its parental counterpart, IBDV/1FLAG formed smaller size
plaques in cultured cells and induced the same 100% immune protection in vivo. How-
ever, neither retarded development nor severe BFs lesion was observed in the IBDV/
1FLAG-inoculated chickens. Collectively, this is the first report that viral RNP activity was
affected by the addition of an epitope tag on the componential viral proteins. Further-
more, this work demonstrates the rapid generation of attenuated IBDV from dual-
promoter plasmids via reducing viral RNP activity by a fused FLAG tag on the C termi-
nus of VP1. This would be a convenient strategy to attenuate epidemic variant IBDV
strains for rapid and efficient vaccine development.

IMPORTANCE Immunosuppression in chickens as a result of infectious bursal disease
virus (IBDV) infection leads to significant economic losses in the poultry industry world-
wide every year. Currently, vaccination is still the best way to prevent the prevalence of
IBDV. However, with the occurrence of increasing numbers of variant IBDV strains, it is
challenging to develop antigen-matched live attenuated vaccine. Here, we first devel-
oped a dual-promoter reverse-genetic system for the rapid generation of IBDV. Using
this system, the attenuated IBDV/TFLAG expressing VP1-FLAG, which displays the de-
creased viral RNP activity, was rescued. Moreover, IBDV/1FLAG inoculation induced a
similar level of neutralizing antibodies to that of its parental counterpart, protecting
chickens against lethal challenge. Our study, for the first time, describes a dual-promoter
reverse-genetic approach for the rapid generation of attenuated IBDV while maintaining
entire parental antigenicity, suggesting a potential new method to attenuate epidemic
variant IBDV strains for vaccine development.

KEYWORDS IBDV, reverse genetics, RNP, attenuation, vaccine, FLAG tag, VP1, VP3

nfectious bursal disease (IBD) is an acute and contagious disease of young chickens
and gives rise to huge amounts of economic losses in the poultry industry worldwide
every year. IBD leads to severe immunosuppression by depletion of immature B cells in
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the bursa of Fabricius (BFs), which is one of the most important central immune organs
in young chickens (1). Both broiler and layer flocks are vulnerable to the IBD-induced
immunosuppression, resulting in the reduced ability to respond to vaccination, in-
creased susceptibility to the infection with other pathogens, and retarded growth (2).

Infectious bursal disease virus (IBDV) is the causative agent of IBD. IBDV is a
nonenveloped virus belonging to the Birnaviridae family (3). The viral genome consists
of two segments of double-stranded RNA (dsRNA), namely, segment A and segment B.
There is one open reading frame (ORF) in segment B, which is about 2.8-kb nucleotides
in length, encoding the RNA-dependent RNA polymerase (RdRp) VP1 (4). VP1 is present
in virions both as a free polypeptide (VP1) and as a genome-linked protein (VPg) that
is covalently linked to the 5’ ends of the genomic RNA segments (5-7), and it is also
thought to be involved in the IBDV pathogenicity (8-11). There are two partially
overlapping ORFs in segment A, which is about 3.2 kb in length. The smaller ORF
encodes the nonstructural protein VP5 which is dispensable for viral replication but
engages in virus egress and dissemination (12-17), and the larger ORF encodes a
precursor polyprotein, pVP2-VP4-VP3. pVP2-VP4-VP3 is further self-cleaved by VP4 (a
serine protease) to yield mature VP2, several small peptides, VP3, and VP4 (18-20). VP2
and VP3 represent the major structural and antigenic components of the capsid. VP2,
which harbors the protective antigen containing the neutralizing conformational
epitopes, is the major viral structural protein and assembles into 260 trimers to form a
T =13 icosahedral IBDV outer capsid (21-23). VP3 constitutes the inner capsid and
interacts with both VP1 and viral genomic dsRNA to form a ribonucleoprotein (RNP)
complex for facilitating viral encapsulation (24, 25). The RNP complex is also involved
in intracellular viral replication and translation (26), during which VP3 significantly
stimulates the VP1 RdRp activity (27). Moreover, VP1 and VP3 have been identified to
be the minimal set of trans-acting factors needed to render the infectivity to IBDV
genomic dsRNA (28). In addition, both VP3 and VP4 are considered to be antagonists
of interferon-B induction (28-31), and VP3 has also been suggested to act as an
antiapoptotic protein that prevents the activation of the cellular dsRNA-dependent
protein kinase R (32, 33).

There are two distinct serotypes of IBDV that have been identified, namely, serotype
I and II. The serotype | virus is virulent to chickens; however, serotype Il virus, which was
isolated from turkeys, is nonpathogenic to chickens (34). IBDV is prone to mutate the
viral genome during replication, as the fidelity of the RNA viral polymerase is low. Since
the identification of the classic strain at the initial area of Gumboro in southern
Delaware in 1957 (35), an antigenic variant (36) and a very virulent IBDV strain (37) have
emerged. To date, the variant IBDV strain has been identified all over the world (38).
Concerningly, the antigenic variant strains can escape the cross-neutralization antisera
against the classical strains and the very virulent strains can break through the high
level of maternal antibody (39, 40). Vaccination is still currently the best method to
prevent IBDV infection. A live attenuated vaccine, which induces the humoral antibody
response, cell-mediated cytotoxicity, as well as a mucosal immunoglobulin A response,
is superior to a traditional inactivated vaccine (41). With the increasing occurrence of
variant IBDV strains (42), it is becoming challenging to develop antigen-matched live
attenuated vaccines, and the conventional method to identify the natural attenuated
strains cannot meet the urgent requirement.

The reverse genetic system (RGS), a state-of-the-art tool for the generation of
recombinant virus, has been increasingly used for vaccine development. For IBDV
vaccine development, some investigators have previously rescued recombinant chime-
ric IBDV by substituting the neutralizing epitopes in the hypervariant region of VP2 in
the vaccine strain backbone with those of the variant strains (40, 43). Other groups have
inserted the VP2 sequence into an attenuated viral vector to generate a recombinant
vaccine (44, 45). Obviously, the disadvantage of these strategies is that some epitopes
are missed. Furthermore, the hepatitis delta virus ribozyme sequence, which is used to
generate the exact termini in currently available IBDV RGS (46-49), is not as efficient as
the RNA polymerase | (Pol I) terminator (50). The rapid RGS is urgently required for IBDV.
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In this study, we developed the dual-promoter RGS by combining RNA polymerase I
(Pol Il) and Pol I upstream of IBDV genomic RNA and placing the mouse Pol | terminator
and polyadenylation signal downstream immediately. Combining this with the discov-
ery that a fused FLAG epitope tag on the C terminus of VP1 reduces IBDV RNP activity,
we rescued the recombinant IBDV/1FLAG that contains intact segment A and modified
segment B, in which FLAG was fused on the C terminus of VP1. Both in vitro and in vivo
experiments confirmed that IBDV/1FLAG is attenuated but maintains all the parental
antigenicity required to provide full immune protection, suggesting the possibility of
rapid development of antigen-matched live attenuated vaccines from epidemic variant
IBDV strains.

RESULTS

Development of dual-promoter plasmids for the generation of IBDV. In our
previous study, we found that VP1 and VP3 are required and sufficient for the
translation initiation of IBDV genomic RNA and the recovery of infectious virus and that
four plasmids are needed for the rescue of IBDV, two of which are for the generation
of viral genomic RNA transcripts, and two are for the expression of the minimal set of
trans-acting factors of VP1 and VP3 (28). To reduce the usage of plasmids and improve
the rescue efficiency, we cloned the IBDV plus-sense RNA-generation cassette, which
was driven by human Pol | (28), into the region between cytomegalovirus immediate
early promoter (CMV) which shows ubiquitous activity in most eukaryotic cells to
generate the capped mRNA (51) and polyadenylation signal that stabilizes mRNA
(52). As shown in Fig. 1A, the newly generated dual-promoter plasmids were named
as p2-mA and p2-mB. Subsequently, Western blot was used to assess the translation
of p2-mA and p2-mB in transfected 293T cells, as shown in Fig. 1B. VP3 and VP1
were readily detected in the lysates of 293T cells which were transfected with
p2-mA or p2-mB (Fig. 1B, lanes 2 and 4); in contrast, neither VP3 nor VP1 was
detected in the lysates of 293T cells that were transfected with p1-mA or p1-mB
(Fig. 1B, lanes 1 and 3).

Next, IBDV rescue experiments were performed by cotransfecting 293T cells with the
two plasmids (p2-mA and p2-mB) or four plasmids (p1-mA, p1-mB, pVP1, and pVP3).
Seventy-two hours posttransfection, the IBDV titer in the supernatant was determined
by plaque assay. As shown in Fig. 1C, the mean virus titer in the supernatant of the cells
cotransfected with two plasmids is remarkably higher than that of cells cotransfected
with four plasmids (104> PFU/ml versus 102° PFU/ml), suggesting higher rescue
efficiency with the dual-promoter plasmids. Moreover, the comparison of intracellular
replication between the parental virus (IBDV/wild type [WT]) and rescued one (IBDV/
rescued) was also carried out by titration of the supernatant over a time course of 96
h with the initial inoculation multiplicity of infection (MOI) of 0.1. As shown in Fig. 1D,
the replication kinetics curves of IBDV/WT (circles) and IBDV/rescued (squares) were
almost overlapped, indicating that the replication of IBDV/rescued is comparable with
its parent IBDV/WT. To further validate the rescued IBDV, the total RNAs from DF-1 cells
that were infected with either IBDV/WT or IBDV/rescued were extracted, and reverse
transcription-PCR (RT-PCR) was performed to amplify the viral sequence of vpT and vp3.
The purified vp1 was further conducted to the restriction digestion of Pstl, which was
introduced into the p2-mB plasmid as a molecular marker by site-directed mutagenesis
in advance. The vp1 amplified from the DF-1 cells, which were infected with IBDV/
rescued but not IBDV/WT, was cut into two fragments with the anticipated length (Fig.
1E, lane 3 versus lane 2 in the top panel), and vp3 was amplified from both infected
cells, as expected (Fig. 1E, lanes 2 and 3 in the middle panel).

Together, these data indicate that we have developed a dual-promoter plasmids
system for the generation of IBDV without trans-supplementation of plasmids for the
expression of VP1 and VP3 since the dual-promoter plasmids are also directly translated
by the host translational machinery. In addition, the dual-promoter plasmids appear to
be more efficient than the four-plasmid system for IBDV rescue.
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FIG 1 Development of dual-promoter plasmids for the generation of IBDV. (A) Schematic illustration of
the intracellular transcription and translation process of the dual-promoter plasmids of p2-mA and
p2-mB. After transfection, human Pol | drives the transcription of downstream viral plus-sense RNA,
mouse Pol | terminator (T) is used to generate the authentic termini (step i), and CMV drives the
transcription of downstream sequences to generate the capped viral mRNA, followed by polyadenos-
ine tail (step ii) for viral protein translation using the cellular translational machinery (steps iii). (B)
Monolayer of 293T cells (6-well format) were transfected with the indicated plasmids (4 ug each) for
72 h, then the whole-cell lysate was analyzed by Western blot using the antibodies against VP1 and
VP3, and GAPDH was probed as a loading control. (C) The IBDV titers in the supernatant of 293T cells
(triplicates in 6-well plate) transfected with the indicated plasmids (1 ug of each plasmid, the total
mass of plasmids for each group was made to be 4 ug by adding pCl-neo vector DNA) were
determined by plaque assay at 72 h posttransfection. Data were presented as mean =+ SD. **, P < 0.01.
(D) Monolayer of DF-1 cells (triplicates in 6-well plate) were infected with IBDV/WT or IBDV/rescued at
an MOI of 0.1, and the virus titers in the supernatant were determined by plaque assay at the indicated
times. Data were presented as mean =+ SD. (E) Monolayer of DF-1 cells (6-well format) were infected
with IBDV/WT or IBDV/rescued at an MOI of 1 for 12 h, and then the total RNA was extracted for RT-PCR
analysis of vp1, vp3, and gapdh. The gel-purified fragments of vp7 (1 ng) were further conducted to Pstl
digestion. All the DNA fragments were separated on a 1% agarose gel.

FLAG tag fused on the C terminus of VP1 reduces IBDV RNP activity. FLAG tag,
which is composed of 8 amino acids (DYKDDDDK), is a commonly used artificial epitope
in molecular biology research. The detection of FLAG is used to represent the target
protein when there is no commercial antibody available and is made possible by fusion
expression of the FLAG tag on the C or N terminus. Here, we investigated whether
the FLAG tag affects the RNP activity which is indispensable for IBDV genomic RNA
translation initiation by using the different combinations of various VP1 and VP3 which
were tagged with FLAG on the C or N terminus (Fig. 2A). The plasmid of p1-RmA (28),
which generates the minus-sense IBDV segment A transcript after transfection into
293T cells, was employed to evaluate the IBDV RNP activity by checking the expression
of VP4 (19). As shown in Fig. 2B, VP4 was detected in the lysate of 293T cells that were
cotransfected with the plasmids of pVP1-FLAG, pVP3, and p1-RmA or pVP1, pFLAG-VP3,
and p1-RmA and positive control (cotransfection of pVP1, pVP3, and p1-RmA) (Fig. 2B,
lanes 5, 2, and 1) but not in the lysate of cells cotransfected with other plasmid
combinations (pVP1/pVP3-FLAG/p1-RmA or pFLAG-VP1/pVP3/p1-RmA) (Fig. 2B, lanes 3
and 4). Moreover, the expression level of VP4, which represents the activity of IBDV RNP,
was reduced by about 70% in the 293T cells that were cotransfected with the plasmid
of pVP1-FLAG, pVP3 and p1-RmA compared with that of the positive control (Fig. 2C,
bar 5 versus bar 1). Reciprocally, we also tested whether VP1/VP3 could mediate the
translation of the plus-sense transcript of mBFLAG, in which the FLAG tag coding
sequence was fused immediately downstream of the VP1 ORF (Fig. 2D). A single band
with the anticipated molecular weight in the Western blot membrane was detected in
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FIG 2 FLAG tag fused on the C terminus of VP1 reduces IBDV RNP activity. (A) Schematic representation
of the plasmids of pVP1-FLAG, pFLAG-VP1, pVP3-FLAG, and pFLAG-VP3. CMV and p(A) stands for
cytomegalovirus immediate early promoter and polyadenylation signal, respectively. (B) Monolayer of
293T cells (6-well format) were cotransfected with the indicated plasmids, and the amount of each
plasmid is indicated above the lanes (in microgram). Then, the whole-cell lysate was analyzed by Western
blot using the antibodies against VP1, VP4, VP3, and FLAG at 72 h posttransfection, and GAPDH was
probed as a loading control. (C) Comparison of the expression level of VP4 in different lanes in panel B.
The optical density of VP4 and GAPDH was quantified by Quantity One software, and the value of VP4
over GAPDH in the lane 1 of panel B was normalized as 100%. Data were presented as mean = SD. ns,
not significant; **, P < 0.01. (D) Schematic representation of the constitution of p1-mBFLAG. Pol | and T
stands for human RNA polymerase | promoter and mouse Pol | terminator, respectively. FLAG tag was
fused on the C terminus of VP1. (E) Monolayer of 293T cells (6-well format) were cotransfected with the
indicated plasmids, and the amount of each plasmid is indicated above the lanes (in microgram). Then,
the whole-cell lysate was analyzed by Western blot using the antibodies against VP1, VP4, VP3, and FLAG
at 72 h posttransfection, and GAPDH was probed as a loading control.

the lysate of 293T cells that were cotransfected with pVP1, pVP3, and p1-mBFLAG by
incubating with the FLAG monoclonal antibody (MAb) (Fig. 2E, lane 4 in the top panel),
which was also recognized by the VP1 antibody (Ab) (Fig. 2E, lane 4 in the second top
panel).

These results demonstrate that the N-terminal FLAG-tagged VP1 (FLAG-VP1) and the
C-terminal FLAG-tagged VP3 (VP3-FLAG) abolish the activity of IBDV RNP; however, the
N-terminal FLAG-tagged VP3 (FLAG-VP3) maintains the complete IBDV RNP activity and
the C-terminal FLAG-tagged VP1 (VP1-FLAG) significantly reduces the IBDV RNP activity.
Moreover, the FLAG tag fused on the C terminus of VP1 is also accepted to be translated
from the recombinant viral genome of mBFLAG by IBDV RNP.

Generation of recombinant IBDV-expressing VP1-FLAG. Given that the FLAG tag
could acceptably be fusion expressed on the C terminus of VP1 by IBDV RNP while
retaining partial IBDV RNP activity, we sought to rescue recombinant IBDV expressing
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FIG 3 Generation of recombinant IBDV expressing VP1-FLAG. (A) Schematic representation of the plasmids of
p2-mBFLAG and p2-FLAGmB. CMV and Pol | stands for cytomegalovirus immediate early promoter and human Pol
| promoter, respectively. T represents mouse Pol | terminator and p(A) stands for polyadenylation signal. (B) The
supernatant of the 293T cells (6-well format) which were cotransfected with the indicated plasmids (2 ug of each
plasmid in each group) for 72 h was passaged 3 times in DF-1 cells. Finally, the DF-1 whole-cell lysate was analyzed
by Western blot using the antibodies against FLAG, VP1, and VP3, and GAPDH was probed as a loading control. (C)
After implantation of DF-1 cells on the coverslip in 6-well plate, cells were infected (MOI, 1) with IBDV/WT or
IBDV/1FLAG for 12 h, and then fixed and immunostained with the antibodies against VP1 (left column) or FLAG
(right column), followed by the staining with Alexa Fluor-568-labeled secondary antibody. Nucleus was stained
with DAPI. Scale bars = 20 um. (D) After passage of IBDV/1FLAG in DF-1 cells for 30 times, the full length of viral
segment B was amplified by RT-PCR and further used for Sanger sequencing. The chromatogram was screenshot
to show the existence of FLAG tag sequence (full box) between VP1 ORF and 3’ untranslated region (UTR) (opened
boxes), and the stop codon was underlined in red. (E) Monolayer of DF-1 cells (triplicates in 6-well plate) were
infected with IBDV/WT or IBDV/1FLAG at an MOI of 0.1; the virus titers in the supernatant were determined by
plaque assay at the indicated times. Data were presented as mean = SD. ns, not significant; *, P < 0.05; **, P < 0.01.
(F) The representative plaques formed by IBDV/WT (i) or IBDV/1FLAG (ii) in the monolayer of DF-1 cells (6-well
format) were stained with 1% crystal violet at 96 h postinfection, and the histogram (iii) was plotted based on the
diameter of 30 arbitrary plaques formed by IBDV/WT or IBDV/1FLAG. Data were presented as mean = SD. **,
P <0.01.

VP1-FLAG. To avoid the possible recombination with the trans-supplemented expres-
sion plasmid of pVP1, we employed the dual-promoter IBDV rescue system to construct
the dual-promoter plasmids of p2-mBFLAG, in which FLAG tag was fused on the C
terminus of VP1 and p2-FLAGmB in which FLAG was fused on the N terminus of VP1 as
a control (Fig. 3A). Then, the virus rescue experiment was performed in 293T cells by
cotransfection of p2-mA accompanied with either p2-mBFLAG or p2-FLAGmB. Cotrans-
fection of p2-mA and p2-mB was included as a positive control. As shown in Fig. 3B, a
specific band reacting with FLAG MAb was detected in the lysate of DF-1 cells that were
inoculated with the supernatant of the 293T cells cotransfected with p2-mA and
p2-mBFLAG (Fig. 3B, lane 3 in top panel). Of note, the VP1-FLAG was also recognized
by incubating with the VP1 Ab. Because of the fusion expression, the blot band of
VP1-FLAG was slightly higher than that of VP1 (Fig. 3B, lane 3 versus lane 2 in the
second top panel). In addition, we employed a immunofluorescent assay to assess the
expression of VP1 and VP1-FLAG in DF-1 cells infected with either IBDV/WT or IBDV/
1FLAG. Fluorescent signal mediated by VP1 Ab was detected in both DF-1 cells that
were infected with IBDV/WT or IBDV/1FLAG (Fig. 3C, frames ii and iv), while the signal
mediated by FLAG MAb was detected in the IBDV/1FLAG-infected DF-1 cells but not in
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the IBDV/WT-infected DF-1 cells (Fig. 3C, frame iii versus frame i). These data indicate
that the recombinant virus of IBDV/1FLAG is replication competent.

To verify the stability of the FLAG tag in the IBDV/1FLAG genome, the full length of
IBDV/1FLAG segment B was amplified from virus fluid that had been passaged 30 times
in DF-1 cells and used for Sanger sequencing. The sequencing data revealed that the
FLAG tag sequence still existed in the frame of VP1 ORF immediately upstream of the
stop codon (Fig. 3D, full box). To characterize the recombinant IBDV/1FLAG, we
compared its intracellular replication with that of its parental counterpart. As shown in
Fig. 3E, in the beginning period (before 72 h), the growth of IBDV/1FLAG was slower
than that of IBDV/WT (10°-> PFU/ml versus 1092 PFU/ml at 72 h postinfection); however,
the average virus titer was getting closer to that of IBDV/WT at the later period (107
PFU/ml versus 1074 PFU/ml at 120 h postinfection). Importantly, the size of the plaques
formed by IBDV/IFLAG in DF-1 cells (Fig. 3F, frame ii) was significantly smaller than
those formed by IBDV/WT (Fig. 3F, frame i), as measured by mean diameter (0.35 mm
versus 1.42 mm) (Fig. 3F, panel iii) at 96 h postinfection.

Collectively, these results reveal that the recombinant IBDV/TFLAG expressing VP1-
FLAG was successfully rescued based on the dual-promoter plasmids system, which
formed significantly smaller plaques than that of IBDV/WT in cultured DF-1 cells,
implying the attenuated pathogenicity of IBDV/1FLAG.

Attenuation of IBDV pathogenicity by fusing FLAG tag on the C terminus of
VP1. Because the size of the plaques formed in cultured DF-1 cells by IBDV/1FLAG was
remarkably smaller than that formed by IBDV/WT, it is most probable that the recom-
binant virus was attenuated. To test this hypothesis, we compared the pathogenicity of
IBDV/1FLAG between IBDV/WT by inoculation of 1-week-old specific-pathogen-free
(SPF) chickens. The chickens were inoculated with 10* PFU each (IBDV/WT or IBDV/
1FLAG) or Dulbecco modified Eagle medium (DMEM) (0.2 ml each) through ocular drop
administration. At 14 days postinoculation, the BFs were isolated from sacrificed chick-
ens after determination of body weight. In contrast with the DMEM control treatment,
IBDV/WT inoculation hampered chicken development that was reflected by the signif-
icantly decreased mean of chicken body weight (222.7 g versus 165.6 g, respectively);
however, the IBDV/1FLAG inoculation had no significant effect on the mean of chicken
body weight (220.6 g versus 222.7 g, respectively) (Fig. 4A, panel i). Moreover, the mean
of the bursa weight divided by the bodyweight (B/B ratios) of chickens inoculated with
IBDV/WT was significantly decreased compared with chickens inoculated with DMEM or
IBDV/1FLAG (0.0022 versus 0.0050 or 0.0048, respectively) (Fig. 4A, panel ii). Further-
more, the mean of (B/B ratio of challenged chicken)/(mean B/B ratio of uninfected
control group) (B/B index) of chickens inoculated with DMEM, IBDV/WT, or IBDV/1FLAG
was also calculated with the results of 1.00, 0.43, and 0.97, respectively, and the BFs was
considered atrophied when this value was less than 0.70 (53) (Fig. 4A, panel iii).
Consistent with the B/B index, inoculation of IBDV/WT led to significantly atrophied BFs
(Fig. 4B, middle row versus top row); however, IBDV/TFLAG inoculation had no signif-
icant effect on the size of BFs (Fig. 4B, bottom row versus top row). In addition, the
interior wrinkle was clear and the surface was clean with light color in the represen-
tative BF from chicken inoculated with DMEM or IBDV/1FLAG (Fig. 4C, frames i and iii),
except for slight hemorrhagic points appearing on the surface of BFs of chicken
inoculated with IBDV/1FLAG (Fig. 4C, circled in frame iii). In contrast, the BFs of chickens
inoculated with IBDV/WT appeared darker in color, which was hemorrhage, the wrinkle
in the interior of BF became indistinct, and many hemorrhagic sites were still on the
surface (Fig. 4C, squared in frame ii).

To verify the expression of VP1-FLAG and VP1 in the BFs, histological sections of BFs
of the chickens inoculated with DMEM, IBDV/WT, or IBDV/1FLAG were studied by
immunofluorescent staining using VP1 and FLAG antibodies. As shown in Fig. 4D,
fluorescent signal from both VP1 and FLAG was detected in the BFs sections of chickens
inoculated with IBDV/1FLAG (Fig. 4D, frames i and k in panel i); however, only VP1 was
only detected in the BFs of chickens inoculated with IBDV/WT (Fig. 4D, frame g in panel
i). Additionally, the deletion of cells in IBDV/1FLAG-infected BFs, which was reflected by
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FIG 4 Attenuation of IBDV pathogenicity by fusing FLAG tag on the C terminus of VP1. (A-C). One-week-old SPF chickens (5 in each
group) were inoculated with DMEM (0.2 ml each), IBDV/WT (10* PFU each), or IBDV/1FLAG (10* PFU each) through eye dropping. After
14 days of regular isolated feeding, the bodyweight was determined before sacrifice (Ai), the BFs was isolated and weighed and the
weight ratio of BFs to bodyweight (B/B ratio) was calculated (Aii), and the B/B index was determined (Aiii) according to the method
described in the section of Materials and Methods; at the same time, the images of the overall BFs appearance (B) and the interior
of representative BFs of chickens inoculated with DMEM (Ci), IBDV/WT (Cii), or IBDV/1FLAG (Ciii) were photographed, and the
hemorrhagic sites or the single hemorrhagic points were squared or circled in the BFs interior representative images. Scale bar in panel
B stands for 2 cm, and the distance between two adjacent lines in panel C is 1 mm. Data were presented as mean * SD. ns, not
significant; **, P < 0.01. (D) The BFs sections of chickens inoculated with DMEM, IBDV/WT, or IBDV/1FLAG were immunostained with
the antibodies against FLAG (frames a, e, and i) or VP1 (frames ¢, g, and k) followed by staining with Alexa Fluor-568-labeled secondary
antibody, and the nucleus was stained with DAPI (panel i). Scale bars = 50 um. The whole lysate of the BFs, which were from the
chickens inoculated with DMEM, IBDV/WT, or IBDV/1FLAG, was also subjected to Western blot analysis by using the antibodies against
FLAG, VP1, VP3, and VP4, and GAPDH was probed as a loading control (panel ii).

the 4',6-diamidino-2-phenylindole (DAPI)-positive signal was significantly less than that
of IBDV/WT-infected ones (Fig. 4D, frames j and | versus frames f and h). DAPI signal in
IBDV/1FLAG-infected BFs was comparable to that of DMEM-inoculated controls (Fig. 4D,
frames j and | versus frames b and d, respectively). Consistently, VP1-FLAG was only
detected in the whole lysate of BFs of IBDV/1FLAG-inoculated chickens; and VP1, VP3,
and VP4 were detected in the lysate of BFs of the chickens inoculated with either
IBDV/WT or IBDV/1FLAG (Fig. 4D, panel ii).

These results indicate that IBDV/WT inoculation leads to BFs atrophy in 1-week-old
SPF chickens, and IBDV/1FLAG that expresses VP1-FLAG during infection alleviates the
viral pathogenicity and chicken retarded development.

Recombinant IBDV/1FLAG maintains the parental antigenicity. Although the
attenuation of IBDV/1FLAG in cultured cells and in vivo has been observed, it is still
uncertain whether IBDV/1FLAG maintains the antigenicity of its parental counterpart.
To address this question, we first compared the morphology of IBDV/1FLAG and
IBDV/WT, which is the basis of antigenicity. As shown in Fig. 5A, both IBDV/WT and
IBDV/1FLAG displayed the typical icosahedral symmetry and similar size (~50 nm in
diameter) (Fig. 5A, indicated by arrows in frames i and ii). Next, we conducted an animal
experiment to compare the antigenicity of IBDV/1FLAG and IBDV/WT in vivo (Fig. 5B).
Five 1-week-old SPF chickens in each group were inoculated with IBDV/WT (10* PFU
each), IBDV/1FLAG (10* PFU each), or DMEM (0.2 ml each) through eye dropping, and
the antibody in the serum was tested at 0, 7, 14, and 21 days postinoculation (dpi) by
enzyme-linked immunosorbent assay (ELISA). As shown in Fig. 5C, IBDV/WT inoculation
induced slightly higher mean antibody titers than IBDV/1FLAG, but this difference was
not statistically significant (1,000 versus 680 at 7 dpi, 2,320 versus 1,840 at 14 dpi, and
2,560 versus 2,240 at 21 dpi, respectively). At 21 dpi, all the chickens were challenged
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FIG 5 Recombinant IBDV/1FLAG maintains the parental antigenicity. (A) Transmission electron microscopy analysis
of the morphology of IBDV/1FLAG (i) and IBDV/WT (ii); scale bars = 100 nm. (B) Schedule for comparison of the viral
antigenicity between IBDV/TFLAG and IBDV/WT. (C and D) The neutralizing antibody levels in the serum of chickens
(5 in each group) inoculated with DMEM (0.2 ml each), IBDV/WT (10* PFU each), or IBDV/1FLAG (10* PFU each) were
tested at 0, 7, 14, and 21 days postinoculation, and the curve was plotted based on the ELISA results (C). Then, all
the chickens were challenged by intranasal dropping of IBDV BC6/85 (2 X 10* EID, each) at 21 days postinocu-
lation of DMEM, IBDV/WT, or IBDV/1FLAG, and the survival curves were generated by daily observing the mortality

for 10 days according to the method of Kaplan-Meier (D).

by inoculation of virulent IBDV strain BC6/85 at the dose of 2 X 10* 50% egg infective
dose (EIDs,) per individual through intranasal drops. At 10 days postchallenge, both
IBDV/WT and IBDV/1FLAG inoculation provided complete immune protection against
lethal challenge (Fig. 5D, inverted triangle and regular triangle which are overlapped),
in stark contrast to 80% mortality in the DMEM control-treated chickens (Fig. 5D,
circles).

These results demonstrate that IBDV/1FLAG, which possesses the same morphology
as IBDV/WT, also induces a similar neutralizing antibody as that of its parental coun-
terpart to provide complete immune protection against a subsequent lethal challenge,
indicating the adequate parental antigenicity is maintained in IBDV/1FLAG.

DISCUSSION

In this study, we described a dual-promoter reverse genetic system for the rapid
generation of IBDV. The dual-promoter system was first used for the rescue of influenza
virus (54). Influenza is a negative-sense RNA virus. The IBDV genome is dsRNA and the
human Pol I-driven IBDV positive-strand RNA has been applied to the successful rescue
of IBDV (28). Therefore, we engineered the Pol Il and Pol | in the same strand (Fig. 1A).
CMV, which is one kind of Pol Il promoter, was placed in front of Pol | to ensure the
transcription of downstream sequences to generate capped mRNAs which are trans-
lated into viral proteins (Fig. 1B), although some research has shown that this kind of
combination of promoters leads to lower virus yield (55). By using this strategy,
however, we no longer need to prepare the helper plasmids that are used for the
expression of VP1 and VP3. Importantly, the IBDV rescue efficiency using two dual-
promoter plasmids was significantly higher than that using four plasmids (Fig. 1C), at
least partially due to the higher transfection efficiency. Additionally, because of the
species specificity of Pol | promoter (56), the human Pol | needs to be substituted by an
avian Pol | promoter if we want to apply the dual-promoter IBDV rescue plasmids in
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DF-1 cells. This work opened a new avenue for the development of an optimized rescue
system for other dsRNA viruses, such as reovirus.

Epitope tags, such as FLAG, hemagglutinin (HA), MYC, and V5, are popularly used in
virus research. These tags are commonly thought to have no effect on the function of
target proteins. For instance, the arenaviral RNP activity is not affected by fusion
expression of the epitope tags (FLAG or HA) on either N or C terminus of the viral
proteins L and NP (57, 58). Although we have shown that FLAG-VP1 still interacts with
VP3 (30), FLAG-VP1 and VP3-FLAG are found to result in incompetent IBDV RNP activity
in this study (Fig. 2B). However, FLAG-VP3 does not affect IBDV RNP activity, which was
decreased by about 70% by VP1-FLAG (Fig. 2Q). In light of these findings, we should be
cautious of the use of epitope-tagged IBDV viral proteins as a direct representation of
original ones, especially for experiments to evaluate IBDV RNP activity. We speculate
that FLAG tag affects the structural conformation of VP1 and VP3 and the catalytic
activity of the complex has been changed. However, further investigations are still
needed to elucidate the mechanism. Besides the smaller size plaques formed by
IBDV/1FLAG (Fig. 3F), it also exhibited lower pathogenicity than its parental counterpart
in vivo (Fig. 4A to C). Regarding attenuation mechanisms, one possibility is that the
expression model of VP1 was changed because there were two bands on a VP1 Western
blot and only one band was detected by incubation with FLAG MAb (Fig. 3B). Notice-
ably, the distribution pattern of VP1 and VP1-FLAG seems different too (Fig. 3C, frame
ii versus frame iii). The other possibility is that the existence of the FLAG tag increases
the burden of segment B expression; assuming that the VP1 amount is the rate-
determining step for IBDV assembly, it needs more time to accomplish the replication
of VP1-FLAG than VP1, which is also supported by the slower replication of IBDV/1FLAG
in the early stage (Fig. 3E). Meanwhile, the lower increase of intracellular c-Src kinase
phosphorylation, which is a prerequisite for IBDV cellular entry, may also contribute to
this (59) because the viral load in the BFs of the chickens infected with IBDV/1FLAG is
less than that of IBDV/WT (Fig. 4D).

Rapid generation of an antigen-matched live attenuated vaccine is currently the
best method to reduce the prevalence of variant IBDV strains. Fusion of a FLAG tag on
the C terminus of VP1 causes no significant change in the IBDV morphology (Fig. 5A),
solidifying the possibility to attenuate epidemic variant IBDV strains by fusing a FLAG
tag on the C terminus of VP1. The parental IBDV used in this study shares more than
99.5% identity with the commercial vaccine strain B87, which is a vaccine of medium
virulence that is still pathogenic to newborn chickens (60). In this study, we aimed to
investigate whether the pathogenicity and antigenicity were changed by fusing FLAG
tag on the C terminus of VP1. The IBDV/T1FLAG inoculation induced a similar level of
neutralizing antibodies, compared with WT virus (Fig. 5B), indicating that the viral
antigenicity was not altered. Neither BFs atrophy (Fig. 4B) nor developmental retarda-
tion (Fig. 4A) was observed by inoculation of IBDV/TFLAG, suggesting it is attenuated
and that VP1 is involved in the IBDV pathogenicity (8, 10, 11). Another potential advantage
of the attenuated IBDV/TFLAG is to distinguish the chickens of the attenuated vaccine
immunization and the wild-type virus infection by checking for the anti-FLAG antibody in
the serum, as a previous report showed the induction of HA antibody in chickens inocu-
lated with the IBDV expressing VP1-HA (61).

In conclusion, we developed a dual-promoter plasmid system, in which the Pol Il
and Pol | promoters were organized in the same direction, for rapid IBDV rescue
without providing extra plasmids for the expression of VP1 and VP3. Using this system,
we rescued IBDV/1FLAG expressing VP1-FLAG, which leads to lower IBDV RNP activity.
Despite the attenuated pathogenicity, IBDV/1FLAG reserves all the antigenicity of its
parental counterpart, suggesting that this may be a promising method to generate
attenuated epidemic variant IBDV strains for live vaccine development.

MATERIALS AND METHODS

Cell lines, virus, and reagents. HEK293T cells (ATCC CRL-11268) and the chicken fibroblast cell line
DF-1 (ATCC CRL-12203) were routinely maintained as previously described (28). A DF-1 cell-adapted IBDV
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strain (IBDV/WT) (GenBank accession numbers MF083701.1 and MF083702.1) which shares more than
99.5% identity in both levels of amino acids and nucleotides with the IBDV vaccine strain B87 was used
in this study. The standard virulent IBDV BC6/85 strain was used for challenge studies, which was
purchased from the China Institute of Veterinary Drug Control. Mouse anti-VP1, mouse anti-VP3, and
mouse anti-VP4 polyclonal antibodies were generated from the serum of mice by immunizing them with
prokaryotic-purified VP1, VP3, and VP4, respectively. Mouse anti-GAPDH MAb was purchased from
BioBEST Biotechnology (Anhui, China). The IBDV Ab ELISA kit, in which the whole inactivated virus
particles were coated as antigen, was supplied by IDEXX (Westbrook, ME, USA).

RT-PCR and Pstl digestion. The total RNA was extracted by TRIzol (Thermo Fisher, Waltham, MA,
USA) according to the manufacturer’s instruction for RT-PCR amplifications of vp1, vp3, and gapdh by
using PrimeScript Il high-fidelity RT-PCR kit (TaKaRa, Dalian, China), and the Pstl digestion of vp7 was
performed according to a previous description (28). All the DNA products were subjected to 1% agarose
gel electrophoresis analysis and the photograph was taken under the gel documentation and imaging
analysis system. Alternatively, the full length of amplified segment B was recovered by the gel purifica-
tion kit (TaKaRa) and used for Sanger sequencing. All the primer sequences used for RT-PCR are available
on request.

Plasmid construction, site-directed mutagenesis, and transfection. The full length genomes of
segment A and segment B were amplified from the IBDV/WT genome by RT-PCR, and the plasmids of
p1-mA, p1-mB, and p1-RmA were generated as previously described (28). p2-mA/mB were constructed
by cloning the cassette used for plus-sense IBDV genomic RNA generation in the p1 plasmid into the
region between the CMV promoter and synthetic polyadenylation signal by the restriction sites of Nhel
and Mlul according to the standard protocol of the gene engineering technique. The site-directed
mutagenesis kit (Agilent, Santa Clara, CA, USA) was used to introduce the Pstl restriction site in p2-mB
(1,787 nucleotide [nt] in vpT7) as a molecular marker. The plasmids of p2-mBFlag and p2-FlagmB were
generated based on the backbone of p2-mB by inverse PCR (62). The ORFs of VP1 and VP3 were inserted
into pCl-neo (Promega, Fitchburg, WI, USA), pCMV-FLAG-N (Clontech, Mountain View, CA, USA), and
pCMV-FLAG-C (Clontech) to generate the expression plasmids of pVP1, pVP1-FLAG, pFLAGA-VP1, pVP3,
pVP3-FLAG, and pFLAG-VP3. All plasmids were confirmed by Sanger sequencing, and all the primer
sequences used for plasmid construction are available on request. Transfection of plasmids into cells was
performed with a transfection reagent (BioBEST) according to the manufacturer’s instruction. Briefly, the
plasmids (4 pg in total) were diluted by 400 ul of Opti-MEM (Thermo Fisher) in an Eppendorf tube, and
after a 5-min incubation at room temperature, 10 ul of the transfection reagent was added and mixed
thoroughly with the DNA solution by pipetting up and down. After another 20-min incubation at room
temperature, the mixture was dropwise added onto the monolayer of 293T cells (6-well plate format, 10°
cells/well), and then the cells were further cultured at 37°C in an incubator until the desired time. The
amounts of plasmids in the different groups were kept constant by using pCl-neo vector DNA.

Western blot. The extraction of whole-cell lysate, the SDS-PAGE separation, and Western blot were
performed as previously described (30). Briefly, the whole-cell lysate was extracted by lysis buffer (50 mM
Tris-HCl [pH 7.4], 150 mM NaCl, 1% Triton X-100, and 1% sodium deoxycholate) at 4°C for 30 min,
followed by centrifugation at 12,000 X g at 4°C for another 30 min. Equivalent amounts of cell lysate
were subjected to 12% SDS-PAGE and transferred to 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 and
followed by horseradish peroxidase-conjugated secondary antibody incubation at 37°C for 1 h. The blots
were developed with the ECL detection reagent (BioBEST) in the MiniChemi 420 system (Sage Tech,
Beijing, China), and the GAPDH was probed as the loading control. Finally, the blots were scanned, and
densitometric quantification analysis was performed by using Bio-Rad Quantity One software.

Plaque assay. The plaque assay for IBDV/WT and IBDV/1FLAG in DF-1 cells was performed as described
previously (59). Briefly, the serial 10-fold dilution samples (0.1 ml aliquots of each dilution) of IBDV/WT or
IBDV/1FLAG (passage 30) were inoculated onto the monolayer of DF-1 cells in the 6-well plates. After
incubating at 37°C for 1 h for the virus internalization, the cells were covered with 1% low melting agarose
after 3-times PBS wash. Finally, the cells were stained with 1% crystal violet at 96 h postinfection, the titer was
determined by counting the plaques induced, and the representative images were photographed. The mean
of plaque size was determined by measuring the diameter of 30 arbitrary plaques.

Confocal laser scanning microscopy. DF-1 cells in chamber slides were infected with IBDV/WT or
IBDV/1FLAG (passage 30) (MOI, 1) for 12 h. Then, the cells were fixed in 4% prechilled paraformaldehyde
(PFA) solution overnight at 4°C, permeabilized with 0.1% TritionX-100 in PBS after a 3-times extensive
wash, and incubated with mouse anti-VP1 or mouse anti-FLAG at 37°C for 1 h, followed by staining with
Alexa Fluor-568-labeled donkey anti-mouse IgG for another 1 h at 37°C, and the nucleus was stained with
4',6-diamidino-2-phenylindole (DAPI). For the immunostaining of paraffin-embedded sections, the depar-
affinized sections were inoculated with anti-VP1 or anti-FLAG at 37°C for 1 h, followed by staining with
Alexa Fluor-568-labeled donkey anti-mouse IgG for another 1 h at 37°C, and the nucleus was stained with
DAPI. All the images were acquired on a Zeiss LSM 510 inverted confocal microscope using the proper
excitation laser wavelength.

Transmission electron microscopy. Both IBDV/WT and IBDV/1FLAG (passage 30) were propagated in
DF-1 cells and purified crudely by pelleting through a 25% (wt/wt) sucrose cushion twice at 150,000 X g for
3 h at 4°C. Samples were applied to glow-discharged carbon-coated grids for 2 min and then stained with 2%
aqueous uranyl acetate (63). Micrographs were acquired with a TecnaiG2 Spirit 120 kV electron microscope
operating at a magnification of X120,000.
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Animal experiments. All the fertilized specific-pathogen-free (SPF) chicken eggs were purchased

from Hangzhou Jianliang Biotechnology Co., Ltd. and were hatched at 37°C in an incubator. The chickens
were maintained in isolators that were supplied with a filtered intake and exhaust air. All animal
experiments were carried out under the approval of the Animal Ethics Committee of Zhejiang A&F
University (number ZAFU-2017-004).

Pathogenicity test. Five 1-week-old SPF chickens in each group were inoculated with DMEM (0.2 ml

each), IBDV/WT (10* PFU each), or IBDV/1FLAG (passage 30; 10* PFU each) through eye dropping.
Fourteen days later, chicken bodyweights were determined before sacrifice; the BFs was isolated,
weighed, and photographed; and then the BFs were split into the following two pieces: one was fixed
in 4% PFA for preparing the histological sections and another one was used for Western blot analysis. The
bursa: bodyweight ratio (B/B ratio) was determined for each chicken by dividing the bursa weight over
the bodyweight, and the B/B index was then calculated by the formula (B/B ratio of challenged
chicken)/(mean B/B ratio of uninfected control group); bursa were considered atrophied when their B/B
index was less than 0.70 (64).

Challenge assay. Five 1-week-old SPF chickens in each group were inoculated with DMEM (0.2 ml

each), IBDV/WT (10* PFU each), or IBDV/1FLAG (passage 30, 10* PFU each) through eye dropping. The
chickens in each group were fed in one isolator. The titers of antibodies against IBDV in the serum were
tested by ELISA at 0, 7, 14, and 21 days postinfection. Then, all the chickens were challenged with the
virulent IBDV strain BC6/85 (2 X 10 EID,, each) by intranasal dropping at 21 days postinoculation. The
chickens were observed daily for 10 days to evaluate the mortality, and the survival curves were
generated according to the method of Kaplan-Meier.

Statistical analysis. All data were presented as mean * standard deviation (SD) for each group and

analyzed by SPSS 13.0 (IBM, Armonk, NY, USA). Two-tailed Student’s t test was used to compare the mean
between two groups. A P value of less than 0.05 was considered statistically significant.
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