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The Endosomal Pathway and the Golgi Complex Are Involved in the
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Infectious bursal disease virus (IBDV), a double-stranded RNA virus belonging to the Birnaviridae family, causes immu-
nosuppression in chickens. In this study, we defined the localization of IBDV replication complexes based on colocaliza-
tion analysis of VP3, the major protein component of IBDV ribonucleoproteins (RNPs). Our results indicate that VP3 lo-
calizes to vesicular structures bearing features of early and late endocytic compartments located in the juxtanuclear region.
Interfering with the endocytic pathway with a dominant negative version of Rab5 after the internalization step leads to a
reduction in virus titer. Triple-immunostaining studies between VP3, the viral RNA-dependent RNA polymerase VP1, and
viral double-stranded RNA (dsRNA) showed a well-defined colocalization, indicating that the three critical components of
the RNPs colocalize in the same structure, likely representing replication complexes. Interestingly, recombinant expressed
VP3 also localizes to endosomes. Employing Golgi markers, we found that VP3-containing vesicles were closely associated

with this organelle. Depolymerization of microtubules with nocodazole caused a profound change in VP3 localization,
showing a punctate distribution scattered throughout the cytoplasm. However, these VP3-positive structures remained
associated with Golgi ministacks. Similarly, brefeldin A (BFA) treatment led to a punctate distribution of VP3, scattered
throughout the cytoplasm of infected cells. In addition, analysis of intra- and extracellular viral infective particles after
BFA treatment of avian cells suggested a role for the Golgi complex in viral assembly. These results constitute the first
study elucidating the localization of IBDV replication complexes (i.e., in endocytic compartments) and establishing a role

for the Golgi apparatus in the assembly step of a birnavirus.

nfectious bursal disease virus (IBDV) belongs to the Birnaviridae

family, which groups economically important pathogens. IBDV
is a nonenveloped, bisegmented, double-stranded-RNA (dsRNA)
virus with an icosahedral capsid that belongs to the genus Avi-
birnavirus (1). Segment A contains two partially overlapping open
reading frames (ORFs). The first ORF encodes the nonessential
nonstructural viral protein 5 (VP5) (2). The second ORF encodes
apolyprotein that is cotranslationally self-cleaved by the viral pro-
tease VP4, yielding the precursor pVP2, VP4, and VP3. The result-
ing intermediate, pVP2, is further processed at the C-terminal
region during maturation into VP2 polypeptide and several pep-
tides that remain associated with the capsid (3). VP2 is the single
structural component of the viral capsid. VP2 and VP3 are the
major structural proteins, constituting 60% and 35% of the virion,
respectively (4). Segment B is monocistronic and encodes the viral
RNA-dependent RNA polymerase VP1 (5).

The Birnaviridae family lacks the T=2 core structurally con-
served among all dsRNA viruses, but their genome is instead in-
tegrated into a ribonucleoprotein (RNP) complex (6) functionally
competent for RNA synthesis, similarly to the replication and
transcription complexes of some positive-sense single-stranded-
RNA (ssRNA) viruses (7, 8). IBDV RNPs consist of VP1-dsRNA,
“free” VP1, and VP3 (6). VP3 is a multitasking protein that acts as
a scaffolding protein for pVP2 during particle morphogenesis (9,
10), participates in the recruitment of VP1 to the capsid, and
serves as a transcriptional activator (11). All these well-docu-
mented observations predict that VP3 is a protagonist member of
the viral replication process, and therefore, its cellular localization
becomes a marker of the localization of IBDV replication com-
plexes (RCs).
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RNA viruses replicate their genome in intracellular mem-
branes of infected cells (12, 13), integrated into a complex struc-
ture known as the “viral factory.” The viral replication machinery
is usually inserted into single- or double-membrane vesicles that
can be associated with a variety of organelles, such as the rough
endoplasmic reticulum (ER), mitochondria, the endolysosomal
system, and chloroplasts or vacuolar membranes in plants (13—
16). Nowadays, much effort is being made to gain insight into the
cellular aspects of the birnaviral replication process. We and oth-
ers have recently demonstrated that the virus utilizes the endocytic
pathway to gain entry into the cell (17, 18). Galloux et al. suggested
that uncoating of the virus occurs within the endosome in re-
sponse to alow-pH environment (19); however, the details of how
and where birnaviruses replicate their genomes and translate their
proteins remain completely unexplored.

In this work, we have studied the subcellular localization of
the replication complexes of IBDV, analyzing the distribution
of the IBDV components VP3, VP1, and dsRNA. We deter-
mined their localization by using well-established subcellular
markers and confocal laser scanning microscopy (CLSM). Sur-
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prisingly, our data strongly suggest that IBDV replication oc-
curs on endosomal membrane compartments, and function-
ally interfering with the endocytic pathway affected intra- and
extracellular virus yields. In addition, we employed the Golgi-
disrupting agents nocodazole (ND) and brefeldin A (BFA) to
assess the functional role of this organelle. Our results with
avian cells indicate that the Golgi apparatus plays an important
role in IBDV assembly. To the best of our knowledge, this is the
first study describing the cellular compartments involved in
the establishment of the replication complexes of IBDV and in
the assembly step of an important member of the Birnaviridae
family.

MATERIALS AND METHODS

Cells, viruses, and antibodies. The IBDV Soroa strain, a virulent serotype
1 virus, was propagated in QM7 quail muscle cells (ATCC CRL-1962) as
previously described (20). Human epithelial HeLa cells and avian fibro-
blast QM7 cells were grown at 37°C in an atmosphere of 95% air and 5%
CO, in Dulbecco’s modified Eagle’s medium (DMEM,; Life Technologies,
Argentina) containing 10% fetal calf serum (FCS; Internegocios, Argen-
tina). Western blot and confocal laser scanning microscopy (CLSM) anal-
yses were carried out by using rabbit anti-VP3 specific sera as previously
described (21), whole rabbit antiserum immunized with recombinant
VP1, or whole rat antiserum immunized with recombinant VP3 obtained
by the laboratory of José F. Rodriguez. Mouse monoclonal dsRNA anti-
body clone J2 was purchased from English & Scientific Consulting Bt.
(Hungary). Monoclonal antibody ]2 has been shown to specifically rec-
ognize dsRNAs >40 bp in length, and antibody binding is independent of
sequence and nucleotide composition (22). Moreover, Weber et al. clearly
demonstrated that J2 efficiently detected the presence and localization of
dsRNA in cells infected with a positive-strand RNA or a dsSRNA genome as
well as DNA viruses by employing immunofluorescence (IF) analysis
(23). Purified mouse anti-early endosome antigen 1 (EEA1) and anti-
GM130 were obtained from BD Biosciences (Becton, Dickinson, Argen-
tina). Monoclonal rat anti-lysosome-associated membrane protein 2
(LAMP-2) and mouse anti-B-tubulin were obtained from the Develop-
mental Studies Hybridoma Bank (DSHB, USA). Monoclonal mouse anti-
lysobisphosphatidic acid (LBPA) was a gift from J. Gruenberg (Depart-
ment of Biochemistry, University of Geneva, Switzerland), and it was used
as described previously (24). Mouse monoclonal antibody CTR433 was a
gift from M. Bornens (Institut Curie, Paris, France) (25). Secondary goat
anti-rabbit antibodies conjugated with Alexa 488 or Cy3, donkey anti-
mouse antibodies conjugated with Cy3, and goat anti-rat antibodies con-
jugated with Cy3 and Hoechst 33342 were purchased from Molecular
Probes (Life Technologies, Argentina). Peroxidase-conjugated secondary
antibodies were purchased from Sigma-Aldrich (Buenos Aires, Argen-
tina).

Plasmids and reagents. Plasmids encoding enhanced green fluores-
cent protein-tagged wild-type Rab5 (EGFP-Rab5wt) and EGFP-
Rab5S34N were kindly provided by Philip D. Stahl (Washington Univer-
sity, St. Louis, MO, USA). A plasmid encoding EGFP-Rab7 was a gift from
Bo van Deurs (University of Copenhagen, Copenhagen, Denmark), and a
plasmid encoding EGFP-LAMP-1 was kindly provided by Renato
Mortara (Escuola Paulista de Medicina, Sao Paulo, Brazil). The plasmids
encoding the N-terminal domain of the glycolipid glycosyltransferases
SialT2 (GM3_2,8-sialyltransferase or GD3 synthase) and GalNAcT
(GM3/GD3_1,4-N-acetylgalactosaminyltransferase) fused to yellow
fluorescent protein (YFP) were kindly provided by H. J. Maccioni
(CIQUIBIC, UNC-CONICET, Universidad Nacional de Cérdoba, Cér-
doba, Argentina). pcDNAVP3wt is a derivative of the pcDNA3 eukaryotic
expression vector (Invitrogen) that contains the VP3 coding sequence.
The acidic compartment marker LysoTracker Red DND-99 and the self-
quenched Bodipy dye conjugated to bovine serum albumin (Bodipy-DQ-
BSA) were obtained from Molecular Probes (Life Technologies, Argen-
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tina). Brefeldin A (BFA) and nocodazole (ND) were purchased from
Sigma-Aldrich (Buenos Aires, Argentina) and were prepared according to
the manufacturer’s instructions.

Transfections and infections. HeLa or QM7 cells grown on coverslips
were transfected with Lipofectamine Plus (Invitrogen, Life Technologies,
Argentina) according to the manufacturer’s recommendations. Viral in-
fections were carried out with IBDV Soroa strain virions at a multiplicity
of infection (MOI) of 1 PFU/cell. After 60 min of virus adsorption, the
cells were washed, fresh medium was added, and the infection was allowed
to proceed at 37°C for 36 h. When indicated, BFA or ND was added to the
infected and mock-infected cells at 24 or 12 h postinfection (p.i.), respec-
tively.

Labeling with LysoTracker. Acidic compartments were labeled with
LysoTracker by incubating the cells with 1 uM LysoTracker at 37°C for 60
min, and the cells were washed and left an additional 60 min with fresh
medium without the probe. Cells were fixed and analyzed by CLSM.

Test of lysosomal function by degradation of chromogenic BSA. The
ability of cells to endocytose and degrade the self-quenched red Bodipy
dye conjugated to BSA (DQ-BSA) was used to measure lysosomal degra-
dative function. Red DQ-BSA requires enzymatic cleavage in an acidic
intracellular compartment to generate a highly fluorescent product,
which can be monitored by confocal microscopy. Cells were incubated for
12 h at 37°C with DQ-BSA (10 pg/ml in complete culture medium) to
ensure that the reagent reached the lysosomal compartment, washed, and
left an additional 60 min with fresh medium without the probe. Cells were
fixed and analyzed by CLSM.

SDS-PAGE and Western blotting. Protein samples of a total cell lysate
from mock-infected or infected HeLa and QM7 cells were run on a 12%
polyacrylamide gel and transferred onto Hybond-ECL (GE Healthcare
Argentina S.A.) nitrocellulose membranes. The membranes were blocked
for 1 h with blocking solution (5% nonfat milk, 0.1% Tween 20, and
phosphate-buffered saline [PBS]), washed twice with PBS, and incubated
with anti-VP3 or anti-B-tubulin primary antibody and the corresponding
peroxidase-conjugated secondary antibodies. Membranes were washed
extensively, the corresponding bands were detected by using an enhanced
chemiluminescence detection kit from Healthcare (catalog number
RPN2109; Amersham), and the data were collected with an LAS-4000
imaging system (Fujifilm, Japan). The protein band intensities from three
independent experiments were quantitated with Adobe Photoshop CS5
software and normalized against tubulin. Results are expressed as relative
units representing a ratio between VP3 and tubulin band intensities. A
paired Student ¢ test was performed by using Ky-Plot software.

Indirect immunofluorescence and quantification of colocalization.
Allimmunofluorescence procedures were carried out at room temper-
ature. Cells were fixed with a 3% paraformaldehyde solution in PBS for
15 min at room temperature and quenched by incubation with 50 mM
NH,Clin PBS for 20 min. Subsequently, transfected cells were perme-
abilized with 0.05% saponin in PBS containing 0.2% BSA and incu-
bated with primary antibodies and the corresponding Alexa 488-,
Cy3-, or Cascade Blue-conjugated secondary antibodies. Cells were
mounted with Mowiol (plus Hoechst stain) and analyzed by CLSM.
Images were captured by using an Olympus FluoView TM FV1000
confocal microscope (Olympus, Argentina) with FV10-ASW (version
01.07.00.16) software and processed by using Adobe CS5 (Adobe Sys-
tems). A modification to Pearson’s correlation coefficient developed
by Manders et al. (26) was used to quantitate the degree of colocaliza-
tion for the proteins, known commonly as the “overlap coefficient”
(26, 27). In this work, we determined the fraction of pixels corre-
sponding to VP3, VP1, or dsRNA that overlapped those corresponding
to the subcellular marker expressed as a percentage. We employed
Image]J software (National Institutes of Health). The data in the figures
represent the means and standard deviations obtained after analyzing
50 cells per condition from three independent experiments. Represen-
tative images are shown for each case.
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2D and 3D reconstruction with confocal laser scanning microscopy.
Images were computerized to automatically make 10 serial optical sec-
tions of each cell at intervals of around 39 wm. The two-dimensional (2D)
and 3D reconstructions were performed with Image] software (National
Institutes of Health). For 3D reconstruction, images were opened with
Image], and a 3D surface model was created based on the appropriate
intensity threshold.

Virus titration. We used the 50% tissue culture infective dose
(TCID,,) titration method based on the endpoint dilution of the virus at
which a cytopathic effect (CPE) is detected in 50% of the cell culture
infected by a given amount of virus suspension, as described previously
(28). CPE induced by IBDV could be observed under a microscope after 5
days. To titrate extracellular infective viral particles, we used the infected-
cell supernatants. Instead, when intracellular infective viral particles were
titrated, infected cells were collected with 1 ml of DMEM, subjected to
three freeze-thaw cycles, and then centrifuged to eliminate cellular detri-
tus. The supernatants corresponding to a viral suspension were employed
for titration. The titers obtained from three independent experiments
were statistically analyzed by a paired Student ¢ test using Ky-Plot soft-
ware.

RNA isolation, cDNA synthesis, and qRT-PCR assays. Total RNA
was extracted from 1 X 107 cells by employing TRIzol reagent (Invitrogen,
Life Technologies, USA) according to the manufacturer’s recommenda-
tions. Total RNA (1 pg) was reverse transcribed in a final volume of 20 pl
containing 1X PCR buffer II (Applied Biosystems, Life Technologies,
USA), 5 mM MgCl,, 1 mM deoxynucleoside triphosphate (ANTP), 20 U
RNase inhibitor, 50 U murine leukemia virus (MuLV) reverse transcrip-
tase (Applied Biosystems, Life Technologies, USA), 5 uM random prim-
ers (Gibco), and diethyl pyrocarbonate (DEPC)-treated distilled H,O.
Transcript levels were determined by real-time quantitative PCR (qRT-
PCR), using a StepOne real-time PCR system (Applied Biosystems, Life
Technologies, USA) and SYBR green dye (Applied Biosystems, Life Tech-
nologies, USA). Reactions were performed with a final volume of 20 pl
containing 10 pl of 2X Power SYBR green PCR Master Mix (including
AmpliTaq Gold DNA polymerase, dNTPs, and SYBR green dye), 250 nM
forward and reverse specific primers, and a 1:10 dilution of cDNA. After
enzyme activation at 95°C for 10 min, amplifications were carried out by
using a two-step PCR procedure with 40 cycles of 15 s at 95°C for dena-
turation and 1 min at 60°C for annealing/extension. Gene-specific prim-
ers for viral and control RNA were designed by using Oligo Explorer 1.2
software (Gene Link) based on sequence information deposited at the
National Center for Biotechnology Information. Primer sequences used
in the qRT-PCR analyses were described previously (29). Nontemplate
controls were included for each primer pair, and each PCR was completed
in triplicate. Relative quantification was performed by means of the AAC-
method using StepOne software v2.2.2 (Applied Biosystems, Life Tech-
nologies, USA).

RESULTS

Time course analysis of IBDV-infected cells. With the aim of
determining the adequate time point after infection for viral rep-
lication analysis, HeLa or QM7 cells were infected for different
time periods with the IBDV Soroa strain at a multiplicity of infec-
tion (MOI) of 1 PFU/cell. We used HeLa cells to perform some
experiments because they are flat and provide high-quality images
for fluorescence microscopy. However, when possible, we also
carried out the experiments with QM7 cells, because they are
closer to the natural IBDV host cellular system. We analyzed the
progression of the infection by determining the levels of VP3 ac-
cumulation by Western blotting, the presence and subcellular dis-
tribution of VP3 by immunofluorescence, and extracellular viral
titers at different time points after infection. As shown in Fig. 1, we
were able to detect VP3 only after 8 h postinfection (p.i.) in both
cell types. Subsequently, the specific signal became stronger, and it
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was present in a higher percentage of the cells. At 36 h p.i., almost
all of the cells were clearly infected without a widespread cyto-
pathic effect. A similar scenario was observed by Western blotting.
Virus titration revealed the presence of infective virions in the
extracellular milieu from 8 h p.i., which increased over time.
Therefore, these results pointed to 36 h p.i. as a suitable time point
to study viral replication, avoiding the interference of viral inter-
nalization step.

The IBDV VP3 protein colocalizes with endocytic markers at
the perinuclear region in infected cells. In order to assess the
subcellular localization of VP3 in host cells, infection of human
HeLa or avian QM7 cells was carried out with the virus at a MOI of
1 PFU/cell, as indicated above. At 36 h p.i., cells were processed for
immunofluorescence (IF) analysis using anti-VP3 antibodies and
analyzed by confocal laser scanning microscopy (CLSM). As
shown in Fig. 2a, e, i, m, q, and u, VP3 presented a punctate
distribution with a marked localization in the juxtanuclear region.
Since endocytosis has been demonstrated to be an entry pathway
for IBDV (17, 18), we assessed whether the virus uses these organ-
elles to carry out its own replication process. Therefore, antibodies
or overexpressed proteins were used in double-labeling IF studies.
To label early endosomes, antibodies against early endosome an-
tigen 1 (EEA1) as well as overexpression of the early endosomal
protein Rab5 (30) as a green fluorescent protein construct (i.e.,
pEGFP-Rab5) were used. Untransfected HeLa cells or cells over-
expressing EGFP-Rab5 were infected, and viral VP3 expression
was detected. As shown in Fig. 2, we found a marked colocaliza-
tion of the VP3 polypeptide with both EEA1 [(71.6 = 17.8)%]
(Fig.2atod) and Rab5 [(53.0 = 15.0)%] (Fig. 2e to h). To label the
late endocytic compartment, we analyzed the colocalization of
VP3 with Rab7, a protein specifically related to degradative com-
partments such as late endosomes and lysosomes (31). In addi-
tion, we employed antibodies against lysobisphosphatidic acid
(LBPA), an acidic lipid found in late endosomes, particularly in
the membrane of intraluminal vesicles of multivesicular bodies
(32). Cells overexpressing EGFP-Rab7 or untransfected HeLa cells
were infected, and viral VP3 expression was detected. As shown in
Fig. 2i to |, the level of colocalization of the VP3 polypeptide with
EGFP-Rab7 was relatively high [(47.8 = 15.1)%], whereas very
little colocalization was observed with LBPA [(8.2 = 2.6)%] (Fig.
2m to p). In addition, since lysosome-associated membrane pro-
teins (LAMPs) are well-known markers of late endocytic struc-
tures as well as lysosomes (33, 34), antibodies to LAMP-2 or an
EGFP-fused LAMP-1 construct were used. We found colocaliza-
tion of VP3 with both LAMP markers [(33.6% * 15.9)% for en-
dogenous LAMP-2 (Fig. 2q and t) and (81.2 = 11.4)% for over-
expressed EGFP-LAMP-1 (Fig. 2u to x)]. In all cases, a normal
distribution of the endocytic markers was observed in infected
cells.

We next determined if the VP3-containing vesicles were
acidic (using LysoTracker) or degradative by employing DQ-
BSA, as described in Materials and Methods. We observed that
the majority of the VP3-containing vesicles were not labeled by
LysoTracker, indicating their nonacidic nature. Additionally,
the VP3 protein-specific signal did not colocalize with DQ-
BSA, suggesting that these vesicles are nondegradative com-
partments (data not shown).

Taken together, our colocalization studies indicate that at 36 h
p.i., VP3 is associated with endocytic structures, likely represent-
ing the site for the replication complexes in infected cells.
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FIG 1 Time course of IBDV infection. HeLa (top) or QM7 (bottom) cells grown on coverslips in an M6 multiwell plate were infected with IBDV virions at an
MOI of 1. After 4, 8, 12, 24, and 36 h p.i., coverslips were recovered and processed for IF analysis. Primary anti-VP3 and Alexa 488-conjugated secondary
antibodies were employed to detect the VP3 distribution (green signal). The remaining cells in each well were harvested and analyzed by Western blotting to
determine the VP3 accumulation levels (bottom right corners in HeLa and QM7 panels). The tissue culture supernatants were also collected, and IBDV titers were
determined at each time point (results are in red below the Western blot image). Images are representative of three independent experiments.

The three components of IBDV RNPs (i.e., VP3, VP1, and
dsRNA) colocalize in the same structure. In order to corroborate
that VP3 is a marker of IBDV replication complexes (RCs), we
analyzed the subcellular localization of two additional IBDV RNP
elements: the polymerase VP1 and the viral dsSRNA. The subcel-
lular distribution of VP1 in infected HelLa and QM7 cells was
analyzed by using a specific rabbit antiserum. For comparative
purposes, VP3 was also analyzed in the same experiment (Fig. 3Aa
to d and Ba to d). As shown in Fig. 3Ae, the VP1-specific fluores-
cence presented a punctate distribution, with marked localization
detected in the juxtanuclear region in HeLa cells similar to that
exhibited by VP3. In addition, anti-EEA1 antibodies were used in
double-labeling IF studies to characterize the intracellular loca-
tion of VP1. As shown in Fig. 3Ad and h, we found a high degree of
colocalization of both VP3 and VP1 with EEA1 in HeLa cells
[(52.8 % 8.3)% and (63.2 % 6.9)%, respectively]. These results
strongly suggest that VP1, similarly to VP3, localizes in endosomal
structures, likely constituting the IBDV RCs.

Next, we employed a mouse monoclonal antibody specific for
dsRNA to analyze the subcellular distribution of the viral dsSRNA
in infected cells. We used monoclonal antibody ]2, which has been
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successfully employed to visualize dsRNA in cells infected with a
number of positive-strand and dsRNA viruses (35-37). In our
system, this antibody allowed us to detect accumulated dsRNA in
infected cells, with 36 h p.i. being a time point when most of the
cells showed accumulated dsRNA (data not shown). We observed
a specific, well-defined, punctate distribution in the juxtanuclear
region in both cell types (Fig. 3Bb and f). Furthermore, when
double-labeling IF studies were performed, we observed a clear
colocalization between the viral proteins and the dsRNA in in-
fected cells (Fig. 3Bc, d, g, and h), with colocalization degrees of
(51.7 = 12.7)% for VP3-dsRNA and (64.8 * 4.6)% for VP1-
dsRNA in HelLa cells. Similar results were obtained with QM7 cells
(data not shown). In addition, we employed a new antibody
against VP3 raised in rat, which allowed us to perform triple-
colocalization studies between VP1, VP3, and the dsRNA. We
found a high degree of colocalization, (45.3 = 13.7)% (Fig. 3C).
These results indicate that the viral components VP3, VP1, and
dsRNA, involved directly in RNA metabolism, colocalize in endo-
cytic structures located in the juxtanuclear region of infected cells
and suggest that replication of IBDV is taking place in these endo-
cytic vesicles.
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FIG 2 IBDV VP3 colocalizes with endocytic markers. Transfected or untransfected HeLa cells were infected and processed for indirect immunofluores-
cence analysis with anti-VP3 (1:500) and the corresponding Alexa 488-conjugated (green signal in untransfected cells) or Cy3-conjugated (red signal in
EGFP-Rab5 [e to h]-, EGFP-Rab7 [i to 1]-, and EGFP-LAMP-1 [u to x]-transfected cells) secondary antibodies. In untransfected HeLa cells, double
immune staining was performed with the corresponding endosomal marker as indicated. The nuclei are stained with Hoechst stain (blue). The insets show
the colocalization of VP3 with the cellular marker in the perinuclear region. Images are representative of three independent experiments. Scale bars

represent 10 pm.

A functional endocytic pathway is required for virus replica-
tion. Rab5 is a critical regulatory factor of trafficking through the
endocytic pathway (38). Key regulatory functions of this protein
have been uncovered mainly by the use of mutated proteins in
both in vivo and in vitro assays. A mutation that renders a protein
defective in GTP binding (i.e., Rab5S34N) leads to small endo-
somes and inhibition of endocytosis (39). In order to test the
functional role of the endocytic pathway in IBDV replication,
HeLa cells overexpressing the wild-type form of Rab5, Rab5wt, or
the GDP-locked form Rab5S34N as EGFP-fused constructs were
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used. To avoid affecting virus internalization, HeLa cells were first
infected, and at 12 h p.i., cells were transfected with pEGFP,
pEGFP-Rab5wt, or pEGFP-Rab5S34N and intra- and extracellu-
lar virus titers were determined. As shown in Fig. 4, a significant
reduction in virus titer was observed both inside and outside the
cells, indicating that a functional endocytic pathway is necessary
for IBDV replication.

Recombinant VP3 is able to target endosomes. To further
analyze whether the endosomal localization of VP3 is due to VP3
itself or depends on other viral or cellular structures, we investi-
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A

HelLa

ST 2

FIG 3 Colocalization analysis of IBDV RNP components. (A) Infected HeLa cells were processed for double immune staining with anti-VP1 (1:300) or anti-VP3
(1:500) as well as the corresponding Alexa 488 (green signal)-conjugated secondary antibodies and anti-EEA1 antibody and the corresponding Cy3 (red
signal)-conjugated secondary antibodies. (B) Infected HeLa cells were processed for double immune staining with anti-VP1 (1:300) or anti-VP3 (1:500) as well
as the corresponding Alexa 488-conjugated (green signal) secondary antibodies and anti-dsRNA antibody and the corresponding Cy3-conjugated (red signal)
secondary antibodies. The nuclei were stained with Hoechst stain (blue). (C) Triple immune staining of infected HeLa cells with mouse anti-dsRNA, rat anti-VP3,
and rabbit anti-VP1 and the Cascade Blue-, Alexa 488-, and Cy3-conjugated secondary antibodies, respectively. The insets show colocalization of the proteins in
the perinuclear region. Images are representative of three independent experiments. Scale bars represent 10 pm. DIC, differential interference contrast.

gated the localization of recombinant VP3 when expressed in the
absence of other viral elements. HeLa and QM7 cells were trans-
fected with pcDNA-VP3, and VP3 localization was analyzed by IF
at 24 h posttransfection. A punctate pattern dispersed throughout
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the cytoplasm with a slight accumulation of the VP3 signal at the
perinuclear region was observed in both transfected cell types
(Fig. 5Aa and b and Bf and j). We then investigated its possible
association with endosomes in HelLa cells by employing antibod-
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FIG 4 Endocytic pathway interference affects viral replication. HeLa cells
were infected with IBDV, and at 12 h p.i, the cells were transfected with
pEGFP, pEGFP-Rab5wt, or pEGFP-Rab5S34N with a double-heat protocol.
At 36 h p.i., both intra- and extracellular IBDV titers were determined, as
described in Materials and Methods. Data represent results for the media from
two independent experiments.
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ies against EEA1 (unfortunately, this antibody was unable to label
QM7-derived endosomes). As shown in Fig. 5AD to e, we found
strong colocalization between both markers, indicating that VP3
is able to target endosomes without the context of the viral infec-
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tion. Next, we determined if these vesicles have features of lyso-
somes by incubating the transfected cells with LysoTracker or
DQ-BSA, as described above. As shown in Fig. 5Bf to m, we did
not observe colocalization between the two above-mentioned re-
agents and the VP3 signal. Thus, our results suggest that VP3 is
responsible for targeting of the replication machinery to the en-
docytic vesicles in infected cells.

IBDV VP3 associates with the cytoplasmic side of the Golgi
apparatus of infected cells. As shown in Fig. 2a, e, i, m, q, and u,
VP3 exhibited a punctate distribution with a marked localization
in the juxtanuclear region, reminiscent of a Golgi localization pat-
tern. Therefore, we next examined whether VP3 colocalized with
Golgi-associated proteins by double-staining analysis in mamma-
lian and avian IBDV-infected cells. As shown in Fig. 6Aa to h, we
found that in both cell types, VP3 associates with GM130 (red
signal), which is a peripheral membrane protein exposed to the
cytoplasmic side of the cis-Golgi complex (40, 41). Colocalization
of VP3 with another Golgi-associated protein, CTR433, a cis-me-
dial-cisterna marker (25), was also examined. As shown in Fig. 6Bi
to p, VP3 was strongly associated with CTR433 at the juxtanuclear
region. However, overlap between VP3 and the two analyzed

FIG 5 Recombinant IBDV VP3 localizes to early endosomes. QM7 and HeLa cells were transfected with pcDNA (data not shown) or pcDNA-VP3, as described
in Materials and Methods. At24 h p.i., cells were processed for indirect immunofluorescence analysis with anti-VP3 (1/500). (A) VP3 distribution in QM7 cells. In HeLa
cells, double immune staining was performed with anti-EEA1. The insets show the colocalization of VP3 (green signal) and EEA1 (red signal) at the juxtanuclear region.
(B) pcDNA-VP3-transfected HeLa or QM7 cells were incubated with LysoTracker or DQ-BSA, as described in the text. The cells were then processed for indirect
immunofluorescence analysis. The insets show the lack of colocalization of LysoTracker (red signal) or DQ-BSA (red signal) with VP3 (green signal) at the perinuclear
region. The nuclei were stained with Hoechst stain (blue). Images are representative of three independent experiments. Scale bars represent 10 pm.
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FIG 6 Juxtanuclear localization of IBDV VP3. Infected HeLa and QM7 cells
were processed for indirect immunofluorescence analysis at 36 h p.i. with
anti-VP3 (1:500) and the corresponding Alexa 488-conjugated secondary an-
tibodies. Double labeling was performed with anti-GM130 (A) or anti-
CTR433 (B) and the corresponding Cy3-conjugated secondary antibodies.
The insets show the strong association of VP3 (green signal) and the Golgi
markers (red signal) at the perinuclear region. The nuclei were stained with
Hoechst stain (blue). Images are representative of three independent experi-
ments. Scale bars represent 10 pm.

Golgi marker signals was never observed, indicating that the VP3-
containing structures remain in close proximity to the Golgi ap-
paratus upon IBDV infection in both cell types.

To further characterize the association of VP3, we analyzed the
Golgi-resident glycolipid glycosyltransferases SialT2 (GM3a2,8-
sialyltransferase or GD3 synthase) and GalNAcT (GM3/GD3
1,4-N-acetylgalactosaminyltransferase). These enzymes concen-
trate at the proximal or cis- and trans-Golgi networks, respectively
(42). The N-terminal domains of SialT2 and GalNACcT fused to
YFP (43) were transfected into HeLa or QM7 cells. Transfected
cells were then infected, and VP3 expression was detected by im-
munostaining. As shown in Fig. 7Aa to h, a strong association of
the VP3 signal with the YFP fluorescence from both SialT2 and
GalNACT glycosyltransferases in HeLa cells was observed. A sim-
ilar observation was made with avian cells (data not shown). In all
cases, we were able to detect a well-defined association of both
structures, in which some VP3 structures appeared completely
surrounded by SialT2- or GalNAcT-labeled cisternae, neverthe-
less without overlapping of the specific fluorescent signals. We
next addressed whether VP3 was associated with Golgi-derived
membranes remaining on the outer side of the organelle or if it
was located between the Golgi stacks. To address this issue and to
establish the spatial relationship of the viral VP3 protein with the
Golgi apparatus, 3D surface reconstruction imaging was em-
ployed. By using the 3D visualization and surface modeling soft-
ware program Image], we created images that display the 3D
structure of portions of Golgi apparatus and the spatial location of
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the VP3 signal. Figure 7Ba to d shows the 2D projection image
obtained from the z-stack of a single cell employed for the recon-
struction, while Fig. 7Be to h shows different views of the 3D
reconstruction image (the complete movie is shown in Movie S1
in the supplemental material). When the 3D image was rotated to
achieve a side view, it became clear that the VP3 protein is located
outside the Golgi stacks. We then asked if the VP3-labeled struc-
tures corresponded to the VP3 associated with endosomes. Dou-
ble immune staining of VP3 and EEA1 in YFP-SialT2-transfected
IBDV-infected cells was performed, and we observed that VP3
structures colocalizing with EEA1 were associated with the Golgi
stacks (Fig. 7C, white arrows). Taken together, these results sug-
gest that VP3-containing endosomal structures associate with the
Golgi stacks in infected cells.

Golgi disruption with nocodazole does not affect the IBDV
life cycle. Since we observed such a close association of VP3
with the Golgi apparatus, we next investigated the role of this
organelle in both VP3 localization and the viral replication
cycle by depolymerizing the microtubules (MTs) with nocoda-
zole (ND). MTs participate in maintaining the Golgi structure,
and MT depolymerization is known to result in the reorgani-
zation of the Golgi complex into characteristic ministacks,
which appear as punctate structures throughout the cell cyto-
plasm (44). To determine whether VP3 localization and viral
replication require a normal Golgi apparatus, ND was added to
infected HeLa or QM7 cells at 12 h p.i., and cells were main-
tained in medium with the drug for an additional 24-h period
to avoid the rebuilding of the cytoskeleton network. After-
wards, supernatants were collected to determine virus titers. In
addition, cells were processed for Western blotting to detect
viral VP3 levels and for IF to analyze VP3 subcellular distribu-
tion. To confirm the formation of the ND-induced Golgi mini-
stacks in treated cells, we employed the YFP-GalNAcT and
YFP-SialT2 Golgi complex markers (Fig. 8Aa and e). As shown
in Fig. 8Ab and f, a marked change in the VP3 pattern upon ND
treatment was observed, depicting a punctate distribution scat-
tered throughout the cytoplasm of infected cells. Surprisingly,
in the large majority of the YFP-GaINAcT- and YFP-SialT2-
expressing infected cells, we observed a strong association of
VP3 and the Golgi ministacks forming cup-shaped structures
(Fig. 8Ac, d, g, and h), where the Golgi ministacks resemble a
cup (green signal) and VP3 is the content. Interestingly, West-
ern blot analysis of nontreated and treated infected cells re-
vealed that Golgi disruption does not significantly affect VP3
synthesis, as shown in Fig. 8B, with similar intensity levels of
VP3 in both cell lines. Moreover, infective progeny yields were
also unaffected by ND treatment (Fig. 8C). Taken together,
these results indicate that although a marked change in the VP3
subcellular distribution was observed upon cell treatment with
ND, the IBDV replication cycle was not critically affected by
the dispersion of the Golgi apparatus.

Brefeldin A treatment of infected avian cells affects virus as-
sembly. To gain further insight into the functional role of the
Golgi apparatus in the IBDV infection cycle, we tested the effect of
brefeldin A (BFA). This drug causes profound alterations of the
Golgi apparatus, resulting in the transfer of Golgi enzymes to the
lumen of the ER (45, 46). Additionally, dispersed tubulovesicular
clusters of membranes are left in the cytoplasm, termed Golgi
remnants, which contain matrix proteins such GM130 (47). BFA
was added to infected HeLa or QM7 cells at 24 h p.i., and the drug
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FIG 7 IBDV VP3 associates with Golgi stacks. (A) pYFP-SialT2- and pYFP-GalNAcT-transfected HeLa cells were infected and processed for indirect
immunofluorescence analysis with anti-VP3 (1:500) and the corresponding Cy3-conjugated secondary antibodies. The insets show a well-defined
association of both structures, in which VP3 appears completely surrounded by SialT2- or GalNAcT-labeled structures. The nuclei were stained with
Hoechst stain (blue). (B) z-stack fluorescence images were captured from a single cell, as described in Materials and Methods. (a to d) 2D images showing
brightest-point projections of 10 images collected at 0.39-pm steps in the z axis. To better appreciate the green and red signal distributions, a close-up of
the entire cell was done, showing only the perinuclear region where the signals are located. The nuclei were stained with Hoechst stain (blue). (e to h)
Different rotation planes of the same data, displayed as 3D topographical reconstructions of VP3 and YFP-SialT2. (C) YFP-SialT2-transfected, IBDV-
infected HeLa cells were processed for double immune staining with rat anti-VP3 and the corresponding Cy3-conjugated secondary antibody followed by
anti-EEA1 and the corresponding Cascade Blue-conjugated secondary antibody. (Top) Image of a complete cell. (Bottom) Images of an optical zoom
done with the cell in the top panel. White arrows indicate VP3-positive and EEA1-positive vesicles in close proximity to the Golgi stacks (green signal).
Images are representative of three independent experiments. Scale bars represent 10 pwm.

was maintained in the medium for an additional 12-h period to
avoid the rebuilding of the Golgi network. These experimental
conditions did not induce cell toxicity, as measured by trypan blue
exclusion (data not shown). Supernatants were collected to deter-
mine the titer of extracellular virus, and the cells were processed by
Western blotting to analyze VP3 levels and to quantitate intracel-
lular virus titers. To corroborate BFA-induced Golgi dispersion,
we employed antibodies against the matrix protein GM130, since
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this protein (together with other Golgi matrix proteins) is found
in dispersed, punctate structures after BFA treatment (48) (Fig.
9Aa, e, 1, and m). As expected, a strong change in the VP3 pattern
upon BFA treatment was observed, showing a punctate distribu-
tion scattered throughout the cytoplasm of infected cells (Fig.
9ADb, £, j, and n). Levels of VP3 expression were analyzed by im-
munoblotting. Interestingly, we found a differential behavior of
VP3 accumulation in treated HeLa and QM7 cells. As shown in
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FIG 8 Nocodazole treatment affects IBDV VP3 subcellular distribution. pYFP-SialT2- and pYFP-GalNAcT-transfected and infected HeLa cells were treated with
2 mM nocodazole (ND) or left in control medium. At 36 h p.i., cells were washed and processed for indirect immunofluorescence analysis. (A) Anti-VP3 (1:500)
and the corresponding Cy3-conjugated secondary antibodies were employed. Only ND-treated HeLa cells are shown. The nuclei were stained with Hoechst stain
(blue). The insets show a well-defined association of both structures. Scale bars represent 10 wm. (B) To determine the levels of VP3, cells were analyzed by
Western blotting, as described in Materials and Methods. Complete VP3/actin values are 1.36 % 0.02, 1.32 * 0.04, 1.37 £ 0.06, and 1.41 = 0.05. (C) Supernatants
were collected and viral infective particles were titrated as described in the text. Images and data were obtained from three independent experiments.

Fig. 9B, a significant reduction of the VP3 expression level was
observed in BFA-treated HeLa cells. However, when we quanti-
tated intra- and extracellular virus titers, we found no differences
in the formation and release, respectively, of infective particles in
nontreated and treated HeLa cells in spite of the reduced VP3
accumulation levels (Fig. 9C, upper panel). Given the peculiarity
of these results, we analyzed viral RNA levels in nontreated and
treated HeLa cells and found a perfect correlation between RNA
and VP3 levels (Fig. 9D). In contrast, QM7 cells treated with BFA
showed no significant differences in VP3 accumulation levels
compared with the levels in untreated control cells. However, we
observed a moderate but consistent reduction in the amount of
released infective virus in BFA-treated QM7 cells (Fig. 9C). Thus,
we next aimed to determine if the reduction of virus release was
due to impairment of a virus egress mechanism or a negative effect
on the assembly of infective viral particles. To address this issue,
we titrated intracellular infective viral particles in control and
BFA-treated cells. Interestingly, we observed a reduction of intra-
cellular virus titers in BFA-treated QM7 cells (Fig. 9B, lower
panel). Thus, these results indicate that in avian QM7 cells, BFA
treatment partially alters the assembly of infective viral particles,
likely due to the negative impact of BFA on the functionality of the
Golgi apparatus.
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DISCUSSION

While several viral families constitute the dsRNA virus group, our
study constitutes the first attempt to analyze how birnaviruses
manage to establish their factories in infected cells without having
a transcriptional core as the other viruses of this group do. Only
members of the Reoviridae family, such as orthoreoviruses and
rotavirus, have well-characterized replication and assembly sites.
Reoviruses are nonenveloped viruses with a genome encapsidated
by two protein shells, an outer capsid and an inner core shell. After
internalization, the outer capsid is lost, and the core is delivered
into the cytoplasm, where it imports substrates from the cytosol to
synthesize and then export viral mRNAs representing the replica-
tion complex. Viral mRNAs transcribed in the cytoplasm make
viral proteins that eventually form large perinuclear inclusions,
called virus factories, that function as sites of further virus repli-
cation and assembly (49). Orthoreovirus factories are intimately
associated with the microtubule network (50), and rotavirus fac-
tories are composed of electron-dense viroplasm often in proxim-
ity to membranes derived from the ER (51).

IBDYV viroplasm localizes at an endocytic compartment. In
this report, we have revealed, for the first time, an important issue
in the life cycle of birnaviruses: the vesicular nature of the cellular
compartment employed by IBDV for localization of the replica-

Journal of Virology


http://jvi.asm.org

Role of Endosomes and Golgi Complex in IBDV Life Cycle

A IBDV VP3
control
©
-
[)
I
BfA
control
~
=
(¢}
BfA
B HelLa QM7 c .
2 1.00E+04
Control BfA Control  BfA [=] =0
-+ -+ -+ -+ IBDV .
= 1.00E+03 _ _ _
R S — s —>Tub S 1.00E+02
©
(%]
. — - . —»VP3 g 1.00E+01
5 1.00E+00 | / L
146 ____0.78 1.30 1.47 VP3/Tub control BfA control BfA
*(p<=0.001)
HelLa Qm7?
*
D o, é 1.00E+04 =
g 10 E 1.00E+03 1 -
L s S 1.00E+02 1
< 3 - e
= 06 S 1.00E401 1
— 04 =
[ € 1.00E+00 .
< 0.2 =
> o0 control BfA control BfA
" " mock IBDV  mock _ IBDV HeLa am?
Control BFA

FIG 9 Brefeldin A treatment partially affects virus assembly. Infected HeLa and QM7 cells were treated with 5 g/ml brefeldin A (BFA) or left in control medium.
At 36 h p.i,, cells were washed and processed for indirect immunofluorescence analysis, as described in the text. (A) Double-staining IF analyses were performed
by incubating the cells with anti-VP3 (1:500) and anti-GM 130 antibodies followed by the corresponding Alexa 488- or Cy3-conjugated secondary antibodies. The
nuclei were stained with Hoechst stain (blue). The insets show the association of both structures with a completely different cellular distribution upon BFA
treatment. Scale bars represent 10 wm. (B) To determine the levels of VP3, cells were analyzed by Western blotting, as described in Materials and Methods.
Complete VP3/tubulin values are 1.46 = 0.08, 1.30 = 0.02, 0.78 = 0.04, and 1.47 = 0.17. (C) Intracellular and extracellular viral infective particles were titrated
from a cellular extract or supernatants, respectively, of control and BFA-treated infected HeLa and QM?7 cells, as described in the text. Images and data were
obtained from three independent experiments. (D) qRT-PCR analyses of HeLa cell extracts were performed as described in Materials and Methods, in an
experiment similar to the one depicted in panel B. Relative quantification (RQ) of viral RNA compared to the control GAPDH (glyceraldehyde-3-phosphate
dehydrogenase) gene is shown.

tion complexes. It was recently shown that RNP complexes act as
efficient transcription units of IBDV (6). Our data strongly sug-
gest that IBDV replication occurs on endocytic membranes. At 36
h p.i., infected HeLa and QM7 cells labeled with anti-VP3, anti-
VP1, or anti-dsRNA showed a perinuclear punctate pattern, con-
centrated mostly on one side of the nucleus, compatible with a
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vesicular pattern. When we analyzed the nature of these vesicles,
we found that they correspond to an endocytic compartment
bearing features of early and late endosomes (i.e., labeled with
EEA1 and Rab5 as well as LAMP-1 and LAMP-2) (Fig. 1). Our
results suggest that VP3 localizes to modified membranous com-
partments belonging to the endocytic pathway, as is the case for
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FIG 10 Proposed model for IBDV RNP cellular localization. Hsp90 and a4f1 integrin are components of the cellular receptor complex mediating IBDV
infection (29, 57). Virions are internalized into the target cells by employing the endocytic pathway (17). Inside the endosome, the trimeric structure of VP2 in
the viral capsid destabilizes (67), allowing the exposure of pep 46, the capsid-associated peptide. Pep 46 is able to deform biological membranes, leading to the
formation of pores on the endosomal membrane (19). We propose that IBDV RNPs would be extruded from the pierced endosomes associating with the limiting
membrane of this organelle, through the VP3 membrane-targeting ability, where viral genome replication occurs. Afterwards, the RNPs associated with the
endocytic vesicles could traffic along microtubules to reach the perinuclear region, establishing physical contact with the Golgi complex, where viral assembly
takes place. BFA treatment affects specific steps in both the endocytic and secretory pathways (68).

members of the Togaviridae family. Togavirus factories are orga-
nized around endosomes and lysosomes, which appears to be
unique to this family (52). In infected cells, modified endosomes
and lysosomes constitute special vesicular structures, known as
cytopathic vacuoles (CPVs), which serve as RNA replication sites.
Viral nonstructural proteins and a threadlike RNP containing vi-
ral RNA localize to the cytoplasmic face of the CPVs (35). Indeed,
the possibility that IBDV, like togaviruses, associates with the cy-
toplasmic face of the endosomal compartment is supported by
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our findings that recombinant VP3 is targeted to endocytic struc-
tures when overexpressed in noninfected cells.

Role for the Golgi apparatus in assembly of IBDV. By using
imaging techniques and a set of well-established markers, we have
shown a close association of VP3 with Golgi apparatus stacks in
infected cells (Fig. 6 and 7A). The question of whether VP3 would
be located inside the stacks of the Golgi apparatus was solved by
3D surface reconstruction imaging, which clearly showed that
VP3 is not inside the stacks but associated with them (Fig. 7Ba to
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h). To date, the involvement of the Golgi apparatus in virus as-
sembly has been described for transmissible gastroenteritis coro-
navirus (TGEV) (53), the prototype member of the Bunyaviridae
family (54), and rubella virus (RUBV) (55). Studies of RUBV as-
sembly revealed two novel aspects of virion assembly: (i) the poly-
morphism of virus particles detected inside the Golgi complex
which strongly suggested the existence of a structural maturation
process that takes place in the Golgi stacks and (ii) the association
between Golgi stacks and CPVs containing the viral replication
complex, which indicates a potential physical connection between
the sites of viral replication and virion assembly (55). Based on the
physical association between VP3-containing vesicles and the
Golgi stacks suggested by the Golgi ministacks and VP3 forming
cup-shaped structures observed after ND treatment, it is tempting
to hypothesize that IBDV could enact a scenario similar to the one
described for RUBV. Nevertheless, further studies are necessary to
fully address this possibility.

Nocodazole and BFA treatment of infected cells. ND is an
antimitotic agent that disrupts microtubules by binding to B-tu-
bulin, inhibiting microtubule dynamics and, as a consequence,
causing fragmentation of the Golgi complex. Golgi disruption
by ND did not significantly affect either VP3 synthesis (Fig. 8B)
or infective progeny yields (Fig. 8C) in both cell types analyzed.
This result is consistent with the fact that dispersed Golgi mini-
stacks remain functional after ND treatment (56) and points to
a functional role of the Golgi complex in the IBDV life cycle.
Most importantly, we found a marked change in the VP3 sub-
cellular pattern, depicting a punctate distribution scattered
throughout the cytoplasm of infected cells with a strong asso-
ciation of Golgi ministacks and VP3, forming cup-shaped
structures (Fig. 8Ac, d, g, and h). This observation constitutes
strong evidence of a physical association between VP3-con-
taining vesicles and Golgi stacks, reinforcing the idea that the
Golgi stacks must have a protagonist role in the IBDV life cycle.
On the other hand, BFA was demonstrated to have dramatic
effects on the structure and function of intracellular organelles,
particularly the Golgi apparatus, which fuses with the endo-
plasmic reticulum (ER), leading to a complete block of protein
transport out of the fused ER-Golgi system (46). Intriguingly,
in HeLa cells, we observed a marked reduction of VP3 and viral
RNA levels in BFA-treated cells (0.78 versus 1.46) (Fig. 9B), but
no differences in intra- and extracellular viral titers were ob-
served. Regarding this observation, an excess of VP3 in un-
treated infected HeLa cells (control situation) would be a prob-
able explanation. Supporting this idea is the fact that in the
control situation, the level of production of infectious viral
particles in HeLa cells (4.3 X 10> PFU/ml) is always markedly
lower than that in QM7 cells (5.4 X 10° PFU/ml), even with
similar levels of VP3 (1.46 in HeLa cells versus 1.30 in QM7
cells). This “unbalanced situation” was a constant observation
in our experiments, which we attribute to the fact that even
though HeLa cells are susceptible to IBDV infection, IBDV
does not naturally infect cells originating from humans, as
avian cells (such as QM7 cells) are the natural target for effi-
cient replication. Interestingly, we found a reduction in intra-
cellular virus titers in BFA-treated compared to control cells in
the avian model (Fig. 9C), suggesting a role for the Golgi ap-
paratus in the assembly step of the IBDV life cycle.

Is there a relationship between virus internalization and rep-
lication on endocytic membranes? It has been demonstrated that
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chicken heat shock protein 90 (Hsp90) and the a4 1 integrin are
components of the cellular receptor complex mediating IBDV in-
fection (29, 57). We and others have indeed analyzed the internal-
ization of IBDV, and our preliminary results indicate that IBDV is
endocytosed and that a functional endocytic pathway is critical for
viral infection (17). Birnaviruses present characteristic peptides
associated with the virus particles generated during the processing
of the C terminus of the pVP2 capsid precursor protein by the VP4
protease. One of those peptides, pep46, contains a membrane-
active domain that is suggested to deform biological membranes,
leading to the formation of pores. However, the diameter of the
pore (<10 nm) is smaller than that of the virus particle (70 nm), so
the authors of that study suggested that an exchange of small mol-
ecules between endosomal ghosts and the cytoplasm allows the
initial transcription of the genome (19). Related to our findings, it
is tempting to hypothesize that the virus is endocytosed by the
host cell and builds up its replication factory associated with the
endosomal membrane. As explained above, when recombinant
VP3 was overexpressed in noninfected cells, VP3 was targeted to
endosomes, indicating a marked tropism of this protein for endo-
cytic membranous compartments. Taking advantage of the nor-
mal endosomal maturation pathway, which occurs with move-
ment of endocytic vesicles toward the perinuclear region by
microtubule-mediated transport, IBDV would reach the perinu-
clear region, where it likely completes the morphogenetic process
associated with the Golgi stacks, as do other viruses (58—60). Since
birnaviruses lack the typical T=2 core, where viral RNA metabo-
lism of all dsRNA viruses takes place, it is conceivable that the
RNPs instead would be extruded from the pierced endosomes
targeting the surrounding membrane of this organelle. Subse-
quently, these endosome-associated RNPs could traffic along mi-
crotubules to reach the perinuclear region close to the Golgi com-
plex, establishing the replication factory on the cytosolic surface of
endocytic membranes, a possibility which appears to be employed
by many positive ssRNA viruses (61-64). Based on our studies and
studies by others, we propose a model, depicted in Fig. 10, in
which IBDV RNPs reach the cellular endocytic compartment to
initiate viral replication and complete the assembly step associated
with the Golgi apparatus.

What is the mechanism involved in membranous targeting
of IBDV VP3? VP3 is a scaffolding protein that accomplishes sev-
eral tasks during viral replication and morphogenesis, with a
highly hydrophilic C-terminal tail region rich in charged amino
acids and proline residues. This C-terminal tail was predicted to be
well exposed and consequently able to bind proteins and nucleic
acids. The VP3-associated activities have been located in its C-ter-
minal region, which participates in VP3 oligomerization and RNA
polymerase RNA-dependent (RpRd) VP1 recruitment into the
capsid during viral morphogenesis (11). In addition, VP3 inter-
acts with the viral dsSRNA, forming RNP complexes reminiscent of
those of the nucleoproteins of certain dsDNA viruses (6). The
amino acid sequence of the VP3 polypeptide from the IBDV Soroa
strain was scanned for conserved domains that could potentially
be responsible for its location at vesicles when expressed alone or
in the context of viral infection. We employed different software
programs to scan for conserved domains involved in membrane
targeting, but none of them showed a positive match (data not
shown). Additionally, the possibility that VP3 contains a post-
translational modification site for myristoylation, prenylation, or
palmitoylation was also explored, since these modifications are
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involved in protein targeting to membranes. However, none of
these putative sites were found in the VP3 nucleotide sequence.
Finally, the presence of polybasic clusters in the protein sequence
of VP3 was analyzed by using BioEdit (65). The interaction of
small clusters of positively charged amino acids on proteins with
negatively charged lipids in membranes constitutes an important
issue in the field of protein-membrane interactions (66). Interest-
ingly, we found that the C-terminal region of VP3 contains several
positively charged amino acid residues, which could be involved
in membrane interactions. However, even though this is a very
attractive idea, we cannot rule out the possibility that a cellular
component could be involved either in the association of RNPs
with the endosome or in the endosome targeting of VP3 when
expressed alone. Further studies are required to adequately ad-
dress this issue. Indeed, we are currently performing point muta-
tions of some of these residues in order to assess the importance of
the positive-charge clusters in the association of the VP3 protein
with a membranous compartment.
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