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West Nile virus (WNV) particles assemble at and bud into the
endoplasmic reticulum (ER) and are secreted from infected cells
through the secretory pathway. However, the host factor related
to these steps is not fully understood. Rab proteins, belonging to
the Ras superfamily, play essential roles in regulating many
aspects of vesicular trafficking. In this study, we sought to deter-
mine which Rab proteins are involved in intracellular trafficking
of nascent WNV particles. RNAi analysis revealed that Rab8b
plays a role in WNV particle release. We found that Rab8 and
WNV antigen were colocalized in WNV-infected human neuro-
blastoma cells, and that WNV infection enhanced Rab8 expres-
sion in the cells. In addition, the amount of WNV particles in the
supernatant of Rab8b-deficient cells was significantly decreased
compared with that of wild-type cells. We also demonstrated
that WNV particles accumulated in the recycling endosomes in
WNV-infected cells. In summary, these results suggest that
Rab8b is involved in trafficking of WNV particles from recycling
endosomes to the plasma membrane.

Viruses have many strategies to exploit the host cellular
machinery and evade recognition of host defenses for their rep-
lication. They utilize host machinery to promote their entry,
replication, and release.

West Nile virus (WNV)2 is an enveloped, single-stranded,
positive-sense RNA virus belonging to the Flaviviridae family.
In nature, WNV circulates between mosquitoes and birds, and

humans and other mammals are incidental hosts (1). In
humans, WNV causes a febrile illness, with a subset of patients
progressing to severe neurological disease (2). WNV enters
host cells through unknown cell surface receptor-mediated
endocytosis and is transported to endosomes (3), followed by
endosomal membrane fusion and delivery of the infectious
RNA genome into the cytoplasm (4, 5). The viral genome is
translated as a single polyprotein that is cleaved by host and
viral proteases into three structural (C, prM, and E) and seven
nonstructural (NS1, NS2A, NS2B, NS3, NS4A, NS4B, and NS5)
proteins (4, 5). The structural proteins are components of viral
particles and the nonstructural proteins form the replication com-
plex that is essential for replication of viral RNA (6, 7). The viral
particles assemble and bud into the ER to form immature particles
(8). Viral particle maturation takes place in the Golgi and acidic
compartments during transport through the host secretory path-
way, and mature particles are released by exocytosis (9, 10). The
release of WNV particles through the secretory pathway is well
documented; however, little is known about detailed trafficking
pathways and related host factors used to deliver the newly formed
viral particles to the plasma membrane.

Members of the Rab family of small GTPases regulate intra-
cellular membrane traffic. More than 60 known Rab proteins
are localized to each different intracellular organelle on both
the endocytic and exocytic pathways of eukaryotic cells (11).
Rab proteins recruit and interact with effector proteins, either
directly or indirectly, to target vesicles to the appropriate sites
on acceptor membranes (12). Several Rab proteins are involved
in the life cycles of various enveloped viruses, including WNV
(13, 14). WNV replication is hampered in cells transfected with
siRNA of Rab5, suggesting that a Rab5-dependent endocytosis
pathway is important for WNV entry (14). Thus, many Rab
proteins seem to be involved in WNV infection, but their role in
secretion of WNV particles is not well elucidated.

Advances in genomics and RNAi methods have led to
genome-wide screening to identify the cellular genes that affect
viral replication (15, 16). There are several reports of WNV
virus-like particles (VLPs), which are produced by complemen-
tation of replicon RNA with WNV structural genes expressed
in trans (17), for the screening of siRNA or compound libraries
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(18, 19). In this study, we performed siRNA-based screen
silencing of Rab proteins related to vesicle transport from the
ER to the plasma membrane to elucidate the mechanisms of
WNV particle release. We found that Rab8b is important for
WNV particle release and defective Rab8b results in accumula-
tion of WNV particles in recycling endosomes.

Experimental Procedures

Cells and Virus—HEK-293T cells were grown in high-glu-
cose DMEM (Sigma) supplemented with 10% heat-inactivated
FBS. Vero cells were grown in minimal essential medium
(MEM; Nissui, Tokyo, Japan) supplemented with 10% heat-in-
activated FBS and 2 mM L-glutamine (Sigma). SH-SY5Y cells
were grown in DMEM/Nutrient Mixture F-12 Ham (Sigma)
supplemented with 10% heat-inactivated FBS. WT, Rab8b KO,
and Rab8a�b double knock-out (DKO) mouse embryonic
fibroblasts (MEFs) were grown in DMEM supplemented with
10% heat-inactivated FBS and 2 mM L-glutamine (Sigma) as
described previously (20). The WNV 6-LP strain, previously
established by plaque purification of the WNV NY99 – 6922
strain isolated from mosquitoes in 1999 (21, 22), was kindly
provided by Dr. Takashima (Hokkaido University, Japan). All
experiments with WNV were performed at the Biosafety Level
3 facility at Hokkaido University in accordance with institu-
tional guidelines. The influenza A virus (IFV) strain, A/Aichi/
2/1968 (H3N2) was kindly provided by Dr. A. Takada (Hok-
kaido University, Japan).

Antibodies and Plasmids—Rabbit anti-Japanese encephalitis
virus serum was produced as described previously (23, 24).
Antibodies were purchased as follows: mouse anti-Rab8, anti-
GM130, and anti-Rab11 monoclonal antibodies (BD Transduc-
tion Laboratories, San Diego, CA); mouse anti-WNV E protein
and anti-actin monoclonal antibodies (Merck Millipore, Bil-
lerica, MA); rabbit anti-Rab5 polyclonal antibody and anti-
Rab11 monoclonal antibody (Cell Signaling Technology, Bev-
erly, MA); mouse anti-Rab11a monoclonal antibody, and rabbit
anti-Lamp1 and anti-TGN46 polyclonal antibodies (Abcam,
Cambridge, MA). Plasmid pCXSN-Rab8b was constructed by
subcloning PCR-amplified Rab8b from total RNA of Neuro 2a
cells into pCXSN, which was created by removing the myc-tag
from pCMV-myc (Clontech) and adding XhoI, SalI, and NotI
recognition site (25). WNV structural protein-expressing plas-
mid (pCXSN-CME) was constructed as described previously
(26, 27). The WNV replicon cDNA constructs, pWNIIrep-REN
and pWNIIrep-GFP, were generously provided by Dr. Robert
W. Doms (17). A lentiviral vector pFU-pGK puro was gener-
ously provided by Dr. Kamitani (Osaka University, Japan), and
the packaging plasmids (pCAF-HIVgp and pCMV-VSV-G-
RSV-Rev) were generously provided by Dr. Miyoshi (Riken,
Tsukuba, Japan).

VLP Release Assay—The validated siRNAs that target 18 Rab
genes were purchased from Qiagen (Valencia, CA). HEK 293T
cells were transfected with each siRNA by HiPerfect Transfection
Reagent (Qiagen). At 48 h, siRNA-transfected cells were trans-
fected with WNV structural-protein-expressing plasmid
(pCXSN-CME) and WNV replicon cDNA construct (pWNIIrep-
REN) that encode WNV nonstructural protein genes, and Renilla
luciferase gene that is expressed instead of structural proteins (17),

using Lipofectamine 2000 (Life Technologies, Rockville, MD).
VLPs were released in culture supernatants and were unable to
produce progeny particles because of a lack of structural protein
genes in the replicon. Culture supernatants were harvested at 24 h,
and plasmid-transfected cells were lysed and measured for lucifer-
ase activity (transfection-associated luciferase activity) using the
Dual Glo luciferase assay substrate (Promega, Madison, WI).
Equal volumes of the harvested supernatants were used to infect
Vero cells. VLP-infected cells were lysed and measured for lucifer-
ase activity (VLP-associated luciferase activity) at 60-h post-infec-
tion (hpi). VLP release was calculated as ratio of luciferase activity
of lysates of Vero cells/luciferase activity of 293T cells transfected
with plasmids. The data were expressed as mean � S.D. The Steel
test was used for comparison. A value of p � 0.05 was considered
statistically significant.

Immunoblotting—For immunoblotting, cells were lysed in
SDS-PAGE sample buffer supplemented with Complete Prote-
ase Inhibitor Mixture (Roche Diagnostics, Indianapolis, IN).
Cell lysates were fractionated by SDS-PAGE, and separated
proteins were transferred to a PVDF filter (Merck Millipore).
The filter was incubated with each antibody, and the immune
complexes were detected with HRP-conjugated secondary
antibodies (BIOSOURCE International, Camarillo, CA) and
Immobilon Western HRP-Substrate (Merck Millipore). The
chemiluminescence signals were visualized with the VersaDoc
5000MP (Bio-Rad), and obtained images were analyzed using
Quantity One software (Bio-Rad).

Immunocytochemistry—WNV-infected and mock-infected
cells were fixed with 4% paraformaldehyde (PFA) for 10 min,
before washing with PBS. The cells were permeabilized in 0.1%
saponin or 0.1% Triton X-100 for 5 min, blocked with 1% BSA-
PBS, and stained with indicated antibodies in 1% BSA-PBS
overnight at 4 °C. The immune complexes were visualized by
incubating with Alexa-Fluor-488-, Alexa-Fluor-594- or Alexa-
Fluor-647-conjugated secondary antibodies (Life Technolo-
gies). The cells were observed using a Zeiss 780 LSM confocal
microscope (Carl Zeiss, Jena, Germany). For analysis of fluores-
cence intensity of viral antigen and number of GFP-expressing
cells, the cells were observed using an IN Cell Analyzer 2000
(GE Healthcare, Uppsala, Sweden), and obtained images were
analyzed using IN Cell developer Toolbox software (GE Health-
care). For continuous transferrin internalization, WNV-in-
fected cells were washed with Opit-MEM (Life Technologies)
and incubated in Opti-MEM with 25 �g/ml Alexa-Fluor-488-
conjugated transferrin (Life Technologies) for 30 min at 37 °C.
Cells were washed twice with cold PBS and fixed with 4% PFA
for 10 min. The signal of transferrin was observed using a Zeiss
780 LSM confocal microscope. Colocalization was analyzed
using ZEN 2011 software (Carl Zeiss), and relative colocaliza-
tion ratios were used as an indicator of colocalization as previ-
ously described (28). The ratio of the pixel number of colocal-
ized viral proteins and each organelle marker to the whole pixel
number was quantified by the confocal software ZEN 2011 and
was represented by a bar graph. For quantification of colocal-
ization, five cells from at least two independent experiments
were used in each condition. The data were expressed as
mean � S.D. Student’s t test was used for comparison of
obtained data.
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Plaque Assay—Diluted culture supernatants from infected
cells were inoculated into monolayers of Vero cells. After 1 h
incubation at 37 °C with rocking, the inocula were removed,
and overlay medium (MEM containing 5% FBS and 1.25%
methyl cellulose) was added and incubated for 4 days. Plaques
were visualized with a 1% crystal violet solution in 70% ethanol.

Ultracentrifugation—For quantification of viral particle
release, the culture supernatants were collected at 48 hpi and
ultracentrifuged at 50,000 � g (SW28 rotor, Beckman Coulter,
Brea, CA) at 20 °C for 2 h. The pellets were dissolved by PBS and
analyzed by immunoblotting after addition of SDS-PAGE sam-
ple buffer.

Influenza Virus Inoculation Experiment—WT and Rab8b KO
MEFs were infected with IFV at 1 plaque-forming unit (Pfu)/
cell and were cultured for 48 h. The supernatants of IFV-in-
fected MEFs were collected and incubated with 0.0005% acety-
lated trypsin (Sigma) at 37 °C for 30 min. The incubated
supernatants were transferred to MDCK cells. After 1-h incu-
bation at 37 °C with rocking, the inocula were removed, and
MEM containing 0.8% Bacto agar and 0.0005% acetylated tryp-
sin was added and incubated for 2 days. Plaques were visualized
with a 0.1% crystal violet solution in formalin.

Rab11a and 11b Knockdown (KD)—The fragment was ampli-
fied by PCR, and subcloned into the pFU6-pGK puro vector,
and the resulting plasmid was named pFU6-pGK puro
shRab11a. 293T cells were transfected with pFU6-pGK puro
shRab11a and the packaging plasmids using Polyethylenimine
Max (Polysciences, Warrington, PA). After 48 h, psuedotyped
lentivirus bearing shRNA of Rab11a gene was harvested from
the supernatant. WT and Rab8b KO MEFs were infected with
the pseudotyped lentivirus and selected with puromycin for 1
week, and the resulting cells were named Rab11a KD WT MEFs
and Rab11a KD Rab8b KO MEFs. For KD of Rab11b, the vali-
dated siRNA that targeted Rab11b gene was purchased from

Qiagen. WT, Rab8b KO, Rab11a KD WT and Rab11a KD Rab8b
KO MEFs were transfected with siRNA by Lipofectamine RNAi
MAX (Life Technologies). At 24 h, siRNA-transfected cells
were infected with WNV (1 Pfu/cell). Culture supernatants
were harvested at 24 and 48 h and viral titer was measured by
plaque assay.

Electron Microscopy—For ultrathin sections, WT and Rab8b
KO MEFs infected with WNV at 1 Pfu/cell were cultured for
48 h and were scraped off the plate, pelleted by centrifugation at
500 � g at 3 min, and fixed for 20 min with 2.5% glutaraldehyde
in 0.1 M cacodylate buffer (pH 7.4). Small pieces of the fixed
pellet were washed with cacodylate buffer, post-fixed with 2%
osmium tetroxide in the cacodylate buffer for 1 h at 4 °C, dehy-
drated with a graded series of acetone, embedded in Epon 812
Resin mixture (TAAB Laboratories Equipment, Berks, UK),
and polymerized at 60 °C for 2 days. Ultrathin sections were
stained with uranyl acetate and lead citrate and examined with
a Hitachi H-7650 electron microscope (Tokyo, Japan).

Results

Rab8b Involved in WNV Particle Release—We performed
siRNA-based screening for silencing 18 Rab genes that are
related to the vesicle transport from the ER to the plasma mem-
brane to identify the Rab proteins associated with the later
stages of WNV infection. We conducted a Renilla-luciferase-
based virus assembly and release assay (Fig. 1A) as described
previously (19). The gene-silenced 293T cells were co-trans-
fected with plasmids expressing structural proteins (C, prM,
and E) and a subgenomic replicon that expressed the WNV
nonstructural proteins and Renilla luciferase, resulted in the
production of infectious VLPs in the culture fluid. Culture fluid
was harvested at 24-h post-transfection and cells were lysed and
subjected to measurement of luciferase activity. To quantify the
VLPs in the transfected culture fluid, Vero cells were inoculated

FIGURE 1. siRNA screen for WNV particle release. A, strategy of siRNA screening. siRNAs were introduced into 293T cells, and these cells were transfected with
plasmids expressing WNV structural proteins (C, prM, and E) and replicon. Vero cells were inoculated with the harvested culture fluid containing VLPs. The
plasmids-transfected 293T cells and VLPs-infected Vero cells were harvested, and the luciferase activities were measured. B, quantification of released VLPs
from siRNA-transfected 293T cells. VLP release efficiency was calculated as the ratio of luciferase activity of Vero cells/luciferase activity of 293T cells. Data
represent mean � S.D. of three independent experiments. Statistical significance was assessed using the Steel test, and is indicated by asterisks (*, p � 0.05).
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with the harvested culture fluid, and then the luciferase activity
of the Vero cells was measured at 60 hpi. Viral particle release
was represented as ratio of luciferase activity of lysates of Vero
cells/luciferase activity of 293T cells transfected with plasmids
and replicon (Fig. 1A). The siRNA screen revealed that KD of
Rab8b significantly decreased VLP release efficiency and KD of
Rab27a significantly increased VLP release efficiency compared
with control siRNA-transfected cells (Fig. 1B).

KD of Rab8b inhibited secretion of WNV VLPs, and we fur-
ther analyzed the role of Rab8b in WNV-infected cells. We
examined the expression levels of Rab8 in WNV-infected
human neuroblastoma SH-SY5Y cells. At 48 hpi, Rab8 expres-
sion level was increased in WNV-infected cells compared with
mock-infected cells (Fig. 2, A and B). We performed immuno-
cytochemical analysis of Rab8 and the viral antigen in WNV-
infected SH-SY5Y cells. Immunopositive signals of Rab8 and
the viral antigen were colocalized in the cytoplasm near the
plasma membrane of WNV-infected cells (Fig. 2C, Rab8,
arrowheads). WNV-infected SH-SY5Y cells were also exam-
ined by immunocytochemistry using antibodies against the
viral antigen and various makers of endosomes, Golgi, and
other organelles. The viral antigen was colocalized with Rab11,
a marker of recycling endosomes, at the perinuclear region (Fig.
2C, Rab11, arrowheads). We could not observe clear colocaliza-
tion of the viral antigen and other organelle markers in
SH-SH5Y cells (Rab5, Lamp1, GM130, and TGN46). Rab8 is
localized to recycling endosomes and plays a role in vesicle
transport to plasma membrane (11, 29). Therefore, these
results suggest that Rab8 plays an important role in release of
WNV particles; probably from recycling endosomes to the
plasma membrane.

WNV Antigens Accumulate in Rab8b-deficient Cells—To
investigate the role of Rab8b in transport of WNV particles,
Rab8b WT, Rab8b-deficient (Rab8b KO), and Rab8a and Rab8b
(Rab8a�b)-deficient (DKO) MEFs were infected with WNV.
We confirmed the expression levels of Rab8 in Rab8b KO and
DKO MEFs by immunoblotting using an antibody, which
recognized both Rab8a and Rab8b. The signal of Rab8a was
observed in Rab8b KO MEFs and no signal of Rab8 was
observed in DKO MEFs (Fig. 3A). We examined the efficiency
of WNV replication among these cells. The viral titers in the
culture supernatants from Rab8b KO and DKO MEFs were sig-
nificantly lower than those of WT MEFs (Fig. 3B). This result is
consistent with the observation that release of WNV-VLPs was
significantly decreased by KD of Rab8b, but not KD of Rab8a
(Fig. 1B). Although the expression level of E protein in the cul-
ture supernatant from Rab8b KO MEFs was decreased com-
pared with that from WT MEFs, the intracellular expression
level of E protein in Rab8b KO MEFs was increased compared
with that in WT MEFs (Fig. 3C). To examine whether re-ex-
pression of Rab8b in Rab8b KO MEFs rescued reduction of
WNV replication, we complemented Rab8b KO MEFs with
Rab8b. The Rab8b-complemented Rab8b KO MEFs were
infected with WNV and the viral titer of the culture superna-
tants from the cells were examined. The signal intensity of
Rab8a�b was increased in the Rab8b-transfected Rab8b KO
MEFs compared that of mock-transfected Rab8b KO MEFs
(Fig. 3D). The viral titers in the culture supernatants from

Rab8b-transfected Rab8b KO MEFs were significantly higher
compared with those from mock-transfected Rab8b KO MEFs
at 48 hpi (Fig. 3E).

We examined the intracellular localization of E protein in
WNV-infected WT and Rab8b KO MEFs. Confocal micro-
scopic analysis revealed that E protein was present in the cyto-
plasm in a diffuse pattern in WT MEFs (Fig. 3F). However, the
localization of E protein in Rab8b KO MEFs was distinct from
that in WT MEFs, and it formed speckled spots in the cyto-
plasm (Fig. 3F). We also analyzed the fluorescence intensity of E
protein in WNV-infected WT and Rab8b KO MEFs. The inten-
sity of viral antigen in Rab8b KO MEFs was significantly higher

FIGURE 2. Rab8 expression and localization are controlled by WNV infec-
tion. A, Rab8 expression levels in WNV-infected cells. SH-SY5Y cells were
mock-infected (Mock) or infected with WNV (1 Pfu/cell). Cells were harvested
at 48 hpi and analyzed by immunoblotting for Rab8, E protein, and actin. B,
quantified result of A. The bar graph represents relative Rab8 band densities
that were normalized for actin band densities. Data represent mean � S.D. of
three independent experiments. C, intracellular localization of viral protein
and each organelle marker. SH-SY5Y cells were mock-infected (Mock) or
infected with WNV (1 Pfu/cell). Cells were harvested at 48 hpi and stained with
each organelle marker (green) and WNV antigen (red). Cell nuclei were coun-
terstained with DAPI (blue). Arrowheads indicate colocalization of viral anti-
gen and each organelle marker. Scale bars: 5 �m. Boxed areas in Rab8 and
Rab11 were magnified in right panels.
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than that in WT MEFs (Fig. 3G). These results suggest that
Rab8b deficiency was associated with impaired release of viral
proteins into the extracellular space and with accumulated viral
proteins in the intracellular space.

To examine whether Rab8b affected the entry step of WNV
infection, WT and Rab8b KO MEFs were infected with VLPs
that possessed GFP-expressing WNV replicon RNA (17, 26).
VLPs are unable to produce progeny particles because of a lack
of structural protein genes in the replicon (26). GFP positivity
was analyzed by fluorescent microscopy and there were no

significant difference of GFP positivity between WT and Rab8b
KO MEFs (Fig. 3H). This result suggests that the Rab8b plays a
role in post-entry steps in WNV infection.

To examine whether the reduction of viral titer in the super-
natant of Rab8b-deficient cells was specific for WNV infection,
the viral titers of the supernatants from IFV-infected WT and
Rab8b KO MEFs were examined. IFV buds at the plasma mem-
brane (30). Unlike WNV infection, there was no significant dif-
ference in the viral titers of the supernatants form WT and
Rab8b KO MEFs (Fig. 3I).

FIGURE 3. Viral protein is accumulated in cytoplasm in Rab8b KO MEFs. A, Rab8 expression levels in WT, Rab8 KO or DKO MEFs. WT, Rab8b KO, or DKO MEFs
were analyzed by immunoblotting for Rab8 and actin. B, viral titer in culture supernatants. WT, Rab8b KO and DKO MEFs were infected with WNV (1 Pfu/cell).
Culture supernatants were harvested at 48 hpi, and viral titers were determined by the plaque assay. Data represent mean � S.D. of three independent
experiments. Statistical significance was assessed using Student’s t test, and is indicated by asterisks (**, p � 0.01). C, comparison of amount of E protein. Culture
supernatants (SUP) and whole cell lysates (WCL) from WNV-infected WT or Rab8b KO MEFs were analyzed by immunoblotting for E protein, Rab8, and actin.
These cells were prepared at 48 hpi. D, Rab8a�b expression levels of Rab8b-complemented Rab8b KO MEFs. Control plasmid (Mock) or Rab8b expression
plasmid (Rab8b) was introduced into WT or Rab8b KO MEFs, thereafter transfected cells were analyzed by immunoblotting for Rab8 and actin. E, viral titer in
culture supernatants from control- or Rab8b expression plasmid-transfected Rab8b KO MEFs. After 24 h, plasmid-transfected cells were infected with WNV (1
Pfu/cell). Culture supernatants were harvested at 48 hpi, and viral titers were measured by plaque assay. Data represent mean � S.D. of three independent
experiments. Statistical significance was assessed using Student’s t test, and is indicated by asterisks (**, p � 0.01). F, intracellular localization of E protein. WT
or Rab8b KO MEFs were infected with WNV (1 Pfu/cell). Cells were harvested at 48 hpi and stained with E protein (green). Cell nuclei were counterstained with
DAPI (blue). Scale bars: 10 �m. G, fluorescence intensity of viral antigen. WNV-infected WT or Rab8b KO MEFs were harvested at 48 hpi and stained with viral
antigen. Fluorescence intensity of viral antigen in each cell was analyzed by IN Cell Analyzer. Data represent mean � S.D. of three independent experiments.
Statistical significance was assessed using the Student’s t test, and is indicated by asterisks (**, p � 0.01). H, Rab8b does not influence the entry step of WNV
infection. WT or Rab8b KO MEFs were inoculated with the VLPs encoding GFP, and GFP positivity was measured by IN Cell Analyzer. Data represent mean � S.D.
of three independent experiments. Statistical significance was assessed using the Student’s t test. I, Rab8b does not affect replication of IFV. WT or Rab8b KO
MEFs were inoculated with the IFV (1Pfu/cell). The culture supernatants were harvested at 24 hpi, and viral titers were measured by plaque assay. Data
represent mean � S.D. of three independent experiments. Statistical significance was assessed using Student’s t test.
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WNV Antigens Accumulate in Recycling Endosomes in
Rab8b-deficient Cells—In order to identify the organelle with
accumulated viral protein, we analyzed the localization of viral
protein and organelle markers in WT or Rab8b KO MEFs. The
viral protein was partially colocalized with Rab11 and Rab8 in
WT MEFs (Fig. 4A, upper columns, arrowheads). In contrast,
the viral protein was accumulated in a speckled pattern and was
markedly colocalized with Rab11 in Rab8b KO MEFs. The viral
protein was colocalized with Rab8 in Rab8b KO MEFs (Fig. 4A,
lower columns, arrowheads). Rab8a was expressed in Rab8b KO
MEFs, therefore, this result indicates that the viral protein was
localized at the Rab8a compartment. We also observed the
colocalization of the viral protein and TGN46; a marker of the
trans-Golgi at low frequency in WT MEFs. We also quantified
the relative colocalization ratio of the viral protein and each
organelle marker in WT and Rab8b KO MEFs. Compared with

WT MEFs, the relative colocalization ratio of Rab11 was signif-
icantly higher in Rab8b KO MEFs (Fig. 4B). We further exam-
ined whether viral antigen accumulates in recycling endosomes
in Rab8b KO MEFs. We incubated WT and Rab8b KO MEFs
with Alexa-Fluor-488-conjugated transferrin, which accumu-
lates recycling endosomes at 30 min after entry into the cells
(31). Transferrin was mainly localized in the perinuclear region
in mock-infected WT MEFs, whereas transferrin in mock-in-
fected Rab8b KO MEFs was diffusely recognized in the cyto-
plasm (Fig. 4C). These results suggest that intracellular local-
ization of recycling endosomes in MEFs is affected by knock-
out of Rab8b. Some viral protein was colocalized with
internalized transferrin near the plasma membrane of WT
MEFs (Fig. 4C, arrowheads), whereas the viral protein was
highly colocalized with internalized transferrin in Rab8b KO
MEFs (Fig. 4C, arrowheads). The viral antigen was colocalized

FIGURE 4. Viral protein is accumulated in recycling endosomes in Rab8b KO MEFs. A, intracellular localization of viral protein. WT or Rab8b KO MEFs were
infected with WNV (1 Pfu/cell). Cells were harvested at 48 hpi and stained with viral protein (red) and organelle markers (green). Cell nuclei were counterstained
with DAPI (blue). Arrowheads indicate colocalization of viral antigen and each organelle marker. Scale bars: 5 �m. Boxed areas in Rab11, TGN46, and Rab8 were
magnified in right panels. B, quantification of colocalization of each organelle marker and viral antigen. The ratio of pixel number of colocalized viral proteins
and each organelle marker to the whole pixel number was quantified by confocal software ZEN 2011 and is represented by a bar graph. Data represent mean �
S.D. of three independent experiments. Statistical significance was assessed using Student’s t test, and is indicated by asterisks (*, p � 0.05). C, localization of
transferrin and viral antigen. WNV-infected cells were incubated with Alexa-Fluor-488-conjugated transferrin (green). Cells were harvested and stained with
viral antigen (red). Cell nuclei were counterstained with DAPI (blue). Scale bars: 5 �m. Boxed areas were magnified in right panels. Arrowheads indicate
colocalization of transferrin and viral antigen.
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with markers of recycling endosomes in both WT and Rab8b
KO MEFs and the relative colocalization ratio was significantly
higher in Rab8b KO MEFs. This suggests that WNV commonly
passes through the Rab11-positive recycling endosomes for
their infection and that Rab8b plays a role in transport of WNV
particles from recycling endosomes.

Recycling Endosomes Are Important for WNV Replication—
We found that a large amount of viral protein was accumulated
in recycling endosomes in Rab8b KO MEFs compared with WT
MEFs (Fig. 4). To elucidate whether recycling endosomes are
important for WNV transport, we examined the effect of both
Rab11a and 11b depletion in WNV-inoculated WT and Rab8b
KO MEFs. For depletion of Rab11a, we constructed recombi-
nant lentivirus carrying shRNA. After lentivirus infection,
Rab11 expression levels in both WT and Rab8b KO MEFs were
decreased compared with control cells (Fig. 5A). Furthermore,
Rab11b was depleted by siRNA specific for Rab11b in these
cells. At 48 h post-transfection, expression of Rab11 was mark-
edly decreased (Fig. 5A). WT, Rab11a�b KD WT, Rab8b KO,
and Rab11a�b KD Rab8b KO MEFs were infected with WNV,
and viral titers of the culture supernatants were examined. The
viral titers of the supernatants from the Rab11a�b downregu-
lated WT or Rab8b KO MEFs were significantly lower than

those of the supernatants from the WT or Rab8b KO MEFs,
respectively (Fig. 5B). These results suggest that intracellular
trafficking through the Rab11-positive recycling endosomes is
important for WNV replication.

WNV Particles Accumulate in Vesicles in Rab8b-deficient
Cells—Transmission electron microscopy using Epon-embed-
ded WNV-infected WT and Rab8b KO MEFs fixed at 48 hpi
revealed many vesicular membrane structures (Ve in Fig. 6, B
and E), which are the viral genome replication site observed in
flavivirus infection (32), and viral particles (Vi in Fig. 6, B and E)
in the proximity of the nucleus in both cells (Fig. 6, A, B, D, E).
The vesicles containing a few virus particles that were located
distant from the viral replication site were observed in WT
MEFs (Fig. 6C, white arrowheads). A large number of vesicles
that contained many virus particles were observed in Rab8b KO
MEFs (Fig. 6F, white arrowheads). The vesicular membrane
structures were not observed in the vesicles, suggesting that
these vesicles are a transport compartment and are not the rep-
lication site. These results suggest that viral particles are accu-
mulated in the vesicles in the cytoplasm of Rab8b KO MEFs.

Discussion

In the present study, we showed that Rab8b was involved in
regulation of the release of WNV particles from host cells.
Rab8b deficiency resulted in accumulation of viral particles in
the vesicles that were stained with recycling endosome markers
at the cell periphery.

Rab8 participates in vesicular transport from the Golgi to the
plasma membrane, particularly in transport from recycling
endosomes to the plasma membrane (33, 34). The two closely
related proteins, Rab8a and Rab8b, which are encoded by dif-
ferent genes, are included in Rab8 (20). There are two possibil-
ities about the function of Rab8b in WNV infection. First, viral
particles are wrapped by Rab8b-positive vesicles and trans-
ported from recycling endosomes to the plasma membrane.
Second, Rab8b-positive vesicles carry important molecules for
viral transport from recycling endosomes. WNV antigen was
colocalized with Rab8 and Rab11 in WNV-infected SH-SY5Y cells,
suggesting that Rab8 plays a role in transport of vesicles containing
WNV particles from recycling endosomes to the plasma mem-
brane. The viral antigen and Rab8 double-positive sites were dif-
fusely recognized in the cytoplasm, whereas the viral antigen and
Rab11 double-positive sites were mainly recognized in the perinu-
clear region. The difference in intracellular localization of the viral
antigen and organelle marker double-positive sites suggests that
the viral antigen and Rab8 double-positive compartment is prob-
ably transport vesicles, but not recycling endosomes. Deficiency of
Rab8b results in accumulation of viral particles in the recycling
endosomes, supporting a model in which WNV particles bud from
the recycling endosomes and are transported to the plasma mem-
brane by Rab8b.

Dengue virus and Hantavirus exploit Rab8-related regula-
tory mechanisms for viral particle release (35–37). These viral
particles, including WNV, assemble and bud into intracellular
organelles, such as the ER or Golgi apparatus, and are trans-
ported by vesicular trafficking to the plasma membrane (10,
37). In contrast, the release of IFV, which has a different release
mechanism from that of WNV, was not affected by Rab8b defi-

FIGURE 5. Rab11 plays an important role for WNV replication. A, Rab11
expression levels in Rab11 KD cells. WT or Rab8b KO MEFs were infected with
recombinant lentivirus carrying shRNA against mouse Rab11a expression
cassette (Rab11a KD). shRNA transduced MEFs were transfected with siRNA
against mouse Rab11b (Rab11a�b KD). These cells were analyzed by immu-
noblotting for Rab11 and actin. B, viral titer in culture supernatants of WT,
Rab11a�b KD WT, Rab8b KO, and Rab11a�b KD Rab8b KO MEFs. After 24 h,
siRNA-transfected cells were infected with WNV (1 Pfu/cell), culture superna-
tants were harvested at 48 hpi, and viral titers were measured by plaque
assay. Data represent mean � S.D. of three independent experiments. Statis-
tical significance was assessed using Student’s t test.
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ciency. Rab8 may have common roles in release of viral particles
that have budded in the intracellular organelles. Regarding
WNV particle release, an apparent contradiction was observed
in previous findings that WNV particles were released from the
apical surface (38), or released from the basolateral side (27, 39).
A large number of intracellular sorting mechanisms occurring
in virus-infected cells have been proposed. Rab8a is associated
with apical transport, while Rab8b functions in basolateral
transport (20, 29, 40). In our current study, KD of Rab8a had no
significant effect on the release of viral particles, whereas KD of
Rab8b inhibited particle release. These results suggest that
WNV particles are released from the basolateral side.

Following maturation of WNV particles in the trans-Golgi
network, viral particles are sorted into secretory vesicles and are
transported to the plasma membrane (9, 10). Rab11a-positive
recycling endosomes sort some vesicles to define the directions
during exocytosis (41, 42). Hepatitis C virus particles are local-
ized in recycling endosomes transiently and the recycling endo-
somes serve as a sorting station (43). We found that WNV
particles colocalized with Rab11- and transferrin-positive recy-
cling endosomes in infected cells. This result suggests that the
transit of vesicles containing viral particles to recycling endo-
somes is a general mechanism for the release of Flaviviridae
viruses. Moreover, we noticed that Rab11- and transferrin-pos-
itive recycling endosomes were localized near the plasma mem-
brane in Rab8b KO cells. Endogenous recycling endosomes are
distributed throughout the cytoplasm, and relatively concen-
trated in the perinuclear region (42). However, in Rab11 inter-
action factors, such as Sec15 or Exo70, KD cells, Rab11-positive
recycling endosomes are found near the plasma membrane
(42). Our results suggest that Rab8b interacts with Rab11 dur-
ing secretion of WNV particles. Although WNV replication
was significantly decreased by co-depletion of Rab11a and

Rab11b, down-regulation of Rab11a or Rab11b showed no sig-
nificant difference in the release of viral particles. These results
suggest that there is functional redundancy between Rab11a
and Rab11b in the particle release pathway.

Rab27a and Rab27b are regulatory factors of secretion of exo-
somes (44), and Rab27a dysfunction is related to the cause of
human immunodeficiency (45). Interferon-�-stimulated cells
induce exosomes that can carry antiviral molecules (46).
Increase of VLP release in Rab27a KD cells might be related to
inhibition of release of exosomes carrying antiviral molecules.
This phenomenon needs to be clarified.

In conclusion, this study provides new information about the
release pathway of WNV particles that egress from cells, depend-
ing on the function of Rab8b, through recycling endosomes. As
demonstrated by the influenza virus inhibitors, the understanding
about the processes of viral particle release and budding will pro-
vide important information for development of therapeutic strat-
egies. Further investigation of the detailed mechanism of transport
and release of the viral particles is necessary.
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FIGURE 6. Ultrastructural analysis of WNV-infected WT or Rab8b KO MEFs. Ultrathin sections of WNV-infected, Epon-embedded WT or Rab8b MEFs fixed at 48 hpi
are shown in (A–C) or (D–F), respectively. The red and white-boxed areas in A are shown at higher magnification in B and C, respectively. The red and white-boxed areas
in D are shown at higher magnification in E and F, respectively. Arrowheads in C and F indicate vesicles containing viral particles. Scale bars: 200 nm.
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