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ABSTRACT

Vaccinia virus, the prototype of the Orthopoxvirus genus in the family Poxviridae, infects a wide range of cell lines and animals.
Vaccinia mature virus particles of the WR strain reportedly enter HeLa cells through fluid-phase endocytosis. However, the in-
tracellular trafficking process of the vaccinia mature virus between cellular uptake and membrane fusion remains unknown. We
used live imaging of single virus particles with a combination of various cellular vesicle markers, to track fluorescent vaccinia
mature virus particle movement in cells. Furthermore, we performed functional interference assays to perturb distinct vesicle
trafficking processes in order to delineate the specific route undertaken by vaccinia mature virus prior to membrane fusion and
virus core uncoating in cells. Our results showed that vaccinia virus traffics to early endosomes, where recycling endosome
markers Rab11 and Rab22 are recruited to participate in subsequent virus trafficking prior to virus core uncoating in the cyto-
plasm. Furthermore, we identified WASH-VPEF/FAM21-retromer complexes that mediate endosome fission and sorting of vi-
rus-containing vesicles prior to virus core uncoating in the cytoplasm.

IMPORTANCE

Vaccinia mature virions of the WR strain enter HeLa cells through fluid phase endocytosis. We previously demonstrated that
virus-containing vesicles are internalized into phosphatidylinositol 3-phosphate positive macropinosomes, which are then fused
with Rab5-positive early endosomes. However, the subsequent process of sorting the virion-containing vesicles prior to mem-
brane fusion remains unclear. We dissected the intracellular trafficking pathway of vaccinia mature virions in cells up to virus
core uncoating in cytoplasm. We show that vaccinia mature virions first travel to early endosomes. Subsequent trafficking events
require the important endosome-tethered protein VPEF/FAM21, which recruits WASH and retromer protein complexes to the
endosome. There, the complex executes endosomal membrane fission and cargo sorting to the Rab11-positive and Rab22-posi-
tive recycling pathway, resulting in membrane fusion and virus core uncoating in the cytoplasm.

Vaccinia virus is the prototype of the Orthopoxvirus genus in the
family Poxviridae, which includes the variola virus that causes

smallpox diseases. It has a broad host range and infects a wide
variety of cell lines and animals. Vaccinia virus produces two
forms of infectious virions, mature virus (MV) and extracellular
virus (EV), which contain different membrane proteins (1). MV
particles are abundant in infected cells and contain �80 viral pro-
teins (2, 3), which contribute to the complex virus entry processes
that reportedly vary among different cells and virus strains (4–12).

In HeLa cells, vaccinia MV initially attaches to cellular surface
component glycosaminoglycans (13–15) and the extracellular
matrix protein laminin (16). MV particles then cluster at plasma
membrane lipid rafts (17) where the virus further interacts with
integrin �1 (18) and CD98 receptor molecules (19) that facilitate
PI-3K/Akt activation and actin-dependent endocytosis (20, 21).
MV membranes are rich in phosphatidylserine (PS); thus, it was
proposed that MV may mimic apoptotic bodies during cell entry
(21, 22). However, Laliberte and Moss demonstrated that phos-
pholipids other than PS could also reconstitute MV infectivity
(23). To date, there is no evidence that any particular PS receptor
is required for vaccinia MV entry (24–26).

Following internalization into cells, the vaccinia virus MV-
containing vesicles are internalized into CD98-positive and phos-

phatidylinositol 3-phosphate (PI3P)-positive macropinosomes
and subsequently fused with Rab5-positive early endosomes (19).
However, little is known about the process of sorting the MV-
containing vesicles in cells prior to membrane fusion. In the pres-
ent study, we dissect the intracellular trafficking pathway of vac-
cinia MV and demonstrate a role of the cellular WASH-VPEF/
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FAM21-retromer complex in vaccinia virus trafficking through
the early endosome-recycling pathway.

MATERIALS AND METHODS
Cells, viruses, plasmid vectors, and reagents. HeLa cells were cultured in
Dulbecco modified Eagle medium (DMEM) supplemented with 10% fe-
tal bovine serum and 2% penicillin-streptomycin (Sigma). The wild-type
(WT) vaccinia virus of the Western Reserve (WR) strain, the WR-�A26L
deletion mutant virus, and the recombinant WR virus expressing a
mcherry-A4 fusion protein (WR-A4-mCherry) were described previously
(20, 27). WR virus expressing a CFP-A4 fusion protein (WR-A4-CFP) was
constructed and purified similar to that of WR-A4-mCherry. MV parti-
cles were harvested from BSC40 cells and purified by CsCl gradient cen-
trifugation as previously described (28).

The plasmids pEGFP-C3-Rab5, pEGFP-C3-Rab5Q79L, and pEGFP-C3-
Rab5S34N were provided by Marino Zerial (Max Planck Institute, Germany).
The plasmids pEGFP-Rab22a, pEGFP-Rab22aQ64L, and pEGFP-
Rab22aS19N were gifts from Julie Donaldson (National Institutes of Health,
Bethesda, MD). The plasmids pIRES neo3-Pcmv-GFP-hVPS35, pIRES neo3-
Pcmv-GFP-hVPS-26, and pIRES neo3-Pcmv-GFP-hVPS-29 were provided
by Mitsuaki Tabuchi (Kagawa University, Japan) (29). The Rab7 and Rab11
plasmids were purchased from the Missouri S&T cDNA Resource Center
(Rolla, MO). The plasmids pEGFP-C1-Rab34, pEGFP-C1-Rab34Q111L, and
pEGFP-C1-Rab34T66N were provided by Takeshi Endo (Department of Bi-
ology, Chiba University, Chiba, Japan). The expression plasmids CFP-
Rab7Q70L, CFP-Rab7T22N, GFP-Rab11Q70L, and GFP-Rab11S25N were
generated through in vitro mutagenesis using the wild-type plasmids CFP-
Rab7 and GFP-Rab11 as the templates with the QuikChange site-directed
mutagenesis kit as previously described (30, 31). To facilitate three-dimen-
sional (3D) imaging, we also generated three constructs that express mCherry
protein fused in-frame with wild-type Rab11, Rab11Q70L, and Rab11S25N
cDNA, respectively. Antibodies against EEA1 and mannose-6 phosphate re-
ceptor were purchased from BD Biosciences and NOVUS, Inc., respectively.
Anti-Vps35 antibody was obtained from Imgenex. Antibody against cyclo-
philin B (CypB) was purchased from Santa Cruz. Antibodies against WASH
and actin were purchased from Sigma. Rabbit anti-vaccinia virus A4 and
anti-VPEF antibodies were previously described (20). Tetramethylrhod-
amine-conjugated goat anti-Rabbit and anti-mouse IgG antibodies were pur-
chased from Invitrogen, Inc. Cy5-conjugated goat anti-Rabbit IgG antibody
was purchased from Jackson ImmunoResearch Laboratories, Inc. Texas Red-
conjugated transferrin and Texas Red-conjugated dextran were purchased
from Molecular Probes and Invitrogen, Inc. Lipofectamine and Plus reagent
were purchased from Invitrogen, Inc. The QuikChange site-directed mu-
tagenesis kit was purchased from Stratagene, Inc.

In vitro mutagenesis of Rab7 and Rab11 mutant plasmids. To gen-
erate mutant Rab7 and Rab11 plasmids expressing CFP-Rab7Q70L, CFP-
Rab7T22N, GFP-Rab11Q70L, and GFP-Rab11S25N (30, 31), we per-
formed in vitro mutagenesis using a QuikChange site-directed
mutagenesis kit. The wild-type plasmids CFP-Rab7 and GFP-Rab11 were
used as the templates. Mutagenesis was performed using the following
primer pairs: for CFP-Rab7Q70L, 5=-ATATGGGACACAGCAGGACTG
GAACGGTTCCAGTCTCTC-3= and 5=-GAGAGACTGGAACCGTTCC
AGTCCTGCTGTGTCCCATAT-3=; for CFP-Rab7T22N, 5=-GATTCTG
GAGTCGGGAAGAACTCACTCATGAACCAGTAT-3= and 5=-ATACT
GGTTCATGAGTGAGTTCTTCCCGACTCCAGAATC-3=; for GFP-
Rab11Q70L, 5=-ATATGGGACACAGCAGGGCTAGAGCGATATCGAG
CTATA-3= and 5=-TATAGCTCGATATCGCTCTAGCCCTGCTGTGTC
CCATAT-3=; and for GFP-Rab11S25N, 5=-GATTCTGGTGTTGGAAAG
AATAATCTCCTGTCTCGATTT-3= and 5=-AAATCGAGACAGGAGAT
TATTCTTTCCAACACCAGAATC-3=. The sequences of the mutant
DNA fragments were confirmed by DNA sequencing.

siRNA knockdown experiments. We purchased from MDBio, Inc.
(Taiwan), small interfering RNA (siRNA) duplexes targeting CypB—
WASH (CCGCCACAGGAUCCAGAGCAA), Vps26 (AACUCCUGUAA
CCCUUGAG), Vps35 (GCCUUCAGAGGAUGUUGUAUCUUUA), and

Snx1 (CCACGUGAUCAAGUACCUU)—as previously described (29, 32,
33). Knockdown experiments were performed as previously reported
(20). In brief, HeLa cells were either mock transfected (Si-control) or
transfected with 20 nM siRNA duplex— e.g., CypB (Si-CypB), Vps26 (Si-
Vps26), Vps35 (Si-Vps35), Snx1 (Si-Snx1), or WASH (Si-WASH)— us-
ing Lipofectamine 2000 (Invitrogen) according to the manufacturer’s in-
structions. The cells were harvested for immunoblots, quantitative PCR,
and virus uncoating assays as previously described (20).

Single-particle tracking imaging analyses. Tracking experiments
were performed as previously described (34) with minor modifications. In
brief, 2 � 105 HeLa cells were seeded in a 35-mm glass-bottom culture
dish (MatTek, USA) and incubated overnight at 37°C. HeLa cells were
transfected with the plasmid GFP-Rab5, GFP-Rab11, GFP-Rab22, or
CFP-Rab7 using Lipofectamine 2000 (Invitrogen). After 24 h, HeLa cells
were infected with WR-A4-mCherry MV in PBS-AM buffer (phosphate-
buffered saline, 0.05% bovine serum albumin [BSA], and 10 mM MgCl2)
at a multiplicity of infection (MOI) of 10 PFU/cell and incubated for 30
min at 4°C to synchronize virus binding. The cells were then washed once
with PBS, replenished with phenol red-free DMEM, and placed on a 37°C
heated stage. Images of living cells were recorded using an inverted mi-
croscope (IX 71; Olympus, Japan) equipped with the live cell instrument
(Leica, Germany) with 5% CO2 supplement, an imaging split system (U-
SIP; Olympus), and a high-sensitivity monochrome charge-coupled de-
vice (CCD) camera (CoolSNAP HQ2; Photometrics, USA). Cells were
visualized using a 100� 1.4 NA oil-immersion objective lens. Fluorescent
images were recorded by exciting green fluorescent protein (GFP) with a
488-nm Ti-Sapphire laser (Coherent, USA) and by exciting mCherry with
a 532-nm DPSS laser (Onset-EO, Taiwan). The fluorescent emission was
spectrally separated by 550-nm long-pass dichroic mirrors (Chroma,
Rockingham, VT) and imaged onto two separate areas of the CCD cam-
era. A 632/60 nm band-pass filter was used for mCherry emission, and a
510/20-nm band-pass filter was used for GFP emission. Time-lapse image
sequences were recorded using RS Image (v1.9.2; Roper Scientific, Inc.,
USA).

Quantification of image analysis. Image analysis and single-particle
tracking described above were performed using Meta Imaging Series 7.7
(MetaMorph, USA). The process of tracking virus particle position was
previously described (35), as implemented in a Matlab-based Polypar-
ticletracker program. Image noise was first reduced and smoothened by
convolving the image with a Gaussian function. Single particles were then
tracked and particle center coordinates were estimated. Next, subpixel
refinement of the particle was coordinated by polynomial fitting with
Gaussian weight (PFGW). Particle discrimination and parameters were
subsequently calculated. Finally, the particle positions were connected
between individual frames by straight lines, forming the particle trajecto-
ries using the Polyparticletracker program (35). Using the ImageJ pro-
gram, colocalization of a virus particle with a fluorescent cellular marker
was confirmed if both images showed an apparent overlap on the focal
place and a close trajectory during the tracking time interval. Tracking
events were collected from �150 individual virus particles in at least three
independent experiments. Statistical significance was determined by us-
ing a Student t test, with P � 0.05 considered significant.

3D tracking imaging analyses. The tracking experiments were per-
formed as previously described (34) with minor modification. In brief,
2 � 105 HeLa cells were seeded in a 35-mm glass-bottom culture dish
(MatTek) and incubated at 37°C overnight. HeLa cells were transfected
with an individual plasmid or in a combination of two plasmids of
mCherry-Rab5, GFP-Rab22, and GFP-Rab11 by Lipofectamine 2000 (In-
vitrogen). After 24 h, HeLa cells were infected with WR-A4-CFP MV in
PBS-AM buffer (PBS, 0.05% BSA, 10 mM MgCl2) at an MOI of 10 PFU/
cell at 4°C for 30 min to synchronize virus binding. The cells were then
washed once with PBS, replenished with growth media, and placed on a
heated stage at 37°C. Images were acquired using a spinning disk confocal
imaging system (Revolution WD Confocal System; Andor Technology)
mounted on a Nikon inverted microscope (Eclipse Ti) equipped with a
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Nikon Plan Apo� 100� oil immersion objective lens with an NA of 1.45
and an electron multiplication charge-coupled device camera (EMCCD).
To capture a simultaneous image of A4-CFP MV particles with both GFP-
tagged and mCherry-tagged Rab proteins, CFP was excited with a 445-nm
laser, GFP was excited with a 488-nm laser, and mCherry was excited with
a 561-nm laser. 3D images were acquired using the maximum z-projec-
tion of the confocal z-stacks with 10 z-section images per min. Imaging
processing and analyses were used by using the image software Imaris
8.0.1 (Bitplane, United Kingdom).

Virus core uncoating assay. HeLa cells were seeded onto coverslips 24
h prior to transfection. The next day, cells were transfected with the wild-
type, GTP-bound, or GDP-bound form of the Rab GTPase plasmids and
incubated for another 20 to 24 h. These cells were subsequently infected
with vaccinia virus MV, and the level of virus entry was analyzed using
viral core uncoating assays, which was initially described by Vanderplass-
chen et al. (11) and modified by Huang et al. and Senkevich et al. (20, 36).
Briefly, HeLa cells were infected with the wild-type WR or WR�A26L
virus at an MOI of 40 PFU/cell through 1 h of incubation at 4°C. The cells
were then washed three times with PBS and incubated for 2 h at 37°C in
the presence of cycloheximide (15 �g/ml). Alternatively, HeLa cells were
treated with dimethyl sulfoxide (DMSO) or with 25 nM bafilomycin A
(BFLA) for 30 min and subsequently infected with wild-type WR or
WR�A26L virus at 37°C for 60 min. After being washed with phosphate-
buffered saline (PBS), the cells were incubated in growth medium with or
without BFLA for 2 h at 37°C. The cells were then fixed with 4% parafor-
maldehyde, permeabilized in PBS– 0.2% saponin and BSA, and stained
with rabbit anti-A4L antibody, followed by rhodamine-conjugated goat
anti-rabbit IgG antibody and 0.5 �g of DAPI (4=,6=-diamidino-2-phe-
nylindole)/ml. Cell images were collected using a LSM780 confocal laser
scanning microscope (Carl Zeiss, Germany) equipped with a 63� objec-
tive lens and confocal microscopy software (Zen 2009; Carl Zeiss). The
fluorescent particles from multiple z-section images were counted, and
the average numbers of uncoated cores per cell were determined as de-
scribed previously (20).

Ligand and antibody internalization assay. HeLa cells were seeded
onto coverslips 24 h prior to transfection. The next day, the cells were
transfected with the wild-type, GTP-bound, or GDP-bound form of the
Rab GTPase plasmids, followed by another 20 to 24 h of incubation. For
manose-6-phosphate receptor (CI-MPR) uptake, HeLa cells were incu-
bated for 1 h with 10 �g of CI-MPR/ml at 37°C. The cells were then fixed,
permeabilized in PBS– 0.2% saponin and BSA, and stained with rhod-
amine-conjugated goat anti-mouse IgG antibody for confocal microscopy
analyses as previously described (37). For dextran uptake, HeLa cells were
incubated with 5 �g of Texas Red-conjugated dextran/ml for 1 h at 37°C.
The cells were then washed three times with PBS, followed by incubation
for 15 min at 37°C in complete medium, followed in turn by fixation for
confocal microscopy analyses as previously described (20). Cells were
stained with anti-VPEF antibody (1:1,000), followed by Cy5-conjugated
anti-rabbit antibody. DNA was stained with 0.5 �g of DAPI/ml. Cell im-
ages were collected using an LSM780 confocal laser scanning microscope
(Carl Zeiss) with either a 40� or 63� objective lens.

RESULTS
Vaccinia MV transports to early endosomes after internaliza-
tion. Fluorescent vaccinia WR-A4-mCherry MV particles were
purified and used to infect HeLa cells expressing wild-type GFP-
Rab5 protein that marks early endosomes in cells. The movement
of the fluorescent viral particles was then monitored using live-
imaging microscopy (Fig. 1A; see also Movie S1 in the supplemen-
tal material). Trajectory tracing of MV and endosome movement
revealed a nonstochastic association between the two, indicating
that MV traveled with the early endosome (Fig. 1B). The associa-
tion of MV with endosomes was kinetically regulated. For simplic-
ity, we divided all of the particle-endosome colocalization events

into two phases of viral infection: early (�45 min) and late (	45
min). Single virus particle tracking (of 	150 particles) showed
that more vaccinia MV particles became colocalized with Rab5-
positive early endosomes in the early phase after viral infection
(�32.0%) than in the late phase (�14%) (Fig. 1C). The present
live imaging data were in agreement with our previous data ob-
tained from paraformaldehyde-fixed cells, showing the transport
of internalized MV from PI3P-positive macropinosomes to Rab5-
positive early endosomes (19). Despite these consistent results in
quantification analyses, one may be concerned that conventional
wide-field fluorescence microscopy is limited in optical resolution
due to fluorescence interference. To further illustrate the traffick-
ing behavior of MV with early endosomes in 3D within a cell, 3D
dual-color time-lapse tracking using spinning-disk confocal mi-
croscopy was performed. A typical example of MV endocytic traf-
ficking itinerary showed that this particular virus particle colocal-
ized with a Rab5-positive endosome at 7 min postinfection and
cotrafficked until 14 min postinfection, as shown by the colocal-
ization of MV and Rab5 (Fig. 1D). These results indicated that the
endocytic trafficking of a single MV particle indeed moved toward
an early endosome. A three-dimensional trajectory of MV intra-
cellular trafficking with a Rab5-positive endosome is shown in
Movie S2 in the supplemental material.

We next used two dominant-negative Rab5 mutants—the
GTP-bound Rab5Q79L and GDP-bound Rab5S34N—to interfere
with fusion and fission in early endosome function. To assess the
inhibitory effect of Rab5 mutants on vaccinia MV entry, we chose
to perform virus uncoating assays which measured viral cores that
are released into cytoplasm after membrane fusion, as previously
described (11, 20, 36). We consider virus core uncoating is an
immediate readout of successful MV membrane fusion and is bet-
ter than DiD dequenching analysis, which measures hemifusion,
or viral early gene expression, which is downstream of virus un-
coating in cytoplasm. HeLa cells were transfected with either wild-
type GFP alone, GFP-Rab5, GFP-Rab5Q79L, or GFP-Rab5S34N
and infected with WT-WR MV. Expression of GFP or GFP-Rab5
did not inhibit viral core uncoating in cytoplasm, whereas the
expression of Rab5Q79L and Rab5S34N specifically reduced vac-
cinia virus uncoating (Fig. 2A and B). Similar results were ob-
tained with viral luciferase assays (data not shown). To ensure that
expression of Rab5Q79L and Rab5S34N did not affect the initial
attachment of vaccinia MV to cells, we performed fluorescence-
activated cell sorting (FACS) analyses to quantify the amount of
vaccinia MV bound to HeLa cells that express wild-type GFP
alone, GFP-Rab5, GFP-Rab5Q79L, or GFP-Rab5S34N (Fig. 2C).
We also measured the level of integrin �1 and CD98 on plasma
membrane of these fluorescence-positive cells (Fig. 2C). The his-
tograms showed that expression of GFP-Rab5Q79L or GFP-
Rab5S34N did not reduce the level of these two cellular receptors
on plasma membrane (Fig. 2D), as well as the amount of vaccinia
MV binding to cells (Fig. 2E). Taken together, the data showed
that vaccinia MV traffics through early endosomes prior to core
uncoating in the cytoplasm.

WASH, a protein that mediates actin polymerization and
cargo sorting at early endosomes, is also required for vaccinia
WR-MV transport. We previously showed that VPEF is not re-
quired for vaccinia MV binding to cells but is required for endo-
cytosis of vaccinia MV of the WT-WR strain (20, 38). Although we
initially thought the protein was expressed on cell surface (38)
overexpression of GFP-VPEF in HeLa cells and immunofluores-
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cence staining of endogenous VPEF in HeLa cells revealed that a
majority of VPEF protein exists as intracellular speckles in cyto-
plasm (20). To demonstrate a specific role of VPEF in vaccinia
virus endocytosis, we performed an acid-bypass infection experi-
ment in which cell-bound WR-MV particles were treated with
acidic buffer to force virus membranes to directly fuse with plasma
membrane (4, 27). We anticipated that, in this situation, VPEF

would no longer be required for WT-WR MV entry. Indeed, our
results showed that at neutral pH, WT-WR MV entry into HeLa
cells occurred through a BFLA-sensitive endocytic process and
was reduced by knockdown of VPEF, but not CypB (Fig. 3A and
B). However, at low pH, WT-WR entry into HeLa cells became
BFLA resistant, and VPEF knockdown had no effect on WR-MV
entry through plasma membrane fusion (Fig. 3C). We also per-

FIG 1 Single-particle tracking reveals vaccinia MV colocalized with early endosomes. (A) The represented frames show the endocytic trafficking behavior of a
single fluorescent vaccinia WR-A4-mCherry MV particle that was colocalized with the GFP-Rab5 endosome in HeLa cells transiently expressing GFP-Rab5.
A4-mCherry MV particles are displayed in red (top panel); GFP-Rab5 endosomes are shown in green (middle panel), and vesicles containing both the
A4-mCherry MV particle and the GFP-Rab5 endosome are shown in yellow (bottom panel). The scale bar at the bottom of the right panel represents 1 �m in
length. (B) The overlapped trajectory profiles of the A4-mCherry MV particle (red) and GFP-Rab5 endosome (green) in HeLa cells were determined using
Polyparticletracker (35). (C) The histogram represents the colocalization of A4-mCherry MV particles and Rab5-positive endosomes. A total of 181 events were
recorded, and the data shown are from three independent replicates. Statistical significance was determined using Student t test. **, P � 0.01. (D) Cotrafficking
of MV particle (in red) with a Rab5-positive (in blue) endosome, as revealed by 3D time-lapse tracking with a spinning disk confocal microscopy. The selected
time frames show the 3D trafficking behavior of a single A4-CFP MV particle and the Rab5-positive endosomes in a cell. The scale bar represents 1 �m in length.
The Rab5-positive endosome and A4-CFP MV in 3D trajectory are shown in Movie S2 in the supplemental material.
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FIG 2 Vaccinia MV traffics through early endosomes prior to virus core uncoating. (A) HeLa cells were transfected with individual plasmids encoding GFP,
GFP-Rab5, GFP-Rab5Q79L, and GFP-Rab5S34N and infected with wild-type (WT) WR MV for virus uncoating assays. The cells were stained with anti-A4
antibody, and cell images were collected using a confocal laser scanning microscope with a 63� objective lens. Green and white lines delineate the edges of
GFP-expressing and non-GFP-expressing cells, respectively. The scale bar marks 20 �m in length. (B) Quantification of the viral core uncoating assays of the cells
in panel A. The number of A4 cores in each GFP-expressing cell were counted; the averaged numbers of viral cores per cell in GFP-expressing cells were
considered to be 100%. Bars represent the standard deviations of three independent experiments. Statistical significance was determined using a Student t test.
**, P � 0.01. (C) FACS analyses of the cell surface level of integrin �1, CD98, and surface-bound vaccinia MV in HeLa cells expressing GFP or GFP fused
WT-Rab5, Rab5Q79L, and Rab5S34N protein. (D) Histogram of the cell surface levels of integrin �1 and CD98 in cells described in panel C. (E) Histogram and
a bar chart showing mean fluorescence intensity (MFI) of cell surface-bound vaccinia MV in HeLa cells described in panel C.
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formed experiments using the WR�A26 virus, which enters HeLa
cells through plasma membrane fusion at neutral pH (27, 39). If
VPEF plays a specific role in virus endocytic route, we anticipated
the protein to be dispensable for WR�A26 virus entry. As ex-

pected, VPEF knockdown in HeLa cells specifically reduced
WT-WR MV, but not WR�A26, entry into HeLa cells (Fig. 3D).

Our previous data showed that VPEF protein is predominantly
distributed in cytoplasm as small speckles partially overlapping with
Rab11 and Rab34, but not with Rab5 (20), suggesting that VPEF
might be a vesicular protein that regulates vesicle trafficking. Gomez
and Billadeau (37) and Derivery et al. (40) reported that VPEF (also
called FAM21) is a component of the WASH protein complex that
mediates branched actin polymerization and controls endosome
membrane fission during cargo sorting out of early endosomes. Here,
we transfected HeLa cells with wild-type Rab5-GFP and observed
that only a small portion of VPEF staining colocalized with Rab5 (Fig.
4A). However, in HeLa cells transfected with GFP-Rab5-Q79L
(which blocks endosome fission, resulting in enlarged endosomes),
anti-VPEF antibody clearly stained “patches” of the enlarged endo-
some membranes, suggesting that VPEF was closely associated with
endosome subdomains (Fig. 4B), in contrast to Rab5, which forms a
ring around early endosomes. This is consistent with previous studies
by Gomez and Billadeau (37). To examine whether these VPEF-con-
taining enlarged early endosomes accommodated extracellular li-
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fected with WT-WR MV or WR�A26 MV and used for virus uncoating assays.
Bars represent the averages of two independent experiments.

Rab5 VPEF Merge 

B.
Rab5Q79L VPEF Merge 

C.
Rab5Q79L 

Dextran 

VPEF 

Merge 

FIG 4 Dextran uptake is observed in VPEF-positive early endosomes in HeLa
cells. (A and B) HeLa cells were transfected with plasmids expressing GFP-
WT-Rab5 (A) or GFP-Rab5-Q79L (B). The cells were then stained with anti-
VPEF antibodies for confocal microscopy analyses. (C) For dextran uptake,
the HeLa cells expressing GFP-Rab5-Q79L from panel A were incubated with
Texas Red-conjugated dextran, washed, and fixed. Cell images were collected
using a confocal laser scanning microscope with a 40� objective lens. The scale
bar marks 5 �m in length.
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gand, we fed the cells with the fluorescent fluid phase marker dextran
and observed dextran accumulation in VPEF-positive enlarged en-
dosomes (Fig. 4C). These results confirmed that a portion of VPEF
was associated with subdomains of early endosomes in HeLa cells.

The WASH protein complex contains several other proteins in
addition to VPEF, including CapZ�1, KIAA1033, KIAA0196,
Hsp70 (A8 and 1A isoforms), and CCD53 (40). WASH recruits
Arp2/3 and acts as a nucleation center for actin polymerization.
VPEF forms a bridge between the WASH and CapZ�1 proteins to
regulate endosomal actin polymerization. The roles of other com-
ponents in endosomal trafficking remain unknown (37, 40). To
investigate this matter, we knocked down each of the above com-
ponents of the WASH protein complex in HeLa cells (see Fig. S1 in
the supplemental material), infected these cells with vaccinia
WT-WR MV and WR�A26-MV, and performed virus core un-
coating assays. We found that only three subcomponents of the
WASH protein complex—VPEF, CapZ�1, and WASH—were re-
quired for vaccinia WT-WR MV entry (Fig. 5A and B), while none
of these components were required for WR�A26 virus entry (see
Fig. S2 in the supplemental material). These findings suggested
that CapZ�1-VPEF-WASH facilitates virus entry by regulating
actin polymerization for endosomal sorting.

Furthermore, we overexpressed a GFP fusion protein, includ-
ing the N-terminal region of VPEF (amino acids 1 to 356), which
is the WASH-binding domain. This protein, designated GFP-
VPEF(aa1-356), functions as a dominant-negative protein that
interferes with the trafficking of cellular receptors, such as the
mannose-6-phosphate receptor (M6PR) (37). Figure 5C shows
that GFP-VPEF(aa1-356) overexpression interfered with M6PR
trafficking from early endosomes to Golgi. More importantly,
GFP-VPEF(aa1-356) overexpression reduced WT-WR MV core
uncoating (Fig. 5D and E), demonstrating the importance of
WASH in WT-WR MV entry. Altogether, our results showed that
the association between VPEF and WASH to mediate actin po-
lymerization is critical for endosomal fission and, consequently,
for the further sorting of vaccinia MV-containing vesicles.

Retromer complexes associated with VPEF are also required
for early endosomal sorting of WR-MV. The C-terminal region
of VPEF binds to Vps35, a retromer complex component that
mediates both endosome-to-Golgi and endosome-to-plasma-
membrane endosomal protein sorting (41). Retromers include
two subcomplexes: Vps26-29-35 and sorting nexin 1 (SNX1-
SNX1) dimers (42). Lacking a suitable anti-Vps26 antibody for
immunofluorescence studies, we transfected Vps26-GFP into
HeLa cells. Vps26 colocalized with Vps35, as expected, and it also
colocalized with VPEF on early endosomes (Fig. 6A). Further-
more, endogenous WASH partially colocalized with Vps35 and
SNX1 on early endosomes (Fig. 6B), confirming that the WASH
protein complex associates with retromers on early endosomes.

We next addressed whether WASH-associated retromers were im-
portant for WR-MV entry. We knocked down CypB (control), WASH,
or three retromer components—SNX1, Vps35 (Fig. 6C), and Vps26
(Fig. 6E)—in HeLa cells and infected these cells with WT-WR or
WR�A26 virus for core uncoating assays (Fig. 6D and F). The results
showed that retromers were important for WT-WR endocytic traffick-
ing but not for WR�A26 virus cell entry, confirming that retromer pro-
tein machinery plays a specific role in governing WT-WR MV sorting.

Vaccinia WT-WR traffics through Rab11-positive and
Rab22-positive recycling endosomes prior to viral core uncoat-
ing in cytoplasm. During trafficking through early endosomes,

internalized cellular receptor cargos could either be transported to
Rab7-positive late endosomes/lysosomes for degradation or to
Rab11-containing recycling endosomes that may either be recy-
cled back to the plasma membrane or further transported to the
Golgi apparatus (43, 44). Cargos such as integrin �1 can be recy-
cled through Rab11 regulated-recycling endosomes that directly
transport cargo from endosomes to either the Golgi membrane or
back to the plasma membrane (45–47). Knowing that WT-WR
MV binds integrin �1 during entry, we rationalized that virus-
receptor interaction may dictate subsequent intracellular traffick-
ing specificity. Moreover, a fraction of intracellular VPEF protein
staining colocalizes with Rab11 (20). Thus, we next imaged single
virus particle association with Rab11-positive recycling endo-
somes in HeLa cells, similar to our above-described examination
of the WT-WR MV association with Rab5-positive early endo-
somes.

As shown in Fig. 7, we observed colocalization of fluorescent
vaccinia MV particles with wild-type GFP-Rab11 (Fig. 7A and B;
see also Movie S3 in the supplemental material). Tracking of 155
single virus particles showed that �8.0% of vaccinia MV particles
were colocalized with Rab11-positive recycling endosomes early
after infection, whereas this proportion increased to �27% dur-
ing the late second phase (Fig. 7C). 3D triple-color time-lapse
tracking was also performed and an example of MV endocytic
trafficking itinerary showed that a virus particle colocalized with a
Rab5-positive endosome at 42 min postinfection and merged with
a Rab11-positive recycling endosome at 50 to 55 min postinfec-
tion, as shown by the colocalization of CFP-MV, mCherry-Rab5,
and GFP-Rab11 (Fig. 7D). The 3D trajectory of this virus colocal-
ization with Rab5 and Rab11 is shown in Movie S4 in the supple-
mental material. We next transfected HeLa cells with GFP alone,
GFP-Rab11, GFP-Rab11Q70L, and GFP-Rab11S25N and infected
these cells with WT-WR MV for virus uncoating assays. Wild-type
GFP or GFP-Rab11 expression did not affect virus uncoating.
However, the expression of GFP-Rab11Q70L and GFP-
Rab11S25N significantly reduced the release of viral cores into
cytoplasm (Fig. 7E and F). As control experiments, we also con-
firmed that the cell surface levels of integrin �1 and CD98 mole-
cules (Fig. 7G and H), as well as the amount of vaccinia MV bind-
ing (Fig. 7I) on HeLa cells overexpressing wild-type GFP alone, GFP-
Rab11, Rab11Q70L, and GFP-Rab11S25N, were not reduced.
Overall, these results supported that internalized vaccinia WT-WR
MV trafficked through Rab11-positive recycling endosomes prior to
membrane fusion and viral core release in the cytoplasm.

It has also been reported that surface protein CD98 is internal-
ized to early endosomes and subsequently recycled through spe-
cific Rab22-positive recycling tubules (48). We previously showed
that CD98 is specifically required for vaccinia WT-WR MV endo-
cytosis and not for plasma membrane fusion (19); thus, we tested
whether vaccinia MV may traffic through the Rab22-mediated
recycling pathway. HeLa cells were transfected with wild-type
GFP-Rab22 and infected with WR-A4-mCherry for single particle
tracking (Fig. 8A; see Movie S5 in the supplemental material) and
trajectory tracing analyses (Fig. 8B). Similar to Rab11 association
with MV, we observed Rab22 association with MV at both early
and late phase, with an increase of 2-fold colocalization in the late
phase (�36% for late versus 16% for early phase) (Fig. 8C). 3D
triple-color time-lapse tracking analyses were performed and pro-
vided further evidence to confirm this possibility. A typical exam-
ple of MV endocytic trafficking itinerary showed that this partic-
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FIG 5 VPEF-associated WASH and CapZ�1 proteins are required for vaccinia MV endocytosis. (A) Knocking down WASH and CapZ�1 in HeLa cells also
reduced virus core uncoating. HeLa cells were either mock transfected (Control) or transfected with siRNA duplexes targeting CypB (Si-CypB), VPEF (Si-VPEF),
CapZ�1 (Si-CapZ�1), WASH (Si-WASH), KIAA1033 (Si-KIAA1033), KIAA0196 (Si-KIAA0196), HSP70A8 (Si-HSP70A8), HSP70A1A (Si-HSP70A1A), or
CCD53 (Si-CCD53) and subsequently infected with WT-WR MV for virus uncoating assays. The knockdown efficiency of each gene is shown in Fig. S1 in the
supplemental material. Cell viral cores were stained with anti-A4 antibody (green) and analyzed by confocal laser scanning microscope with a 40� objective lens.
(B) Quantification of viral core uncoating in the knockdown cells shown in panel A. The averaged viral core numbers in control HeLa cells were considered to
be 100%. The experiments were repeated twice, and the averages are shown. (C) GFP-VPEF(aa1-356) overexpression in HeLa cells inhibited M6PR intracellular
trafficking. HeLa cells were mock transfected (top panels) or transfected with a plasmid expressing GFP-VPEF(aa1-356) (bottom panels), incubated with
anti-CI-MPR antibody to trigger M6PR internalization, and then stained with rhodamine anti-mouse monoclonal antibody (red), anti-VPEF antibody plus
fluorescein isothiocyanate (FITC)-conjugated anti-rabbit antibody (green, in top panel only), and nuclear DNA for confocal microscopy analyses. Green and
white lines delineate the edges of GFP-expressing or non-GFP-expressing cells, respectively. (D) GFP-VPEF(aa1-356) overexpression in HeLa cells inhibited
WT-WR MV core uncoating. HeLa cells were transfected with GFP and GFP-VPEF(aa1-356) and infected with WT-WR MV for virus core uncoating assays.
Green and white lines delineate the edges of GFP-expressing or non-GFP-expressing cells, respectively. (E) Quantification of virus uncoating assays of cells in
panel D. The averaged numbers of viral cores per cell in GFP-expressing cells were considered to be 100%. The experiments were repeated three times. Statistical
significance was determined by using a Student t test. ***, P � 0.001. The white scale bar in the images represents 20 �m in length.
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ular virus particle colocalized with a Rab5-positive endosome at
44 min postinfection and merged with a Rab22-positive recycling
endosome at 49 min postinfection, as shown by the colocalization
of CFP-MV, mCherry-Rab5, and GFP-Rab22 (Fig. 8D). The 3D

trajectory is shown in Movie S6 in the supplemental material. We
then analyzed virus core uncoating in HeLa cells transfected with
wild-type GFP alone, GFP-Rab22, GFP-Rab22Q64L, and GFP-
Rab22S19N (Fig. 8E and F). Inhibition of virus core uncoating was

FIG 6 Retromers are specifically required for endocytic entry of vaccinia WT-WR MV but not for WR�A26 MV that enters HeLa cells through plasma
membrane fusion. (A) VPEF was associated with retromers on early endosomes. HeLa cells were transfected with a plasmid expressing GFP-VPS26 and then
stained with anti-VPS35, anti-VPEF, and anti-EEA antibodies. The insets show good colocalization (marked by white arrowheads) of GFP-VPS26 with endog-
enous VPS35, VPEF, and EEA1, respectively. (B) WASH protein colocalized with retromers in HeLa cells. HeLa cells were stained with anti-WASH (green),
anti-Vps35 (cyan), and anti-SNX1 (red) antibodies. The insets show good colocalization (marked by white arrowheads) among endogenous WASH, Vps35, and
SNX1 proteins. (C to F) Knockdown of the retromer components Vps35, Vps26, and SNX1 reduced WT-MV endocytosis but not WR�A26 MV plasma
membrane fusion. HeLa cells were either mock transfected (Control) or transfected with siRNA duplexes targeting CypB (Si-CypB), SNX1 (Si-SNX1), WASH
(Si-WASH), or Vps35 (Si-Vps35) (in panels C and D) or Vps26 (in panels E and F). These cells were then subjected to immunoblot analyses (in panels C and E)
or infected with WT-WR MV or WR�A26 MV for virus uncoating assays (in panels D and F). The core numbers obtained in control HeLa cells were considered
to be 100%. The bars represent the standard deviations of three independent experiments. Statistical significance was determined by using a Student t test. *, P �
0.05; **, P � 0.01. The white scale bar in the images represents 20 �m in length.
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observed in HeLa cells expressing GFP-Rab22Q64L and GFP-
Rab22S19N, but not wt-GFP-Rab22 or GFP. As control experi-
ments, we also confirmed that the cell surface levels of integrin �1
and CD98 molecules (Fig. 8G and H), as well as the amount of
vaccinia MV binding (Fig. 8I), were not reduced in cells expressing

GFP, wild-type Rab22, or Rab22Q64L proteins. Interestingly, we
noticed a small reduction of surface receptor integrin �1 level
(�15%) and MV binding (�14%) in cells expressing Rab22S19N.
Although 14% reduction of MV binding was not statistically sig-
nificant and did not account for the 60% reduction of virus un-

FIG 7 Vaccinia MV traffics through Rab11-positive recycling endosomes. (A) The represented frames show the endocytic trafficking behavior of a single
fluorescent vaccinia WR-A4-mCherry MV particle colocalized with the GFP-Rab11 recycling endosome. A4-mCherry MV particles, red (top panel); GFP-Rab11
recycling endosomes, green (middle panel); vesicles containing both A4-mCherry MV particle and GFP-Rab11, a marker of recycling endosomes, yellow (bottom
panel). The scale bar represents 1 �m in length. (B) The overlapped trajectory profiles of a A4-mCherry MV particle (red) and a GFP-Rab11 recycling endosome
(green) in a HeLa cell. (C) Histogram showing A4-mCherry MV particles colocalized with Rab11-positive endosomes. A total of 155 viral particles were tracked.
The data were from three independent replicates. Statistical significance was determined by using a Student t test. *, P � 0.05. (D) Cotrafficking of a A4-CFP MV
particle (in red) with mCherry-rab5 (in blue) and GFP-Rab11-positive (in green) endosome revealed by 3D time-lapse tracking using a spinning disk confocal
microscopy. The selected time frames showed the 3D trafficking behavior of single A4-CFP MV particle with Rab5-positive and Rab11-positive endosomes in a
cell and the 3D trajectory of virus particle trafficking is shown in Movie S4 in the supplemental material. The scale bar represents 1 �m. (E) HeLa cells were
transfected with individual plasmids encoding GFP, GFP-Rab11, GFP-Rab11Q70L, and GFP-Rab11S25N and infected with WT-WR MV for virus uncoating
assays. Cells were stained with anti-A4 antibody, and cell images were collected by confocal laser scanning microscope using a 63� objective lens. The scale bar
represents 20 �m in length. Green and white lines delineate the edges of GFP-expressing or non-GFP-expressing cells, respectively. (F) Quantification of the viral
core uncoating assays of the cells in panel E. The numbers of A4 cores in each GFP-Rab11-expressing cell were counted and normalized to the numbers of A4 cores
in GFP-expressing cells. The bars represent the standard deviations of three independent experiments. Statistical significance was determined by using a Student
t test. **, P � 0.01. (G) FACS analyses of the cell surface levels of integrin �1, CD98, and surface-bound vaccinia MV in HeLa cells expressing GFP, GFP-WT-
Rab11, GFP-Rab11Q70L and Rab11S25N protein, respectively, were conducted. (H) Histograms of cell surface level of integrin �1 and CD98 in cells described
in panel G. (I) Histogram (left panel) and quantification data (right panel) of cell surface-bound vaccinia MV in HeLa cells described in panel G.
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coating in cells (Fig. 8F), it remains an interesting possibility that
Rab22 may regulate MV entry through multiple mechanisms,
such as surface receptor integrin �1 recycling, MV attachment to
cells, and virus trafficking in cells. Altogether, our results showed
both Rab11 and Rab22 participated in endosomal trafficking of
vaccinia WT-MV prior to core uncoating.

Finally, we performed imaging analyses to monitor the associ-
ation between WT-WR MV and Rab7-postitive late endosome/
lysosomes. We observed very little WT-WR MV colocalization
with Rab7-postive late endosome/lysosomes (Fig. 9A; see also
Movie S7 in the supplemental material). Furthermore, even a low
level (�5%) of colocalization was observed throughout the 90-
min infection period, this colocalization did not appear to be ki-
netically regulated, implying a possible stochastic association
(Fig. 9B). We then transfected wild-type CFP alone, CFP-Rab7,
CFP-Rab7Q67L, and CFP-Rab7T22N into HeLa cells (Fig. 9C),
and we detected no significant inhibition of virus core uncoating in

all cases, demonstrating that WR-MV did not traffic to the late endo-
some/lysosome for virus uncoating (Fig. 9D). Again, cell surface lev-
els of integrin �1 and CD98 molecules, as well as the amount of
vaccinia MV binding on HeLa cells, were not reduced by any of the
CFP-Rab11 fusion proteins described above (Fig. 9E to G).

Rab34 reportedly plays a role in a clathrin-independent,
caveola-independent cargo transport pathway. It was also
shown that Rab34 participates in fluid-phase uptake by pro-
moting macropinosome formation (49), although another re-
port demonstrated that dextran uptake and trafficking was in-
dependent from Rab34 function (50). Rab34 also functions in
cellular secretary pathway and mediates vesicular stomatitis
virus (VSV) G protein trafficking from Golgi to plasma mem-
brane (50). To investigate whether Rab34 was involved in vac-
cinia WT-WR MV entry, HeLa cells were transfected with GFP
alone, GFP-Rab34, GFP-Rab34Q111L, and GFP-Rab34T66N
and infected with vaccinia WT-MV for a virus uncoating assay

FIG 7 continued
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(see Fig. S3 in the supplemental material). Immunofluores-
cence and quantification data revealed no obvious inhibition of
vaccinia WT-WR MV uncoating in these cells, suggesting that
vaccinia MV entry through fluid-phase endocytosis was Rab34
independent.

DISCUSSION
Vaccinia MV enters cells through either endocytosis or plasma
membrane fusion, depending on the involved virus strain (6,
8–10, 51) and the cell type (7, 22, 52–54). We previously showed
that vaccinia MV of the WR strain enters HeLa and MEF cells

FIG 8 Vaccinia MV traffics through Rab22-positive recycling endosomes. (A) The selected frames show the endocytic trafficking behavior of a single fluorescent
vaccinia WR-A4-mCherry MV particle colocalized with a GFP-Rab22 recycling endosome. A4-mCherry MV particles, red (top panel); GFP-Rab22 recycling
endosomes, green (middle panel); vesicles containing both A4-mCherry MV particle and GFP-Rab22 recycling endosome, yellow (bottom panel). The scale bar
represents 1 �m in length. (B) Overlapped trajectory profiles of a A4-mCherry MV particle (red) and a GFP-Rab22 recycling endosome (green) in a HeLa cell.
(C) Histogram of A4-mCherry MV particles colocalized with Rab22-positive endosomes. A total of 169 viral particles were tracked. The data are from three
independent replicates. Statistical significance was determined by using a Student t test. **, P � 0.01. (D) Selected frames from a representative time series of 3D
tracking showing a sequential colocalization of vaccinia A4-CFP MV particles (red) with mCherry-Rab5 (blue) and GFP-Rab22 (green) in a cell using a spinning
disk confocal microscopy. The 3D trajectory of virus particle cotrafficking is shown in Movie S6 in the supplemental material. The scale bar represents 1 �m in
length. (E) Expression of Rab22 mutant proteins inhibited vaccinia MV entry. HeLa cells were transfected with individual plasmids encoding GFP, GFP-Rab22,
GFP-Rab22Q64L, and GFP-Rab22S19N and infected with WT-WR MV for virus uncoating assays. Cells were then stained with anti-A4 antibody, and images
were collected by confocal laser scanning microscope by using a 63� objective lens. Green and white lines delineate the edges of GFP-expressing or non-GFP-
expressing cells, respectively. The scale bar represents 20 �m in length. (F) Quantification of the viral core uncoating assays of the cells in panel E. The numbers
of A4 cores in each GFP-Rab22-expressing cell were counted and normalized to the numbers of A4 cores in GFP-expressing cells. After normalization, the core
number in GFP expressing cells was considered to be 100% virus core uncoating. The bars represent the standard deviations of three independent experiments.
Statistical significance was determined by using a Student t test. **, P � 0.01. (G) FACS analyses of cell surface levels of integrin �1, CD98, and surface-bound
vaccinia MV in HeLa cells expressing GFP or GFP-fused WT-Rab22, RabQ64L, and Rab22S19N proteins. (H) Histogram showing cell surface expression of
integrin�1 and CD98 in HeLa cells expressing different Rab22 proteins as described in panel G. (I) Histogram (left panel) and quantification (right panel)
showing the levels of cell surface-bound vaccinia MV on HeLa cells expressing different Rab22 proteins as described in panel G.
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through fluid-phase endocytosis, after which the internalized MV
particles associate with PI3P-positive macropinosomes and Rab5-
positive endosomes (19, 20). However, the subsequent intracellu-
lar trafficking pathway of MV was not investigated. In the present
study, we further investigated the intracellular trafficking of
WT-MV prior to viral core uncoating in the cytoplasm.

During the transportation of cellular cargos that target to dif-
ferent vesicles, Rab5 is localized to early endosome and Rab7 is
localized to late endosome/lysosome, and both regulate receptor
cargo trafficking from endosomes to late endosome/lysosomes for
protein degradation. Alternatively, receptor cargo can traffic
through a recycling pathway that directs cargo transport from

E. F.

G.

I.

H.

FIG 8 continued
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endosomes either toward the Golgi or back to the plasma mem-
brane. We tracked single virus particle movement along with flu-
orescence-labeled small GTPase proteins in cells using two meth-
ods: (i) conventional wide-field immunofluorescence microscopy
that provides large numbers of virus entry events for quantifica-
tion analyses and (ii) spinning disc confocal microscopy that al-
lows us to track each viruses with better resolution and high spec-
ificity. To exclude the possibility of stochastic WT-WR MV
colocalization with vesicles, we also constitutively expressed GTP-
bound or GDP-bound forms of Rab mutant proteins to interfere
with endogenous Rab protein function. Together, our data sug-
gested that endocytosed vaccinia MV trafficked to Rab5-positive
early endosomes and was further associated with Rab11-positive
and Rab22-positive recycling endosome compartments prior to
membrane fusion and virus uncoating in the cytoplasm (Fig. 10).
It is worth pointing out that although Rab11 and Rab22 seemed to

interact more with MV containing vesicles after 45 min of virus
infection, early interactions between Rab11 and Rab22 with MV-
containing vesicles also existed. Since Rab22S19N expression in
cells resulted in a moderate reduction of surface integrin �1 level
(�15%) and MV binding (�14%) (Fig. 8H and I), it may imply an
interesting possibility that small GTPases such as Rab22 may affect
MV entry through multiple mechanisms such as surface receptor
integrin �1 recycling, MV attachment to cells, and virus traffick-
ing in cells (Fig. 10). Although it was also reported that Rab22
regulates recycling of CD98 from cell surface, we did not observe
any reduction of CD98 level on plasma membrane in cells express-
ing Rab22S19N nor Rab22 Q64L. It could be that CD98 was a
stable membrane protein on HeLa cells so the surface protein level
was not significantly affected even when recycling pathway in cells
was temporarily inhibited by expression of Rab22 mutant pro-
teins.

FIG 9 Vaccinia virus does not go through Rab7-positive late endosomes/lysosomes. (A) Selected frames show the endocytic trafficking behaviors of fluorescent
vaccinia WR-A4-mCherry MV particles and CFP-Rab7 late endosomes. A4-mCherry MV particles, red (top panel); CFP-Rab7 late endosomes, green (middle
panel). There was no obvious colocalization in the merged image of A4-mCherry MV particle and CFP-Rab7 late endosome (bottom panel). The scale bar
represents 1 �m in length. (B) Histogram showing A4-mCherry MV particles colocalized with CFP-Rab7-positive endosomes. A total of 277 particles were
tracked. The data are from three independent replicates. Statistical significance was determined by using a Student t test. ns, nonsignificant. (C) HeLa cells were
transfected with individual plasmids encoding CFP, CFP-Rab7, CFP-Rab7Q67L, and CFP-Rab7T22N and infected with WT-WR for virus uncoating assays. The
cells were stained with anti-A4 antibody, and cell images were collected by confocal laser scanning microscope using a 63� objective lens. Cyan and white lines
delineate the edges of CFP-expressing or non-GFP-expressing cells, respectively. The scale bar represents 20 �m in length. (D) Quantification of the viral core
uncoating assays of the cells in panel C. The numbers of A4 cores in CFP-expressing cell were counted and used as 100% to normalize the numbers of A4 cores
in CFP-Rab7 expressing cells. The bars represent the standard deviations of three independent experiments. No statistical differences were found among these
data sets. (E) FACS analyses of cell surface levels of integrin �1, CD98, and surface-bound vaccinia MV in HeLa cells expressing GFP or CFP-WT-Rab7,
CFP-Rab7Q67L, and CFP-Rab7T22N proteins. (F) Histograms of cell surface level of integrin �1 and CD98 in cells described in panel E. (G) Histogram (left
panel) and quantification data showing the mean fluorescence intensity (MFI) of cell surface-bound vaccinia MV (right panel) in the HeLa cells described in
panel E.
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Considering that endocytosed MV is wrapped inside vesicle
membrane, it seems intuitive that the vesicle traffic pathway is
dictated by the two cargo receptors that interact with vaccinia MV,
integrin �1, and CD98. Integrin �1 was reportedly recycles back to
the plasma membrane through Rab11-positive recycling endo-
somes (45, 47) and CD98 recycles requires Rab22-positive recy-
cling endosomes (55, 56). Integrin �1 also reportedly associates
with CD98 on the cell surface (57, 58), so it might be interesting to
know whether the recycling endosomes are double positive for
Rab11 and Rab22 and whether Rab11 and Rab22 work together on
MV trafficking. We attempted to answer this question by coex-
pressing wild type, GTP-bound, or GDP-bound forms of Rab11
and Rab22 proteins together in the same cells and determined
whether vaccinia MV entry was further inhibited in these cells
compared to cells expressing either Rab11 or Rab22 mutant pro-
tein. The results showed that simultaneous expression of Rab11

and Rab22 mutant proteins in the same cells did not result in more
inhibition of MV entry than single mutant Rab protein expression
in cells (see Fig. S4 in the supplemental material), implying that
Rab11 and Rab22 may work together in the recycling pathway.
Immunofluorescence staining of Rab11 and Rab22, however, did
not reveal obvious colocalization of these two proteins in HeLa
cells (data not shown). Although we did not label the viral mem-
branes with fluorescent lipid dye to visualize direct viral mem-
brane fusion with recycling endosomes in cells, the data presented
through the functional interference of Rab protein activity in cells
strongly support that functions of Rab11 and Rab22 proteins are
important for MV entry prior to viral membrane fusion and viral
core uncoating.

Our findings excluded the involvement of the late endosome/
lysosome pathway in MV entry in HeLa cells, since the virus par-
ticle tracking showed a very low frequency of MV particles colo-

FIG 9 continued
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calizing with Rab7-positive late endosomes and lysosomes. In
addition, the expression of Rab7-dominant mutants did not re-
duce WT-WR MV core release. A previous report showed that
GTPase Rab34 promotes macropinosome formation (49); how-
ever, our data did not support a role of Rab34 in vaccinia virus
entry in HeLa cells. ARF6 was also previously shown to regulate
the trafficking of cargo receptors through the endocytic pathway
in mammalian cells, but our results showed no evidence of ARF6
involvement in vaccinia MV entry (data not shown). Vaccinia MV
entry differs based on the virus strain and the cell type, so it must
be emphasized that our conclusions are based on results in HeLa
cells and have not yet been investigated in other cell types.

We also previously showed that the cellular protein VPEF is
required for WR-MV entry in HeLa cells (20). At that time, very
little was known about the function of VPEF; although we initially
hypothesized that VPEF may act as a cell surface molecule (38),
immunofluorescence staining suggested it may play a role in ves-
icle transport (20). We showed here that VPEF does not work
alone. The VPEF-associated WASH protein, which controls actin
polymerization at endosomes (37, 40, 59), was found to be neces-
sary for endosomal sorting of MV-containing vesicles. Further-
more, the VPEF-associated retromer complex Vps26/29/35 (59,
60) was also required for WT-MV-containing endosome sorting.

Although the retromer was initially thought to regulate endo-
some-to-Golgi retrieval, WASH-retromer interaction was re-
cently shown to mediate endosome-to-plasma membrane recy-
cling of several receptors, including integrin �5�1 and �2
adrenergic receptor (33, 61). It is worth noting that some compo-
nents of WASH complex—such as KIAA1033, KIAA0196,
Hsp70(A8 and 1A), and CCD53—remain uncharacterized and
did not appear to be involved in the vaccinia MV entry process.
Overall, our results extended our knowledge of vaccinia virus en-
try and revealed an important role of VPEF-WASH-retromer pro-
tein complexes in controlling MV sorting through early endo-
somes.

Each type of enveloped virus has evolved a distinct trafficking
pathway during virus entry. Influenza virus (62) reportedly goes
through the early endosome to the late endosome for membrane
fusion, whereas hepatitis C virus (63) and VSV (64) require deliv-
ery to early endosomes but not late endosomes. Our data showed
that the vaccinia mature virus trafficked to early endosomes,
where it—through the aid of WASH-VPEF-retromer complex-
es— became further sorted to recycling endosomes, followed by
membrane fusion and virus core release to the cytoplasm. Our
results raise a puzzling question regarding the relationship be-
tween acidity and vaccinia MV membrane fusion (5, 65), which
warrants further study to understand the physiological environ-
ments for virus membrane fusion to occur in cells.
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