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Retrograde Transport from Early Endosomes to the trans-Golgi
Network Enables Membrane Wrapping and Egress of Vaccinia Virus
Virions
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ABSTRACT

The anterograde pathway, from the endoplasmic reticulum through the trans-Golgi network to the cell surface, is utilized by
trans-membrane and secretory proteins. The retrograde pathway, which directs traffic in the opposite direction, is used follow-
ing endocytosis of exogenous molecules and recycling of membrane proteins. Microbes exploit both routes: viruses typically use
the anterograde pathway for envelope formation prior to exiting the cell, whereas ricin and Shiga-like toxins and some nonen-
veloped viruses use the retrograde pathway for cell entry. Mining a human genome-wide RNA interference (RNAi) screen re-
vealed a need for multiple retrograde pathway components for cell-to-cell spread of vaccinia virus. We confirmed and extended
these results while discovering that retrograde trafficking was required for virus egress rather than entry. Retro-2, a specific ret-
rograde trafficking inhibitor of protein toxins, potently prevented spread of vaccinia virus as well as monkeypox virus, a human
pathogen. Electron and confocal microscopy studies revealed that Retro-2 prevented wrapping of virions with an additional dou-
ble-membrane envelope that enables microtubular transport, exocytosis, and actin polymerization. The viral B5 and F13 protein
components of this membrane, which are required for wrapping, normally colocalize in the trans-Golgi network. However, only B5
traffics through the secretory pathway, suggesting that F13 uses another route to the trans-Golgi network. The retrograde route was
demonstrated by finding that F13 was largely confined to early endosomes and failed to colocalize with B5 in the presence of Retro-2.
Thus, vaccinia virus makes novel use of the retrograde transport system for formation of the viral wrapping membrane.

IMPORTANCE

Efficient cell-to-cell spread of vaccinia virus and other orthopoxviruses depends on the wrapping of infectious particles with a
double membrane that enables microtubular transport, exocytosis, and actin polymerization. Interference with wrapping or
subsequent steps results in severe attenuation of the virus. Some previous studies had suggested that the wrapping membrane
arises from the trans-Golgi network, whereas others suggested an origin from early endosomes. Some nonenveloped viruses use
retrograde trafficking for entry into the cell. In contrast, we provided evidence that retrograde transport from early endosomes
to the trans-Golgi network is required for the membrane-wrapping step in morphogenesis of vaccinia virus and egress from the
cell. The potent in vitro inhibition of this step by the drug Retro-2 suggests that derivatives with enhanced pharmacological
properties might serve as useful antipoxviral agents.

Vaccinia virus (VACV) is the prototype member of the poxvi-
rus family of cytoplasmic double-stranded DNA viruses (1).
The first infectious form of VACV, the intracellular mature virion
(MV), is a brick-shaped particle consisting of a nucleoprotein
core, lateral bodies, and a surrounding lipoprotein membrane (2).
A subset of cytoplasmic MVs are wrapped in an additional double
membrane and transported on microtubules to the periphery of
the cell where the outermost membrane fuses with the plasma
membrane, resulting in exocytosis and induction of actin tail for-
mation, which enhances virus spread (3). Thus, MVs have one
outer membrane, intracellular wrapped virions (WVs) have three,
and extracellular virions (EVs) have two. Interference with wrap-
ping or subsequent steps results in decreased virus cell-to-cell
spread and severe attenuation in an animal model (4, 5).

The MV membrane appears to be derived from the endo-
plasmic reticulum (ER) and is essential for the earliest steps in
morphogenesis (6). The presence of viral proteins in the trans-
Golgi network (TGN) led to the suggestion that this organelle
serves as the precursor of the wrapping membrane (7, 8),
whereas the presence of fluid-phase markers in the lumen of
the double WV membrane suggested an origin from tubular
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endosomes (9). However, enhanced transport of fluid-phase
markers to the TGN during VACYV infection complicates these
interpretations (8, 9).

Five integral membrane glycoproteins (A33, A34, A36, A56,
and B5) and the palmitylated F13 protein are viral protein com-
ponents of the wrapping membrane (10, 11). Of these, F13 and B5
are critical for wrapping to occur (12-14). B5 is a glycosylated type
1 integral membrane protein (15), whereas F13 is an unglycosy-
lated protein that is dependent on palmitoylation for membrane
association (7, 16, 17). Nevertheless, both B5 and F13 localize to
the TGN (7, 8, 18). However, the finding that a dominant negative
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form of the Sarl GTPase, which inhibits protein transport from
the ER, prevents B5 but not F13 from reaching the Golgi apparatus
suggests that the two proteins use different transport mechanisms
(19).

There are two recognized major transport pathways to the
TGN. Transmembrane and secretory proteins are transported
through the biosynthetic anterograde pathway from the ER
through the Golgi apparatus to the cell surface. Viral transmem-
brane proteins destined to form the envelope typically follow the
anterograde path. Recycling transmembrane proteins and extra-
cellular molecules that enter cells by endocytosis move in the op-
posite or retrograde direction from endosomes to the trans-Golgi
network. Bacterial (Shiga and cholera) and plant (ricin and abrin)
toxins (20) as well as some nonenveloped viruses, including sim-
ian virus 40 (SV40), polyomavirus, adeno-associated virus, and
papillomavirus (21-24), exploit the retrograde path to enter cells.
Retrograde transport is highly selective and depends on numerous
tethering factors, small GTPases, and SNARES (25, 26). The small
molecule Retro-2 interferes with retrograde transport from early
endosome to the TGN specifically and protects against ricin and
Shiga-like toxins (27) and virus entry (22—-24), while having little
or no apparent cellular toxicity.

Our particular interest in the retrograde pathway arose from a
genome-wide small interfering RNA (siRNA) screen in which de-
pletion of some retrograde transport factors significantly de-
creased spread of VACV (28). In principal, a block at any step
from virus entry to release could affect the spread assay. Further
analysis, described here, confirmed the role of retrograde trans-
port proteins in VACV spread and revealed that this pathway is
not required for VACV entry or assembly of infectious virions but
instead for membrane wrapping and dissemination of virus par-
ticles. More specifically, retrograde transport from early endo-
somes to the TGN was required for the proper localization of the
F13 protein in the same compartment as B5.

MATERIALS AND METHODS

Cells, viruses, and reagents. BS-C-1 (ATCC CCL-26) and HeLa (ATCC
CCL-2) cells were grown in minimum essential medium with Earle’s salt
and Dulbecco minimum essential medium (DMEM), respectively, sup-
plemented with 10% fetal bovine serum, 100 U of penicillin, and 100 g of
streptomycin per ml (Quality Biologicals, Gaithersburg, MD). Experi-
ments with monkeypox virus were carried out in a biosafety level 3 (BSL3)
facility approved for select agents. Recombinant VACVs expressing either
firefly luciferase, F13-green fluorescent protein (F13-GFP), or GFP-A4
were previously described (29-31). Plaque assays were performed in BS-
C-1 cell monolayers in 12-well culture plates with 10-fold serial dilutions
of virus. The virus was adsorbed to cells for 1 h at room temperature,
unbound virus was removed, and the cells were washed and incubated
with medium containing 0.5% methylcellulose. Retro-2 (Calbiochem,
Billerica, MA) was prepared as a 60 mM solution in dimethyl sulfoxide
(DMSO) and diluted in warm DMEM. Plasmids expressing the fluores-
cent fusion proteins mApple-TGNP, mApple-Rab5a, and mCherry-
Rab7a were gifts from Michael Davidson and obtained from Addgene
(catalog no. 54954, 54944, and 55127). Rabbit antibody to VACV strain
WR and rat 192C monoclonal antibody (MAb) to B5 were described
previously (8, 15, 32). The mouse MAb to the hemagglutinin (HA)
epitope tag (catalog no. MMS 101P) was purchased from Covance, now
part of BioLegend (San Diego, CA).

siRNA transfections, early gene expression, and spread assay. Indi-
vidual siRNAs (Silencer Select; ThermoFisher, Waltham, MA) were trans-
fected with Lipofectamine 2000 (ThermoFisher) according to manufac-
turer protocols into triplicate cultures of HeLa cells at 48 or 72 h prior to
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infection. For the entry assay, cells were infected with VACV IHDJvFire at
a multiplicity of 5 PFU/cell for 1 h at 4°C. The medium was replaced, and
the cells were incubated at 37°C for 90 min; firefly luciferase activity was
measured using luciferase assay substrate (Promega, Madison, WI). To
measure virus spread, HeLa cells in 24-well plates were infected with re-
combinant virus expressing GFP (29) at a multiplicity of 0.01 PFU/cell for
1 h at 37°C. The cells were washed, incubated with medium for 18 h at
37°C, trypsin treated, and fixed with 2% paraformaldehyde. Cells express-
ing GFP were detected by flow cytometry and analyzed with Flow]Jo soft-
ware (FlowJo, Ashland, OR).

Confocal microscopy. HeLa cells grown on coverslips were infected
for specified times, fixed with 4% paraformaldehyde, and permeabilized
with 0.1% Triton X-100 in phosphate-buffered saline (PBS). The samples
were blocked with 5% bovine serum albumin and 10% fetal bovine serum,
followed by incubation with primary antibodies in serum for 2 h. Cells
were washed with PBS and incubated with appropriate secondary anti-
bodies conjugated to fluorescent dyes (Molecular Probes, Eugene, OR) for
an additional 1 h with DAPI (4',6'-diamidino-2-phenylindole). Cover-
slips were washed and mounted on a glass slide using Prolong Gold (In-
vitrogen). The slides were examined with a Leica SP5 inverted four-chan-
nel confocal microscope. Images were prepared using Imaris version 8.2
software (Bitplane Scientific Software, St. Paul, MN). Colocalization was
determined using IMARIS on individual focal planes prior to z-stack su-
perimposition. Pearson’s coefficients were determined using the IMARIS
colocalization module, in which the threshold was determined manually
for each channel and the software calculated the linear relationship be-
tween the two signals. Statistical significance was determined by analyzing
cells in several random fields.

Egress assay. HeLa cells were infected for 18 h with VACV/GFP-A4,
washed, and incubated with antibody to B5 for 1 h at 37°C. The cells were
washed 3 times in cold PBS, fixed with 4% paraformaldehyde, and pre-
pared for confocal microscopy. Colocalization calculations were done us-
ing IMARIS on several random fields of cells.

Western blot analysis. Proteins of whole-cell lysates were separated in
4to 12% Novex NuPAGE acrylamide gels with 2-(N-morpholino)ethane-
sulfonic acid buffer and transferred to nitrocellulose membranes using the
iBlot system (ThermoFisher). The membrane was blocked with 5% non-
fat milk in PBS plus 0.05% Tween 20 and then incubated for 1 h at room
temperature or overnight at 4°C in the same solution with primary anti-
bodies at appropriate dilutions. Excess antibodies were removed by wash-
ing with PBS plus Tween 20. IRDye 800-conjugated secondary antibodies
against mouse and rabbit IgG were added, and the mixture was incubated
for 1 h at room temperature, washed, and developed using an Odyssey
infrared imager (Li-Cor Biosciences, Lincoln, NE).

Palmitoylation assay. HeLa cells were infected with 3 PFU/cell of
VACYV expressing F13-GFP for 1 h at 37°C, and 100 pM Click-It palmitic
acid-azide (ThermoFisher) was added. At 8 h after infection, the cells were
washed, lysed with radioimmunoprecipitation assay (RIPA) buffer, and
immunoprecipitated using antibody to GFP (Sigma-Aldrich, St. Louis,
MO) or IgG control attached to protein G-Dynabeads (ThermoFisher).
After washings, the Click-It reaction was carried out directly on the beads
using the Click-It protein reaction buffer kit (ThermoFisher) to attach
biotin-alkyne. In the control reaction, copper was omitted. Proteins were
eluted in sample buffer, heated at 80°C, resolved by SDS-PAGE, trans-
ferred to nitrocellulose blots, and probed with IRDye 800-conjugated
streptavidin.

For confocal microscopy, cells grown on coverslips were infected, in-
cubated with palmitic acid-azide, washed and fixed with 4% paraformal-
dehyde for 20 min, and permeabilized with 0.1% Triton X-100 for 10 min.
Alkyne-Alexa Fluor 594 was attached to palmitylated proteins in Click-It
cell reaction buffer (ThermoFisher), and samples were processed for im-
aging.

Transmission electron microscopy. Infected HeLa cells in 60-mm
plates were fixed with 2% glutaraldehyde in 0.2 M sodium cacodylate
bulffer, postfixed in reduced osmium tetroxide, dehydrated in a series of
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TABLE 1 Retrograde transport factor hits from a human genome-wide RNAi screen

Z-score”
Gene name Entrez GenelD SS.1 SS.2 SS8.3 SG oTp Median for all five reagents
STX6 10228 —2.25 —2.16 —2.61 —0.77 —0.26 —2.16
RAB39B 116442 —2.15 0.45 —1.93 —0.68 —2.77 —1.93
RABIA 5861 —1.42 -1.72 —1.32 —1.97 —1.63 —1.63
VPS51 738 —0.54 —1.74 0.04 —1.70 —1.54 —1.54
STX5 6811 —1.85 —2.26 —0.67 —1.47 —0.83 —1.47
Rab5C 5878 —0.27 —2.33 —1.55 —1.42 0.43 —1.42
RAB5C 5878 —0.27 —2.33 —1.55 —1.42 0.43 —1.42
UBE20 63893 —1.42 1.74 —1.70 —1.50 0.11 —1.42
VPS54 51542 —1.10 —1.34 —1.68 —1.72 0.51 —1.34
VAMP4 8674 —1.30 0.27 —1.11 —1.30 —1.37 —1.30
COG3 83548 —0.40 —1.74 —0.98 —1.26 —1.44 —1.26
RAB2A 5862 —2.01 —1.24 —1.09 —1.62 —0.49 —1.24
RAB1B 81876 —1.25 —0.52 —1.22 —1.27 —1.08 —1.22
GOSR2 9570 —1.17 —0.12 —0.14 —1.96 —2.29 —1.17
YKT6 10652 0.06 —1.14 —1.47 —1.18 1.81 —1.14
SNAP29 9342 0.14 —2.21 —1.34 —1.13 1.40 —1.13
ANKFY1 51479 —0.12 1.08 —2.28 —1.02 —1.50 —1.02
RAB9A 9367 —1.02 —1.47 —0.01 —1.99 0.10 —1.02
RAB38 23682 —1.34 —0.33 —2.47 0.50 —1.02 —1.02

#8S.1, SS.2, and SS.3 are individual siRNAs from the Ambion Silencer Select version 4 human genome library. SG is four pooled human siGenome siRNAs from Dharmacon. OTP

is four pooled siRNAs from the Dharmacon On-Targetplus human genome library.

ethanol incubations with final dehydrations in propylene oxide, and em-
bedded in EmBed-812 resin (Electron Microscopy Sciences, Hatfield, PA)
(33).

Procedures for cryosectioning and immunogold labeling were de-
scribed previously (34). Cryosections were picked up on grids, thawed,
washed free of sucrose, and stained with a mouse MAb to the HA epitope
fused to F13 and/or rat MAb 19C2 to B5, followed by rabbit anti-mouse
IgG and rabbit anti-rat IgG+1gM, respectively, and then protein A con-
jugated to 10-nm gold spheres (University Medical Center, Utrecht,
Netherlands). Specimens were viewed with an FEI Tecnai Spirit transmis-
sion electron microscope (FEI, Hillsboro, OR). Double labeling was car-
ried out using 5- and 10-nm gold as described previously (35).

Statistical analysis. P values were calculated using the Student ¢ test or
one-way analysis of variance (ANOVA) followed by the Bonferroni post-
test to correct for multiple assays using Prism from GraphPad.

RESULTS

Human genome-wide siRNA screen reveals retrograde trans-
port proteins as host factors that increase VACV spread. A pre-
vious comprehensive screen identified siRNAs to over 500 candi-
date human genes of more than 20,000 interrogated that inhibited
the spread of VACV (28). In order to prioritize the hits, we looked
for their enrichment in functional groups. The largest number of
hits was for genes involved in mRNA translation, consistent with
the absence of such genes in VACV. There was also enrichment of
genes for the proteasome/ubiquitin and the ER-to-Golgi trans-
port pathways, which were known to be important for VACV
uncoating and genome replication (36-38) and for formation of
EVs (19), respectively. Upon further mining of the hits, we noted
many candidate genes encoding factors for retrograde transport
from endosomes to the TGN; a sample of those are listed in Table
1. We prepared an interaction network by retrieving 158 genes
annotated in the endosome-to-Golgi retrograde traffic category
(GO:0042147) and adding human Rab membrane GTPase genes
and additional literature-curated genes designated to function in
the retrograde pathway. Using the Qiagen Ingenuity Pathway
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Analysis protein-protein interaction database (IPA; QIAGEN,
Redwood City, CA), we made an interaction map from this list
and overlaid the hits from our siRNA screen results (Fig. 1).
VACYV spread was strongly inhibited by depletion of representa-
tive components of the GARP complex, comprised of vacuolar
sorting protein 52 (VPS52), VPS53, and VPS54, GARP’s main
binding partner syntaxin 6 (STX6), and vesicle-associated mem-
brane protein 4 (VAMP4) as well as the small G protein ADP
ribosylation factor 5A (Arl5A), which aids in the recruitment of
GARP to the Golgi network (39-41). Depletion of retrograde
complex protein components of the COG complex (42, 43), the
HOPS complex (44), and the TRAPP complex (44) also reduced
virus spread. In contrast, depletion of protein components of the
Retromer complex (45) inhibited VACV spread to a lesser extent,
suggesting that a specific set of transport factors are needed. Re-
cently, the EARP complex was described, in which the VPS54
component of GARP is replaced by the coil-coil domain-contain-
ing 132 protein (CCDC132, also called syndetin) (26). Function-
ally, EARP is required for endosome recycling back to the mem-
brane, while GARP is needed for endosome-to-Golgi trafficking.
Depletion of syndetin had no effect on VACV spread, further sug-
gesting that a specific retrograde endosome-to-Golgi trafficking
system is needed for VACV.

Depletion of retrograde factors decreases virus spread but
not entry or formation of infectious virus. The enrichment of
multiple components of the retrograde trafficking pathway in the
high-throughput genome-wide screen strongly suggested that
they were biologically significant. For confirmation, the effects of
individual siRNAs to several high-priority genes from the screen
and others involved in retrograde transfer that were not tested or
did not make the list for various reasons were analyzed using flow
cytometry to measure spread of a recombinant VACV expressing
GFP. The siRNAs targeting STX6, the GARP component VPS52,
and COG3 each reduced VACV spread by about 50% compared to
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FIG 1 Interaction network of retrograde transport factors overlaid with siRNA hits. The 158 genes annotated in the endosome-to-Golgi retrograde traffic category
(GO:0042147) plus human Rab membrane GTPase genes and additional literature-curated genes designated to function in the retrograde pathway were compiled. Using
the Ingenuity Pathway Analysis protein-protein interaction database, we made an interaction map from this list and overlaid the median Z-score of 5 siRNAs for each
gene from our siRNA screen results (28). Decrease of virus spread is depicted in shades of red from dark to light, while increase is shown in green colors. Uncolored circles
indicate spread that was unchanged or not evaluated. Continuous arrows connect proteins that have been shown to interact, dashed arrows connect proteins for which
interactions have not been shown to be direct, and circular lines indicate self-associations. The symbols are defined at the bottom of the figure.

a control siRNA (Fig. 2A), thereby confirming and extending re-  that about 20% of STX5 remained after knockdown (data not
sults of the original screen. Incomplete depletion by siRNA, dueto ~ shown). Partial redundancy of transport functions could also con-
the stability of the proteins, can account for a consistent inhibition  tribute to incomplete inhibition of spread.

of approximately 50%. For example, Western blotting showed Based on studies with nonenveloped viruses (21-24), we
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FIG 2 Depletion of retrograde transport factors reduces virus spread but not entry or formation of infectious virus. (A) HeLa cells were transfected with the
indicated siRNA for 48 h, followed by infection with 0.01 PFU/cell of VACV strain IHD] expressing the A4 core protein with GFP fused to its N terminus for 18
h. GFP-positive cells were scored by flow cytometry, and results are presented as percentage of control siRNA values. (B) HeLa cells were transfected with the
indicated siRNA for 48 h. Cells were infected with 5 PFU/cell of VACV THDJ expressing firefly luciferase for 1 h at 4°C. After attachment, cells were incubated at
37°C for 90 min and luciferase activity determined. The latter was plotted as percentage of that obtained with control siRNA. (C) HeLa cells were transfected for
48 h with the indicated siRNA, followed by infection with 3 PFU/cell of VACV. After 24 h, the cells were lysed and virus titers determined by plaque assay on
BS-C-1 cells. (D) The indicated siRNAs were transfected into HeLa cells for 72 h, and virus spread was determined as for panel A. (E) The indicated siRNAs were
transfected into HeLa cells for 72 h, and entry and early gene expression were determined as for panel B. (F) HeLa cells were transfected for 72 h with the indicated

siRNA, and virus titers were determined as for panel C. Infections were carried out in triplicate, and error bars indicate standard deviations.

considered that VACV might use the retrograde pathway for
cell entry. A convenient VACV entry assay is based on the fact
that infectious poxvirus particles contain RNA polymerase and
transcription factors that enable early mRNAs to be synthesized
and then translated immediately after the core enters the cyto-
plasm. The expression of firefly luciferase regulated by an early
promoter provides a sensitive and quantitative measure of entry of
arecombinant VACV (46). Following synchronous infection, the
levels of luciferase detected in cells treated with siRNAs that tar-
geted STX6, VPS52, or COG3 were only modestly reduced relative
to the control (Fig. 2B), in comparison to the greater inhibition of
virus spread (Fig. 2A). Furthermore, siRNAs to these retrograde
transport factors had much less effect on the production of cell-
associated infectious virus during a 24-h single-step replication
cycle than did siRNA to Nup62 (Fig. 2C), which was previously
shown to inhibit virion formation (28).

Further studies were carried out to extend the above results by
depleting mRNAs from additional genes, particularly those en-
coding SNARE proteins that mediate vesicle fusion and which
may require longer times for depletion (47) than the 48 h used in
the high-throughput genome-wide screen. After a 72-h preincu-
bation, the siRNAs to vesicle-associated membrane protein 7
(VAMP7), STX13, STX17, and STX19 had no effect on virus
spread, whereas those to STX5, VAMP3, synaptosome-associated
protein 23 (SNAP23), and SNAP29 reduced spread by about 50%
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(Fig. 2D). The latter siRNAs did not reduce virus entry (Fig. 2E) or
infectious virus formation (Fig. 2F). Whether the failure of
siRNAs to VAMP7, STX13, STX17, and STX19 to inhibit spread
was due to the redundancy of factors or inadequate depletion of
the proteins was not determined. The compelling result was that
inhibition of virus entry or replication could not adequately ex-
plain the reduced virus spread resulting from depletion of STXS5,
STX6, VPS52, COG3, VAMP3, SNAP23, and SNAP29.
Depletion of retrograde transport factors inhibits formation
of extracellular virus particles. Since the siRNAs that reduced
VACV spread had only a small effect on virus entry and formation
of infectious VACV, we considered an effect on virus dissemina-
tion. MVs are assembled in juxta-nuclear cytoplasmic factories,
and a subset is wrapped in additional membranes and transported
along microtubules to the plasma membrane where exocytosis
occurs (48-52). These EVs are essentially mature virions with an
additional outer membrane that are released from the infected
cells (10, 53, 54, 55). However, the majority of the EVs remain
attached to the outside of the plasma membrane, enabling direct
cell-to-cell spread that is facilitated by actin polymerization (4, 55,
56). To ascertain whether inhibition of retrograde transport inter-
fered with EV formation, cells were treated with a control siRNA
or siRNA to STX6 or VPS52 and then infected for 18 h with a
recombinant VACV in which the A4 core protein was fused to
GFP, allowing detection of unwrapped and wrapped virions as

jviasm.org 8895


http://jvi.asm.org

Sivan et al.

Co-localization

&S

o

siControl

B kk C 1207 - sisTxs
| pryu— | -8 siCont
0.30- 'i' < o] oe o
o
‘g 0.25+ % oo
2 &
% 0.20 g o | !
(o] =
S 0.154 T £ /
s 2 o X
4 0.10+ 8 a4
v
& 0.05+ 1 ﬂ b f'ﬂﬁi’"‘f R‘
0.00= 0-‘"04...........
b q, 02 468 101':21:16182022242628
&0 $ 0;3 raction
& &L
N .
& ¥ E

FIG 3 Depletion of retrograde transport factors inhibits formation of extra-
cellular virus particles. (A) HeLa cells on coverslips were transfected with con-
trol siRNA (upper panel) or siSTX6 (lower panel) for 48 h and then infected for
18 h with 3 PFU/cell of VACV expressing the fluorescent GFP-A4 core protein.
Live staining of surface B5 was performed at 37°C for 1 h by adding rat MAb
specific for the external domain of B5 to the medium. Cells were washed, fixed,
and processed for confocal imaging. Colocalization (yellow) of the EV marker
B5 (red) and the core protein GFP-A4 (green) was calculated using IMARIS
software on individual confocal planes before making the z-stack shown. (B)
Pearson coefficients determined from analysis of several hundred cells in sev-
eral fields. Error bars indicate standard deviations. P values of less than 0.01
and 0.05 are indicated by two or one asterisk, respectively. (C) HeLa cells were
transfected with control siRNA or siRNA to STX6 for 48 h. Cells were then
infected with 3 PFU/cell of VACYV, labeled with [?H]thymidine, and harvested
after 24 h. Cell lysates were clarified by low-speed centrifugation and analyzed
by CsCl, sedimentation as previously described (4). Fractions were collected
from the bottom, and the radioactivity was determined by scintillation
counting.

previously described (57). Live unpermeabilized cells were incu-
bated with antibody that recognizes the extracellular domain of
the B5 protein component of the wrapping membrane. After re-
moving excess antibody and fixing, confocal microcopy was used
to identify extracellular virus particles by colocalization of A4-
GFP and B5. In the control, numerous EVs were detected at the
plasma membrane (Fig. 3A). When STX6 was depleted, transport
of B5 to the plasma membrane still occurred, but almost all of the
A4-GFP virions remained in a juxta-nuclear location (Fig. 3A). A
similar result was obtained with siRNA to VPS52 (not shown).
The extent of colocalization of A4-GFP and B5 was determined by
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calculation of Pearson coefficients, which confirmed the signifi-
cance of the reduced colocalization resulting from depletion of
STX6 or VPS52 (Fig. 3B).

The absence of EVs could result from either a failure of wrap-
ping, movement of wrapped virions to the periphery of the cell, or
exocytosis. In the following experiment, we provide evidence for a
defect in wrapping. The additional membranes of WVs and EVs
decrease the buoyant density of virus particles so that they are
separable from MVs by CsCl, gradient sedimentation of infected-
cell lysates (4). In the experiment depicted in Fig. 3C, the DNA of
virus particles was labeled with [*H]thymidine during infection in
cells that had been treated with a control siRNA or siRNA to STX6.
The high-density peak of MVs appeared to be similar regardless of
siRNA treatment, whereas the low-density peak was greatly re-
duced when STX6 was depleted. The confocal microscopy and
sedimentation studies pointed to a role of retrograde transport
factors in the transition of MVs to WVs, which would account for
the reduction in virus spread.

Inhibition of VACYV spread by the small molecule Retro-2. A
deeper understanding of the role of retrograde trafficking in the
spread of VACV came from studies with the potent and specific
inhibitor Retro-2. Retro-2 is a cell-permeative tricyclic compound
that was discovered in a high-throughput screen of small mole-
cules that could protect cells from Shiga-like toxins and ricin,
which depend on retrograde transport for release into the cyto-
plasm (27). The activity of Retro-2 involves relocalization of STX5
and STX6 from the TGN, although the direct cellular target of
Retro-2 remains to be discovered. Our finding that depletion of
STX5 or STX6, as well as other retrograde trafficking factors, in-
hibited VACV spread suggested to us that Retro-2 might have a
similar effect. Indeed, Retro-2 almost completely inhibited spread
of VACV as well as the closely related monkeypox virus between
concentrations of 25 and 50 M (Fig. 4A), similar to that found
for toxins (27). Like the siRNAs to retrograde transport factors,
Retro-2 had little effect on entry and early gene expression as
measured by luciferase activity whether administered before or
shortly after infection (Fig. 4B). Moreover, Retro-2 had no dis-
cernible effect on synthesis of the major viral proteins as deter-
mined by Western blotting using VACV antiserum (Fig. 4C).
During infection with VACV, progeny virions remained mostly
cell associated, with a minority dissociated into the medium as
shown for the DMSO control in Fig. 4D. Retro-2 diminished the
amount of released virus without affecting the yield of cell-associ-
ated virus, consistent with specific inhibition of virus dissemina-
tion (Fig. 4D).

Retro-2 prevents wrapping of MVs. Since we had shown that
depletion of STX6 led to the retention of virions in a juxta-nuclear
location, we investigated whether Retro-2 had a similar effect. Asa
control, cells were infected in the absence of drug with recombi-
nant VACV encoding the A4 core protein fused to GFP; at 4 and
8 h, the cells were fixed, permeabilized, and stained with MAb to
the VACV B5 membrane protein. Because the cells were perme-
abilized, the B5 MAb interacted with both intra- and extracellular
B5. During a normal VACYV infection, the virus structural proteins
begin to be synthesized in virus factories at 4 h, and virions are
formed by 8 h. At4 h, the GFP-A4 core protein was mainly in DNA
factories adjacent to the nucleus, whereas B5 was associated with
the Golgi apparatus, with little colocalization of the two viral pro-
teins (Fig. 5). By 8 h after infection, virions had formed, and the
detection of puncti that contained GFP-A4 and B5 suggested that
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FIG 4 Inhibition of VACV spread by Retro-2. (A) HeLa cells were infected
with 0.01 PFU/cell of VACV strain IHDJ or monkeypox virus (MPXV) ex-
pressing GFP-A4 for 1 h at 4°C. Cells were washed and incubated at 37°C with
serial dilutions of Retro-2 or DMSO. After 18 h, GFP-positive cells were de-
termined by flow cytometry and analyzed with Flow]Jo software. The percent-
age of GFP-positive cells relative to a no-Retro-2 control from four separate
experiments is shown. Error bars indicate standard deviations. (B) HeLa cells
were infected in triplicate with 5 PFU/cell of VACV IHD]J expressing firefly
luciferase at 4°C for 1 h and transferred to a 37°C incubator for 90 min. Cells
were lysed, and firefly luciferase activity was determined. Relative light units
(RLU) are plotted. Error bars indicate standard deviations. (C) HeLa cells were
infected with 3 PFU/cell VACV IHD] expressing firefly luciferase for 1 hat 4°C,
and the medium was replaced with fresh medium at 37°C with DMSO or 20
M Retro-2. Cells were harvested at the indicated times and lysed, and pro-
teins were resolved by electrophoresis in a 4 to 12% SDS-polyacrylamide gel,
transferred to a nitrocellulose membrane, and probed with antibody specific
for VACV proteins. HPI, hours postinfection; NI, not infected. (D) Cells were
infected with 3 PFU/cell of VACV IHD] expressing firefly luciferase in the
presence of Retro-2 or DMSO carrier. After 24 h, cells and medium were
collected separately and the virus titers determined by plaque assay. Infections
were carried out in triplicate and standard deviations calculated.

wrapping had occurred (Fig. 5). The difference between the colo-
calization of virus cores with B5 at 4 and 8 h was highly significant
(Fig. 5). When Retro-2 was added, the virus particles remained in
the interior of the cell, whereas the B5 protein was present near the
periphery (Fig. 5). ST-246, which prevents the wrapping of ma-
ture virions by targeting the F13 protein (58), also blocked the
colocalization of virions with B5 (Fig. 5). The extent of colocaliza-
tion of the virus cores with B5 at 8 h in the absence of drug was
significantly different from that occurring in the presence of either
Retro-2 or ST246 (Fig. 5).

The retention of virus particles in the interior of the cell and
their failure to colocalize with B5 suggested that Retro-2 blocked
wrapping. However, additional defects were still possible. There-
fore, transmission electron microscopy was used to investigate the
effects of Retro-2 more directly. Cells were infected with VACV
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FIG 5 Retro-2 prevents colocalization of virions with B5 membrane protein.
VACV/GFP-A4 (3 PFU/cell) was allowed to attach to HeLa cells on coverslips
for 1 h, after which incubations were carried out for the indicated hours
postinfection (HPI) in the presence of DMSO, 20 wM Retro-2, or 10 pM
ST-246. Cells were fixed, stained with antibody specific for B5 and with DAPI
to visualize DNA, and prepared for confocal microscopy. Images are superim-
positions of z-stacks. The middle column shows localization of B5, the left
column shows a merge of DAPI and GFP, and the right column shows a merge
of DAPI, B5, and GFP. Colocalization (yellow) of B5 (red) and the core protein
GFP-A4 (green) was calculated using IMARIS software on individual confocal
planes before making the z-stack overlay shown. Colocalization of the B5 and
GFP signals from cells in several randomly selected fields was evaluated by
determining Pearson coefficients, as plotted below the images. The error bars
indicate standard deviations. ***, P < 0.001.

and treated with DMSO carrier with or without Retro-2. In the
absence of Retro-2, virions surrounded by wrapping membranes
were present in the cytoplasm and EVs were visualized at the cell
surface (Fig. 6A and B). In the presence of Retro-2, normal-look-
ing MVs were distributed throughout the cytoplasm, but WVs
were rare and no EVs were detected (Fig. 6C and D). Some partial
wrapping of MVs occurred, as shown in the inset of Fig. 6D. As
anticipated, WVsand EVs were absent in cells that were infected in
the presence of the inhibitor ST-246 (Fig. 6E and F). To quantify
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FIG 6 Inhibition of WV and EV formation by Retro-2 determined by transmission electron microscopy. HeLa cells were infected with 5 PFU/cell of VACV in
the presence of DMSO carrier (A and B), 20 wM Retro-2 (C and D), or 10 pM ST-246 (E and F). After 24 h, the cells were fixed and prepared for transmission
electron microscopy. Left and right panels are low and high magnifications, respectively. The inset in the upper right corner of panel D shows a partially wrapped
MV. MVs, mature virions; WVs, wrapped virions; EVs, extracellular virions.
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FIG 7 Palmitoylation of F13 occurs in the presence of Retro-2. (A) HeLa cells

on coverslips were infected with 3 PFU/cell of VACV F13-GFP and after 1 h

incubated with 100 uM palmitic acid-azide and 20 pM Retro-2 or DMSO carrier. At 8 h after infection, the cells were washed, fixed, and labeled by Click-It

chemistry with alkyne-Alexa Fluor 594. Cells were examined by confocal micro

scopy, and superimposed z-stack projections are shown. Colocalizations were

determined on individual focal planes using IMARIS software prior to stacking. Green, GFP; red, palmitate; yellow, colocalization. (B) HeLa cells were infected
and labeled as for panel A. The cells were lysed, and F13 was captured with antibody to GFP attached to protein G on magnetic beads (lanes 5, 6, and 8) or control
IgG (lane 7). After washing, biotin was attached with Click-It chemistry. Proteins were eluted, resolved by SDS-PAGE, blotted onto a membrane, and probed with
streptavidin conjugated to IRDye 800. In lane 8, copper was omitted from the Click-It reaction mixture to provide a control.

the electron microscopic data, we selected thin sections of 25 cells
with MVs and determined the numbers of different types of ma-
ture virus particles formed in the absence and presence of drugs.
In the cells treated with DMSO carrier, there were 299 MVs, 37
partially wrapped MVs, 125 WVs, and 37 EVs. In cells treated with
Retro-2, there were 888 MVs, 28 partially wrapped MVs, 1 WV,
and no EVs. In the ST246-treated cells, there were 1,094 MVs and
no WVs or EVs. Thus, the block in virus spread caused by Retro-2
was due to inhibition of the wrapping step.

Retro-2 does not prevent palmitoylation of F13. F13, a non-
glycosylated protein with two palmitoylated cysteines that provide
hydrophobicity and membrane localization (7, 16, 17), is required
for wrapping of virions (12). To determine whether Retro-2 inter-
fered with palmitoylation of F13, cells were infected with a virus in
which the original F13 open reading frame was replaced with a
functional F13-GFP (30) and incubated with 100 wM palmitic
acid-azide in the presence of Retro-2 or DMSO carrier. At 8 h after
infection, the cells were washed, fixed, and labeled by Click-It
chemistry with alkyne-Alexa Fluor 594. Colocalization of palmitic
acid and F13 was observed with and without Retro-2 (Fig. 7A). To
confirm these results, F13 was captured with antibody directed to
GFP, and biotin was attached using Click-It chemistry. After SDS-
PAGE and transfer to a blot, palmitoylated proteins were probed
with IRDye 800-streptavidin. The intensities of the F13-GFP
bands were similar in the presence and absence of Retro-2, sug-
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gesting that the failure of wrapping was not caused by inhibition of
F13 palmitoylation (Fig. 7B).

Retro-2 alters the location of the VACV F13 membrane pro-
tein. Although Retro-2 did not interfere with palmitoylation, it
was of interest to determine the effect of the drug on F13 localiza-
tion. Previous studies had shown that F13 associates with early
and late endosomes in addition to the TGN (59, 60). Cells were
transfected with cytomegalovirus (CMV) vectors expressing
TGNP, Rab7, or Rab5 fused to fluorescent tags in order to localize
the TGN, late endosomes, and early endosomes, respectively. Af-
ter 24 h, the transfected cells were infected with a VACV express-
ing F13-GFP and treated with Retro-2 or the carrier DMSO alone.
Cell organelle markers, F13-GFP, and DAPI-stained nuclear and
cytoplasmic viral DNA were visualized by fluorescence confocal
microscopy and correlation coefficients determined. In the ab-
sence of Retro-2, F13-GFP colocalized with markers for the TGN
and early and late endosomes (Fig. 8A). In contrast, in the pres-
ence of Retro-2, there was little association of F13-GFP with TGN
markers, but association with the endosomal markers was rela-
tively unchanged (Fig. 8A). The difference in colocalization of F13
and the TGN marker in the absence and presence of Retro-2 was
significant (P < 0.007).

Next, we compared the localization of F13 with B5 in the ab-
sence and presence of Retro-2. In the absence of the drug, B5 and
F13 colocalized near the nucleus as well as in peripheral puncti
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FIG 8 Retro-2 prevents TGN localization of VACV F13 membrane protein. (A) HeLa cells grown on coverslips were transfected with plasmids expressing TGNP,
Rab5, and Rab7 fluorescent fusion proteins and 24 h later were infected with 3 PFU/cell of VACV expressing F13-GFP in the presence of DMSO or Retro-2. At
8 h postinfection, cells were fixed and prepared for confocal microscopy. Colocalization of B5 and GFP was calculated with IMARIS prior to superimposition of
z-stacks. The area within the box is shown at higher magnification on the right as separate and colocalization images. DAPI, blue; F13-GFP, green; Rab5 and Rab7,
red; colocalization, yellow. Scale bars are shown at bottom left. Pearson coefficients were determined by analyzing cells in several random fields. (B) Untrans-
fected cells were infected with VACV F13-GFP for 8 h and then stained with rat MAD specific for the B5 protein and a secondary fluorescent antibody. DAPI, blue;

B5, red; F13-GFP, green; colocalization, yellow. A Pierson coefficient plot of B5 and F13-GFP is on the right. ***, P < 0.001.
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that likely represent wrapped virus particles (Fig. 8B). In contrast,
there were fewer puncti and less colocalization of the two proteins
in cells treated with Retro-2 (Fig. 8). The significance of the latter
was confirmed by analysis of Pierson coefficients (Fig. 8).

In a previous section we showed by transmission electron mi-
croscopy that Retro-2 interfered with the formation of WVs. Im-
munogold labeling was performed in order to localize F13 and B5
under these conditions. Cells were infected with the recombinant
VACYV expressing F13 with a hemagglutinin (HA) tag in the ab-
sence (Fig. 9A, C, and E) and presence (Fig. 9B, D, and F) of
Retro-2 and then stained with either a mouse MAb to HA or a rat
MAD to B5 followed by protein A conjugated to gold spheres. In
the absence of drug, gold spheres representing F13 (Fig. 9A) and
B5 (Fig. 9C) decorated WVs as well as nearby membranes. In the
presence of Retro-2 (Fig. 9B), F13 was abundant on membranes
that resembled cross sections of tubular early endosomes de-
scribed by Tooze and Hollinshead (61) at sites of wrapping MVs.
This interpretation agrees with our confocal microscopy data in
Fig. 8 showing colocalization of F13-GFP with an early endosomal
marker. Some B5 was also found on similar membranous struc-
tures (Fig. 9D). We also carried out double labeling in which B5
and F13 were tagged with 10- and 5-nm gold spheres, respectively.
The image in Fig. 9E shows F13 and B5 in stacked membranes that
appear to be in the process of enclosing virus particles in the ab-
sence of drug. In the presence of Retro-2, both F13 and B5 were
associated with vesicles near MVs.

DISCUSSION

The goal of the present study was to evaluate the biological signif-
icance and role of retrograde transport proteins, which had been
discovered as host factors for spread of VACV in a human ge-
nome-wide RNA interference (RNAi) screen (28). As a first step,
we overlaid the siRNA results on an interaction network of pro-
teins involved in retrograde transport and found many strong hits,
particularly for components of the GARP and COG complexes.
Next, we tested siRNAs to several retrograde transport factors
from our gene enrichment list as well as others suggested by the
interaction network. In this way, we corroborated some previous
hits and found new ones that had been missed in the high-
throughput screen. Since the screen was based on a virus spread
assay, the retrograde transport factors could be needed for any
step from virus entry to egress. However, our studies showed that
neither entry nor formation of infectious virus was impaired. In
comparison, several families of nonenveloped viruses use retro-
grade transport for entry (21-24). The key results, shown by con-
focal microscopy and CsCl, sedimentation, were that depletion of
retrograde transport factors inhibited wrapping of MVs and
egress.

The strong inhibition of VACV spread by the retrograde trans-
port factors, and the t-SNAREs STX5 and STX6 in particular, led
us to study Retro-2. Retro-2 was discovered in a high-throughput
screen of small molecules that could protect cells from Shiga-like
toxins and ricin, which depend on retrograde transport for release
into the cytoplasm (27). Extensive studies showed that Retro-2 has
no effect on binding or endosomal entry of the toxins but specif-
ically blocks retrograde transport at the early endosome-TGN in-
terface (27). Retro-2 does not affect targeting to the TGN through
the late endosome pathway and has no discernible toxicity or ef-
fect on compartment morphology, endogenous retrograde car-
goes, or other trafficking steps. The activity of Retro-2 for protein
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toxins involves dispersal of STX5 and STX6 from the TGN, al-
though the cellular target that interacts with Retro-2 remains to be
discovered. Whereas individual siRNAs to STX5, STX6, and other
retrograde transport factors reduced VACV spread by about 50%,
Retro-2 reduced spread by nearly 100% when given before or after
infection. This difference is likely due to incomplete depletion of
proteins by siRNAs but may also reflect use of multiple alternative
factors, each of which is blocked by Retro-2. The specificity of
Retro-2 on retrograde trafficking and its perturbation of the same
step in the VACV reproductive cycle as depletion of retrograde
transport factors strongly suggested a common mechanism of ac-
tion at the endosome-TGN nexus.

Further studies with Retro-2 demonstrated that the membrane
wrapping of VACV particles was abrogated as shown by confocal
microscopy and transmission electron microscopy. This result fo-
cused our attention on the two proteins required for wrapping: B5
and F13 (12-14). B5 is a type 1 integral membrane glycoprotein,
with a long extracellular domain and a short cytoplasmic tail, that
traffics through the secretory pathway even in the absence of other
viral proteins (15, 18, 59, 62). Although B5 is acylated (15), non-
acylated mutants are only slightly impaired in function (63). In
contrast to B5, F13 has no transmembrane domain and is depen-
dent on palmitoylation of two cysteines for membrane localiza-
tion (7, 17). F13 is found associated with the TGN as well as early
and late endosomes even when COPII-mediated cargo transport
from the ER is inhibited, indicating that the anterograde pathway
is not utilized (59). We found that the association of F13 with the
TGN and colocalization with B5 were inhibited by Retro-2, im-
plying that F13 normally traffics from early endosomes through
the retrograde pathway. F13 has another element in addition to
palmitoylation that is required for membrane association and
might also be responsible for localization to early endosomes. This
element is a variation of a motif found in the superfamily of phos-
pholipases and phospholipid synthases (64, 65). The canonical
motifincludes two copies of an HxKxxxxD sequence, whereas F13
has a single copy of an NxKxxxxD sequence. Conservative substi-
tutions of K or D result in loss of F13 membrane localization and
wrapping (66, 67). Although there are similarities in the induction
of post-Golgi vesicles by phospholipase D and F13 (68), phospho-
lipase D activity is yet to be demonstrated for recombinant F13.
Moreover, an H-to-N mutation in the HxKxxxxD motif, making
it more like that of VACV, abrogated the activity of phospholipase
D, suggesting that F13 does not possess this activity (66). There is,
however, one report of broad-specificity lipase activity of purified
F13 (69), and it is also possible that F13 has an affinity for specific
phospholipids that mediates early endosomal localization. Al-
though further mechanistic studies are needed, we suggest that
F13 initially localizes in early endosomes and that retrograde
transport brings F13 and B5 together in wrapping membrane pre-
cursors. The use of the anterograde pathway for B5 and the retro-
grade pathway for F13, although seemingly inefficient, would en-
sure that wrapping of MVs does not occur upstream of the TGN.

There are two drugs in addition to Retro-2 and its derivatives
that inhibit the wrapping and release of VACV particles: IMCBH
(70-73) and ST-246 (58, 74). With both drugs, resistance muta-
tions were mapped to the gene encoding F13 (73, 74). ST-246 is
highly active in animal models (75) and is being tested clinically
(76). In principle, Retro-2 could have an advantage over IMCBH
and ST-246 because it targets host factors so that resistant virus
mutants would be unlikely to arise. Although Retro-2 has been
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FIG 9 Immunoelectron microscopy showing vesicular location of F13 in the presence of Retro-2. HeLa cells were infected with 5 PFU/cell of VACV expressing
F13-HA for 16 h in the presence of DMSO (A, C, and E) or 20 pM Retro-2 (B, D, and F). Cells were fixed, and frozen sections were stained with a mouse MAb
to the HA tag (A and B) or arat MAD to B5 (C and D) followed by rabbit anti-mouse or rabbit anti-rat IgG and protein A conjugated to 10-nm gold spheres. Panels
E and F show double label in which B5 and F13 are decorated with 10-nm and 5-nm gold spheres, respectively. WV, wrapped virions; EV, extracellular virions;
MYV, mature virions. Arrows point to F13 and arrowheads to B5.
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shown to protect mice against bacterial and plant toxins (27) and
infection with enterohemorrhagic Escherichia coli (77), we were
unable to demonstrate protective effects of Retro-2 in a mouse
model of VACV infection, at least partly due to poor drug solubil-
ity. However, Retro-2 derivatives with greatly increased potency
are in development (78-80) and will be worth testing in the future.
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