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A Novel Mode of Poxvirus Superinfection Exclusion That Prevents
Fusion of the Lipid Bilayers of Viral and Cellular Membranes

Jason P. Laliberte,* Bernard Moss

Laboratory of Viral Diseases, National Institute of Allergy and Infectious Diseases, National Institutes of Health, Bethesda, Maryland, USA

ABSTRACT

Superinfection exclusion is a widespread phenomenon that prevents secondary infections by closely related viruses. The vaccinia
virus A56 and K2 proteins in the cell membrane can prevent superinfection by interacting with the entry-fusion complex of sub-
sequent viruses. Here, we described another form of exclusion that is established earlier in infection and does not require the
A56 or K2 protein. Cells infected with one or more infectious virions excluded hundreds of superinfecting vaccinia virus parti-
cles. A related orthopoxvirus, but neither a flavivirus nor a rhabdovirus, was also excluded, indicating selectivity. Although su-
perinfecting vaccinia virus bound to cells, infection was inhibited at the membrane fusion step, thereby preventing core entry
into the cytoplasm and early gene expression. In contrast, A56/K2 protein-mediated exclusion occurred subsequent to mem-
brane fusion. Induction of resistance to superinfection depended on viral RNA and protein synthesis by the primary virus but
did not require DNA replication. Although superinfection resistance correlated with virus-induced changes in the cytoskeleton,
studies with mutant vaccinia viruses indicated that the cytoskeletal changes were not necessary for resistance to superinfection.
Interferon-inducible transmembrane proteins, which can inhibit membrane fusion in other viral systems, did not prevent vac-
cinia virus membrane fusion, suggesting that these interferon-inducible proteins are not involved in superinfection exclusion.
While the mechanism remains to be determined, the early establishment of superinfection exclusion may provide a “winner-
take-all” reward to the first poxvirus particles that successfully initiate infection and prevent the entry and genome reproduction
of defective or less fit particles.

IMPORTANCE

The replication of a virus usually follows a defined sequence of events: attachment, entry into the cytoplasm or nucleus, gene
expression, genome replication, assembly of infectious particles, and spread to other cells. Although multiple virus particles may
enter a cell at the same time, mechanisms exist to prevent infection by subsequent viruses. The latter phenomenon, known as
superinfection exclusion, can occur by a variety of mechanisms that are not well understood. We showed that superinfection by
vaccinia virus was prevented at the membrane fusion step, which closely followed virion attachment. Thus, neither gene expres-

sion nor genome replication of the superinfecting virus occurred. Expression of early proteins by the primary virus was neces-
sary and sufficient to induce the superinfection-resistant state. Superinfection exclusion may be beneficial to vaccinia virus by
selecting particles that can infect cells rapidly, excluding defective particles and synchronizing the replication cycle.

he ability of an established virus infection to interfere with a

secondary infection by a homologous virus was first described
in bacteriophages and subsequently in animal and plant viruses
with RNA and DNA genomes (1). The wide occurrence of super-
infection exclusion (SIE) suggests that it has important conse-
quences for virus replication, pathogenesis, and evolution. The
mechanisms of SIE are varied and in many cases incompletely
understood. Poxvirus SIE was observed in several early studies (2,
3) and characterized for vaccinia virus (VACV) by Christen et al.
(4). They concluded, mainly based on UV inactivation of virus
particles, that early gene expression by the primary virus was re-
sponsible for resistance to superinfection and that early gene ex-
pression by the secondary virus was prevented. Subsequent stud-
ies provided evidence that SIE can be mediated by a heterodimer
formed by the A56 and K2 proteins on the cell membrane (5, 6),
which interact with a protein complex on the virus surface that is
required for fusion and entry (7, 8). Whether this mechanism,
which was demonstrated at a late phase of virus replication, is
related to the early SIE was not assessed. The exclusion mecha-
nism(s) described above prevent infection by the mature virion
(MV), which is composed of a nucleoprotein core surrounded by
a single membrane that contains the fusion proteins (9). A second
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infectious form, called the extracellular enveloped virion (EV),
contains an additional nonfusogenic membrane surrounding the
mature virion (10). Doceul and collaborators (11) described an-
other form of SIE in which the EV is repulsed from infected cells
that have expressed the A33 and A36 proteins. Thus, poxviruses
appear to have multiple ways of preventing superinfection.

Since the initial studies of SIE, much has been learned about
the biology of poxviruses, making it worthwhile to reassess MV
exclusion mechanisms (12). Four proteins are known to mediate
attachment of MVs (13), and 11 or more proteins participate in
the membrane fusion step (9). VACV entry can occur at the
plasma membrane at neutral pH or through endocytic vesicles at
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FIG 1 Kinetics of acquisition of resistance to superinfection and effects of primary (1°) and secondary (2°) virus multiplicities. (A and B) Kinetics. HeLa cells were
infected (inf.) with 10 PFU/cell of VACV strain WR or IHD-] for 0 to 240 min in the absence or presence of AraC. At intervals, cells were superinfected with 3
PFU/cell of recombinant WRvFire for 150 min. LUC activity was determined and plotted as arbitrary (arb.) units versus length of time of primary virus infection
prior to superinfection. (C and D) Effect of primary virus multiplicity. Cells were infected with 0 to 10 PFU/cell of VACV WR or IHD-] for either 90 or 180 min and
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low pH, resulting in the entry of the virus core into the cytoplasm
(14, 15). The initial step of VACV entry consists of lipid mixing of
the outer leaflets of viral and cellular membranes, a process known
as hemifusion (16, 17). However, there are still significant gaps in
our knowledge of the fusion mechanism and the roles of cellular
signaling and receptor proteins in entry (18-20). The VACV core
contains the ~200,000-bp double-stranded DNA genome and a
set of enzymes that enable the synthesis and modification of more
than 100 early mRNAs. The early mRNAs encode proteins in-
volved in host cell interactions, DNA replication, and intermedi-
ate-stage transcription; the intermediate and late mRNAs encode
proteins for maturation and packaging of DNA and virion assem-
bly (21, 22). Progeny virus particles are formed following genome
replication and intermediate and late gene expression (23).

In the present study, we demonstrated that a primary VACV
infection prevented entry of superinfecting virions at the mem-
brane lipid-mixing (hemifusion) step. Induction of superinfec-
tion resistance required viral early RNA and protein synthesis by
the primary virus and was differentiated from A56/K2-mediated
exclusion. Thus, it is important to distinguish SIE of the secondary
virus and induction of superinfection resistance by the primary
virus, which occur at different steps. The ability of a single infec-
tious virion to prevent the subsequent entry and replication of
numerous virus particles suggests that early SIE provides a pow-
erful selection for rapid virus entry and gene expression with im-
portant consequences for maintaining virus fitness.

MATERIALS AND METHODS

Cells and viruses. Human HeLa and African green monkey kidney BS-
C-1 and Vero cells were maintained in minimum essential medium with
Earle’s salts (EMEM) supplemented with 2.5% fetal bovine serum (FBS),
2 mM r-glutamine, 100 U/ml penicillin, and 100 pg/ml streptomycin
(Quality Biologicals). HEK293 cells (ATCC CCL-1573) and HEK293 cells
expressing A56/K2 (6) were maintained in Dulbecco’s modified Eagle
medium (DMEM) supplemented with 10% FBS and 2 mM L-glutamine.
HEK293 cells expressing A56/K2 were cultured in the presence of 100
pg/ml of zeocin (Life Technologies). We used the following strains of
VACV: Western Reserve (WR; ATCC VR-1354; GenBank accession num-
ber NC_006998), International Health Department-J (IHD-J; from S.
Dales), MVA (ATCC VR-1508); and cowpox virus (CPXV) strain Brigh-
ton Red (ATCC VR-302). Recombinant strains of VACV WR included
deletion mutants WRAA56R, WRAK2L, and WRAA56RAK2L (7); induc-
ible mutants vA21Li (24), vG3Li (17), vH2Ri (25), vL1Ri (26), and vL3Li
(27); yellow fluorescent protein (YFP) fusion protein mutant WR YFP-A4
(28); and WRvFire expressing luciferase (LUC) under a VACV synthetic
early/late promoter (14). VACV strain IHD-J and CPXV constructs in-
cluded THD-J GFP-A4 (29), IHD-JvFire (29), and CPXVvFire (30). The
VACV WR recombinant possessing two premature stop codons in the
F11L open reading frame (ORF) was a kind gift of Nissin Moussatche
(University of Florida). Vesicular stomatitis virus (VSV) strain Indiana
was from ATCC (VR-1238); West Nile virus (WNV) reporter virus par-
ticles (RVPs) expressing renilla LUC (31) were a generous gift of Theo-
dore Pierson (NIAID, NIH).

Recombinant VACV construction. Recombinant VACV (parental
strain WR) expressing green fluorescent protein (GFP) under a synthetic
early/late VACV promoter (32) was generated by inserting the GFP ORF
between the VACV F12L and F13L gene loci. Recombinant VACV (pa-
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rental strain IHD-]) expressing the far-red fluorescent protein HcRed1
under a synthetic early/late VACV promoter was generated by inserting
the HcRed1 ORF between the VACV F12L and F13L gene loci. The re-
combinant IHD-J AF11L was generated by replacing the F11L ORF with
that of GFP (under a synthetic early/late VACV promoter). In each case,
plaques containing recombinant viruses expressing the appropriate fluo-
rescent protein were identified, and clonal isolates were obtained after five
rounds of plaque purification. The correct site of recombination was ver-
ified by PCR and sequence analysis.

Virus purification and titration. BS-C-1 cells were infected with
VACYV (in the presence or absence of inducer) for 48 h. Intracellular virus
particles were purified by sedimentation twice through a sucrose cushion
and banding on a sucrose gradient as described previously and stored at
—80°C, and the infectious titer was determined by plaque assay on BS-C-1
cells (33, 34). The number of virus particles in purified virus was estimated
from the optical density at 260 nm (33).

LUC entry assay. HeLa cells seeded in 48-well plates were uninfected
or infected with 10 PFU/cell of primary virus. Purified LUC-encoding
MVs (3 PFU/cell) were added, and the cells were incubated at 37°C for 150
min unless indicated otherwise. Cells were washed with phosphate-buft-
ered saline (PBS) and incubated with cell culture lysis reagent (Promega)
for 30 min at room temperature with gentle agitation. LUC activity in
cellular extracts was measured according to the manufacturer’s protocol
(luciferase assay system; Promega) and quantified on a Berthold Sirius
luminometer (Berthold Detection Systems).

Flow cytometry of dually infected cells. HeLa cells were uninfected or
infected with THD HcRed-encoding virus at several multiplicities for 180
min at 37°C. Secondary VACV WR GFP-encoding virus at 4 PFU/cell then
was added and cultures incubated for approximately 16 h at 37°C. In a
similar manner, cells were coinfected with IHD HcRed-encoding virus at
several multiplicities and WR GFP-encoding virus (4 PFU/cell). Cells
were fixed in PBS containing 4% paraformaldehyde and analyzed using a
FACSCalibur flow cytometer. Data were processed with FloJo software for
the percentage of HcRed™ cells and the levels of GFP expression (mean
fluorescence intensity [MFI]) among HcRed " cells.

Virus-cell binding assay. HeLa cells seeded in 48-well plates (8.0 X
10* cells per well) were uninfected or infected with primary virus at a
multiplicity of 10 PFU per cell, chilled to 4°C, and incubated with 5 PFU
per cell of secondary WR YFP-A4 virions for 60 min at 4°C. Cells were
washed twice with cold PBS (Quality Biological) to remove unbound virus
and fixed in 4% paraformaldehyde—PBS for 30 min at 4°C. YFP-positive
cells were quantified using a FACSCalibur flow cytometer (BD Biosci-
ences), and data were processed with FloJo software (Tree Star, Inc.).

Fluorescent labeling of virus particles and virus-cell membrane fu-
sion assay. The loading of purified MVs with DiD (Life Technologies) for
assessment of virus-cell membrane fusion has been described (17). HeLa
cells were left uninfected or were infected with 10 PFU/cell of primary
virus for various times and superinfected with DiD-loaded secondary vi-
rus. After 90 min, cells were washed, trypsinized, sedimented, and fixed in
PBS containing 4% paraformaldehyde. DiD-positive cells were quantified
using a FACSCalibur flow cytometer, and data were processed with FloJo
software. The loading of purified MVs with R18 (Life Technologies) for
assessment of the kinetics of virus-cell membrane fusion has been de-
scribed (17). R18 fluorescence was monitored with a Fluoro-Max3 spec-
trofluorometer outfitted with a Peltier sample cooler (Horiba Jobin Yvon)
and a temperature control unit to maintain the samples at 37°C.

Stimulation of virus entry by low-pH treatment. Low-pH stimula-
tion of virus entry was performed as described previously (14). Infected
cells were incubated for 3 min in prewarmed 37°C PBS with Ca** and

superinfected as described for panels A and B. LUC levels were assayed and plotted as a function of primary virus multiplicity of infection (MOI). (E and F) Effect
of superinfecting virus multiplicity. Cells were uninfected or infected with 10 PFU/cell of VACV WR or IHD-] for 180 min and then superinfected with 0.5 to 200
PFU/cell of VACV WR encoding LUC for 150 min. LUC was assayed and plotted as a function of secondary virus MOI in panel E and is plotted in panel F as

percent inhibition of secondary virus entry as determined from LUC activities.
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FIG 2 Single infectious primary virus can trigger resistance to superinfection. (A) Schematic of superinfection and coinfection protocols. Under superinfection
conditions, HeLa cells were infected with 0 to 7.5 PFU/cell of primary HcRed-encoding virus for 3 h in the presence of AraC. Cells then were superinfected with
4 PFU/cell of secondary GFP-encoding virus for 20 h in the presence of AraC. Under coinfection conditions, cells were infected with a mixture of HcRed-
encoding virus and 4 PFU/cell of GFP-encoding virus for 20 h in the presence of AraC. Cells were harvested and analyzed by flow cytometry for HcRed and GFP
fluorescence. For superinfection (B) and coinfection (C) conditions, the percentages of HcRed ™ cells were quantified and plotted as a function of HcRed-
encoding virus MOL. The GFP mean fluorescence in HcRed ™ cells was quantified and plotted as the percentage of fluorescence in control cells infected with

GFP-encoding virus.

Mg>* at pH 7.4 or PBS with Ca’" and Mg>* supplemented with 1 mM
2-morpholinoethanesulfonic acid adjusted to pH 5.0 with HCI. After re-
moval of PBS, the pH was neutralized by one wash with EMEM containing
2.5% FBS. Cells were incubated in prewarmed EMEM with 2.5% FBS for
120 min at 37°C, and LUC was quantified as described above.

Antibody neutralization of VACV. Equivalent amounts of purified
primary WR virus were incubated with preimmune rabbit sera (1:450
dilution; Covance), anti-VACV polyclonal rabbit sera (1:450 dilution)
(35), or 2.2 pg/ml anti-L1 monoclonal antibody (36) in EMEM without
serum for 30 min at room temperature. Infectious virus titers were deter-
mined by serial dilution and plaque assay as described above.

Inhibitor treatments. HeLa cells were left untreated or were pre-
treated with the indicated concentrations of the inhibitors (Sigma-Al-
drich) amanitin (10 pg/ml), cordycepin (40 pg/ml), actinomycin D (4
pg/ml), emetine (2 wM), cycloheximide (CHX; 66 M), and anisomycin
(1 wM) for 30 min at 37°C. Inhibitor concentrations were maintained
throughout the course of the experiments.

9754 jviasm.org

UV irradiation of primary virus. Equivalent numbers of purified
MVs (2.8 X 10® PFU) of VACV IHD-J and recombinant IHD-J GFP-A4
and IHD-JvFire were diluted into approximately one ml of PBS plus 0.2%
bovine serum albumin (BSA). Virus aliquots were placed in a 6-well tissue
culture dish on ice and exposed to UV for the indicated length of time
using a SuperBright II 3000 series box equipped with an SW lamp (UV
peak, 254 nm) placed approximately 35 mm above the virus samples.
Virus samples then were assessed for cell attachment, virus-cell mem-
brane fusion, early and late reporter gene expression, and infectivity uti-
lizing the assays as described above. Virus recovery following UV expo-
sure was assessed by analyzing viral 4b core protein (encoded by the A3L
gene) by Western blotting using rabbit polyclonal antibody raised against
A3 protein (R. Doms and B. Moss, unpublished data).

Actin staining of cells. HeLa cells plated on glass coverslips were left
untreated or were pretreated with actinomycin D (4 pug/ml) or anisomy-
cin (1 wM) for 30 min at 37°C. Inhibitor concentrations were maintained
throughout the course of the experiments. Cells were cooled and incu-
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FIG 3 SIE occurs at the virus-cell membrane fusion step. (A) Cell binding step. Cells were left uninfected or infected with 10 PFU/cell of VACV WR or IHD-]
for 120 min and incubated with 5 PFU/cell of YFP-tagged secondary VACV WR at 4°C for 60 min. Cells were analyzed by flow cytometry to determine the number
and mean fluorescence of YFP™ cells. Data are presented as the percentage of YFP-tagged virus bound to primary virus-infected cells compared to uninfected
control cells. (B) Hemifusion step. Cells were uninfected or infected with 10 PFU/cell of VACV WR or IHD-J for 120 min. The cells were superinfected with 3
PFU/cell of DiD-loaded secondary VACV WR at 37°C for 90 min and analyzed by flow cytometry to determine the number of DiD™" cells and the DiD mean
fluorescence intensity. The latter values were normalized to the values obtained for the uninfected control cells infected with DiD-loaded virus. (C) LUC
expression. Cells were uninfected or infected with 10 PFU/cell of VACV WR or IHD-] for 120 min and superinfected with 3 PFU/cell of WRvFire for 150 min.
Cells then were lysed and LUC activity quantified; the data were normalized to values obtained for the uninfected control cells infected with WRvFire.

bated with 10 PFU/cell of purified virions (strain IHD-J unless otherwise
indicated) for 60 min at 4°C. Cells then were washed twice with cold PBS
to remove unbound virus, and prewarmed EMEM plus 2.5% FBS was
added. Cells were incubated at 37°C for the indicated length of time, at
which point cells were washed and fixed in PBS with 4% paraformalde-
hyde for 10 min at room temperature. Cells then were permeabilized with
PBS plus 0.1% Triton X-100 for 10 min at room temperature, washed,
blocked in PBS plus 1% BSA for 30 min at room temperature, and then
incubated with Alexa Fluor 488 phalloidin (Life Technologies) for 20 min
atroom temperature. Coverslips were mounted using ProLong Gold (Life
Technologies) and imaged on a Leica SP5 inverted four-channel micro-
scope. Time zero indicates that samples were fixed immediately after the
4°C binding stage.

Electron microscopy. Infected HeLa cells in 60-mm-diameter wells
were prepared for cryosectioning and immunogold labeling as described
previously (37). Cryosections were picked up on grids, thawed, washed
free of sucrose, and stained with rabbit antibody to GFP (Abcam, Eugene,
OR) and protein A conjugated to 10-nm gold spheres (University Medical
Center, Utrecht, Netherlands). Specimens were viewed with a FEI Tecnai
Spirit transmission electron microscope (FEI, Hillsboro, OR).

Heterologous virus infections and superinfections. For VSV super-
infection, HeLa or Vero cells were left untreated or were pretreated with
dynasore (80 wM; Sigma-Aldrich) for 30 min at 37°C; where indicated,
dynasore concentrations were maintained throughout the experiment.
Cells then were left uninfected or were infected with primary THD-J
VACV (10 PFU/cell) for 240 min at 37°C. Secondary VSV (3 PFU/cell) was
added and cultures incubated for 21 h at 37°C. Whole-cell lysates were
resolved by SDS-PAGE on 4 to 12% Novex NuPAGE acrylamide gels (Life
Technologies), and proteins were transferred to nitrocellulose mem-
branes. Membranes were blocked with 5% nonfat milk in PBS containing
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0.05% Tween 20, incubated with primary antibody overnight at 4°C,
washed, incubated with species-appropriate secondary antibody conju-
gated with IRDye 680 (LI-COR Biosciences), and analyzed using a LI-
COR Odyssey infrared imager (LI-COR Biosciences). The intensity of
protein bands was quantitated with ImageJ software (NIH). Primary an-
tibodies against VSV G protein (Sigma-Aldrich) and cellular glyceralde-
hyde-3-phosphate dehydrogenase (GAPDH) (Covance) were used.

For WNV superinfection, HeLa cells were left uninfected or were in-
fected with primary VACV WR (10 PFU/cell) as indicated for 180 min at
37°C. Secondary WNV reporter particles (3 particles/cell) were added and
cultures incubated for 20 h at 37°C. Cells then were incubated with renilla
luciferase assay buffer (Promega) for 30 min at room temperature with
gentle agitation. Renilla LUC activity in cellular extracts was measured
according to the manufacturer’s protocol (renilla luciferase assay system;
Promega) and quantified on a Berthold Sirius luminometer.

RESULTS

Resistance to superinfection. We employed a sensitive and quan-
titative assay using VACV WRvFire (14), which encodes firefly
LUC regulated by an early/late promoter, to detect entry and gene
expression by a superinfecting virus. Two commonly used labo-
ratory strains of VACV, WR and IHD-]J, were tested for their abil-
ity to induce superinfection resistance. HeLa cells, which are per-
missive for both VACV strains, were infected with 10 PFU/cell of
WR or THD-J and, at intervals, were secondarily infected with
WRvFire. At 150 min after each WRvFire infection, LUC activity
was measured. Resistance to superinfection was established be-
tween 1 and 4 h after primary virus infection, as judged by a pro-
found reduction in LUC activity following secondary infection

jviasm.org 9755
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FIG 4 Analysis of SIE by transmission electron microscopy. HeLa cells were mock infected (A and B) or infected (C and D) with IHD-]J (10 PFU/cell). After 4
h, the cells were inoculated with 100 PFU/cell of VACV WR containing YFP fused to the A4 core protein. After adsorption, cells were briefly incubated with buffer
at pH 7.3 (A and C) or pH 5.0 (B and D) at 37°C, and the incubation continued in regular medium. The cells were fixed at 30 min after pH 7.3 treatment or 10
min after pH 5.0 treatment. After cryosectioning, the cells were stained with antibody to YFP followed by 10-nm gold spheres attached to protein A. Arrows point

to cores; arrowheads point to MVs in endosomes. Magnifications are indicated.

with WRvFire (Fig. 1A). The accelerated induction of resistance
by IHD-]J correlated with its more rapid entry and early gene ex-
pression compared to that of WR (data not shown). The kinetics
of establishing resistance was unaltered by the presence of cytosine
arabinoside (AraC), an inhibitor of DNA replication (Fig. 1B),
consistent with the early time frame of the process. The establish-
ment of resistance was dependent on a primary virus multiplicity
sufficient to infect all cells (Fig. 1C and D). Remarkably, the extent
of SIE was constant from 50 to 200 PFU of superinfecting virus
(Fig. 1E and F). SIE could be established by primary infection of a
variety of cells, including BS-C-1, RK13, Vero, BHK-21, CHO,
and 293T, in addition to HeLa (data not shown).

The results described above suggested that no more than a few
infectious virus particles per cell were required to establish potent
resistance to superinfection. Flow cytometry was used to more
quantitatively evaluate this parameter (Fig. 2A). Cells were in-
fected with a primary virus encoding red fluorescent protein
(HcRed) under an early viral promoter at a multiplicity of 0 to 7.5
PFU per cell. The cells were coinfected or superinfected after 3 h
with a second virus encoding GFP under an early viral promoter at
a multiplicity of 4 PFU per cell. A DNA synthesis inhibitor was
added to prevent progeny virus formation and spread. The cells
were analyzed in a flow cytometer, and the percentage of HcRed *
cells at each multiplicity and their GFP fluorescence intensities
(relative to that of an infection without HcRed virus) were deter-
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mined (Fig. 2B). When the multiplicity of the primary virus infec-
tion was 7.5 PFU/cell, approximately 91% of the cells were
HcRed ™", and GFP expression in those cells was less than 1% of
that of control cells not infected with HcRed-encoding virus. As
the multiplicity of the primary virus infection decreased toward 1
PFU/cell, the population of HcRed™ cells was reduced; however,
thelevel of GFP expression remained low among those cells scored
as HcRed ™" (Fig. 2B). For example, a primary virus multiplicity of
0.47 PFU/cell resulted in 62% HcRed ™ cells in which GFP expres-
sion was reduced by an average of 82% compared to control cells
not infected with HcRed-encoding virus. Under the latter condi-
tions, the median inhibition of GFP expression in HcRed " cells
compared to that of HcRed ™ cells was approximately 90%. These
results suggest that a single primary infectious particle can trigger
resistance to superinfection within 3 h. In contrast, high GFP ex-
pression occurred under coinfection conditions: a virus multiplic-
ity of 0.47 PFU/cell of HcRed-expressing virus together with 4
PFU/cell of GFP-expressing virus resulted in approximately 35%
HcRed ™" cells in which there was only a 9% reduction in GFP
expression compared to that of control cells not infected with
HcRed-encoding virus (Fig. 2C).

Determination of the step at which superinfection was
halted. We investigated the ability of the superinfecting virus to
undergo cell attachment, virus-cell membrane fusion, and gene
expression following virus core entry. For virus attachment, un-
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FIG 5 Cell attachment and entry of the primary virus are necessary to induce resistance to superinfection. (A) Effect of antibodies on establishment of
superinfection resistance. VACV WR that had been incubated with PBS, control (cntrl) serum, polyclonal VACV antibody, or monoclonal L1 antibody was
adsorbed to cells at 37°C for 150 min. Cells then were washed extensively and incubated with 3 PFU/cell of WRvFire at 37°C for 120 min, and LUC activity was
determined. Data are presented as percentages of secondary virus entry into uninfected control cells (set to 100%). (B) Relative abilities of EFC-positive and
EFC-negative viruses to establish resistance to superinfection. Cells were uninfected or infected with equivalent numbers of IHD-] or EFC-positive or EFC-
negative virus particles at 37°C for 180 min and then superinfected with 3 PFU/cell of WRvFire for 120 min. LUC activity was determined and is presented as a

percentage of secondary virus entry into uninfected control cells.

infected cells or cells that had been infected with VACV strain WR
or IHD-]J for 120 min were cooled to 4°C and incubated for 60 min
with the recombinant virus WR YFP-A4, in which a core protein is
fused to YFP. Cells then were washed and processed by flow cy-
tometry to determine the association of the secondary virus with
cells. Uninfected cells and cells infected with either WR or IHD-]J
primary virus permitted attachment of the YFP-A4 virus to simi-
lar levels (Fig. 3A), indicating the SIE occurs at a subsequent step.

The next stage in VACV entry is fusion of viral and cell mem-
brane lipid bilayers, a process known as hemifusion (16, 17). Lipid
mixing can be measured by loading a self-quenching dye in the
viral membrane; when fusion with the cell membrane occurs, the
dye is diluted, resulting in increased fluorescence. We incubated
virus labeled with the fluorescent membrane probe DiD with un-
infected cells or cells that had been infected with WR or IHD-J.
The fluorescence was reduced by 80% and 95% in cells that had
been previously infected with WR and IHD-J, respectively, com-
pared to uninfected cells (Fig. 3B). The extent of inhibition at the
virus-cell membrane fusion stage was similar to that measured by
LUC expression (Fig. 3C). Thus, SIE occurs at a step immediately
after attachment.

Analysis of SIE by electron microscopy. Transmission elec-
tron microscopy was used to directly visualize the fate of the su-
perinfecting virus. HeLa cells were infected with 10 PFU/cell of
IHD-] and subsequently infected at neutral or low pH with 100
PFU/cell of recombinant WR containing YEP fused to the A4 core
protein. Control cells were infected with only the WR YFP-A4
virus. The cells were fixed at 10 min after low-pH infection, which
synchronizes fusion at the plasma membrane, and 30 min after
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neutral-pH infection to allow greater endosomal uptake. Immu-
nogold labeling with antibody that recognized YFP was performed
to distinguish the superinfecting virus from the primary virus,
which had no YFP. Since immunostaining was performed follow-
ing cryosectioning, the intact MVs located at the surface and in
endocytic vesicles as well as cytoplasmic cores were labeled with
antibody. We distinguished cores from MVs in endosomes by
resolving their membranes, and representatives are shown in Fig.
4A to D. Examination of 50 control cells revealed 140 and 192
immunogold-labeled cores under neutral- and low-pH condi-
tions, respectively, whereas 0 and 25 immunogold-labeled cores
were detected after superinfection at neutral and low pH. Al-
though labeled MVs were found in cytoplasmic vesicles of super-
infected and control cells, the numbers were too low for accurate
quantification. These data indicated that core entry was inhibited
regardless of pathway.

Primary virus attachment and entry required for establish-
ing resistance to superinfection. Thus far, we mainly have been
describing the step at which superinfection is blocked. We now
turn to the requirements for establishing resistance to superinfec-
tion by the primary virus. The rapid establishment of resistance,
even in the presence of AraC, indicated that the block was trig-
gered at an early step in infection. The steps preceding viral DNA
replication include virus attachment, membrane fusion, core en-
try, early gene transcription, and translation. To differentiate
these steps, we incubated the primary virus with polyclonal anti-
body made in rabbits infected with VACV, which prevents virus
attachment (J. Laliberte, unpublished data), or with a monoclonal
antibody to the viral L1 protein, which allows attachment and
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FIG 6 Transcriptional and translational requirements for establishment of superinfection resistance. (A) Effects of transcription inhibitors. Cells were left
untreated (UT) or were treated with a-amanitin (10 pwg/ml), cordycepin (40 pg/ml), or actinomycin D (act. D; 4 ug/ml) for the duration of the experiment.
Following 30 min of inhibitor pretreatment, cells were uninfected (uninf.) or infected with 10 PFU/cell of VACV WR or IHD-]J for 150 min at 37°C. Cells then
were superinfected with 3 PFU of DiD-loaded secondary VACV WR at 37°C for 90 min. Cells were analyzed by flow cytometry to determine DiD mean
fluorescence (DiD fluor.) intensities (MFI), which were normalized to the values obtained for the untreated and uninfected control (cntrl) cells infected with
DiD-loaded virus. (B) Effects of translation inhibitors. Protocols were the same as those in panel A, except that emetine (2 wM), cycloheximide (CHX; 66 wM), and
anisomycin (1 wM) were used. (C) Inability of UV-irradiated VACV to establish superinfection resistance. Equivalent PFU of IHD-] were irradiated with UV light for
the indicated number of seconds (sec UV irr.). Cells were uninfected or infected with irradiated virus particles (preirradiation equivalent of 10 PFU/cell) at 37°C for 180
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hemifusion but prevents core entry (17). At the concentrations
used, the polyclonal and monoclonal antibodies reduced infectiv-
ity by 88% and 97%, respectively (data not shown). Treatment
with either antibody prevented the primary virus from inducing
resistance to superinfection (Fig. 5A), suggesting that the critical
event performed by the primary virus occurred after the initial
membrane fusion step.

The poxvirus entry-fusion complex (EFC) consists of 11 or
more viral proteins, embedded in the MV membrane, that are
required for membrane fusion and core entry (9, 17). The avail-
ability of conditional lethal inducible WR mutants allowed us to
prepare MVs containing or lacking the specific EFC proteins A21,
G3, H2, and L1. The MVs formed in the absence of inducer and
which lacked one of the above-mentioned EFC proteins were im-
paired in infectivity by 95 to 99% compared to the controls
formed in the presence of inducer (data not shown). Cells were
infected with an equivalent number of EFC™ and EFC™ virus par-
ticles for 3 h and then superinfected with WRvFire. The EFC™
virus particles, unlike the EFC™ virus particles, were unable to
prevent LUC expression by the superinfecting virus (Fig. 5B), in-
dicating the requirement for core entry by the primary virus to
induce superinfection resistance.

Primary virus gene expression required for establishing re-
sistance to superinfection. We next determined whether gene
expression by the primary virus was needed to induce resistance to
superinfection. However, the LUC assay is unsuitable for this pur-
pose, as potent inhibitors of RNA and protein synthesis are not
readily reversible. Therefore, we used membrane fusion as the
read-out, since lipid mixing occurs independently of RNA and
protein synthesis. Cordycepin and actinomycin D are general in-
hibitors of RNA synthesis, affecting both viral and cellular tran-
scription, whereas a-amanitin is a specific inhibitor of cellular
RNA polymerase II. Preliminary experiments showed that
cordycepin and actinomycin D, in contrast to a-amanitin, inhib-
ited VACV-mediated LUC expression by more than 99% (data
not shown). To measure hemifusion, uninfected cells or cells in-
fected with primary virus in the absence or presence of transcrip-
tion inhibitors were superinfected with DiD-labeled virus parti-
cles. Cells were analyzed by flow cytometry for DiD fluorescence.
In the absence of a primary virus infection, transcription inhibi-
tors had no effect on fusion of DiD-loaded particles with cells (Fig.
6A). As expected, cells that were infected with WR or IHD-]J in the
absence of inhibitors became resistant to superinfection, as dem-
onstrated by inhibition of lipid mixing following infection with
DiD-loaded virus (Fig. 6A). In contrast, cells infected with pri-
mary virus in the presence of cordycepin or actinomycin D did not
become resistant to superinfection, as shown by the similarity of
virus-cell membrane fusion relative to controls (Fig. 6A). The in-
ability of a-amanitin to prevent the induction of resistance to
superinfection further suggested that viral RNA synthesis, rather
than cellular mRNA synthesis, was required.

Poxvirus Superinfection Exclusion

The inhibition of viral mRNA synthesis by cordycepin and
actinomycin D also results in the inhibition of viral protein syn-
thesis. However, we could readily distinguish between these two
steps in gene expression, since VACV early transcription is not
dependent on de novo protein synthesis. Indeed, viral early RNA
synthesis is enhanced by translation inhibitors (38). Three potent
translation inhibitors, emetine, cycloheximide, and anisomycin,
were employed. Preliminary experiments indicated that these in-
hibitors reduced LUC expression by more than 99% (data not
shown). To measure their effect on the induction of resistance to
superinfection, uninfected cells or cells infected with primary vi-
rus in the absence or presence of the protein synthesis inhibitors
were incubated with DiD-labeled secondary virus particles and
analyzed by flow cytometry. In the absence of a primary virus
infection, translation inhibitors had no effect on virus-cell mem-
brane fusion (Fig. 6B). Cells that were infected with VACV WR or
IHD-]J in the absence of inhibitors became resistant to superinfec-
tion, as demonstrated by inhibition of lipid mixing following in-
fection with DiD-loaded virus (Fig. 6B). In contrast, cells infected
with primary virus in the presence of translation inhibitors did not
acquire resistance, as shown by the similarity of virus-cell mem-
brane fusion of the superinfecting virus relative to controls (Fig.
6B). Accordingly, virus transcription by the primary virus was not
sufficient to induce resistance to superinfection.

Except for a-amanitin, the inhibitors used above prevented
both viral and cellular RNA and protein synthesis. We used two
additional approaches to distinguish between viral and cellular
functions needed to establish resistance to superinfection. The
first method was to UV inactivate the primary virus. The recovery
of virus after irradiation was assessed by a Western blot probed
with antibody to the 4b core protein. Cell binding appeared mod-
erately reduced, but virus-cell membrane fusion actually in-
creased with increasing irradiation (data not shown). However,
UV irradiation reduced infectivity and gene expression to nearly
background levels (data not shown). Significantly, irradiation of
the primary virus reduced its ability to induce resistance to super-
infection (Fig. 6C), consistent with a need for virus gene expres-
sion.

For another approach to the question of whether viral or cel-
lular gene expression was needed for resistance to superinfection,
we used the recombinant VACV vL3Li, which is an inducible mu-
tant that produces virus particles lacking L3 protein under non-
permissive conditions that are defective in early gene expression
(27). Cells were infected with equivalent numbers of L3 and L3~
virions for various lengths of time and then superinfected with
WRvFire and assayed for LUC expression as an indicator of suc-
cessful secondary virus entry. Compared to the superinfection re-
sistance triggered by the L3™ primary virus, L3~ particles allowed
superinfection of secondary virus measured by LUC expression
(Fig. 6D). Similar results were obtained using DiD-labeled sec-
ondary virus and measuring hemifusion fluorescence by flow cy-

min. Cells then were superinfected with 3 PFU/cell of LUC-expressing secondary VACV for 150 min. Cells then were lysed and LUC levels measured. (D) Inability
of transcription-deficient VACV to establish resistance to superinfection determined by LUC expression. Cells were left uninfected or were infected with 10
PFU/cell of primary VACV containing (+) or lacking (—) L3 protein for various lengths of time at 37°C. Cells then were superinfected with 3 PFU/cell of WRvFire
for 150 min at 37°C. LUC activity was determined and plotted as a percentage of the uninfected cell control value. (E) Inability of transcription-deficient VACV
to establish resistance to superinfection determined by hemifusion assay. Cells were untreated (UT) or were treated with the indicated inhibitors for the duration
of the experiment as described for panels A and B. Following 30 min of inhibitor pretreatment, cells were left uninfected or were infected with 10 PFU/cell of vL3™
or vL3™ VACYV for 150 min at 37°C. Cells then were superinfected with 3 PFU/cell of DiD-loaded VACV WR for 90 min at 37°C and analyzed by flow cytometry
to determine the MFI. Data for DiD MFI were normalized to the values obtained for the untreated and uninfected control cells infected with DiD-loaded virus.
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FIG 7 Ability of F11L mutants to establish resistance to superinfection. (A) Inability of F11L mutants to induce cytoskeletal changes. HeLa cells were mock
infected or infected with 10 PFU/cell of the indicated VACV. At various times, the cells were stained with Alexa Fluor 488 phalloidin and examined by confocal
microscopy. The same magnification was used for all samples. (B) Hemifusion step. HeLa cells were uninfected or infected with 10 PFU/cell of the indicated
VACYV for 180 min. The cells then were superinfected with 3 PFU/cell of DiD-loaded secondary VACV WR at 37°C for 90 min and analyzed by flow cytometry
to determine the number of DiD ™ cells and the DiD mean fluorescence intensity. The latter values were normalized to the values obtained for the uninfected
control cells infected with DiD-loaded virus. (C) LUC expression. HeLa cells were uninfected or infected with 10 PFU/cell of the indicated VACYV for 180 min and
then superinfected with 3 PFU/cell of WRvFire for 150 min. Cells then were lysed and LUC activity quantified; the data were normalized to values obtained for

the uninfected control cells infected with WRvFire.

tometry: L3 virus induced resistance to superinfection, whereas
L3~ virus permitted membrane fusion, as did L3 virus in the
presence of actinomycin D or anisomycin (Fig. 6E).

SIE correlated with but was not dependent on extensive actin
cytoskeletal changes. We considered that changes in the actin
cytoskeleton were involved in SIE for the following reasons. Like
SIE, VACV-induced cytoskeletal changes are dependent on viral
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early protein synthesis (39, 40). In addition, inhibitors of actin
dynamics prevent VACV entry at the hemifusion stage (17). Fol-
lowing primary infection, cell rounding, loss of actin stress fibers,
and intense actin staining of the periphery was seen as previously
described (41). These changes were evident at 30 min after infec-
tion and still were present at 180 min, the time during which
resistance to superinfection was established. Although cytoskel-
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FIG 8 A56/K2 was not required for early SIE. (A) Establishment of superinfection resistance by A56/K2 deletion mutants analyzed by LUC expression.
Cells were uninfected or infected with 10 PFU/cell of VACV WR or the WR deletion mutant AA56R, AK2L, or AA56RAK2L at 37°C for various lengths
of time and then superinfected with 3 PFU/cell of WRvFire for 150 min at 37°C. LUC activity was determined and is plotted as a percentage of the
uninfected cell control activity. (B) Establishment of superinfection resistance by A56/K2 deletion mutants analyzed by hemifusion assay. Cells were
uninfected or infected with 10 PFU/cell of wild-type VACV WR or equivalent numbers of particles of deletion mutants for 120 or 180 min and then
superinfected with 3 PFU/cell of DiD-loaded VACV WR at 37°C for 90 min. The DiD MFI of the cells was determined by flow cytometry and normalized
to the values obtained for the uninfected control cells infected with DiD-loaded virus. (C) Duration of superinfection resistance established by A56/K2
deletion mutants. Cells were uninfected or infected with 10 PFU/cell of wild-type WR or IHD-]J or deletion for up to 21 h at 37°C and then superinfected
with 3 PFU/cell of WRvFire for 150 min at 37°C. LUC activity was determined and is plotted as a percentage of the uninfected cell control activity. (D)
Virus binding to A56/K2 cell line. Parental and A56/K2 293 cells were incubated with 20 PFU/cell of YEP-tagged VACV at 4°C for 60 min. Cells then were
analyzed by flow cytometry to determine the number of YFP™ cells. (E) Hemifusion of A56/K2 cells. R18-loaded VACV particles (3 PFU/cell) were
incubated with parental and A56/K2 293 cells for 60 min at 4°C. The temperature then was raised to 37°C, and R18 fluorescence was monitored over the
next 40 min and quantified as arbitrary fluorescence units. (F) LUC expression. Parental and A56/K2 293 cells were infected with the indicated
multiplicities of WRvFire for 120 min at 37°C. Cells then were lysed and LUC activity measured.
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etal changes correlated with acquisition of resistance to superin-
fection, it did not mean that these changes were the cause of the
resistance. However, the observation that the cytoskeletal changes
were prevented by actinomycin D and anisomycin (data not
shown), conditions in which resistance to superinfection was not
established, was consistent with a causative role.

We further considered that if the acquisition of resistance to
superinfection was dependent on cytoskeletal changes, then a mu-
tant VACV defective in this process should be unable to establish
resistance. The F11 protein was previously shown to be involved in
remodeling the actin network, cell motility, and release of virus
particles (42—46). To test our hypothesis, we acquired an F11L
mutant with stop codons near the N terminus in the VACV WR
background (47), constructed a new F11L deletion mutant in the
VACV IHD-J background, and also employed the attenuated
MVA strain of VACV, which has an interruption in the F11L ORF
(48). We confirmed that each of these mutants was defective in
causing the extensive cytoskeletal changes that occur following
infection with wild-type VACV (Fig. 7A). Nevertheless, each of
the mutants induced potent resistance to superinfection, as mea-
sured by either hemifusion or LUC expression (Fig. 7B and C).
Thus, the F11 protein was not the mediator of superinfection re-
sistance, and the establishment of such resistance was not depen-
dent on extensive cytoskeletal changes.

A56 and K2 proteins not required for early acquisition of
resistance to superinfection. Previous studies established a role
for the poxvirus A56R and K2L gene products in preventing su-
perinfection of MVs at late times after infection (5) and in stably
transfected uninfected cells (6). Although A56 is expressed early in
infection, K2 is a late protein, making it unlikely that the early
establishment of resistance to superinfection described here could
be due to the combined action of the two proteins. Nevertheless,
we decided to test this possibility directly using the replication-
competent single-deletion A56R (WRAA56R) and K2L
(WRAK2L) mutant viruses as well as the double-deletion
(WRAA56RAK2L) mutant virus (7). Cells were infected with the
wild-type WR and deletion mutants and then superinfected with
WRvFire. The kinetics and extent of SIE, measured by reduction
of LUC expression, were similar in each case (Fig. 8A). We also
tested the acquisition of superinfection resistance by analyzing
virus-cell membrane fusion through flow cytometry. An 80 to
90% inhibition of virus-cell membrane fusion between secondary
DiD-labeled virions with cells infected first with WR, A56R, and
K2L deletion viruses was observed at early times after primary
virus infection (Fig. 8B). Thus, neither A56 nor K2 was required
for the establishment of superinfection resistance, assayed by ei-
ther membrane fusion or early gene expression. In view of the
previous study (5), we considered the possibility that the early
acquisition of resistance was time limited in duration and that A56
and K2 might be needed to maintain resistance at late times.
Nonetheless, we found that the ability to inhibit superinfection

Poxvirus Superinfection Exclusion

continued to increase with time in cells infected with WR or the
A56 and K2 deletion mutants (Fig. 8C).

The ability of A56 and K2 to prevent superinfection indepen-
dently of other viral proteins was demonstrated by making a cell
line that expresses the two proteins on the plasma membrane (6).
However, the precise stage at which exclusion occurs had not been
delineated. Using the previously constructed cell line, we con-
firmed the block in core entry and early gene expression (Fig. 8F).
However, neither cell attachment nor virus-cell membrane hemi-
fusion was inhibited in the A56/K2 cell line (Fig. 8D and E). Thus,
A56/K2 inhibits virus entry at a posthemifusion step, unlike the
resistance to superinfection established early during infection.

SIE was poxvirus specific. Cowpox virus (CPXV), which is
closely related to VACV, could induce superinfection resistance
that inhibited entry and LUC expression of WRvFire, IHD-]JvFire,
and CPXVvFire itself (Fig. 9A). In addition, entry and LUC ex-
pression of CPXVvFire was inhibited by primary infection with
WR and IHD-]J. The kinetics of acquisition of resistance was
IHD-J > WR > CPXV, which parallels the kinetics of gene expres-
sion by these viruses.

The establishment of resistance to superinfection at the mem-
brane fusion step and the accompanying cytoskeletal changes
raised the possibility that it also prevents cell entry of unrelated
enveloped viruses. Therefore, we tested whether VACV could pre-
vent flavivirus entry. Uninfected HeLa cells or HeLa cells infected
with VACV WR for 3 h were superinfected with WNV reporter
particles encoding renilla LUC (31). LUC was expressed to similar
levels under both conditions, indicating that VACV-induced re-
sistance to superinfection did not prevent WNV infection (Fig.
9B).

We also investigated whether VACV-induced superinfection
resistance would prevent infection by vesicular stomatitis virus
(VSV), a small negative-stranded RNA virus that belongs to the
rhabdovirus family. VSV is extremely sensitive to interferon
(IFN), and previous studies had shown that coinfection as well as
preinfection of certain cells with VACV enhanced replication of
VSV due to the ability of VACV to counter interferon action (49,
50). We tested whether VACV could exclude VSV in HeLa cells,
which produce interferon, and Vero cells, which do not (51). After
3 h, mock- or IHD-J-infected HeLa and Vero cells were superin-
fected with VSV. Entry and gene expression were monitored by
measuring VSV G protein synthesis at 21 h. VACV primary infec-
tion greatly enhanced VSV replication, as measured by Western
blotting of VSV G protein in HeLa cells, and slightly augmented
VSV replication in Vero cells (Fig. 9C). As a specificity control,
treatment of HeLa or Vero cells with dynasore, an inhibitor of
dynamin GTPase whose activity is necessary for efficient VSV en-
try (52, 53), reduced VSV replication (Fig. 9C). These results sug-
gest that superinfection resistance established by VACV was pox-
virus specific.

Recent studies indicated that cellular IFITMs inhibit entry of

FIG 9 Selectivity of SIE. (A) CPXV. Cells were uninfected or infected with 10 PFU/cell of VACV strain WR or IHD-] or CPXV strain Brighton at 37°C for various
lengths of time and then superinfected with 3 PFU/cell of WRvFire, IHD-JvFire, or CPXVvFire at 37°C for 150 min. LUC activity then was measured and plotted
as a percentage of the uninfected cell control. (B) WNV. Cells were uninfected or infected with VACV at 10 PFU/cell of IHD-]J at 37°C for 180 min. WNV reporter
virus particles (3 particles per cell) were added, and cells were incubated at 37°C for 20 h. Cells were lysed and renilla LUC activity in cellular extracts measured.
(C) VSV. Equivalent numbers of HeLa and Vero cells were uninfected or infected with 10 PFU/cell VACV IHD-] for 240 min at 37°C. Cells then were
superinfected with 3 PFU/cell of VSV for 21 h at 37°C. Cells were lysed, and VSV G and cellular GAPDH proteins were analyzed by Western blotting. As a
specificity control, cells were treated with dynasore to prevent VSV entry and G protein expression. Image ] was used to quantify VSV G protein in each sample

as arbitrary units.
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several viruses and restrict viral membrane hemifusion (54, 55).
The similarity in the stage of inhibition led us to investigate a
possible role of IFITMs in poxvirus SIE. First, we checked whether
VACV infection increased the level of IFITMs as measured by
Western blotting. Control experiments indicated that IFITMs de-
tected by antibody to IFITM1/2/3 or to IFITM2 increased in HeLa
cells (Fig. 10A) and 293 cells (Fig. 10B) treated with IFN-p, al-
though only the IFITM2 antibody gave positive results with 293
cells. Neither VACV WR nor VACV THD-J increased IFITM levels
over uninfected cell levels (Fig. 10A and B), indicating that in-
creased synthesis of [IFITMs was not correlated with the develop-
ment of resistance to superinfection.

However, since levels of IFITMs increased upon treatment
with IFN-B, we asked whether this treatment could prevent hemi-
fusion mediated by VACV. Although overnight treatment with
IFN-B profoundly inhibited VACV WRvFire infection in HeLa
cells and, to a lesser extent, in 293 cells as measured by LUC ex-
pression (Fig. 10C and D), hemifusion was actually increased (Fig.
10E and F). Thus, induction of IFITMs does not reproduce the
block at which VACV SIE occurs.

DISCUSSION

The present study addressed four main questions regarding
VACYV SIE. (i) At what step in superinfection is secondary virus
excluded? (ii) What functions are needed by the primary virus to
establish resistance to superinfection? (iii) Is the presently de-
scribed resistance to superinfection dependent on the A56 and K2
proteins, which were previously shown to mediate SIE at late times
of infection? (iv) Is SIE specific for the homologous virus? Studies
with other animal viruses have indicated that SIE can act by pre-
venting the homologous secondary virus from entering the cell
(56, 57), inhibiting translation of viral RNA (58), or preventing
genome replication (59, 60). The early steps in VACV infection
include cell attachment, virus-cell membrane fusion, core entry,
and early gene expression. Attachment, which we measured by the
cell association of virus particles containing a fluorescent core
fusion protein, occurred following superinfection. In contrast,
hemifusion, which entails lipid mixing of the outer leaflets of the
viral and cellular membranes, failed to occur. This step was mea-
sured by loading virus particles with a self-quenching fluorescent
dye, allowing virus attachment and then measuring fluorescence
either with a fluorometer or by flow cytometry. The arrest oc-
curred at the same step for both the WR and IHD-] strains of
VACYV, which differ in their requirement for endosomal acidifica-
tion (29). The fate of superinfecting virus was analyzed by electron
microscopy. Virus particles were found on the plasma membrane
and in endosomal vesicles, but there were very few cores in the
cytoplasm even when the medium was acidified. Thus, superin-
fection was arrested even before the virus core could enter the

Poxvirus Superinfection Exclusion

cytoplasm, and subsequent events, such as early gene expression,
failed to occur.

With regard to the second question, we found that resistance to
superinfection was established within the first few hours and did
not require viral DNA replication by the primary virus. We took
advantage of the lipid mixing fusion assay, which does not depend
on RNA or protein synthesis by the secondary virus, to show that
transcription and translation inhibitors prevented the induction
of superinfection resistance by the primary virus. Further experi-
ments indicated that viral early protein synthesis was required to
establish superinfection resistance. UV-irradiated virus particles
and a conditional lethal mutant unable to synthesize viral early
mRNA were unable to induce resistance. The induction of resis-
tance to superinfection in the presence of a-amanitin, however,
suggested that cellular mRNA synthesis was not required. Thus,
SIE occurs at the membrane fusion step prior to early gene expres-
sion, whereas the induction of resistance requires early gene ex-
pression by the primary virus.

The third question was whether the SIE characterized in this
study involves the A56 and K2 proteins. The A56 protein, also
known as hemagglutinin, is a transmembrane protein synthesized
before and after genome replication, whereas K2 is a secreted pro-
tein made only after DNA replication. Nevertheless, the two pro-
teins interact to form a heterodimer on the plasma membrane of
infected cells (61). Deletion or mutation of either of these proteins
results in the formation of syncytia at neutral pH (62-66). The
finding that the A56/K2 heterodimer interacts specifically with
two interacting proteins of the EFC provided a mechanism for
preventing syncytium formation (7, 8). Turner and Moyer (5)
reported that cells infected with A56 or K2 mutants have increased
susceptibility to superinfection at late times. Wagenaar and Moss
(6) found that cells transiently or stably transfected with both A56
and K2 are resistant to VACV infection. We confirmed the latter
results in the present study and demonstrated that infection was
blocked at a posthemifusion stage, distinguishing A56/K2-medi-
ated SIE from early SIE described here. Furthermore, VACV mu-
tants with deletions of A56, K2, or both were able to establish rapid
and long-lasting resistance to superinfection as well as the wild-
type virus can. The primary role of A56/K2 may be to prevent
fusion of infected cells rather than to prevent superinfection by
free virus, which is blocked earlier in the infection cycle.

The fourth question was whether other viruses that depend on
membrane fusion for entry also would be excluded by a primary
VACYV infection. CPXV was able to exclude VACV and was itself
excluded by VACV, which was expected because they are closely
related members of the same orthopoxvirus genus. We also tested
two heterologous virus systems: a WNV pseudovirion and VSV as
representatives of flavivirus and rhabdovirus families, respec-
tively. Both viruses enter by clathrin-dependent endocytosis and

FIG 10 IFN-B induction of cellular IFITM protein and effects on VACV reporter gene expression and virus-cell membrane fusion. (A and B) Induction of IFITM
by IFN-B. HeLa cells (A) or 293 cells (B) were left untreated, were treated for 24 h with the indicated concentration of IFN- (Antigenix America Inc.), or were
untreated and then infected with 10 PFU/cell of VACV IHD-]J or WR strain for 1, 2, 3, or 24 h. Cells were lysed and analyzed by Western blotting with antibodies
to IFITM1/2/3 (Santa Cruz Biotechnology), IFITM2 (Proteintech), and GAPDH (Covance). IFITM was not detected with the Santa Cruz antibody in 293 cell
extracts. (C and D) Inhibition of VACV replication by IFN-. HeLa cells (C) and 293 cells (D) were uninfected, infected with 10 PFU/cell of VACV IHD-] for 120
min, or treated for 24 h with the indicated concentration of IFN-. Except for an uninfected control, cells were infected with 3 PFU/cell of WRvFire for 120 min.
Cells were lysed and LUC activity quantified. Data were normalized to values obtained for the uninfected cells that were then infected with WRvFire. (E and F)
Hemifusion of IFN-B-treated cells. HeLa cells (E) or 293 cells (F) were left untreated or were treated for 24 h with the indicated concentration of IFN-B. Cells then
were infected with 3 PFU/cell of DiD-loaded VACV particles for 90 min and analyzed by flow cytometry to determine the mean fluorescence intensities (MFI)
of cell-associated DiD fluorescence. Data were normalized to the values obtained for the untreated control cells infected with DiD-loaded virus.
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require acidification (53, 67, 68). Neither virus was excluded by
primary infection with VACV, indicating that SIE shows specific-
ity for orthopoxviruses, although testing of members of additional
virus families would be needed to generalize this conclusion.

An important remaining question is how a few or even one
primary infectious virus particle can modify the cell membrane to
prevent hemifusion of hundreds of superinfecting particles. We
considered that the involvement of IFITM proteins, which are
widely expressed in cells, can be activated by virus infection and
inhibit entry of several viruses (54, 55). Moreover, recent data
indicate that IFITM proteins restrict virus membrane hemifusion
(55). However, IFITM proteins are unlikely to play an important
role in VACV SIE for the following reasons. First, primary VACV
infection did not induce IFITM proteins as determined by West-
ern blotting. Second, the induction of IFITM proteins with IFN-3
did not prevent VACV hemifusion. Third, a primary VACV infec-
tion did not prevent entry of an IFITM-sensitive flavivirus or rh-
abdovirus.

A recent report indicates that baculovirus SIE is correlated with
actin reorganization (69). Extensive actin remodeling occurs fol-
lowing VACV infection (15, 18, 43, 70), and we found a striking
correlation between the cytoskeletal alterations induced by VACV
and SIE. However, this appears to be a red herring, since VACV
F11L mutants were able to induce superinfection resistance with-
out causing extensive cytoskeletal changes. Which of the more
than 100 other early genes are needed to establish SIE remains to
be determined.

Lastly, we consider the question of the advantage of SIE to
poxviruses. A number of possibilities have been suggested for
other viruses, including prevention of detrimental recombination
events and maintenance of cellular resources for the primary vi-
rus. In the case of VACV, we found that the superinfecting virus is
still infectious (J.L., unpublished); therefore, it could infect a
neighboring uninfected cell. It is attractive to view SIE as a pow-
erful selection for viruses that rapidly infect cells and initiate ex-
pression. SIE could prevent defective and less fit viruses from con-
tributing to the gene pool, analogous to fertilization of an egg by
the swiftest sperm.
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