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ABSTRACT

Membrane fusion, which is the key process for both initial cell entry and subsequent lateral spread of herpes simplex virus
(HSV), requires the four envelope glycoproteins gB, gD, gH, and gL. Syncytial mutations, predominantly mapped to the gB and
gK genes, confer hyperfusogenicity on HSV and cause multinucleated giant cells, termed syncytia. Here we asked whether inter-
action of gD with a cognate entry receptor remains indispensable for initiating membrane fusion of syncytial strains. To address
this question, we took advantage of mutant viruses whose viral entry into cells relies on the uniquely specific interaction of an
engineered gD with epidermal growth factor receptor (EGFR). We introduced selected syncytial mutations into gB and/or gK of
the EGFR-retargeted HSV and found that these mutations, especially when combined, enabled formation of extensive syncytia
by human cancer cell lines that express the target receptor; these syncytia were substantially larger than the plaques formed by
the parental retargeted HSV strain. We assessed the EGFR dependence of entry and spread separately by using direct entry and
infectious center assays, respectively, and we found that the syncytial mutations did not override the receptor specificity of the
retargeted viruses at either stage. We discuss the implications of these results for the development of more effective targeted on-
colytic HSV vectors.

IMPORTANCE

Herpes simplex virus (HSV) is investigated not only as a human pathogen but also as a promising agent for oncolytic viro-
therapy. We previously showed that both the initial entry and subsequent lateral spread of HSV can be retargeted to cells ex-
pressing tumor-associated antigens by single-chain antibodies fused to a receptor-binding-deficient envelope glycoprotein D
(gD). Here we introduced syncytial mutations into the gB and/or gK gene of gD-retargeted HSVs to determine whether viral tro-
pism remained dependent on the interaction of gD with the target receptor. Entry and spread profiles of the recombinant viruses
indicated that gD retargeting does not abolish the hyperfusogenic activity of syncytial mutations and that these mutations do not
eliminate the dependence of HSV entry and spread on a specific gD-receptor interaction. These observations suggest that syncy-
tial mutations may be valuable for increasing the tumor-specific spreading of retargeted oncolytic HSV vectors.

Herpes simplex virus 1 (HSV-1) is an important focus of re-
search as a common human pathogen that often causes mu-

cocutaneous lesions. In addition, HSV has recently shown prom-
ise as a tool for the development of novel therapeutic modalities
against human cancers (1).

Membrane fusion is the key process required for both initial
entry of the virion into cells and subsequent lateral spread of
HSV-1. HSV-1 entry depends on the interaction of gD with one of
its cognate receptors: herpesvirus entry mediator (HVEM), nec-
tin-1, or 3-O-sulfated heparan sulfate (3-OS-HS) (2–4). Receptor
binding triggers a conformational change in gD that in turn acti-
vates the fusion mechanism executed by other envelope glycopro-
teins (5–7); fusion merges the viral envelope with cell membranes,
resulting in capsid release into the cytoplasm. The lateral spread of
HSV-1 typically occurs through release of progeny virions into
spaces between infected and juxtaposed uninfected cells, and it
causes cell rounding and aggregation, with limited cell-cell fusion
(8). However, certain HSV mutants can rapidly spread to adjacent
cells by mediating fusion between infected and surrounding un-
infected cells, leading to the formation of multinucleated giant
cells, termed syncytia (9–12). Mutations responsible for this hy-

perfusogenic phenotype, referred to as syncytial mutations, have
been mapped to at least four viral genes, i.e., gB (11, 13–18), gK
(12, 19–21), UL20 (22, 23), and UL24 (24), but are typically en-
countered as a single point mutation in the gB or gK gene.

The envelope glycoprotein gB is a type I membrane protein
composed of 904 amino acids and is believed to execute mem-
brane fusion during HSV entry and cell-cell fusion, based on the
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presence of fusion loops that mediate membrane interaction (25,
26) and its structural similarity to vesicular stomatitis virus glyco-
protein G, a well-characterized fusion protein (27). From the re-
sults of their bimolecular fluorescence complementation studies,
Atanasiu and colleagues suggested that activation of gB is accom-
plished through the coordinated, sequential activities of the 4 gly-
coproteins gB, gD, gH, and gL, which constitute the so-called fu-
sion machinery, as follows (28): (i) a conformational change in gD
is induced by receptor binding, (ii) receptor-activated gD alters
the conformation of gH/gL, and (iii) altered gH/gL stimulates or
unmasks the fusogenic activity of gB. All of the gB syncytial mu-
tations identified to date have been mapped to the C-terminal
cytoplasmic domain (cytodomain) (11, 13–18). This strongly sug-
gests that the gB cytodomain restricts the fusion activity of gB and
that the cytodomain mutations lead to relaxation of this restric-
tion.

HSV-1 gK is a glycosylated membrane protein that consists of
338 amino acids and has several hydrophobic domains (12). It is
known that gK is required for virus-induced cell-cell fusion (29,
30). However, the transient coexpression of gB, gD, gH, and gL is
both necessary and sufficient to cause virus-free cell-cell fusion
(31), while gK is not required. Thus, this transient coexpression
system does not precisely recapitulate virus-induced cell-cell fu-
sion. Interestingly, the transient coexpression of gK with the four
other glycoproteins has been reported to inhibit cell-cell fusion
(32), indicating that gK has a restrictive function in membrane
fusion. In contrast to gB, syncytial mutations in gK have been
predominantly, though not exclusively, mapped to the N-termi-
nal extracellular domain (33). Since these mutations are thus lo-
cated on opposite sides of the membrane, their mechanisms are
probably distinct.

Considering that syncytial mutations confer hyperfusogenic
potential upon the HSV fusion machinery, the question of
whether or not they eliminate the typical dependence of HSV-
induced membrane fusion on receptor recognition by gD arises.
Silverman and colleagues reported that some gB syncytial muta-
tions enabled a degree of virus-free cell-cell fusion in the absence
of gD (34), although this was not confirmed by additional exper-
iments using a different setup (35). Cocchi and colleagues re-
ported that plaque formation by the syncytial strains HSV-1(MP)
and HFEM-syn was not blocked by an anti-nectin-1 monoclonal
antibody that efficiently blocked the formation of plaques by a
nonsyncytial strain. This finding suggests that syncytial strains
spread by a gD-receptor interaction-independent mechanism
(36). However, Even and colleagues observed that transfection of
nectin-1-transduced cells with viral DNAs of the same syncytial
strains, HSV-1(MP) and HFEM-syn, produced large syncytia,
whereas no plaques were observed in cultures of cells that had not
been transduced with nectin-1. This finding indicates that spread
of these strains remains dependent on a gD receptor (37).

We recently reported that entry of HSV can be retargeted to
cells that express tumor-associated antigens, including epidermal
growth factor receptor (EGFR), carcinoembryonic antigen
(CEA), and epithelial cell adhesion molecule (EpCAM). Our
method involves mutational detargeting of gD from its canonical
receptors and retargeting by insertion of a receptor-specific single-
chain antibody (scFv) (38–40). We also reported that not only
direct entry but also subsequent lateral spread of the EpCAM-
retargeted HSV strain is strictly dependent on cellular expression
of the target receptor (40).

In the present study, we took advantage of the unique receptor
specificities of our retargeted viruses in an attempt to resolve the
contradictory evidence regarding whether or not syncytial muta-
tions override the dependence of HSV-induced membrane fusion
on gD interaction with a receptor. We reasoned that it should be
advantageous to use gD-retargeted viruses for this purpose be-
cause wild-type gD can react with multiple receptors, including
not only its authentic receptors, HVEM, nectin-1, and 3-OS-HS,
but also some cryptic receptors, such as nectin-3 (38, 41), which
would complicate the analysis and interpretation of the results.
We introduced well-known syncytial mutations into gB and/or gK
of our retargeted viruses and report here that gD retargeting does
not prevent the formation of syncytia by cells that express the
target receptor. We present the results of separate analyses of di-
rect virus entry and lateral spread, which showed in turn that the
syncytial mutations did not impair the specificity of entry of re-
targeted viruses at either stage. These data clearly demonstrate that
the hyperfusogenic activity conferred by gB and gK syncytial mu-
tations still requires an activating signal from receptor-engaged
gD. We discuss the implications of this conclusion for the design
of improved oncolytic HSV vectors.

MATERIALS AND METHODS
Cells. The details on the following cell lines were described previously:
African green monkey kidney Vero cells (ATCC CCL-81), Vero/Cre cells
(42) (provided by David Leib, Dartmouth Medical School, NH), Vero-
EpCAM cells (40), Chinese hamster ovary CHO-K1 cells (ATCC CCL-
61), HVEM-transduced CHO-HVEM cells (38), nectin-1-transduced
CHO-nectin-1 cells (3) (provided by Patricia Spear, Northwestern Uni-
versity, IL), EGFR-transduced CHO-EGFR cells (43) (provided by Ste-
phen Russell, Mayo Clinic, MN), baby hamster kidney J1-1.2 cells (44)
(provided by Gabriella Campadelli-Fiume, University of Bologna, Italy),
HVEM-transduced J-HVEM cells (45), nectin-1-transduced J-nectin-1
cells (46), and EGFR-transduced J-EGFR cells (47). Human pancreatic
carcinoma PANC-1 cells (ATCC CRL-1469) were cultured in Dulbecco’s
modified Eagle’s medium (DMEM; Nacalai Tesque, Kyoto, Japan) sup-
plemented with 10% fetal bovine serum (FBS; Thermo Fisher Scientific,
MA). Human pancreatic carcinoma AsPC-1 cells (ATCC CRL-1682),
PK-8 cells (RBRC RCB2700), BxPC-3 cells (ATCC CRL-1687), human
bile duct carcinoma HuCCT1 cells (RBRC RCB1960), and murine colon
carcinoma CT26 cells (ATCC CRL-2638) were cultured in RPMI 1640
medium (Nacalai Tesque) supplemented with 10% FBS. CT26-EGFR cells
were established by infection of CT26 cells with a human EGFR-express-
ing retroviral vector that was produced by transfection of PLAT-A cells
(provided by Toshio Kitamura, University of Tokyo, Japan) with the plas-
mid pMXc-puro-hEGFR, followed by selection for resistance to 10 �g/ml
puromycin (Invivogen, San Diego, CA); pMXc-puro-hEGFR was created
by inserting the coding sequence for human EGFR into the multicloning
site of pMXc-puro (also provided by Toshio Kitamura). Human renal cell
carcinoma ACHN cells (ATCC CRL-1611) were cultured in Eagle’s min-
imal essential medium (Wako, Osaka, Japan) supplemented with 10%
FBS. All the cell lines were negative for mycoplasma contamination.

HSV-BAC recombineering and viruses. All HSV-bacterial artificial
chromosome (BAC) constructs generated in this study were derived from
KOS-37 BAC (42) (provided by David Leib). All BAC recombinations
were performed using scarless gene modification based on the Red recom-
bination system (48) and the plasmids pRed/ET (Gene Bridges, Heidel-
berg, Germany) and pBAD-I-SceI (48) (provided by Nikolaus Osterrie-
der, Free University of Berlin, Germany). All constructs were confirmed
by PCR analysis, pulsed-field gel electrophoresis analysis of restriction
enzyme digests, and targeted DNA sequencing. Targeting plasmids for
Red recombination were constructed as described previously (48). Briefly,
the kanamycin resistance gene flanked by an I-SceI restriction site (I-SceI–
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aphAI fragment) was amplified from pEPkan-S2 (48) (also provided by
Nikolaus Osterrieder) by PCR with different targeting primers as specified
below. All targeting fragments for Red recombination were purified using
a Qiagen gel extraction kit (Qiagen, Hilden, Germany) or Qiagen PCR
purification kit (Qiagen). The BAC constructs pKGN, pKGNE, and
pKGNEp were described previously (40). The BAC construct pKGNE-Kt
was generated by exchanging the codon for alanine (GCG) at residue 40 in
the gK gene of pKGNE with a codon for threonine (ACC). The targeting
fragment containing gK-40T-I-SceI-aphAI-40T-gK was obtained by a
PCR using pEPkan-S2 as the template, with the primers 5=-ACCGTCTT
CGGTGCCAGTCCGCTGCACCGATGTATTTACACCGTACGCCCCA
CCGGCACCAGGATGACGACGATAAGTAGGG-3= and 5=-ACGAGGG
CGGTGTCGTTGTTGGTGCCGGTGGGGCGTACGGTGTAAATAC
ATCGGTGCAGCCTACAACCAATTAACCAATTCTGATTAG-3=, and
was used for recombination with the gK region of pKGNE, followed by
aphAI gene removal, resulting in pKGNE-Kt. The BAC constructs
pKGNE-Bh and pKGNE-BhKt were generated by exchanging the codon
for arginine (CGC) at residue 858 in the gB genes of pKGNE and pKGNE-
Kt, respectively, with a codon for histidine (CAT). The targeting fragment
containing gB-858H-I-SceI-aphAI-858H-gB was obtained by a PCR using
pEPkan-S2 as the template, with the primers 5=-GAGATGATACGGTAC
ATGGCCCTGGTGTCGGCCATGGAGCATACGGAACACAAGGCCA
AGAGGATGACGACGATAAGTAGGG-3= and 5=-CAGCGCGCTCGTG
CCCTTCTTCTTGGCCTTGTGTTCCGTATGCTCCATGGCCGACAC
CAGCTACAACCAATTAACCAATTCTGATTAG-3=, and was used for
recombination with the gB region of pKGNE or pKGNE-Kt followed by
aphAI gene removal, resulting in pKGNE-Bh or pKGNE-BhKt, respec-
tively. The BAC construct pKGNEp-BhKt was generated by exchanging
the EGFR-retargeted gD allele (gD:224/38C-scEGFR) (39) of pKGNE-
BhKt with an EpCAM-retargeted gD allele (gD:224/38C-scEpCAM) (40);
the scEGFR (528) gene was provided by Izumi Kumagai, Tohoku Uni-
versity, Japan. The targeting fragment containing I-SceI-aphAI-scEp-
CAM-gD was obtained by a PCR using pgD:224/38C-scEpCAMkan (40)
as the template, with the primers 5=-AAGCAGGGGTTAGGGAGTTG-3=
and 5=-TCCGGACGTCTTCGGAGGCCCC-3=, and was used for recom-
bination with the gD region of pKGNE-BhKt followed by aphAI gene
removal, resulting in pKGNEp-BhKt.

Recombinant viruses KGN, KGNE, and KGNEp were described pre-
viously (40). KGNE-Bh, KGNE-Kt, and KGNE-BhKt were established by
transfection of Vero/Cre cells with pKGNE-Bh, pKGNE-Kt, and pKGNE-
BhKt, respectively, followed by two rounds of limiting dilution on Vero
cells. KGNEp-BhKt was established by cotransfection of Vero-EpCAM
cells with pKGNEp-BhKt and pxCANCre (provided by Izumu Saito, Uni-
versity of Tokyo, Japan), followed by two rounds of limiting dilution on
Vero-EpCAM cells. Confirmation of BAC deletion was carried out as
described previously (49). Propagation, purification, and titration of vi-
ruses were performed essentially as described previously (45).

Plaque morphology. Vero cells were infected with viruses at 30 PFU
per well in multiwell plates for 24 h, fixed with 4% paraformaldehyde
(Nacalai Tesque), and observed after a 10-min incubation at room tem-
perature (RT) with 5 �g/ml wheat germ agglutinin-Alexa Fluor 594
(Thermo Fisher Scientific) and 1 �M Hoechst 33342 (Thermo Fisher
Scientific). For immunofluorescence assay, Vero cells infected for 24 h
were incubated with a 1:400 dilution of mouse anti-gD monoclonal anti-
body (MAb) DL6 (Santa Cruz Biotechnology, Santa Cruz, CA) in phos-
phate-buffered saline (PBS) at RT for 1 h, fixed with 4% paraformalde-
hyde at RT for 30 min, incubated with 10% horse serum (Thermo Fisher
Scientific) in PBS (HS-PBS) at 37°C for 1 h, and finally incubated with a
1:400 dilution of Cy3-conjugated sheep anti-mouse IgG (Sigma, St. Louis,
MO) in 1% HS-PBS at RT for 1 h.

Flow cytometric analysis. Flow cytometric analyses were performed
using a FACSCalibur instrument (BD Biosciences, Franklin Lakes, NJ).
Mouse anti-EGFR MAb 528 (Santa Cruz Biotechnology) and an isotype
(IgG2a, �)-matched control antibody, MOPC-173 (Biolegend, San Diego,

CA), were used as primary antibodies. Alexa Fluor 488 – goat anti-mouse
IgG(H�L) (Thermo Fisher Scientific) was used as a secondary antibody.

Plaque formation, cell killing, entry, and infectious center assays.
Plaque formation (40), cell killing (39), entry (40), and infectious center
assays (45) were described previously. Fifty percent lethal doses (LD50) in
cell killing assays were estimated from the sigmoid-like dose-response
curves drawn by ImageJ logistic curve-fitting software (50). For entry-
blocking assays, cells were incubated with 100 �g/ml mouse anti-EpCAM
MAb MY24 (40, 51) or an isotype (IgG1, �)-matched control antibody,
MG1-45 (Biolegend), for 1 h at RT, infected for 2 h at 37°C, and washed
with acidic buffer as described previously (38), and cells expressing en-
hanced green fluorescent protein (EGFP) were counted in each well at 12
h postinfection.

Statistical analysis. Comparative analyses of the experimental data
were performed using the Steel-Dwass test (for comparing four groups) or
the Welch t test (for comparing two groups). Differences were considered
statistically significant if the P value was �0.05.

RESULTS
Introduction of syncytial mutations into an EGFR-retargeted
HSV strain. We used the Red recombination system in bacteria
(48) to introduce one or two well-known syncytial (syn) muta-
tions, i.e., an arginine-to-histidine substitution at residue 858 of
gB (gB:R858H) (11) or an alanine-to-threonine substitution at
residue 40 of gK (gK:A40T) (12), into pKGNE, a previously de-
scribed, EGFR-retargeted HSV-1–BAC construct containing an
EGFP reporter gene (40). We converted these HSV-BAC con-
structs into BAC-deleted infectious viruses by transfection of Cre
recombinase-expressing Vero cells; the BAC region in these con-
structs is flanked by loxP sequences on both sides (42). Limiting
dilution of representative viral clones was performed to exclude the
copresence of BAC-bearing viruses, in consideration of the possibility
that the presence of BAC in the viral genome could affect the effi-
ciency of virus cell-to-cell spread. We refer to the mutant viruses as
KGNE-Bh (encoding gB:R858H), KGNE-Kt (encoding gK:A40T),
and KGNE-BhKt (encoding gB:R858H and gK:A40T) (Fig. 1).

Syncytial mutations alter the plaque morphology of EGFR-
retargeted HSV. We infected Vero cells with the EGFR-retargeted

FIG 1 Genomic structures of recombinant HSVs. The schematics show rep-
resentations of the genomes of the recombinant viruses used in this study. UL,
unique long segment; US, unique short segment; CMVp, human cytomegalo-
virus immediate early (IE) promoter; scEGFR, anti-EGFR scFv-fused gD;
scEpCAM, anti-EpCAM scFv-fused gD; NT, D285N/A549T mutations in gB
that increase the rate of virus entry (38); Bh, R858H mutation in gB; Kt, A40T
mutation in gK. Closed boxes show terminal and internal inverted repeats.
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viruses containing the syncytial mutations and compared their
plaques to those formed by the parental EGFR-retargeted virus,
KGNE (40), and the wild-type-gD version, KGN (40). The cell
membranes and nuclei were stained by red fluorescence-labeled
wheat germ agglutinin and Hoechst 33342, respectively. As shown
in Fig. 2A, KGNE-Bh, KGNE-Kt, and KGNE-BhKt all developed
large syncytia at 24 h postinfection. In contrast, KGN and KGNE
did not form syncytia but caused rounding of the infected cells
after several days (data not shown), as is typical of wild-type
HSV-1 infection (8). To visualize the cell membranes solely of
infected cells, we carried out an immunofluorescence assay using
an anti-gD MAb that recognizes membrane-proximal residues of
the gD ectodomain distal to the amino-terminal portion that was
modified for the EGFR retargeting. As shown in Fig. 2B, KGNE
yielded plaques composed of dozens of infected (green) cells that
in multiple instances were visibly separated from each other by
gD-positive plasma membranes, while KGNE-BhKt produced
plaques that appeared as single continuous green areas, with gD
outlining limited to the edges, consistent with a single plasma
membrane characteristic of syncytium formation. A rescued vi-
rus, derived by replacement of the syncytial mutations in the gB
and gK genes of the KGNE-BhKt BAC with the respective wild-
type residues, revealed a plaque morphology similar to that of
KGNE (Fig. 2B). These results indicate that the altered receptor
specificity of gD was compatible with the typical hyperfusogenic
activity of the syncytial mutants.

Syncytial mutations in EGFR-retargeted HSV enable exten-
sive formation of syncytia and augment cell killing on human
tumor cell lines. A number of reports have demonstrated that the
antitumor activity of various types of oncolytic HSV can be en-
hanced by syncytial mutations (52–55). To determine if these ef-
fects are preserved in the context of our EGFR-retargeted HSV
strain, we infected a panel of human pancreatic carcinoma cell
lines (PANC-1, AsPC-1, PK-8, and BxPC-3) and examined the
lateral spread of virus and cytocidal efficiency. Each of these cell
lines highly expressed EGFR (Fig. 3A). However, when they were

infected by KGNE, PK-8 and BxPC-3 cells showed reduced cell-
to-cell spread compared to that for infection by the wild-type-gD
version, KGN, whereas PANC-1 and AsPC-1 cells showed similar
levels of spread by the two viruses (Fig. 3B), suggesting that cellu-
lar factors affecting the efficiency of virus cell-to-cell spread might
not be limited to the level of EGFR expression. As shown in Fig.
3C, while KGNE yielded plaques or foci mostly composed of fewer
than 100 individual infected cells at 72 h postinfection, all three
syn mutant viruses, KGNE-Bh, KGNE-Kt, and KGNE-BhKt,
formed syncytia on each cell line at this point. These results dem-
onstrate that gD retargeting does not abolish the hyperfusogenic
activity of syncytial mutants on human cancer cells.

Measurement of plaque areas revealed that KGNE-Bh formed
significantly larger syncytia than those of KGNE-Kt on the
PANC-1 and BxPC-3 cell lines (Fig. 3D); the differences in plaque
area between KGNE and KGNE-Kt on these two cell lines were not
remarkable, albeit they were statistically significant. Conversely,
KGNE-Kt formed significantly larger syncytia than those of
KGNE-Bh on PK-8 cells (Fig. 3D). Of particular interest, while the
double mutant KGNE-BhKt virus developed syncytia on PANC-1
and PK-8 cells that were similar in size to those of each of the more
efficient of the single mutant viruses on these lines (KGNE-Bh and
KGNE-Kt, respectively), it formed larger syncytia than those of
either KGNE-Bh or KGNE-Kt on both the AsPC-1 and BxPC-3
cell lines (Fig. 3D). Thus, the two syncytial mutations appear to
affect distinct events in the cell-cell fusion process induced by
EGFR-retargeted HSV.

To determine the extent of syncytium formation by the double
mutant KGNE-BhKt virus on other types of human cancer cells,
we performed plaque assays on bile duct carcinoma HuCCT1 and
renal cell carcinoma ACHN cells that express EGFR on the surface
(data not shown). As shown in Fig. 3E and F, KGNE-BhKt gener-
ated large syncytia on both cell lines, while KGNE produced small
plaques without evidence of cell-cell fusion. These findings indi-
cate that EGFR-retargeted HSV with combined syncytial muta-

FIG 2 Plaque morphologies of syncytial, EGFR-retargeted HSVs. (A) Vero cells infected for 24 h with the viruses indicated above the panels were stained with
wheat germ agglutinin-Alexa Fluor 594 (red) and Hoechst 33342 (blue) for detection of cell membranes and nuclei, respectively. Dotted lines indicate the
margins of plaques (white, nonsyncytial plaques; yellow, syncytial plaques). (B) Vero cells infected for 24 h with the viruses indicated above the panels were
incubated with the anti-gD MAb DL6 and stained with a Cy3-conjugated secondary antibody. Red, Cy3 signals; green, EGFP signals. Rescued, a rescued virus
derived by replacement of the gB:R858H and gK:A40T mutations of KGNE-BhKt BAC with the respective wild-type residues.
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tions can produce increased lateral spread in a variety of tumor cell
types.

To assess the cell killing potential of KGNE-BhKt, the pancreatic
cell lines described above were infected with increasing amounts of
virus, and cell viability was determined by a 3-(4,5-dimethyl-2-thia-
zolyl)-2,5-diphenyl-2H-tetrazolium bromide (MTT) assay at 4 days
postinfection. As shown in Fig. 4A, KGNE-BhKt showed signifi-
cantly increased cell killing activity compared to that of KGNE on
all four lines; the difference in 50% lethal dose (LD50) between the
two viruses was 19-fold for PANC-1 cells, 2.6-fold for AsPC-1
cells, 18-fold for PK-8 cells, and 6.5-fold for BxPC-3 cells (data not
shown). Furthermore, we compared the cell killing efficiencies of
the single mutant viruses, KGNE-Bh and KGNE-Kt, to that of the
double mutant KGNE-BhKt on BxPC-3 cells, because the plaque
formation assay (Fig. 3D) showed that the robustness of syncy-
tium formation was significantly different among the three viruses
on this cell line. As shown in Fig. 4B, KGNE-BhKt showed in-
creased cell killing activity over that of KGNE-Bh and KGNE-Kt.
In addition, KGNE-Bh showed more robust cell killing activity
than KGNE-Kt (Fig. 4B); the LD50 multiplicities of infection
(MOIs) were 5.3 � 10�2 for KGNE, 1.3 � 10�2 for KGNE-Bh,
3.9 � 10�2 for KGNE-Kt, and 4.9 � 10�3 for KGNE-BhKt (data
not shown). These results demonstrate that the relative robustness
of cell killing activities among these four viruses paralleled their
plaque sizes on BxPC-3 cells and that the two syncytial mutations

together can increase the in vitro efficiency of cancer cell killing by
our gD-retargeted HSV strain.

Syncytial mutations do not impair the specificity of EGFR-
retargeted HSV entry and lateral spread. Since HSV syn muta-
tions appear to act by lowering the kinetic barrier to membrane
fusion (35), it is conceivable that they can cause off-target fusion
of retargeted HSV at the similar but mechanistically distinct stages
of initial virus entry and subsequent lateral spread. Therefore, we
separately assessed the EGFR dependence of entry and spread by
performing direct entry and infectious center assays, respectively;
infectious center assays specifically examine viral cell-to-cell
spread by comparing different “acceptor” cells for plaque forma-
tion induced by a single source of intracellular virus (donor cells)
(56, 57).

We analyzed the specificity of initial virus entry by using the
Chinese hamster ovary CHO-K1 (CHO) cell line, which is resis-
tant to HSV infection because of the absence of gD receptors, and
derivative lines which had been transduced with human HVEM
(CHO-HVEM), nectin-1 (CHO-nectin-1), or EGFR (CHO-
EGFR). Viral entry was identified qualitatively by EGFP fluores-
cence at 12 h postinfection. As shown in Fig. 5A, KGN at an MOI
of 3 showed minimal entry into CHO-K1 or CHO-EGFR cells but
efficiently entered CHO-HVEM and CHO-nectin-1 cells, which
express authentic gD receptors. In contrast, efficient entry of
KGNE at the same MOI was observed only for CHO-EGFR cells

FIG 3 Lateral spread of syncytial, EGFR-retargeted HSVs on human carcinoma cell lines. (A) Surface expression of EGFR as analyzed by flow cytometry. Closed
histograms represent staining using an isotype-matched negative-control IgG as the primary antibody. Open histograms represent staining using the anti-EGFR
MAb 528 as the primary antibody. (B, C, and E) The cell lines listed above the panels were infected for 2 h with the viruses indicated to the left and then overlaid
with methylcellulose-containing medium. EGFP signals were recorded at 3 days postinfection. Photographs of representative plaques are shown. Bars, 500 �m
(B), 500 �m (C), and 1 mm (E). (D and F) Mean areas of plaques (n � 15) in panels C and E, normalized to the respective means of KGNE plaque areas. Error
bars represent standard deviations. White bars, KGNE; horizontally striped bars, KGNE-Bh; vertically striped bars, KGNE-Kt; black bars, KGNE-BhKt. *, P �
0.05 by the Steel-Dwass test (D) or the Welch t test (F); n.s., not significant.
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(Fig. 5A), consistent with our previous work (39, 40). All three syn
mutant viruses entered exclusively into CHO-EGFR cells (Fig.
5A). Similar EGFR-specific entry results were obtained for KGNE-
BhKt in another gD receptor-deficient cell line, i.e., baby hamster
kidney J1.1-2 (J), and its derivatives, J-HVEM, J-nectin-1, and J-
EGFR (Fig. 5B). These results clearly demonstrate that the syncy-
tial mutations did not impair the specificity of primary entry by
the EGFR-retargeted HSV strain. Thus, gD-receptor interaction
stringently dictates the tropism of HSV entry, even in the presence
of syncytial mutations.

To perform infectious center assays that examined the EGFR
selectivity of KGNE-BhKt-induced lateral spread, we used murine
colon carcinoma CT26 cells, which have been reported to lack
EGFR expression (58), and a derivative cell line that we created by
transduction with human EGFR (CT26-EGFR cells). CT26 cells
are susceptible to wild-type HSV and have been used by others to
test the efficacy of oncolytic HSVs (59, 60). CT26-EGFR cells were
infected with KGN or KGNE-BhKt at an MOI of 10 to achieve
100% infection. After residual extracellular virions were inacti-
vated by an acidic wash, equal numbers of infected (donor) cells
were seeded onto monolayers of uninfected (acceptor) cells, either
CT26-EGFR cells or mock-transduced CT26 cells. The cultures

were overlaid with 1% methylcellulose, and plaque formation was
assessed 2 days later by examination of EGFP fluorescence. As
shown in Fig. 6A and B, plaques formed by KGN bearing wild-type
gD were readily detected and similar in size, irrespective of cellular
EGFR expression, in accordance with the reported HSV suscepti-
bility of CT26 cells (59, 60). In contrast, KGNE-BhKt developed
syncytia on CT26-EGFR acceptor cells, while only single infected
(presumably donor) cells or very small foci of single infected cells
were detected in mock-transduced CT26 acceptor cells (Fig. 6A
and B). Similar results were obtained in additional experiments
that used a different CT26-EGFR clone (data not shown), arguing
against a clone-specific effect for these outcomes. These observa-
tions indicate that cellular EGFR expression is required for syncy-
tium formation by KGNE-BhKt. Taken together, these results led
us to conclude that introduction of syncytial mutations does not
impair the specificity of either entry or spread of our EGFR-retar-
geted HSV strain.

Syncytial mutations enable the formation of large syncytia
by EpCAM-retargeted HSV. To extend our observations, we
tested whether the combined syncytial mutations would confer
hyperfusogenic activity on an HSV strain retargeted to a different
tumor-associated antigen, EpCAM. We replaced the anti-EGFR

FIG 4 Cell killing activity of syncytial, EGFR-retargeted HSVs. (A and B) The cell lines indicated above the panels were infected at MOIs ranging from 0.003 to
0.3 for 96 h, and percent cell viability relative to that of uninfected cells was measured by MTT assay. Means for 6 replicates are shown, and error bars represent
standard deviations. White bars, KGNE; horizontally striped bars, KGNE-Bh; vertically striped bars, KGNE-Kt; black bars, KGNE-BhKt.

FIG 5 Specificity of entry by syncytial, EGFR-retargeted HSVs. The cell lines indicated to the left of the photographs were infected for 12 h (A) or 8 h (B) with
the viruses indicated above the panels at an MOI of 3, and EGFP fluorescence was visualized. Bars, 125 �m.
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scFv fused to detargeted gD in the KGNE-BhKt BAC construct
with an anti-EpCAM scFv (40) to generate the recombinant virus
KGNEp-BhKt (Fig. 1), and we performed plaque assays on
AsPC-1 and PK-8 cells, which express EpCAM on the surface
(data not shown). As shown in Fig. 7A, KGNEp-BhKt developed
large syncytia on both cell lines at 3 days postinfection, whereas
KGNEp (40), an EpCAM-retargeted virus without syncytial mu-
tations, formed only small foci mostly composed of fewer than
several dozen individual infected cells. The differences in mean
plaque areas were 67-fold for AsPC-1 and 37-fold for PK-8 cells
(Fig. 7B). We examined whether KGNEp-BhKt infection is also
dependent on the cellular expression of its target receptor. We
pretreated AsPC-1 cells with the anti-EpCAM MAb MY24 and
then performed a virus entry assay. As shown in Fig. 7C, entry of
KGNEp-BhKt was efficiently inhibited by MY24, while it was not
inhibited by the isotype-matched control antibody. These data
further supported our conclusion that introduction of syncytial
mutations does not impair the specificity of our gD-retargeted
HSV strains. Taken together, these results indicate that the type of
receptor recognized by retargeted gD is not a critical determinant
for establishment of syncytia. In addition, they suggest that syn-
cytial mutations can be used to enhance the spreading efficiency of
different receptor-retargeted HSV vectors.

DISCUSSION

Our investigations have shown that the syncytial mutations gB:
R858H and gK:A40T do not compromise the specificities of
EGFR-retargeted HSV entry and lateral spread. Furthermore, our
results illustrate that gD retargeted to either of two noncanonical
receptors (EGFR and EpCAM) does not abolish the hyperfuso-
genic activity of gB and gK syncytial mutants. These results sup-
port the conclusion that syncytial HSV strains remain dependent
on the interaction of gD with a specific receptor for both entry and
spread, although the nature of the receptor appears to be less con-
sequential.

We have shown that the relative robustness of syncytium for-
mation by the EGFR-retargeted gB and gK syn mutants varied
among several human pancreatic carcinoma cell lines tested and
that the two mutations combined were more effective than each

FIG 6 Specificity of lateral spread by KGNE-BhKt. (A) CT26-EGFR cells
were infected with the viruses indicated above the panels (MOI of 10).
Extracellular viruses were inactivated by an acidic wash, and equal num-
bers of infected (donor) cells were added to monolayers of the uninfected
(acceptor) cells indicated to the left. The mixed cultures were overlaid with
methylcellulose-containing medium, and EGFP signals were recorded at 2
days postinfection. Bars, 500 �m. Arrows show single green cells or small
foci. (B) Mean areas of plaques or foci (n � 15) in the wells examined for
panel A. Error bars represent standard deviations. White bars, CT26
(mock-transduced) cells; black bars, CT26-EGFR cells. *, P � 0.05 by the
Welch t test; n.s., not significant.

FIG 7 Lateral spread of syncytial, EpCAM-retargeted HSV on human cancer cells. (A) The cell lines listed above the panels were infected for 2 h with the viruses
indicated to the left and then overlaid with methylcellulose-containing medium. EGFP signals were recorded at 3 days postinfection. Photographs of represen-
tative plaques are shown. Bars, 500 �m. (B) Mean areas of the plaques (n � 15) from panel A normalized to the respective means of KGNE plaque areas. Error
bars represent standard deviations. White bars, KGNEp; black bars, KGNEp-BhKt. *, P � 0.05 by the Welch t test. (C) Inhibition of KGNEp-BhKt entry by
pretreatment of AsPC-1 cells with 100 �g/ml anti-EpCAM MAb MY24 or an isotype-matched negative-control antibody, as indicated below the columns.
Pretreated cells were incubated with KGNEp-BhKt at an MOI of 0.01 for 2 h, extracellular viruses were inactivated, and cells expressing EGFP were counted at
12 h postinfection. Means for 3 replicates are shown, and error bars represent standard deviations. Ab (�), no antibody; NC, isotype-matched negative-control
antibody (MG1-45). *, P � 0.05 by the Welch t test; n.s., not significant.
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individual mutation at inducing cell-cell fusion and killing cells in
certain cell lines. Thus, the efficiencies of syncytium formation
and cell killing were shown to be dependent on both the syncytial
mutation(s) introduced and unknown host cell characteristics.
These observations are consistent with the supposition that the
locations of the gB and gK mutations opposite each other on the
cell or viral membrane indicate that they act by different mecha-
nisms (the gB:R858H mutation is located in the cytodomain,
whereas the gK:A40T mutation is in the ectodomain).

Rogalin and Heldwein recently used virus-free cell-cell fusion
experiments to demonstrate that gB syn mutations reduce the ki-
netic barrier to fusion, possibly by rendering gB more sensitive to
activation by gH/gL or by increasing the rate of fusion after the
activating event (35). From the results of structural and biochem-
ical studies, the same group also proposed that the gB cytodomain
may restrict the fusogenic activity of gB by shielding certain key
residues in a structure that involves components of the cell mem-
brane (34). This would be consistent with any effects of host cell
characteristics, such as membrane lipid composition or surface
charge distribution, on the phenotype of the R858H mutation.

How gK syncytial mutations mediate a hyperfusogenic pheno-
type remains unclear. Chouljenko and colleagues reported that an
N-terminal gK peptide that encompassed the positions of com-
mon syncytial mutations can directly bind to the ectodomain of
gB, which suggests that this domain in gB plays a role in the reg-
ulation of the fusion activity of gB and is responsive to changes in
gK (61). They used a computer-assisted prediction of structure to
suggest that the gK N terminus may bind predominantly to gB
domain I (61), which contains fusion loops (26, 27); the gK mu-
tations may affect the insertion of the fusion loops into the mem-
brane of the target cell. Additionally, Chouljenko et al. showed
that the N terminus of native gK can bind to gH as well, which
suggests an alternative scenario in which mutations in this domain
may facilitate the activation of the fusion activity of gB by gH (61).
It should be noted that our receptor-retargeted HSVs contain two
mutations in the gB ectodomain, D285N and A549T, that increase
the rate of virus entry (38). However, since these mutations do not
cause syncytium formation or enhance lateral spread (38, 57), it is
unlikely that they directly influence the hyperfusogenic effects of
syncytial mutants. Nevertheless, since the D285N mutation is po-
sitioned in gB domain I, it may potentially modify the gB-gK in-
terface, and thereby the effects of gK syncytial mutations, a sce-
nario that remains to be addressed.

HSV-1 has recently become a promising tool for oncolytic vi-
rotherapy (1). Many of the oncolytic HSVs that have been tested
clinically, to date, have been modified genetically to inactivate or
delete viral genes, such as the infected cell polypeptide 34.5
(ICP34.5) gene and the ICP6 gene, which are essential for replica-
tion in normal but not tumor cells (62–68). Although the results
of clinical trials have shown that these types of oncolytic HSV can
safely be administered to humans, there is significant room for
improvement in treatment efficacy, which is hampered, at least in
part, by the reduced capacity of these viruses to replicate in tumor
cells (69). Several groups of investigators have sought to take ad-
vantage of cell-cell fusion mechanisms to overcome the problem
and have reported that syncytial mutations can enhance the po-
tency of oncolytic HSV either or both in vitro and in vivo (52–55).
Since transductional targeting diminishes the dependence of on-
colytic HSV on attenuating mutations for safety, our observations
that gD retargeting does not interfere with syncytium formation

by gB and gK syn mutants and that even a combination of syn
mutations does not abolish the strict dependence of infection on
the target receptor suggest that retargeted syn mutant HSV may
offer oncolytic activity superior to that of the previous oncolytic
syn mutant HSV strain. While gD retargeting alone may not be
sufficient to fully restrict replication of the virus to tumor cells, we
previously showed that the incorporation of specific microRNA-
responsive elements (miR-T) into the viral genome enhances tu-
mor cell specificity, and thereby safety, without reducing oncolytic
activity (70). Future direct comparisons of different combinations
of these features may clarify which oncolytic HSV design best
serves the dual demands of safety and effective oncolytic activity.
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