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ABSTRACT Herpes simplex virus (HSV) is a promising tool for developing oncolytic
virotherapy. We recently reported a platform for receptor-retargeted oncolytic HSVs
that incorporates single-chain antibodies (scFvs) into envelope glycoprotein D (gD)
to mediate virus entry via tumor-associated antigens. Therefore, it would be useful
to develop an efficient system that can screen antibodies that might mediate HSV
entry when they are incorporated as scFvs into gD. We created an HSV-based
screening probe by the genetic fusion of a gD mutant with ablated binding capabil-
ity to the authentic HSV entry receptors and the antibody-binding C domain of
streptococcal protein G. This engineered virus failed to enter cells through authentic
receptors. In contrast, when this virus was conjugated with an antibody specific to
an antigen on the cell membrane, it specifically entered cells expressing the cognate
antigen. This virus was used as a probe to identify antibodies that mediate virus
entry via recognition of certain molecules on the cell membrane other than authen-
tic receptors. Using this method, we identified an antibody specific to epiregulin
(EREG), which has been investigated mainly as a secreted growth factor and not nec-
essarily for its precursor that is expressed in a transmembrane form. We constructed
an scFv from the anti-EREG antibody for insertion into the retargeted HSV platform
and found that the recombinant virus entered cells specifically through EREG
expressed by the cells. This novel antibody-screening system may contribute to the
discovery of unique and unexpected molecules that might be used for the entry of
receptor-retargeted oncolytic HSVs.

IMPORTANCE The tropism of the cellular entry of HSV is dependent on the binding
of the envelope gD to one of its authentic receptors. This can be fully retargeted to
other receptors by inserting scFvs into gD with appropriate modifications. In theory,
upon binding to the engineered gD, receptors other than authentic receptors should
induce a conformational change in the gD, which activates downstream mechanisms
required for viral entry. However, prerequisite factors for receptors to be used as tar-
gets of a retargeted virus remain poorly understood, and it is difficult to predict
which molecules might be suitable for our retargeted HSV construct. Our HSV-based
probe will allow unbiased screening of antibody-antigen pairs that mediate virus
entry and might be a useful tool to identify suitable pairs for our construct and to
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enhance our understanding of virus-cell interactions during infection by HSV and
possibly other viruses.

KEYWORDS epiregulin, gene therapy, glycoproteins, herpes simplex virus, monoclonal
antibodies, oncolytic viruses, virus entry, virus-host interactions

Herpes simplex virus (HSV) is a promising tool for the development of oncolytic
virotherapy (1, 2). Clinical trials have reported the safety and efficacy of condition-

ally replicating oncolytic HSVs (oHSVs) genetically engineered to be deficient in the vi-
ral genes necessary for replication in normal cells but not tumor cells, including
infected cell polypeptide 34.5 (ICP34.5) and ICP6 (3–5). However, the treatment efficacy
of such viruses might leave some room for improvement. One possible reason for their
limited efficacy might be that the deletion of viral genes often attenuates viral replica-
tion in normal and cancer cells, which might be dependent on the type of cancer cell
or the viral genes deleted (6, 7). In addition, most oHSVs under clinical development
are required to be administered by direct intratumoral injection rather than systemic
injection because authentic HSV receptors are expressed on many normal cell types
in various organs (3–5). These issues might limit the therapeutic potential of oHSVs,
especially against visceral metastatic tumors. To overcome these problems, several
groups, including ours, have been developing a different type of oHSV that preferen-
tially enters tumor cells through cancer-associated surface molecules other than the
authentic receptors but does not have any viral gene deleted (8–13). This type of
oHSV will not enter off-target normal cells, including vascular endothelial cells, but
will enter tumor cells with target molecule expression when they are administered
intravenously.

The entry of HSV-1 depends on interactions between the envelope glycoprotein D
(gD) and one of its specific receptors, herpesvirus entry mediator (HVEM), nectin-1, or
3-O-sulfated heparan sulfate (3-OS-HS) (14–16). In our oHSVs, gD residues that are
essential for binding to these gD receptors were mutated or deleted and a single-chain
variable fragment (scFv) specific for the epidermal growth factor receptor (EGFR), car-
cinoembryonic antigen (CEA), or epithelial cell adhesion molecule (EpCAM) was
inserted (10, 11). The entry and spread of these viruses, termed “receptor-retargeted
oHSVs” (RR-oHSVs), were strictly dependent on the expression of the cognate target
antigens on the cell membrane. Furthermore, the RR-oHSVs showed strong antitumor
effects in vitro and in vivo. Thus, our RR-oHSV platform appears to be useful for the
generation of novel oncolytic viruses that target various tumor-associated antigens.

To use this RR-oHSV platform, however, we need to identify surface antigens prefer-
entially expressed on cancer cells that serve as novel receptors of the RR-oHSV.
Furthermore, we also need to obtain scFvs that recognize these antigens and enable
HSV entry when incorporated into gD. However, it is difficult to predict which scFv-
antigen pair might activate the gD of our RR-oHSV to trigger the downstream signaling
cascade required for virus entry, i.e., stepwise activation of other envelope glycopro-
teins, the gH/gL heterodimer and gB (17–19). Indeed, in our previous experience, not
all scFvs that recognize target antigens support the entry of our RR-oHSV (H. Ikeda, T.
Shibata, H. Uchida, and H. Tahara, unpublished results). Therefore, it would be helpful
to develop an efficient system to screen antibody (Ab)-antigen pairs that can be used
for our RR-oHSVs.

Here, we report the generation of an HSV-based probe for Ab screening by the
genetic fusion of a gD mutant ablated for binding to the authentic gD receptors and
the Ab-binding C domain of streptococcal protein G and its possible utility for discov-
ering unique molecules that may serve as novel receptors of RR-oHSVs.

RESULTS
Construction of gD mutants that contain Ab-binding subdomains. A schematic

representation of the overall flow of the present study is shown in Fig. 1. First, we
designed an HSV-based Ab-screening probe. The C domain of streptococcal protein G
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consists of three homologous subdomains, C1, C2, and C3, each of which can bind to
the Fc region of immunoglobulin G (IgG) (20). We genetically constructed gD mutants
that bind to an IgG but not to the authentic gD receptors. This was achieved by the
insertion of C1, C2, C3, or the entire C domain (referred to as 3C) between residues 1
and 25 of the mature gD, eliminating key HVEM-binding residues, and the introduction
of a single amino acid substitution, Y38C, to ablate gD binding to nectin-1. The dele-
tion of HVEM-binding residues was reported to impair virus entry via 3-OS-HS (21). We
refer to the gD mutants as gDc1, gDc2, gDc3, and gD3c (Fig. 2A).

Flow cytometric analyses using a mouse anti-gD monoclonal Ab, DL6, as the pri-
mary Ab and a goat anti-mouse IgG-Alexa Fluor 488 conjugate as the secondary Ab on
CHO-K1 cells transfected with expression plasmids for gDc1, gDc2, gDc3, or gD3c
revealed that each of the gD mutants was expressed on the cell surface (Fig. 2B). DL6
recognizes residues 272 to 279 of the mature gD. To examine whether the gD mutants
could bind to an Ab via the inserted Ab-binding subdomains, flow cytometric analyses
were performed using only the fluorescence-labeled secondary Ab. As shown in Fig.
2C, CHO-K1 cells transduced with gDc1, gDc2, gDc3, or gD3c revealed fluorescence sig-
nals, indicating binding to the secondary Ab. In contrast, almost no fluorescence sig-
nals were observed in CHO-K1 cells transduced with wild-type (wt) gD or a mutant gD
(deletion of residues 2 to 24 and Y38C substitution but no Ab-binding subdomains)
termed gDdelta (Fig. 2C) despite their cell surface expression (Fig. 2B). This suggested
that the binding of gDc1, gDc2, gDc3, or gD3c to the secondary Ab shown in Fig. 2C
was dependent on the presence of the Ab-binding subdomains inserted into the gD
protein.

The co-crystal structure of the C2 subdomain bound to the Fc region has been
reported (22). To confirm that the binding of gDc2 with an Ab requires the Ab-binding
activity of the inserted C2 subdomain, we created another gD mutant, termed
gDc2mut, in which each of the eight residues of the C2 subdomain required for bind-
ing to IgG (22) was replaced with alanine to ablate binding. Then, the same flow
cytometry experiments were performed. The gDc2mut was expressed on the surface
of the transfected CHO-K1 cells (Fig. 2B). However, when CHO-K1 cells transduced with

FIG 1 Schematic representation of the overall flow of the present study. PEG, polyethylene glycol; HAT,
hypoxanthine, aminopterin, and thymidine; IP, immunoprecipitation; MS, mass spectrometry; FCM, flow
cytometry. *Mass spectrometry analysis was not performed for the Ab clone U#1 because the antigen was
predictable by comparing the protein band detected by immunoprecipitation with U#1 to those detected
with mouse monoclonal Abs that we generated previously.
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gDc2mut were incubated with the secondary Ab alone, no fluorescence signals were
observed, compared with the mock-transduced CHO-K1 cells (Fig. 2C). This indicated
that the binding of gDc2 to the secondary Ab was dependent on the Ab-binding activ-
ity of the inserted C2 subdomain. Together, these results suggested that the incorpora-
tion of each of the Ab-binding subdomains into gD does not impair the cell surface
expression of gD or the Ab-binding activity of the inserted subdomain. Therefore, we
used gDc2 and its loss-of-function control, gDc2mut, for further experiments.

Entry of KGNc2 is dependent on interactions between a gDc2-bound Ab and
the cognate antigen.We created recombinant viruses, termed KGNc2 and KGNc2mut,
that encoded gDc2 or gDc2mut, respectively (Fig. 3A). Each of these viruses contained
an entry-enhancing gB double mutation, D285N/A549T (gB:NT) (23) and an expression
cassette for enhanced green fluorescent protein (EGFP), similar to their parental virus
(KGN) (11). Because KGNc2 and KGNc2mut were not expected to enter cells in the ab-
sence of Abs, it was not possible to determine biological titers based on their plaque-
forming capacity. Therefore, physical titers expressed as genome copies (gc) per millili-
ter by real-time quantitative PCR (qPCR) for the gD gene were used to compare the
entry profiles of these viruses. We performed entry assays with KGNc2 using cell lines
transduced with the authentic gD receptors (B16-HVEM and B16-nectin-1) derived
from murine melanoma B16 cells that are resistant to HSV infection because they lack
gD receptors (24, 25). Virus entry was assessed by EGFP fluorescence at 8 h postinfec-
tion. KGN bearing wt gD efficiently entered B16-HVEM and B16-nectin-1 cells at 1,000

FIG 2 Structure, cell surface expression, and Ab-binding capacity of gD mutants. (A) Schematic representations of
the mutant gD constructs used in this study. SP, signal peptide; TM, transmembrane domain; CT, cytoplasmic tail; N,
amino terminus; C, carboxyl terminus. Numbers indicate amino acid positions relative to the start of the mature
protein (position 1). Vertically striped box, C1 subdomain; dotted box, C2 subdomain; horizontally striped box, C3
subdomain; diagonally striped box, mutated C2. (B and C) CHO-K1 cells were transfected with expression plasmids
for the mutant gD proteins, as shown above the panels, under the control of the chicken b-actin promoter and
HCMV IE enhancer. Flow cytometry was performed 2 d posttransfection by staining with a mouse anti-gD
monoclonal primary Ab and a goat anti-mouse IgG-Alexa Fluor 488 (AF488) conjugate secondary Ab (B) or the
secondary Ab alone (C). Mock, mock-transduced.
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gc/cell, whereas the virus did not enter mock-transduced B16 cells (Fig. 3B). In contrast,
KGNc2 and KGNc2mut failed to enter any of these cells (Fig. 3B), confirming the abla-
tion of gD binding to these authentic receptors. Next, to examine whether KGNc2
could enter cells via interactions between a gDc2-bound Ab and its cognate antigen,
we employed an anti-human EpCAM (hEpCAM) mouse monoclonal Ab, MY24 (26),
because we successfully established an hEpCAM-specific RR-oHSV, termed KGNEp, by
inserting an scFv derived from MY24 into our RR-oHSV platform (11). KGNc2 was incu-
bated with MY24 for 30min at 4°C, the MY24-KGNc2 conjugate was added to the
hEpCAM-transduced B16 cells (B16-hEpCAM), and EGFP signals were recorded at 18 h
postinfection. Because the Ab-KGNc2 binding was expected to be reversible, we used
culture medium containing highly IgG-reduced serum to avoid the replacement of
MY24 with an IgG from the culture medium. EGFP signals were observed in B16-
hEpCAM cells at a readily detectable level when conjugated with MY24 but not with

FIG 3 Genomic structures and entry profiles of recombinant HSVs. (A) Schematic representations of the
genomes of recombinant viruses used in this study. UL, unique long segment; US, unique short segment; CMVp,
HCMV IE promoter; gB:NT, D285N/A549T mutations in gB; closed boxes, terminal and internal inverted repeats.
(B) Cells shown to the left were infected for 8 h with the viruses shown above the panels at 1,000 gc/cell, and
EGFP fluorescence was recorded. Mock, mock-transduced. Bars, 300mm. (C) Viruses shown above the panels
were incubated with 10mg/ml Abs shown below the panels for 30min at 4°C. Then, cells shown to the left
were infected for 18 h with the Ab-virus conjugates at 1,000 gc/cell, and EGFP fluorescence was recorded. NC,
isotype-matched negative-control Ab (MG1-45). Mock, mock-transduced. Bars, 300mm.
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an isotype-matched (IgG1, κ) control Ab. In contrast, EGFP signals were scarcely
detected in mock-transduced B16 cells with either Ab (Fig. 3C). Furthermore, EGFP sig-
nals of B16-hEpCAM cells were similar to the background levels when KGNc2mut was
conjugated with MY24, indicating the requirement of the Ab-binding activity of the
inserted C2 subdomain for the entry of KGNc2. These results demonstrated that the
entry of KGNc2 was strictly dependent on interactions between the gDc2-bound Ab
and the cognate antigen expressed on the cell membrane. Of note, the binding capa-
bility of streptococcal protein G with a murine IgG1 was reported to be lower than that
with a murine IgG of another subclass (IgG2a, IgG2b, or IgG3) (27). This raised the con-
cern that IgG1 might not mediate KGNc2 entry or be less effective. However, we con-
firmed that MY24, of subclass IgG1, mediated the entry of KGNc2 at a readily detecta-
ble level. This suggests that this system might work well with murine IgG of any
subclass, including IgG1.

Functional screening using KGNc2 as a probe resulted in the selection of a
hybridoma clone that produces an Ab directed against epiregulin. Based on the
stringent dependency of KGNc2 entry on Ab-antigen interactions, we assumed that
this virus would serve as a probe for screening Abs that could mediate HSV entry when
incorporated into gD as scFvs. First, we attempted to identify Abs that target human
glioblastoma U87 cells, because glioblastoma is among the most intractable malignan-
cies (28). We generated a hybridoma library from the spleen of a BALB/c mouse immu-
nized by the intraperitoneal injection of U87 cells (see Fig. 1). Then, we mixed KGNc2
with the conditioned medium from individual hybridoma clones of this library to form
Ab-KGNc2 conjugates and added U87 cells to the mixture in culture medium contain-
ing highly IgG-reduced serum. As a result, significantly elevated EGFP signals were
detected in 1 of 955 medium samples in this library (data not shown). To confirm this
result, we performed a limiting dilution of this hybridoma clone, propagated the
monoclonal hybridoma cells, and prepared an Ab termed U#1 from these cells.
Isotyping analysis indicated that the subclass of this monoclonal Ab, U#1, was IgG3, κ.
Flow cytometric analysis showed that U#1 could bind to a certain surface molecule of
the U87 cells used as the immunogen (Fig. 4A). Then, we performed entry assays and
found that EGFP signals were detectable at a significant level from KGNc2 in U87 cells
when conjugated with U#1 but not an isotype-matched control Ab (Fig. 4B). These
results suggest that we successfully obtained an Ab that may be used for our RR-oHSV
to infect U87 cells.

To identify the antigen recognized by U#1, proteins on the surface of U87 cells
were biotinylated and immunoprecipitated by this Ab following the same methods we
reported previously (29, 30). A biotinylated protein band was detected at approxi-
mately 27 kDa under reducing conditions (Fig. 4C, left). Using this information, we pre-
dicted that the band was human epiregulin (hEREG), because an anti-hEREG Ab (#A)
that we had previously obtained showed a band of the same molecular weight when
used for the immunoprecipitation of U87 surface proteins (Fig. 4C, right). To confirm
the binding of U#1 to hEREG, we performed flow cytometric analyses of U87 cells in
which hEREG expression was knocked down using U#1. The reactivity of U#1 with U87
cells transfected with each of the three different anti-hEREG small interfering RNAs
(siRNAs) was reduced compared with the control siRNA (Fig. 4D). Then, we performed
flow cytometric analyses on B16 cells transduced with hEREG (B16-hEREG) using this
Ab. The B16-hEREG cells, but not the parental B16 cells, were determined to be positive
with U#1 (Fig. 4E). These results suggest that the antigen of U#1 is hEREG.

To examine whether entry of the U#1-KGNc2 conjugate depended on the expres-
sion of hEREG on the target cells, we performed entry assays with B16-hEREG cells.
EGFP signals were detected in B16-hEREG cells when KGNc2 (but not KGNc2mut) was
conjugated with U#1 but not the isotype-matched control Ab (Fig. 4F). In contrast,
EGFP signals were not increased when the U#1-KGNc2 conjugate was incubated with
mock-transduced B16 cells (Fig. 4F). These results clearly suggested that the expression
of hEREG by the cells was required for the entry of KGNc2 conjugated with U#1.

Ikeda et al. Journal of Virology

May 2021 Volume 95 Issue 9 e01766-20 jvi.asm.org 6

https://jvi.asm.org


HSV entry into hEREG-expressing cells is mediated by an engineered gD that
incorporates an scFv derived from U#1. We examined whether U#1 mediated HSV
entry when it was incorporated as an scFv into our retargeted HSV platform (see Fig.
1). We constructed an scFv, referred to as schEREG, from U#1 (Fig. 5A) and made an RR-
oHSV with the schEREG, termed KGNEreg (Fig. 5A). We performed entry assays using
the B16-derived cell lines. EGFP signals with KGNEreg on B16-hEREG cells were present
at a readily detectable level but were absent on B16-HVEM, B16-nectin-1, or mock-
transduced cells (Fig. 5B). Furthermore, we performed entry assays with U87 cells in
which hEREG expression was knocked down. EGFP signals were not elevated when
KGNEreg was incubated with the U87 cells knocked down for hEREG using siRNAs (Fig.
5C). These results indicated that hEREG is a specific entry receptor for KGNEreg.

Next, we performed entry assays of KGNEreg using human tumor cell lines other
than U87 cells. We also examined the expression levels of hEREG on these cell lines by
flow cytometric analyses. EGFP signals were readily detected on human colon adeno-
carcinoma HCT116, bile duct adenocarcinoma HuCCT1, and renal adenocarcinoma

FIG 4 Properties of the selected U#1 Ab. (A) Flow cytometry of U87 cells was performed using U#1
(open histogram) or an isotype-matched negative-control Ab (MG3-35) (closed histogram) as a primary
Ab and a goat anti-mouse IgG-Alexa Fluor 488 (AF488) conjugate as a secondary Ab. (B) KGNc2 was
incubated with 10mg/ml Abs shown above the panels for 30min at 4°C. Then, U87 cells were infected
for 8 h with the Ab-KGNc2 conjugates at 500 gc/cell, and EGFP fluorescence was recorded. NC, MG3-35.
Bars, 300mm. (C) Biotinylated surface proteins of U87 cells were immunoprecipitated by U#1 (left) or #A
(right), separated, and blotted with streptavidin-horseradish peroxidase conjugate. Molecular weights,
indicated by a marker electrophoresed in parallel, are shown on the left. #A, an anti-hEREG Ab that we
generated previously. Arrows, major bands detected. (D) U87 cells were transfected with siRNAs indicated
above the panels, and flow cytometry was performed at 3 d posttransfection using U#1 (open) or MG3-
35 (closed) as a primary Ab and a goat anti-mouse IgG-Alexa Fluor 488 conjugate as a secondary Ab.
siNC, negative-control siRNA; sihEREGs 1, 2, and 3, anti-hEREG siRNAs HSS176606, 176607, and 176608,
respectively. (E) Flow cytometry of cells indicated above the panels was performed using U#1 (open) or
MG3-35 (closed) as a primary Ab and a goat anti-mouse IgG-AF488 conjugate as a secondary Ab. Mock,
mock-transduced. (F) Viruses shown above the panels were incubated with 10mg/ml Abs shown below
the panels for 30min at 4°C. Then, cells shown to the left were infected for 18 h with the Ab-virus
conjugates at 1,000 gc/cell, and EGFP fluorescence was recorded. NC, MG3-35. Mock, mock-transduced.
Bars, 300mm.
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ACHN cells that were positive for hEREG expression (Fig. 5D). In contrast, no EGFP sig-
nals were detected on human melanoma A2058 cells that were negative for hEREG
expression (Fig. 5D). These results indicated that KGNEreg can enter hEREG-expressing
cancer cells that originate from various types of tissues.

A second round of Ab screening using KGNc2 resulted in the selection of nine
hybridoma clones. Although the current study showed the feasibility of KGNc2-based
Ab screening, it remains to be determined to what degree this novel screening system
is helpful for identifying Ab-antigen pairs that may be appropriate for the generation
of RR-oHSVs. Therefore, we performed another KGNc2-based Ab screening using a hy-
bridoma library from the spleen of a mouse immunized with human renal adenocarci-
noma ACHN cells. We found that 9 of 792 medium samples in this library showed

FIG 5 Construction and entry profile of KGNEreg. (A) Schematic representation of the genome structure of
KGNEreg. UL, unique long segment; US, unique short segment; CMVp, HCMV IE promoter; gB:NT, D285N/A549T
mutations in gB; gDschEREG, gD mutant that contains schEREG as depicted below; TM, transmembrane
domain; N, amino terminus; C, carboxyl terminus. Numbers indicate amino acid positions relative to the start of
the mature protein (position 1). (G4S)3, triple repeat of Gly-Gly-Gly-Gly-Ser; G4SGS, Gly-Gly-Gly-Gly-Ser-Gly-Ser;
closed boxes, terminal and internal inverted repeats. (B) Cells shown above the panels were infected with
KGNEreg at a multiplicity of infection (MOI) of 1 for 24 h, and EGFP fluorescence was recorded. Mock, mock-
transduced. Bars, 1mm. (C) U87 cells transfected for 3 d with the siRNAs shown above the panels were
infected with KGNEreg at an MOI of 3 for 16 h, and EGFP fluorescence was recorded. siNC, negative-control
siRNA; sihEREGs 1, 2, and 3, anti-hEREG siRNAs HSS176606, 176607, and 176608, respectively. Bars, 300mm. (D)
(Upper) Cells shown above the panels were infected with KGNEreg at an MOI of 3 for 16 h, and EGFP
fluorescence was recorded. Bars, 300mm. (Lower) Flow cytometry of cells shown above the panels was
performed using U#1 (open histogram) or an isotype-matched negative-control Ab (MG3-35) (closed histogram)
as a primary Ab and a goat anti-mouse IgG-Alexa Fluor 488 (AF488) conjugate as a secondary Ab.
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positive EGFP signals with KGNc2, whereas all of the other samples showed no eleva-
tion of EGFP signals (Fig. 6). These observations suggested that this novel Ab-screening
system might aid in the identification of new Ab-antigen pairs that might be used to
develop RR-oHSVs. Identifying the antigens recognized by these 9 Abs and testing the
entry profiles of RR-oHSVs that harbor scFvs derived from these Abs should be per-
formed in future studies.

DISCUSSION

In the present study, we created an HSV-based probe for Ab screening, named
KGNc2, by the insertion of the Ab-binding C domain of streptococcal protein G into a
gD mutant ablated for binding to the authentic gD receptors. The entry of KGNc2 into
cells was stringently dependent on interactions between the antigen expressed on the
cell membrane and the recombinant gD-bound Ab. We demonstrated the feasibility of
a novel Ab-screening system using KGNc2 as a probe to identify Ab-antigen pairs that
may be used for the new generation of RR-oHSVs.

We showed that Ab screening using the KGNc2 probe identified hEREG as a novel
target of RR-oHSV. Epiregulin (EREG), a member of the epidermal growth factor (EGF)
family, is expressed as a type I transmembrane protein, termed proepiregulin, on the
cell surface (31). Mature EREG is released after cleavage of proepiregulin by a trans-
membrane protease, a disintegrin and metalloproteinase domain-containing protein
17 (ADAM17), and functions as a ligand for EGFR or receptor tyrosine-protein kinase
erbB-4 (ERBB4) (31, 32). Toyoda and colleagues reported that the levels of EREG were
extremely low in normal human tissues but could be detected in peripheral blood
macrophages and the placenta by Northern blotting, in contrast to other members of
the EGF family that are expressed by a variety of normal tissues (33). In contrast, the
overexpression of EREG was reported in cancers originating from various tissues,
including the esophagus (34), stomach (35), pancreas (36), ovary (37), oral cavity (38),
and thymus (39). Therefore, EREG might be a promising target for cancer therapeutics.
However, without the use of this technique, it would be difficult to determine whether
hEREG served as a receptor for RR-oHSV because this protein has been investigated
intensively as a growth factor, i.e., a soluble ligand, and thus the transmembrane form
of this protein, proepiregulin, has not necessarily been a major focus of investigation.
This highlights one of the unique benefits of using KGNc2 as a probe, because this sys-
tem enables the exploration of Ab-antigen pairs that may be suitable for RR-oHSVs in
an unbiased fashion.

We consider that the observed entry of the hEREG-specific RR-oHSV (KGNEreg) was

FIG 6 KGNc2-based Ab screening using ACHN cells as an immunogen. A hybridoma library was
created from the spleen of a BALB/c mouse that had been immunized with ACHN cells and was used
for KGNc2-based screening. EGFP fluorescence was observed 24 h postinfection, and representative
wells are shown. No Ab, KGNc2 alone; NC, KGNc2 plus negative-control Ab MG1-45; Non-hit well, a
representative of 783 wells that tested negative; Hit wells, 3 representatives of 9 wells that tested
positive. Bars, 300mm.
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achieved mainly by exploiting the transmembrane form of EREG, i.e., proepiregulin, as
its receptor. Proepiregulin is cleaved by ADAM17 to release mature EREG as a soluble
growth factor. Therefore, to determine whether EREG is a suitable target of RR-oHSV
for clinical applications, it will be important to investigate the surface expression levels
of proepiregulin by cancer cells and their intratumoral heterogeneity, not only the total
expression levels of the EREG proteins in tumor tissues.

Kwon and colleagues reported that the soluble nectin-1 V domain was capable of
mediating the entry of HSV harboring the wt gD into cells that were deficient in gD
receptors, although the entry efficiencies varied depending on the type of cells (40).
On the basis of their report, we cannot exclude the possibility that the secreted,
mature form of EREG might mediate the entry of KGNEreg independent of the cellular
expression of the membrane-anchored proepiregulin. Another possibility might be
that complexes of the soluble EREG and its receptors (EGFR or ERBB4) at the cell sur-
face might serve as an entry receptor for KGNEreg, although this may not be likely
because the ligation of EGF family molecules with their receptors induces rapid inter-
nalization of the ligand-receptor complexes (41). Further studies should be performed
to test these possibilities.

On the basis of the present study, to develop an array of RR-oHSVs for the treat-
ment of various malignancies, we plan to use multiple human tumor lines as immuno-
gens for KGNc2-based Ab screening and to use the selected Abs to generate new RR-
oHSVs. Through these studies, we hope to determine whether surface antigens that
function as receptors for RR-oHSVs share common characteristics, for example, endocy-
tosis upon ligand binding or enhancing or suppressing a particular intracellular signal
transduction pathway. In addition, it would be intriguing to compare the efficiency of
KGNc2 entry mediated by different Abs that recognize distinct epitopes in a surface
antigen. It might be possible that the ligation of an Ab to a certain epitope would trig-
ger intracellular signals that lead to the suppression of virus infectivity, such as inhibi-
tion of capsid transport to the nucleus or viral gene expression. Answers to these ques-
tions might contribute to our further understanding of virus-cell interactions during
infection by HSV and possibly other viruses. Of note, however, some Abs capable of
mediating KGNc2 entry may not mediate the entry of RR-oHSVs when incorporated as
scFvs into gD. This might be associated with the decreased capacity of antigen binding
in the form of an scFv or insufficient expression of the scFv-gD protein in the virion
envelope.

Here, we reported a novel HSV retargeting system that relies on the interaction of
cell surface antigen and recombinant gD-bound Ab. We provide evidence that KGNc2
entry into cells is Ab dependent and its off-target entry is minimal. Although the aim
of this study was to establish a novel Ab-screening probe, this retargeting system may
be a useful tool for ex vivo selective gene transduction into a certain cell population
that expresses a specific surface marker, through additional genetic manipulation of
KGNc2 to render it a replication-incompetent vector, such as the deletion of some im-
mediate early (IE) genes (42, 43). This would provide a very versatile platform for tar-
geting vectors because the technique requires only the replacement of Abs for conju-
gation, rather than the laborious generation of new viruses to target individual
markers. However, the entry efficiency of Ab-KGNc2 conjugates might vary depending
on multiple factors, including the antigen-binding affinity, epitope, and subclass of Ab
and the level of antigen expression on the target cells. It might be also affected by fac-
tors associated with experimental conditions, i.e., concentrations of KGNc2 virion and
Ab and their ratios. Further experiments are required to address these issues.

In conclusion, we have successfully established a novel Ab-screening system
using KGNc2 as a probe, which may be helpful to identify unique and unexpected
targets for RR-oHSVs. This approach may accelerate the development of novel
oncolytic virotherapy with robust antitumor potency and a favorable profile for in-
travenous administration.
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MATERIALS ANDMETHODS
Plasmids. Plasmid pgD:224/38C contains a mutant gD that has had residues 2 to 24 deleted and

Y38C substituted as described previously (10). The sequences coding for the C1, C2, or C3 subdomains
or the entire C domain of streptococcal protein G were cloned by PCR with a plasmid containing the
entire C domain, pQE30-DT3C (26), as a template and the following primers: 59-CCGAATTCGCTAGC
GGTGGATCCTCCGGAACTTACAAATTAATCCTTAATGGTAAAAC-39 and 59-GGCTCGAGAGCGCTGGATCCTC
CACCACCTTCAGTAACTGTAAAGGTCTTAGTCG-39 for C1, 59-CCGAATTCGCTAGCGGTGGATCCTCCGGAACT
TACAAACTTGTTATTAATGGTAAAAC-39 and 59-GGCTCGAGAGCGCTGGATCCTCCACCACCTTCAGTAACTGT
AAAGGTCTTAGTCG-39 for C2, 59-CCGAATTCGCTAGCGGTGGATCCTCCGGAACTTACAAACTTGTTATTAATG
GTAAAAC-39 and 59-CCCTCGAGAGCGCTGGATCCTCCACCACCTTCAGTTACCGTAAAGGTCTTAGTCG-39
for C3, or 59-CCGAATTCGCTAGCGGTGGATCCTCCGGAACTTACAAATTAATCCTTAATGGTAAAAC-39 and
59-CCCTCGAGAGCGCTGGATCCTCCACCACCTTCAGTTACCGTAAAGGTCTTAGTCG-39 for the entire C
domain. The amplified fragments were inserted into the residue 2 to 24 deletion of pgD:224/38C,
resulting in pgD:224/38C-c1, pgD:224/38C-c2, pgD:224/38C-c3, and pgD:224/38C-3c, respectively.
Plasmids pCAgDdelta, pCAgDc1, pCAgDc2, pCAgDc3, and pCAgD3c are expression vectors under
the control of the chicken b-actin promoter and human cytomegalovirus (HCMV) IE enhancer and
were created by replacing the wt gD allele of pPEP99 (44) (provided by Patricia Spear, Northwestern
University, Chicago, IL, USA) with the mutated gD alleles from pgD:224/38C, pgD:224/38C-c1, pgD:224/
38C-c2, pgD:224/38C-c3, or pgD:224/38C-3c, respectively. Plasmid pCAgDc2mut was constructed by
replacing the codons for E27, K28, K31, Q32, N35, D40, E42, and W43 in the C2 subdomain of pCAgDc2
with the codon for alanine using a fragment obtained by PCR with pgD:224/38C-c2 as the template
and the following primers: 59-AACTCGAGCTGCAGCAGCAGTCTTCGCAGCATACGCTGCTGACAACGGTGTTG
CAGGCGCCGCAACTTACGACGATGCGACTAAGACC-39 and 59-TCCGGACGTCTTCGGAGGCCCC-39. Plasmid
pgD:224/38C-scEREG was constructed according to the following steps. An scFv directed against hEREG,
referred to as schEREG, was constructed by cloning sequences coding for the variable light chain (VL)
and variable heavy chain (VH) regions of U#1 (see Results) by reverse transcription-PCR according to the
methods of Wang et al. (45) and placing a spacer encoding (Gly4Ser)3 between the two. The schEREG
construct was inserted into the residue 2 to 24 deletion of pgD:224/38C, resulting in pgD:224/38C-
scEREG. The pMXc-puro-hEpCAM plasmid was described previously (11). Plasmids pMXc-puro-HVEM and
pMXc-puro-nectin-1 were created by inserting the coding sequences for human HVEM or nectin-1,
respectively, into the multicloning site of pMXc-puro (provided by Toshio Kitamura, University of Tokyo,
Tokyo, Japan). Plasmid pCAhEREG-puro was created by inserting the coding sequence of hEREG into the
multicloning site of pCA-puro, a derivative of pCAcc (46) that was engineered to contain an expression
unit for the puromycin resistance gene. Plasmid constructs were confirmed by DNA sequencing.

Cells. Chinese hamster ovary CHO-K1 (ATCC CCL-61) cells were cultured in Ham’s F12-K (Kaighn’s)
medium (Thermo Fisher Scientific, MA, USA) supplemented with 10% fetal bovine serum (FBS) (Thermo
Fisher Scientific). African green monkey kidney Vero (ATCC CCL-81) and gD-complementing VD60 cells
(47) (provided by David Johnson, Oregon Health and Science University, OR, USA) were cultured in
Dulbecco’s modified Eagle’s medium (DMEM) (Thermo Fisher Scientific) supplemented with 5% FBS.
Human glioblastoma U87 (ATCC HTB-14), human melanoma A2058 (ATCC CRL-11147), and murine mela-
noma B16 (RBRC RCB1283) cells were cultured in DMEM supplemented with 10% FBS. Vero-hEREG and
B16-hEREG cells were established by transfection of Vero or B16 cells with pCAhEREG-puro plasmid and
selected by resistance to 4 or 1mg/ml puromycin (Thermo Fisher Scientific), respectively. B16-HVEM,
B16-nectin-1, and B16-hEpCAM cells were established by infection of B16 cells with retroviral vectors
produced by transfection of PLAT-A cells (provided by Toshio Kitamura) with pMXc-puro-HVEM, pMXc-
puro-nectin-1, or pMXc-puro-hEpCAM plasmids, respectively, and selected by resistance to 1mg/ml pu-
romycin. Murine myeloma P3U1 (ATCC CRL-1597) and human bile duct adenocarcinoma HuCCT1 (RBRC
RCB1960) cells were cultured in Roswell Park Memorial Institute (RPMI) 1640 medium (Thermo Fisher
Scientific) supplemented with 10% FBS. Human colon adenocarcinoma HCT116 (ATCC CCL-247) cells
were cultured in McCoy’s 5A medium (Thermo Fisher Scientific) supplemented with 10% FBS. Human re-
nal adenocarcinoma ACHN (ATCC CRL-1611) cells were cultured in Eagle’s minimal essential medium
(Wako, Osaka, Japan) supplemented with 10% FBS. All cell lines used tested 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 (48) (provided by David Leib, Dartmouth Medical
School, NH, USA), which carries a complete HSV-1 strain KOS genome, and scarless Red recombination
was carried out with pRed/ET (Gene Bridges, Heidelberg, Germany) and pBAD-I-SceI (provided by
Nikolaus Osterrieder, Free University of Berlin, Germany) plasmids as described previously (49). Briefly,
BAC constructs of pKGNc2, pKGNc2mut, and pKGNEreg were generated by exchanging the wt gD allele
of pKGN (11) with the respective gD mutant alleles. First, pgD:224/38C-c2kan and pgD:224/38Ckan plas-
mids were created by inserting an I-SceI-aphAI fragment, generated by PCR with pEPkan-S2 (49) as a
template and the primers 59-CCGAATTCTTAAGGTCTCTTTTGTGTGGTGCGTTCCGGTATGGGGGGGGCTGCCG
CCAGGATGACGACGATAAGTAGGG-39 and 59-CCGGATCCTTAAGCTACAACCAATTAACCAATTCTGATTAG-39,
into the AflII site of pgD:224/38C-c2 or pgD:224/38C, respectively. Plasmids pgD:224/38C-c2mutkan and
pgD:224/38C-scEREGkan were created by inserting sequences encoding C2:E27A/K28A/K31A/Q32A/N35A/
D40A/E42A/W43A or the schEREG construct, respectively, into the residue 2 to 24 deletion of pgD:224/
38Ckan. Transfer constructs containing I-SceI-aphAI-C2-gD, I-SceI-aphAI-C2mut-gD, or I-SceI-aphAI-
scEREG-gD were obtained by PCR using pgD:224/38C-c2kan, pgD:224/38C-c2mutkan, or pgD:224/
38C-scEREGkan, respectively, as a template with the primers 59-AAGCAGGGGTTAGGGAGTTG-39 and
59-TCCGGACGTCTTCGGAGGCCCC-39 and were used for recombination with the gD region of pKGN
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followed by aphAI gene removal, resulting in pKGNc2, pKGNc2mut, and pKGNEreg, respectively.
These constructs were confirmed by PCR analysis, pulsed-field gel electrophoresis analysis of restric-
tion enzyme digests, and targeted DNA sequencing.

Recombinant virus KGN was described previously (11). KGNc2 and KGNc2mut were established by
the cotransfection of VD60 cells with pKGNc2 or pKGNc2mut, respectively, and an expression plasmid
for Cre recombinase, pxCANCre (provided by Izumu Saito, University of Tokyo, Japan). The BAC region
was excised by Cre recombinase because the KOS-37 BAC region is flanked by a pair of loxP sequences
(48). These recombinant viruses, along with KGN, were passaged through noncomplementing Vero cells
to obtain virus preparations free of wt gD protein. Purification of viruses and determination of viral ge-
nome titers in gc per milliliter by qPCR for the gD gene were performed as described previously (42, 50).
KGNEreg was established by the cotransfection of Vero-EREG cells with pKGNEreg and pxCANCre.
Determination of titers in PFU per milliliter was described previously (51). Confirmation of BAC deletion
was performed as described previously (42). All recombinant viruses were confirmed by PCR of isolated
viral DNA and sequencing of the relevant glycoprotein genes.

Generation and selection of hybridomas. Female BALB/c mice (Tokyo Laboratory Animals Science,
Tokyo, Japan) were injected intraperitoneally with 5� 106 human tumor line cells five or six times, with
intervals of at least 1week. Three days after the final injection, mice were sacrificed and approximately
1� 108 splenocytes were fused with 2� 107 P3U1 cells using polyethylene glycol (PEG1500; Roche,
Basel, Switzerland). The hybridomas were grown in RPMI 1640 medium supplemented with 10% super
low IgG-FBS (Thermo Fischer Scientific), 1� hypoxanthine-aminopterin-thymidine (HAT) medium supple-
ment Hybri-Max (Sigma, MO, USA), 5% BriClone (NICB, Dublin, Ireland), and 128mM 2-mercaptoethanol
(Nacalai Tesque, Kyoto, Japan) in 96-well microplates for 6 days and then media were refreshed. Three
days later, the conditioned medium from each well or negative-control Ab MG1-45 (IgG1, κ) (BioLegend,
CA, USA) and 2� 107 gc of KGNc2 were incubated in 96-well microplates at 4°C for 30min to form Ab-
KGNc2 conjugates. The human tumor lines used as immunogens were then added to each well at a den-
sity of 4� 104 cells/well and incubated for 24 h to evaluate the degree of entry of KGNc2 into the cells in
each well by observing EGFP signals expressed by the viral genome. Hybridomas that produced Abs
that yielded KGNc2 entry were selected and cloned by limiting dilution. Purification of Ab from the con-
ditioned medium was performed using Protein G-Sepharose 4 Fast Flow (GE Healthcare Life Sciences, IL,
USA). An IsoStrip mouse monoclonal Ab isotyping kit (Roche) was used to identify the isotype. Animal
studies were approved by the animal experiments review board of Tokyo University of Pharmacy and
Life Sciences.

Immunoprecipitation. The surfaces of 1� 107 U87 cells were biotinylated using EZ-Link sulfo-NHS-
biotin (Thermo Fischer Scientific). Cell membranes were solubilized on ice for 30min in 1ml of buffer
composed of 1% NP-40 (Nacalai Tesque), 50mM Tris-HCl (pH 7.5), 150mM NaCl, and a protease inhibitor
cocktail (cOmplete, EDTA-free protease inhibitor cocktail tablets; Roche), and insoluble fractions were
removed by centrifugation. The supernatant was incubated with protein G-Sepharose beads and centri-
fuged to remove non-specifically bound proteins. The supernatant was then incubated with approxi-
mately 2mg of U#1, and the immunocomplexes were precipitated by incubation with protein G-
Sepharose beads. The beads were washed, boiled in SDS sample buffer containing approximately
50mM dithiothreitol (Nacalai Tesque), and centrifuged. The supernatant sample was separated using a 5
to 20% gradient polyacrylamide gel (Wako) and transferred onto a polyvinylidene difluoride membrane
(Millipore, MA, USA). After blocking with phosphate-buffered saline containing 5% skim milk (Nacalai
Tesque) and 0.05% Tween 20 (Nacalai Tesque), the membrane was incubated with streptavidin-horse-
radish peroxidase conjugate (GE Healthcare Life Sciences). Enhanced chemiluminescence was assessed,
and signals were recorded using ImageQuant LAS 4000 (GE Healthcare Life Sciences). The protein bands
detected by immunoprecipitation with U#1 were compared with those detected with the mouse mono-
clonal Abs, including #A, an anti-hEREG Ab that we had generated using previously described methods
(29, 30).

Flow cytometry and transfection of plasmids or siRNAs. Flow cytometric analyses were performed
using a flow cytometer (LSRFortessa; BD Biosciences, NJ, USA). Mouse anti-gD monoclonal Ab DL6
(Santa Cruz Biotechnology, TX, USA), U#1, and the negative-control Ab MG3-35 (IgG3, κ) (BioLegend)
were used as primary antibodies. Alexa Fluor 488-conjugated goat anti-mouse IgG (H1L) (Thermo Fisher
Scientific) was used as a secondary Ab. Transfection of plasmids or siRNAs was performed as described
previously (11). Anti-hEREG siRNAs HSS176606, HSS176607, and HSS176608 or Stealth RNAi negative-
control duplexes (Thermo Fisher Scientific) were used.

Entry assays. The standard entry assay was described previously (11). To test Ab-mediated virus
entry, KGNc2 was incubated with an Ab for 30min at 4°C. Then, the Ab-KGNc2 conjugate was added to
cells in culture medium containing super low IgG-FBS, and EGFP signals were recorded at 18 h postinfec-
tion using a fluorescence microscope (BZ X-700; Keyence, Osaka, Japan).
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