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To retarget oncolytic herpes simplex virus (oHSV) to cancer-
specific antigens, we designed a novel, double-retargeted
oHSV platform that uses single-chain antibodies (scFvs) incor-
porated into both glycoprotein H and a bispecific adapter
expressed from the viral genome to mediate infection predom-
inantly via tumor-associated antigens. Successful retargeting
was achieved using a nectin-1-detargeted HSV that remains
capable of interacting with herpesvirus entry mediator
(HVEM), the second canonical HSV entry receptor, and is,
therefore, recognized by the adapter consisting of the virus-
binding N-terminal 82 residues of HVEM fused to the target-
specific scFv.We tested both an epithelial cell adhesionmolecule
(EpCAM)- and a human epidermal growth factor receptor
2-specific scFv separately and together to target cells expressing
one, the other, or both receptors. Our results show not only
dose-dependent, target receptor-specific infection in vitro, but
also enhanced virus spread compared with single-retargeted vi-
rus. In addition, we observed effective infection and spreading
of the EpCAM double-retargeted virus in vivo. Remarkably, a
single intravenous dose of the EpCAM-specific virus eliminated
all detectable tumors in a subcutaneous xenograft model, and
the same intravenous dose seemed to be harmless in immuno-
competent FVB/N mice. Our findings suggest that our dou-
ble-retargeted oHSV platform can provide a potent, versatile,
and systemically deliverable class of anti-cancer therapeutics
that specifically target cancer cells while ensuring safety.

INTRODUCTION
In recent years, oncolytic viruses (OVs) have become a highly attrac-
tive treatment in cancer immunotherapy.1–3 Antitumor effects of
OVs are exerted through two mechanisms of action: (i) OVs specif-
ically infect and replicate in tumor cells, eventually killing them,
and (ii) the infection stimulates the host’s innate and adaptive immu-
nity against tumors. Among the OVs, herpes simplex virus (HSV) is
the most widely studied for the treatment of solid tumors and ac-
counts for nearly a quarter of all ongoing clinical trials. Amgen’s
herpesvirus Talimogene laherparepvec is the first and only U.S.
Food and Drug Administration-approved OV for the treatment of
metastatic melanoma.4,5 Most recently, G47D (teserpaturev), a tri-
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ple-mutated recombinant oncolytic HSV (oHSV), has been approved
for the treatment of malignant glioma in Japan.6 The tumor specificity
of oHSV is typically a consequence of attenuating mutations in the
viral genome that support a high safety profile by preventing replica-
tion in normal cells. These attenuated viruses exert activity against
various tumors, but a potential drawback is that they replicate less
efficiently in cancers than wild-type (WT) viruses, producing less on-
colytic progeny.7 Systemic administration of OVs remains of limited
utility due to low efficiency of targeted delivery.

Strategies have been developed to redirect the natural viral tropism to
tumor-specific antigens of choice without impairing the lytic poten-
tial of the virus. The main strategy developed for oHSV retargeting
to cancers has involved the insertion of a peptide ligand, receptor
ligand or single-chain antibody (scFv) into a viral attachment and/
or entry glycoprotein. For example, successful targeting has been
achieved by incorporation of ligands or scFv recognizing the human
epidermal growth factor (EGF) receptor 2 (HER2),8 the interleukin-
13 receptor IL-13R,9 the urokinase plasminogen activator receptor,10

EGF receptor-vIII (EGFR-vIII),11 or EGFR12 into one or more of
glycoprotein D (gD), glycoprotein C (gC), glycoprotein B (gB), and
glycoprotein H (gH). An alternative retargeting strategy involves
the use of soluble adapter molecules that are capable of binding to
both HSV and a specific receptor on the surface of a target cell.13,14

In a previous study, we reported that HSV could be specifically tar-
geted to gastric carcinoma cells by an adapter protein composed of
the N-terminal 82 residues of the normal, but narrowly distributed
HSV receptor herpesvirus entry mediator (HVEM), fused to an
anti-carcinoembryonic antigen (CEA) scFv.13 CEA-specific virus en-
try was accomplished by combining the bispecific adapter with an
HVEM-restricted gD-mutant virus that does not recognize the widely
expressed HSV receptor nectin-1.15
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Figure 1. Genome structures of the retargeted and control oncolytic herpesviruses used in this study

Schematic representations of the genomes of KOSG (KOS-37 BAC-expressing GFP) and derivatives. All constructs except KOSG contained substitutions of Arg-222 and

Phe-223 of gD to asparagine and isoleucine (R222N/F223I) for detargeting from the natural receptor nectin-1 (black diamond). Sequences encoding self-targeting adapters

(scFvEpCAM-HVEM and scFvHER2-HVEM) and retargeted gH (gH:scFvEpCAM and gH:scFvHER2) were incorporated into the UL3/4 intergenic region and between

codons 29 and 30 of the viral gH gene, respectively. Transgenes were transcribed from the CMV promoter (black arrow). D, (double) two retargeting genes in the HSV

genome; S, single retargeted gene in the HSV genome.
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Although the adapter-conjugated HSV showed reasonable efficiency
of retargeted transduction both in vitro and in vivo, it required the
continuous addition of the mixture of adapter protein and virus.
The possibility that this limitation may be overcome by expression
of the adapter from the viral genome has been validated in different
replication-competent viral systems, including adenovirus andmouse
hepatitis virus (MHV).16–19 However, these single-component sys-
tems can suffer from genetic instability or otherwise low expression
levels of the adapter.20 In the present study, we successfully developed
a novel self-targeting oHSV system for multi-round infection by ex-
pressing an EpCAM-HSV gD bridging adapter from an HVEM-
restricted mutant HSV, providing sustained secretion of adapter
molecules during viral replication in infected tumor cells. To enable
initial retargeted infection without addition of exogenous adapter,
we genetically targeted viral gH to the same or a different tumor-asso-
ciated antigen, EpCAM or HER2. Our results with the doubly
EpCAM-retargeted virus showed that both the initial infection and
subsequent viral spread depend on cellular EpCAM expression in a
dose-dependent manner. Our work highlights the potential of our
double retargeting oHSV platform to serve as a highly specific and
efficient delivery tool of oncolytic activity.

RESULTS
Generation of EpCAM-targeted oHSVs

In this study, we chose human EpCAM as the cancer-specific target
receptor. EpCAM is a type I transmembrane glycoprotein overex-
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pressed on the surface of various cancer cells.21 As a strategy to
construct a series of HSV recombinants simultaneously retargeted
to EpCAM and detargeted from the natural receptor nectin-1, we
genetically engineered KOS-37 bacterial artificial chromosome
(BAC), a BAC carrying a complete HSV-1 strain KOS genome.22

We inserted a GFP gene under the control of an immediate-early viral
promoter in the UL26-UL27 intergenic region to produce KOSG
BAC, and modified the gD gene of KOSG BAC to encode a nectin-
1-detargeted mutant protein, gDR222N/F223I.15 We then constructed
three derivatives of nectin-1-detargeted KOSG BAC (Figure 1): (i)
EA-S, carrying an expression cassette in the UL3-UL4 intergenic re-
gion for an adapter, scFvEpCAM, composed of an anti-EpCAM
scFv fused with the gD-binding N-terminal 82 residues of HVEM;
(ii) EgH-S, carrying an insertion of the anti-EpCAM scFv open
reading frame between codons 29 and 30 of the viral gH gene; and
(iii) EA-EgH-D, carrying both the adapter expression cassette and
the modified gH gene. In addition, we used an anti-HER2 scFv to
generate HA-HgH-D, a HER2-specific counterpart of EA-EgH-D.
Each recombinant was verified by pulse field gel electrophoresis anal-
ysis and DNA sequencing through the modified region(s). BAC con-
structs were transfected into Cre- and HVEM-expressing Vero cells
(Cre-Vero-HVEM) to remove the loxP-bracketed BAC sequences,
and recombinant viruses were propagated in Vero-HVEM cells.
The expression of adapter andmodified gHwas confirmed by western
blot analysis of supernatants from infected MDA-MB-453 cells with
anti-His and anti-gH antibodies, showing that the adapter proteins
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Figure 2. Infection and spread of self-targeting adapter-expressing oHSV-1 (EA-S) in EpCAM-expressing cell lines

(A) Infection of EpCAM-expressing cell lines by EA-S with or without adapter protein. J1.1-2, J-Nectin-1, J-HVEM, and J-EpCAM cells were infected at anMOI of 3 andMDA-

MB-453 cells were infected at an MOI of 1. Scale bars, 100 mm. (B) Spreading of EA-S by self-targeting adapter expressed from the virus. MDA-MB-453 cells were infected

with EA-S at anMOI of 0.01 in the presence or absence of EpCAM adapter, incubated at 37�C, and fluorescence recorded at 24, 48, and 72 h. Scale bars, 200 mm. (C) In vivo

replication of EA-S treated with or without EpCAM adapter in MDA-MB-453 tumors. At 72 h after i.t. injection of EA-S with or without the EpCAM adapter, viral spreading was

visualized by a GFP fluorescence in vivo imager.

www.moleculartherapy.org
were properly synthesized and secreted, and that the electrophoretic
mobility of gH:scEpCAMwas reduced compared with that of WT gH
from KOSG (Figure S1).

Initial infection and cell-to-cell spreading of EA-S virus in

EpCAM-expressing cells

In our previous study, we showed that the nectin-1-detargeted
gDR222N/F223I mutant virus K-222/3NI initially infected CEA-express-
ing gastric cancer cells in the presence of a CEA-gDR222N/F223I

bridging adapter referred to here as scFvCEA-HVEM, but this strat-
egy is limited by the necessity to combine purified adapter protein
with the virus not only to initiate, but also subsequently to vigorously
expand the retargeted infection.13 To circumvent this limitation, we
developed a self-targeting system by incorporating an expression
cassette for the adapter into the viral genome, thereby allowing the vi-
rus to produce the adapter in infected cells. To determine whether this
system is sufficient to mediate both entry and spread of the virus
without exogenous supply of adapter protein, we infected various
cell lines with EA-S virus in the presence or absence of recombinant
scFvEpCAM-HVEM adapter (HA) protein (EpCAM adapter) and
visualized the results by GFP imaging. The specificity of viral infec-
tion was determined using J1.1-2 cells, which do not express
any gD receptors, their derivatives (J-Nectin-1, J-HVEM, and
J-EpCAM), and EpCAM-expressing human MDA-MB-453 cells. As
shown in Figure 2A, KOSG did not infect J1.1-2 and J-EpCAM cells,
whereas the virus efficiently entered into J-nectin-1 and J-HVEM.
Nectin-1-detargeted KOSG and EA-S virus, containing the substitu-
tions in gD, infected J-HVEM cells as efficiently as KOSG, but failed
to infect J-nectin-1- and nectin-1-positive MDA-MB-453 cells (Fig-
ure S2). EA-S also did not infect J-EpCAM cells, but when pre-treated
with the scFvEpCAM-HA, was able to infect both MDA-MB-453 and
J-EpCAM cells. These results indicated that the virus required an
exogenous adapter for initial infection through the target receptor.
However, once EA-S gained entry into MDA-MB-453 cells, it showed
a remarkable ability to spread (Figure 2B), whereas no comparable
spread was observed for nectin-1-detargeted KOSG under the same
conditions, clearly demonstrating the ability of virus-expressed
adapter to support expanding infection. Next, we explored the ability
of EA-S to replicate in MDA-MB-453 tumors in nude mice. Subcu-
taneous (s.c.) MDA-MB-453 tumors were injected with EA-S in the
presence or absence of the EpCAM adapter, and, upon resection
72 h later, the tumors were analyzed for virus-encoded GFP. As ex-
pected, EA-S-injected tumors did not show a GFP signal at 72 h. In
contrast, evidence of robust replication was readily detectable in tu-
mors inoculated with EA-S plus EpCAM adapter (Figure 2C). These
results indicated that self-targeting EA-S can carry out a persistent,
multi-round infection with efficient spread in cancer cells.

Infection, spread, and specificity of EpCAM double-retargeted

oHSV

To determine whether retargeting of gH to EpCAM would enable
initial infection without a purified adapter, we infected J-derived cells
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Figure 3. Enhancement of viral entry and spread by double-retargeted oHSV-1 equipped with a self-targeting adapter and targeted gH

(A) Entry specificity of double-retargeted oHSV-1. We used J-cell lines to examine the infection specificities of single and double-retargeted viruses, EgH-S and EA-EgH-D,

respectively, at MOIs of 3 for 24 h. Scale bars, 200 mm. (B) Infection and spread of EA-EgH-D compared with KOSG and EgH-S in cancer cells. EpCAM-expressing cancer

cell lines SK-OV-3 (1 MOI), MDA-MB-453 (0.1 MOI), OVCAR-3 (0.5 MOI), HCT116 (0.1 MOI), and EpCAM-negative ES-2 cells (1 MOI) were infected with KOSG or EpCAM-

retargeted viruses and infection was recorded as green fluorescence at 8 and 24 or 48 h. Scale bars, 200 mm. (C) Plaques formed by KOSG, EgH-S, and EA-EgH-D on

different cancer cell lines at 3 days after infection. Scale bars, 100 mm.
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with KOSG, EgH-S, and EA-EgH-D at a multiplicity of infection
(MOI) of 3. Figure 3A shows that the EgH-S and EA-EgH-D viruses,
which both have the nectin-1-detargeting R222N/F223I substitutions
in gD, failed to infect J-nectin-1 cells, but entered J-EpCAM cells,
although not equally efficiently. The three viruses were further as-
sayed for their abilities to enter EpCAM-positive (SK-OV-3, MDA-
MB-453, HCT116, and OVCAR-3) and EpCAM-negative (ES-2)
cancer cells; EpCAM, nectin-1, and HVEM levels on the surface of
these cells were determined by fluorescence-activated cell sorting
(FACS) (Figure S2). As shown in Figure 3B, EgH-S and EA-EgH-D
were able to enter EpCAM-positive cancer cells, but failed to enter
EpCAM-negative ES-2 cells. Additionally, while EgH-S and EA-
EgH-D seemed to exhibit a similar entry rate in the early infection
period (8 h after infection), EA-EgH-D infection seemed to have
spread significantly more than infection by EgH-S at 24 h (SK-
OV-3, MDA-MB-453, and HCT116 cells) and 48 h (OVCAR-3 cells).
We further analyzed cell-to-cell spread by comparing plaque sizes be-
tween the viruses at 3 days after infection. As illustrated with the
representative images of Figure 3C, EA-EgH-D and KOSG produced
similarly sized plaques that were 2.1- and 2.5-fold larger than those
formed by EgH-S on both SK-OV-3 and MCF-7 cells. In OVCAR-3
4 Molecular Therapy: Oncology Vol. 32 March 2024
cells, KOSG showed low infection and spreading, likely due to the
relatively low amount of nectin-1 on the surface of these cells (Fig-
ure S2), but here, too, EA-EgH-D showed greater spread than
EgH-S. Taken together, these results indicated that the retargeted
gH was sufficient to enable virus entry through EpCAM recognition
and that virus-mediated expression of the adapter substantially
enhanced lateral virus spread. To further confirm the receptor
specificity of EA-EgH-D infection, we performed a blocking assay
by pre-incubation of the cells with anti-EpCAM or control mono-
clonal antibody. As shown in Figure S3, EA-EgH-D entry and cell-
to-cell spread in cancer cell lines were dramatically inhibited by
pre-treatment of the cells with EpCAM-specific, but not isotype-
matched, control antibody. In contrast, entry of KOSG was not
affected by the anti-EpCAM antibody. We concluded that the entry
of EA-EgH-D depends on EpCAM, since it was inhibited by
EpCAM-specific antibody.

Killing ability and replication of EA-EgH-D virus in cancer cell

lines

To investigate the killing ability of EA-EgH-D virus, we infected
several of the cancer cell lines characterized earlier for cell-surface



Figure 4. Killing ability and replication of EA-EgH-D in EpCAM-expressing cancer cells

(A) Cytotoxicity of EA-EgH-D for EpCAM-expressing cancer cell lines. Cancer cells were infected at an MOI of 1, and percent cell viability relative to uninfected cells was

assessed byWST-1 assay daily for 5 days. Controls included EpCAM-negative ES-2 cells and infections with KOSG and nectin-1-detargeted KOSG. (B) Analysis of EA-EgH-

D replication in comparison with that of KOSG and nectin-1-detargeted KOSG. Cancer cells were infected at anMOI of 0.1, the cells were harvested and lysed at the indicated

times after infection, and progeny titers determined by plaque assay on Vero-HVEM cells. Controls were as in (A). All data are presented as the mean ± standard error of the

mean.
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EpCAM abundance (Figure S2) with KOSG or EA-EgH-D at an MOI
of 1, and determined cell viability daily for 5 days by WST-1 assay.
EA-EgH-D killed all five EpCAM-positive cell lines tested, while
EpCAM-negative ES-2 cells were resistant (Figure 4A). The control
virus, KOSG, killed all of the cell lines with the exception of
OVCAR-3 cells, which display little or no nectin-1 on their surface
(Figure S2). In contrast, nectin-1-detargeted KOSG did not show sub-
stantial cytotoxicity for any of the cell lines. The relative cell killing
efficiencies of EA-EgH-D on the different cell lines correlated with
the relative entry efficiencies of the virus into the same cell lines (Fig-
ure 3B), which in turn correlated with cell-surface EpCAM levels
(Figure S2). Of note, the cytotoxicity of EA-EgH-D appeared similar
to that of KOSG. We also compared the replication efficiencies of
EA-EgH-D and KOSG in the same cancer cell lines. As shown in Fig-
ure 4B, the two viruses grew at similar rates in all of the EpCAM-pos-
itive cell lines, including relatively slow growth in OVCAR-3 cells,
and the only major difference between the two viruses was seen in
EpCAM-negative ES-2 cells. Furthermore, the 48-h yields of EA-
EgH-D and KOSG from EpCAM-positive, nectin-1-positive cells
were largely similar. Again consistent with the low nectin-1 level on
OVCAR-3 cells, however, the yield of nectin-1-dependent KOSG
on these cells was some 10-fold lower than that of EA-EgH-D.
Together, these results were indicative of robust EA-EgH-D replica-
tion and cytotoxicity on par with that of KOSG in susceptible cells.

In vivo antitumor activity of double-retargeted EA-EgH-D virus

We explored the ability of EA-EgH-D to replicate in established
EpCAM-positive tumors in BALB/c nude mice. To visualize in vivo
replication, nude mice bearing s.c. MDA-MB-453 tumors were in-
jected intratumorally (i.t.) with EA-EgH-D, and virus-mediated GFP
expression was analyzed in tumors resected at 6, 48, and 72 h after vi-
rus inoculation. GFP was barely detectable at 6 h, but robust fluores-
cencewas recorded at 72 h (Figure 5A). To assess the in vivo antitumor
activity of EA-EgH-D, MDA-MB-453 tumors were allowed to grow
until they reached an average volume of 100–150 mm3, and were
then injected with 10-fold escalating virus doses from 2 � 104 to
2 � 106 plaque-forming unit (PFU). As illustrated in Figure 5B,
PBS-injected tumors grew from a mean ± SEM of 125.8 ± 32.9 mm3

to a mean of 409.5 ± 158.4 mm3 over a period of 50 d from the
time of treatment. In contrast, the sizes of tumors injected with
2 � 106 PFU of EA-EgH-D declined from 124.5 ± 29.7 mm3 to a
mean of 6.2 ± 13.7 mm3, with 4 out of 5 mice no longer carrying a
detectable tumor in the final days of the 50 d observation period. At
the lower EA-EgH-D doses, tumor growth was significantly delayed
compared with the PBS control group (p < 0.0001, t test). We also
explored the ability of our doubly EpCAM-retargeted oHSV to reach
a target tumor and exert its antitumor activity after systemic adminis-
tration.We tested three different doses of EA-EgH-D, from 2� 106 to
2� 108 PFU, administered through the tail vein of MDA-MB-453 tu-
mor-bearingmice. In the PBS control group, tumors grew to amean of
423± 38.8mm3 over a period of 38 d, but in the group injectedwith the
highest dose of EA-EgH-D virus, tumors were no longer detectable at
the end of this period in any of the mice (Figure 5C).

In vivo safety of nectin-detargeted EA-EgH-D virus

To assess the effects of EA-EgH-D administration on survival and
toxicity due to antiviral immune responses, we injected WT KOS
(positive control) and EA-EgH-D into immunocompetent FVB/N
Molecular Therapy: Oncology Vol. 32 March 2024 5
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Figure 5. Anti-tumor efficacy of double-retargeted oHSV-1 upon i.t. or i.v. administration in MDA-MB-453 xenograft model

(A) In vivo replication and spread of EA-EgH-D. We injected 5 � 106 MDA-MB-453 cells s.c. into BALB/c nude mice. When the tumor volume reached approximately

130mm3, 2� 107 PFU of EA-EgH-Dwas injected into the tumor mass. Viral replication in the tumormass was observed under a fluorescence in vivo imager. (B) Dose-related

anti-tumor efficacy of EA-EgH-D after i.t. administration.When the tumor volume reached approximately 130mm3, 2� 104, 2� 105, or 2� 106 PFU of double-retargeted EA-

EgH-D virus were injected directly into the MDA-MB-453 tumor mass. (C) Antitumor efficacy by systemic administration of EA-EgH-D at the indicated doses. Tumor-bearing

mice (�200mm3) were i.v. administered 2� 106, 2� 107, or 2� 108 PFU of virus via the tail vein. Tumor volumes were measured twice a week for 38 days and expressed as

means ± standard error of the mean.
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mice. We administered intravenous (i.v.) injections of 1 � 106 PFU
KOS and 1 � 108 PFU EA-EgH-D virus into FVB/N mice and moni-
tored their survival rates. After receiving a dose of 1� 106 PFU KOS,
all mice were observed to have an abnormal gait with apparent hin-
dlimb paralysis, indicating that FVB/Nmice are susceptible to human
HSV-1 infection. In contrast, all mice injected with a single i.v. injec-
tion of 1 � 108 PFU EA-EgH-D survived more than 88 days, and no
adverse events were observed (Figure 6A).

To assess the tissue distribution of the KOS and EA-EgH-D virus in-
fections, genomic DNA was isolated from various organ tissues of
mice 8 days after i.v. virus administration. This was done to confirm
the distribution of the virus in the tissues. qPCR targeting the HSV-1
gD gene was conducted on various tissues and generated a standard
curve (102–108) using 10-fold dilutions of known concentrations of
HSV virus DNA. As depicted in Figure 6B, the number of KOS
genome copies per 50 ng tissue DNA was notably higher in brain tis-
sue compared with other tissues of the mice. Similarly, the genomic
copies of EA-EgH-D, per 50 ng tissue DNA, were found to be lower
across all examined tissues. These findings reveal that the mice in-
jected with 100 times higher PFU of EA-EgH-D exhibited 20 times
lower levels of HSV-1 copies in the brain tissue compared with those
6 Molecular Therapy: Oncology Vol. 32 March 2024
injected with KOS. This significant decrease indicates the relative
safety of nectin-detargeted EA-EgH-D, particularly in terms of neuro-
toxicity, as opposed to KOS, and highlights the absence of adverse ef-
fects associated with HSV-1 in the EA-EgH-D group.

Extension of the double retargeting oHSV platform to HER2-

expressing cells

To expand the target range of our effective oHSV retargeting plat-
form, we engineered HA-HgH-D containing anti-HER2 scFvs in
both the virus-encoded targeting adapter and gH (Figure 1). Fig-
ure S4A illustrates that MDA-MB-453 and SK-OV-3 cells express
HER2 on their surface while ES-2 cells do not. Exposure of these cells
to HA-HgH-D at an MOI of 2 demonstrated widespread infection
comparable to that by KOSG of the two HER2-positive cell lines at
24 h, but no infection of ES-2 cells (Figure S4B). In agreement with
these results, the HER2 double-retargeted virus exhibited cytotoxic
activity in HER2-positive MDA-MB-453 and SK-OV-3 but not in
HER2-negative ES-2 cells, whereas KOSG displayed cytotoxicity for
all three cell lines (Figure S4C). The successful generation of a viable
HER2 doubly retargeted virus supports the possibility that our double
retargeting oHSV platform can be applied to cancers that express
different antigens.
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(A) Mice were injected i.v. with 1 � 106 PFU of KOS (n = 5) and 1 � 108 PFU of EA-EgH-D (n = 5). The survival rate was recorded by the Kaplan-Meier survival curve with
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Each bars indicate the average and SD of the positive samples for each group.
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DISCUSSION
Various bispecific adapters have been developed for the targeted de-
livery of adenovirus, herpesvirus, and coronavirus vectors, including
combinations with partially or completely detargeted viruses.14,23,24

Several groups have reported that adapters consisting of target-spe-
cific scFvs fused to the soluble ectodomain of the coxsackie- and
adenovirus receptor (sCAR) were able to retarget adenoviral vectors
efficiently to cells expressing the scFv target, such as HER2, EGFR,
and polysialic acid.25–28 For multi-round transductional targeting,
one group constructed a single-component OV, D24sCAR-EGF, by
inserting an adapter expression cassette into a replication-competent
adenoviral genome.16 However, the oncolytic potency of this virus
was severely impaired, suggesting that the expression of biologically
active proteins can undermine virus replication.17,29 Another group
reported the generation of a self-targeting coronavirus, MHVsoR-
EGF, which incorporated the coding sequence for an EGFR-targeting
bispecific-adapter in the genome of MHV.18 This virus showed
EGFR-specific spread and cell killing in U87DEGFR cell cultures.
However, the expression of scFv-containing adapter proteins from
theMHV genome caused a detrimental degree of virus instability dur-
ing propagation.20 Bispecific adapters have also been developed for
HSV retargeting to novel receptors. These strategies took into account
the notion that soluble forms of the HSV receptors nectin-1 and
HVEM can enable virus entry into receptor-deficient cells while in-
hibiting entry into receptor-bearing cells.30,31 Bispecific adapters
were developed that consisted of the gD-binding domain of
nectin-1 or HVEM fused with an scFv directed against a tumor sur-
face antigen, such as EGFR or CEA, enabling efficient HSV entry via
the targeted receptor.13,14 Although we and others have shown a
reasonable efficiency in vitro and in vivo of retargeted cell transduc-
tion upon virus pre-incubation with adapter, these two-component
systems allow only a single round of infection. Accordingly, it has
been suggested that exogenously supplied adapters might be suitable
for target-cell-specific transgene delivery by non-replicating but not
replicating viral vectors.32 While various adapters have been devel-
oped for virus retargeting to cancer cells, we report here the successful
generation of recombinant viruses containing viral genome-encoded
adapters consisting of a portion of a viral receptor and an scFv to a
non-viral receptor. The virus-encoded EpCAM adapter is secreted af-
ter entry of EA-S virus into EpCAM-expressing cancer cells (Fig-
ure S1), which may be required for multi-round infection and lateral
spread of virus to target cells in vitro and in vivo. Our results indicate
that the strategy of expressing a retargeting adapter from the viral
genome is effective in enhancing retargeted virus spread. Further-
more, the strategy can be readily modified to target more than one
cancer-associated antigen with a single virus. However, spread by
virus-encoded adapter still requires external adapter to initiate
infection.

As noted previously, the HVEM-restricted gD-mutant virus requires
further development to stabilize its receptor-restricted phenotype
against reverting mutations, particularly for applications requiring
replication.13 The Campadelli-Fiume lab has reported a novel
oHSV retargeting strategy involving the insertion of an scFv against
HER2 into gH, either in a virus that retained the ability to enter via
the canonical gD receptors or one lacking this ability.8,33 They sug-
gested that the modified gH with receptor-binding function could
circumvent the requirement for gD-receptor interactions. This
finding opened up a range of possibilities in HSV targeting, allowing
modification of not only gD, but also gH as complete retargeting stra-
tegies. In this regard, we created the double-retargeted oHSV, EA-
EgH-D, to establish a novel, high-efficiency strategy combining the
self-targeting adapter and retargeted gH. The Campadelli-Fiume
group described a double-retargeted HSV strategy to grow an
Molecular Therapy: Oncology Vol. 32 March 2024 7
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oHSV, fully detargeted from the natural HSV receptors and retar-
geted to, and, therefore, strictly dependent on, a cancer receptor, in
a non-cancer cell line.34 They engineered the 20-aa-long GCN4 pep-
tide into the gH of their virus, which also carried the scFv to HER2 in
gD. The production cell line was derived from Vero cells by express-
ing an artificial receptor capable of interacting with the GCN4 peptide
in gH. Our own double-retargeted oHSV platform is different in that
both of its targeting ligands are specific for cancer-associated recep-
tors. Although the initial infection is mediated by only the scFv-fused
gH, subsequent rounds of infection and spread seemed to be sup-
ported by both the modified gH and the endogenously supplied
adapter, as evidenced by the larger plaques of the double EpCAM-re-
targeted virus than of the corresponding single retargeted viruses on
the human cancer cells tested, resulting in similar effects as KOSG.

OVs have been developed for cancer patients, and more than 400
clinical trials have been conducted.35 At present, i.t. delivery is the
most common administration route for OV, while i.v. injection is
approximately one-third as common. In contrast, i.t. injection of
OVs can directly deliver higher numbers of viral particles into the
target lesion than i.v. administration and generally with a high de-
gree of safety. However, in clinical settings, i.t. infusion cannot be
applied to patients with inaccessible or metastatic tumors. There-
fore, systemic administration has been a key goal for the research
and development of OVs, especially oHSVs. Systemic delivery re-
quires that the virus effectively reaches and infects tumor lesions
with sufficient potency to exert anticancer effects, while sparing
non-tumor tissues to accomplish a high safety profile. We report
here that tumor growth inhibition by a single i.v. injection of EA-
EgH-D occurred in a dose-dependent manner, with complete
regression of all tumors achieved in the highest dosage group.
This double-retargeted oHSV, therefore, seems to hold promise as
a systemically applicable antitumor agent. We also generated the
HER2 doubly retargeted HA-HgH-D virus and showed its activity
and specificity in cell culture, indicating that our platform for spe-
cific retargeting to cancer-specific receptors will be applicable to
cancers expressing other antigens. In addition, these results show
that our double-retargeted system could be switched into dual or tri-
ple-retargeted platforms for the treatment of heterogeneous tumors.

Since the activity of the adapter in our designs depends on preserva-
tion of the HVEM-binding surface of gD, the virus has the ability to
interact with HVEM expressed on normal cells mainly in the spleen,
thymus, bone marrow, lung and intestines that include T, B, and
lymphoid cells.36 Studies have shown that Nectin-1 knockout (KO)
adult mice can be infected with HSV-1 through HVEM. Notably,
HSV-1(F) infections in Nectin-1 KO adult mice did not show toxicity
compared with normalmice.37 For theOV rRP-450, which is based on
HSV-1 and currently in phase I clinical trials, immunocompetent
FVB/N mice were utilized to assess safety and distribution.38 Conse-
quently, we determined that the nectin-1-detargeted variant,
EA-EgH-D, is safe for i.v. injection in FVB/N mice. Our toxicity
data using WT KOS suggest it a suitable model. Uniformly, i.v. WT
KOS virus was fatal at 106 PFU and exhibited an abnormal gait with
8 Molecular Therapy: Oncology Vol. 32 March 2024
apparent hindlimb paralysis. By contrast, the IV administration of
nectin-1-detargeted EA-EgH-D produced no adverse signs and symp-
toms in our studies. This phenomenon can be attributed to the distri-
bution, where at least a 2,000-fold higher HSV-1 genome was detected
in the brain tissue of KOS-injected mice compared with that of EA-
EgH-D-injected mice. When examining the distribution of the virus
in various tissues (brain, lung, liver, and kidney), viral DNAwas rarely
detected by qPCR. These findings imply that the nectin-1-detargeted
EA-EgH-D is significantly less virulent than the WT virus, attenuated
by at least 2,000-fold in vivo. Our results are consistent with the safety
outcomes observed for the rRp450 virus in FVB/N mice, although in
our study, the onset of lethality in theWT KOS-treated group was de-
layed by 5–6 days compared with the control group described by
Currier et al.38 Furthermore, ourfindings suggest that the nectin-1-de-
targeted EA-EgH-D is significantly less virulent than the WT virus,
aligning with reports that Nectin-1 KO adult mice can be infected
with HSV-1 through HVEM without observed toxicity compared
with normal mice. However, additional research, particularly
regarding the lethal dose via intracerebral administration, is necessary.

In addition, few if any tumor-associated receptors are unique to tu-
mor cells and infection of normal cells expressing the same receptor,
albeit typically at lower levels, is, therefore, not excluded, potentially
causing off-tumor toxicity as described for chimeric antigen receptor
(CAR)-T cells.39 When considering the administration of the EA-
EgH-D virus in humans, there remains uncertainty regarding its
safety, particularly in relation to the infection of human tissues via
HVEM. However, we will have a plan to devise sufficient alternative
measures to ensure safety. As an alternative, it should be prudent to
add additional features to the retargeted viruses that combine our
transductional retargeting approach with transcriptional control of
an essential viral gene, ICP6, by a tumor-specific promoter, human
telomerase reverse transcriptase promoter, to minimize off-tumor ef-
fects and further improve safety.40 Also for future clinical trials, we are
preparing the removal of both LAT and UL56 genes from the EA-
EgH-D virus to potentially decrease toxicity and inhibit virus reacti-
vation in HVEM-expressing neurons.41,42

As further enhancements, our double-retargeted oHSV platform may
be armed with cytokine genes promoting systemic antitumor immu-
nity, and with the PH20 gene to provide hyaluronidase activity
capable of degrading hyaluronan in the tumor extracellular matrix
that limits the spread of OVs in tumor tissues.43 In addition, to over-
come the tumor heterogeneity of antigen expression and remove the
immunosuppressive stromal cells expressing fibroblast-activation
protein (FAP) that reside in the tumor microenvironment (TME),
both of which were found as significant hurdles in CAR-T therapy,44

another feasible approach may be triple-retargeted oHSVs contain-
ing, for example, a mesothelin-retargeted gH and expressing two
adapters targeting different tumor-associated antigens, e.g., EpCAM
and FAP.

Finally, our findings reveal the potential of our double EpCAM-retar-
geted oHSV to function as an effective, systemically deliverable
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anti-cancer therapeutic, raising the expectation that this type of retar-
geted oHSV may well be suitable for the treatment of various types of
cancers by different routes, including i.t., i.p., and i.v. Furthermore, we
suggest that our double-retargeted oHSV platform expressing a
self-targeting adapter and retargeted gH represents an attractive
framework for the further development of novel strategies to target
heterogeneous cancers and overcome the immunosuppressive TME.

MATERIALS AND METHODS
Cells and virus

African green monkey kidney cell line Vero (VERO01WCB-1201)
was obtained from the Ministry of Food and Drug Safety. The
following cell lines were obtained from the American Type Culture
Collection: MDA-MB-453 (human breast carcinoma, HTB-131),
MCF-7 (human breast adenocarcinoma, HTB-22), HCT116 (human
colorectal carcinoma, CCL-247), SK-OV-3 (human ovarian serous
cystadenocarcinoma, HTB-77), OVCAR-3 (human ovarian serous
adenocarcinoma, HTB-161), and ES-2 (human ovarian clear adeno-
carcinoma, CRL-1978). Vero-HVEM and Cre-Vero-HVEM cells
were established by transduction of Vero and Cre-Vero cells22 with
lentivirus expressing full-length human HVEM that was produced
by transfection of 293FT cells with pLenti6-HVEM and selected for
resistance to 10 mg/mL blasticidin (InvivoGen). Baby hamster kidney
(J1.1-2) cell line and their derivatives expressing HVEM and nectin-1
were generous gift from Gabriella Campadelli-Fiume (University of
Bologna). J-EpCAM cells were constructed by transduction of
J1.1-2 cells with lentivirus containing human EpCAM and selected
for resistance to 10 mg/mL blasticidin. SK-OV-3 cells were cultured
in McCoy’s 5A medium (Welgene) supplemented with 10% heat-in-
activated fetal bovine serum (FBS,Welgene), 100 U/mL penicillin and
100 mg/mL streptomycin (Gibco). OVCAR-3 cells were cultured in
Roswell Park Memorial Institute medium (RPMI-1640, Welgene)
supplemented with 20% FBS, 10 mg/mL insulin (Sigma), 100 U/mL
penicillin, and 100 mg/mL streptomycin. HepG2 and MDA-MB-453
cells were cultured in RPMI-1640 medium supplemented with
10% FBS, 100 U/mL penicillin, and 100 mg/mL streptomycin.
MCF-7, J1.1-2, J-HVEM, and J-nectin1 cells were cultured in
DMEM (Welgene) supplemented with 10% FBS, 100 U/mL penicillin
and 100 mg/mL streptomycin. Vero-HVEM, Cre-Vero-HVEM, and
J-EpCAM cells were grown in DMEM media supplemented with
10% FBS, 100 U/mL penicillin, 100 mg/mL streptomycin, and
5 mg/mL blasticidin for transgene expression. WT KOS strain was
kindly provided by Joseph C. Glorioso (University of Pittsburgh)
and was propagated and titrated on Vero cells.45

Cloning of adapter and gH

A single-chain fragment variable of EpCAM (scFvEpCAM) was
amplified from the synthetic vector pBHA-scEpCAM (4D5MOCB)
by PCR with specific primers: forward 50-GGGAAGCTTGCCACCA
TGAGTGTGCCCAC-30 and reverse 50-CCCGAATTCTGAACCGC
CACCACCCGAGGAAACGGTCAGCAGCG-30 with underlined re-
striction enzyme sites,HindIII and EcoRI. PCR was performed as fol-
lows: first denaturation at 95�C for 5 min, 30 cycles of amplification
(95�C for 1min, 60�C for 45 s, and 72�C 2min), and final extension at
72�C for 5 min. To generate scFvEpCAM-HA, the pcDNA3.1-
scFvCEA-HVEM vector13 was digested withHindIII and EcoRI to re-
move scFvCEA region, and ligated with HindIII/EcoRI-digested
scFvEpCAM gene. The ligated genes were transformed to E. coli
(DH5a) and selected using antibiotics (ampicillin, 50 mg/mL). Re-
combinant adapter proteins were produced as previously described.13

Tomodify gH, scFvEpCAM gene was amplified using specific primers
with NotI restriction enzyme site and linker sequences (forward,
50-GCTGCGGCCGCCAGTAGTGGCGGTGGCTCTGGTTCCGGT
GATATCCAGATGACCCAGTCC-30; reverse, GCTGCGGCCGCG
GATCCACCGGA ACCAGAGCCTCCACCGGAAGACGAGGAA
ACGGTCAGCAGCG). PCR was performed as follows: 1 cycle at
95�C for 5 min, 35 cycles at 95�C for 1 min, at 60�C for 45 s, and
at 72�C for 2 min, and additional extension at 72�C for 5 min. The
pPEP100-gH vector46 was modified with NotI enzyme site between
the 20 and 30 amino acid position (pPEP-gH29N). pEP-gH29N
and scEpCAM were digested by NotI, ligated, and transformed
into DH5a.

To engineer the adapter expression cassette, a scFv of HER2
(scFvHER2) was amplified from the sequence encoding the trastuzu-
mab scFv by PCR with specific primers: forward 50-CCCGGATCCGC
CACCATGAGTGTGCCCACTCAGGTCCTGGGGTTGCTGCTGC
TGTGGCTTACAGGTGCCAGATGTGAGGTGCAGCTGGTTG -30

and reverse 50- CCCGAATTCTGAACCGCCACCACCCTTGATTT
CCACCTTGG -30 with underlined restriction enzyme sites, BamHI
and EcoRI. PCR amplification consisted of 1 cycle of 95�C for 5 min,
followed by 30 cycles of 95�C for 1 min, 60�C for 45 s, 72�C for
2 min, and a final extension at 72�C for 5 min. To generate an
scFvHER2-HA, the pcDNA3.1-scFvCEA-HVEM vector was digested
withBamHI andEcoRI to remove the scFvHER2 region, and the result-
ing vector was ligated with the digested scFvHER2 gene. The ligated
genes were then transformed intoE. coli (DH5a) and selected using an-
tibiotics (ampicillin, 50 mg/mL).

To modify gH, the scFvHER2 gene was amplified using specific
primers containing aNotI restriction enzyme site and linker sequences
(forward: 50-CGCGGCCGCAGTAGTGGCGGTGGCTCTGGTTCC
GGTGGAGAGGTGCAGCTGGTTGAAT-30; reverse: CGCGGCC
GCTCCACCGGAACCAGAGCCTCCACCGGAAGACTTGATTTC
CACCTTGGTGCCC). The PCR amplification consisted as follows: 1
cycle at 95�C for 5 min, 35 cycles at 95�C for 1 min, at 60�C for 45 s,
and at 72�C for 2 min, and additional extension at 72�C for 5 min.
The pPEP-gH29N and scFvHER2 were digested with NotI, ligated,
and transformed into DH5a bacteria.

BAC engineering for modification and construction of double-

retargeted oHSV-1

We generated an HVEM-restricted an oHSV-1 backbone that con-
structed from KOS-37 BAC plasmid22 to evade nectin-1 binding
and to increase HVEM interaction of viral gD by BAC engineering us-
ing Counter-Selection BAC Modification Kit (Gene Bridges). The
modification of gD was initiated by transforming the pRed/ET
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plasmid and inserting a rpsL-neo cassette armed with specific se-
quences by PCR. To modify the arginine and phenylalanine of gD
to asparagine and isoleucine, gDR222N/F223I forward synthetic gene
fragment was incorporated into gD by homologous recombination.
To evaluate formation of virus from the BAC construct, a GFP expres-
sion cassette was incorporated between UL26 and UL27 of all BAC
constructs.

The scFvEpCAM-HVEM and scFvHER2-HA expression cassettes, as
well as the retargeted gH genes (gH:scFvEpCAM and gH:scFvHER2),
were inserted into an HVEM-restricted HSV-1 backbone. The
HVEM-restricted HSV-1 backbone was harbored in E. coli
(DH10B) transformed with the pRed/ET plasmid. The rpsL-neo
cassette was amplified by PCR with gene-specific primers tagged
with arm sequences designed according to incorporation positions.
The armed rpsL-neo cassette was replaced into the respective region
of the HVEM-restricted HSV-1 backbone for modification by homol-
ogous recombination. The replacement of the rpsL-neo cassette was
verified by antibiotics tests with chloramphenicol (15 mg/mL) and
streptomycin (15 mg/mL), and colony PCR with each specific primer
set. The adapter expression cassette (scFvEpCAM-HVEM and
scFvHER2-HVEM) and modified gH gene (gH:scFvEpcAM and
gH:scFvHER2) were amplified by PCR with their specific primers
with arm sequences. The scFvEpCAM-HA was substituted with the
rpsL-neo cassette by homologous recombination, and introduced be-
tween the UL3 and UL4 regions (EA-S). A gH:scFvEpcAM gene was
replaced between the 29 and 30 amino acids of gH (EgH-S). The dou-
ble-retargeted construct (EA-EgH-D) was generated by the insertion
of gH:scFvEpCAM into EA-S. The HER2 double-retargeted construct
(HA-HgH-D) was performed as described for construction of EA-
EgH-D. The gene-specific primers and synthetic oligonucleotides
used for BAC modification in this study were listed in Table S1.
The PCR products used for BAC engineering were amplified under
the following conditions: 1 cycle at 95�C for 5 min, 35 cycles of at
95�C for 1 min, at 60�C for 45 s, and at 72�C 2 min, and 1 cycle at
72�C for 5 min. All BAC-engineered constructs were verified by tar-
geted DNA sequencing analysis and restriction enzyme digestion.

EpCAM-retargeted virus preparation and purification

Recombinant viruses were generated by transfecting Cre-Vero-
HVEM cells using Lipofectamine 2000 (Thermo Fisher Scientific),
followed by two rounds of limiting dilution on Cre-Vero-HVEM
cells. The BAC region flanked by loxP elements was removed by
Cre recombinase to avoid immunological interference by BAC-
encoded elements (e.g., LacZ and chloramphenicol resistance). Prop-
agation, purification, and titration of viruses were performed as
previously described.47 Briefly, Vero-HVEM cells were infected
with the virus at an MOI of 0.01 at 37�C overnight. After total cyto-
pathic effect was observed at 33�C, 5M NaCl, and dextran sulfate so-
lution were added to a final concentration of 0.45 M and 100 mg/mL,
respectively. The supernatant was harvested and concentrated by
centrifugation at 29,000�g for 60 min. The virus was purified by
size-exclusion chromatography using Capto core 700 beads (Cytiva).
The virus titer was determined by plaque assay in Vero-HVEM cells.
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Vero-HVEM cells were infected with serial dilutions of the virus and
incubated with DMEM supplemented with 1% FBS and 0.5% meth-
ylcellulose (Sigma) for 3–4 days until the plaques were visible. The
cells were then fixed with methanol and stained with crystal violet
(Sigma) for 15 min to visualize the plaques. Viral plaques were
counted, and the average for each dilution was determined. The value
was multiplied by 10 to the power of dilution to obtain the number of
PFU per milliliter.

Production and purification of EpCAM adapter

EpCAM adapter was obtained through collaboration with Y-Biologics.
293F cells were transfected with appropriate expression plasmids using
Lipofectamine 3000 (ThermoFisher Scientific). The culturemediawere
harvested and loaded onto Ni Sepharose 6 Fast Flow (Cytiva) for first
purification of theHis-taggedprotein.The secondpurificationwas con-
ducted using an SRT-C SEC-300HPLCcolumn (Sepax) on anUltimate
3000 system (Thermo Fisher Scientific). The final purification was per-
formed using Superdex 26/600 200 pg (Cytiv) on AKTA Go (Cytiva).
Purified proteins were identified by gel electrophoresis and immuno-
blotting. The concentration of each purified protein was determined
by Bradford assay (Bio-Rad).

Virus entry and spreading

Cells were seeded into a 96-well culture plate. The indicated cell lines
were infected with KOSG, EgH-S, and EA-EgH-D viruses for 90 min
at 37�C. For the entry of EpCAM self-targeting virus, EA-S virus was
incubated with or without 125 nM EpCAM adapter for 30 min at
4�C. After the removal of unbound viruses, fresh growth media
were added to each well. To assess plaque formation, infected cells
were overlaid with medium containing 0.5% methylcellulose for
3 days at 37�C. Virus infection and plaques were monitored GFP
fluorescence and images were collected under fluorescence micro-
scopy, IX73 (Olympus).

Cell killing ability and virus replication

For the cell killing assay, cells were seeded in 96-well plates and in-
fected with KOSG. nectin-1-detargeted KOSG, or EA-EgH-D virus
at an MOI of 1 for 1–5 days. In addition, HER2-targeted HSV-1
was infected at an MOI of 2. Cell viability was determined by addition
of EZ-Cytox solution (DogenBio, Korea). The OD450 was recorded by
a SpectraMax i3x ELISA reader (Molecular Devices). The curves were
obtained by plotting the measured cell viability (%) against non-in-
fected control cells using GraphPad Prism software (GraphPad). To
determine virus replication, cells were seeded to 90% confluence in
12-well culture plates and infected with KOSG, nectin-1-detargeted
KOSG, or EA-EgH-D virus at an MOI of 0.1. The infected cells
were harvested separately at 3, 24, and 48 h after infection and sub-
jected to five freeze-thaw cycles. Progeny virus yields were titrated
in Vero-HVEM cells.

Animal experiments

The experimental animal procedures were approved by the Institu-
tional Animal Care and Use Committee (IACUC) of the Korea Insti-
tute of Radiological and Medical Sciences in accordance with the
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guidelines and policies of the Korean Council on Animal Care. Eight-
week-old female nude mice were purchased from Charles River Lab-
oratories and maintained under sterile conditions. All animal studies
were conducted using protocols approved by the Institutional Animal
Care and Use Committee of the Korea Institute of Radiological and
Medical Sciences. Nude mice were s.c. injected in the right hind leg
with 5 � 106 MDA-MB-453 cells. When the average size of the tu-
mors reached about 100–150 mm3, the tumor-bearing mice were
randomly divided into groups. To visualize in vivo replication, mice
with MDA-MB-453 s.c. tumors received an i.t. injection of EA-
EgH-D in 20 mL volume and were killed 6, 48, and 72 h later. The re-
sected tumors were cut in half and observed under a fluorescence
in vivo imager. All the optical images were acquired with a Bruker
in vivo Xtreme system (Bruker). Accurate observations of other or-
gans did not reveal any fluorescence signal. For i.t. injection, MDA-
MB-453 tumor-bearing mice received a single injection of 2 � 104,
2� 105, and 2� 106 PFU of EA-EgH-D or PBS. For systemic delivery,
when the average tumor size reached approximately 200 mm3, mice
were given a single i.v. injection of 2 � 106, 2 � 107, or 2 � 108

PFU virus or PBS in the volume of 100 mL. Tumor growth was moni-
tored by measuring tumor size with digital calipers twice a week, and
tumor volumes were calculated as (length � width2)/2.48 For safety
evaluation, Seven-week-old female immunocompetent FVB/N mice
(DBL) were injected via tail vein with HSV-1 WT KOS strain
(1 � 106 PFU), EA-EgH-D (1 � 108 PFU), or PBS. Infected mice
were monitored daily for signs of disease, and their weight was re-
corded. Mice displaying severe symptoms or 20% weight loss were
immediately euthanized. Survival curves were analyzed using the
long-rank (Mantel-Cox) test.

qPCR

To prepare total DNA from target organs (brain, liver, lung, and kid-
ney), FVB/N mice were sacrificed on study day 8 and dissected to get
the internal organs. The tissues were processed with DNeasy Blood &
Tissue Kits (Qiagen Sciences), and total DNA from this step was
stored at �20�C. HSV-1 genomic copies were measured by qRT-
PCR using QuantStudio 5 Real-Time PCR System (Thermo Fisher
Scientific) and analyzed by Design & Analysis 2.6. HSV type 1
(HSV-1) Real-Time PCR Assay probe/primer mix (Virusys) 50 ng to-
tal DNA extracted from a target organ was used as a template. The
forward and reverse primers contain FAM/BHQ-labeled probes,
which are specialized for HSV-1 gD gene. qRT-PCR was performed
with one cycle of 95�C for 10 min, 45 cycles of 95�C for 10 s, and
one cycle of 64�C for 1 min. The standard curve was using a virus
preparation of known concentration (1012 copies/mL) and was pro-
duced linear results at dilutions of 108–102 copies per reaction.
Thus, experimental values of less than 102 copies were considered
below the detection limit and scored as negative.

Flow cytometry

Cells were collected and stained with PE-conjugated antibodies
against EpCAM (clone #9C4; BioLegend), HER2 (clone #24D2;
BioLegend), Nectin-1 (clone #R1.302; BioLegend), and HVEM (clone
#94801; Norvus) for 30 min at 4�C. After washing with FACS stain
buffer, cell surface markers were analyzed using flow cytometry
(FACS) with a CytoFlex instrument (Beckman Coulter) and FlowJo
software (FlowJo).

Statistical analysis

Data were acquired from three independent experiments, and all er-
ror bars represent the standard error of the means. Statistical analysis
was performed using GraphPad prism version 8 (GraphPad).
One-way ANOVA Followed by Tukey’s multiple comparison test
or student’s t-test was used to analyze the data as appropriate.
Kaplan-Meier survival curves were used to present animal survival,
and the log rank (Mantel-Cox) test was used to analyze survival rates.
p values of less than 0.05 were considered statistically significant.
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