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Oncolytic herpes simplex viruses (oHSVs) have emerged as
leading cancer therapeutic agents. Effective oHSV virotherapy
may ultimately require both intratumoral and systemic vector
administration to target the primary tumor and distant me-
tastases. An attractive approach to enhancing oHSV tumor
specificity is engineering the virus envelope glycoproteins
for selective recognition of and infection via tumor-specific
cell surface proteins. We previously demonstrated that oHSVs
could be retargeted to EGFR-expressing cells by the incorpo-
ration of a single-chain antibody (scFv) at the N terminus of
glycoprotein D (gD). Here, we compared retargeted oHSVs
generated by the insertion of scFv, affibody molecule, or
VHH antibody ligands at different positions within the N ter-
minus of gD. When compared to the scFv-directed oHSVs,
VHH and affibody molecules mediated enhanced EGFR-spe-
cific tumor cell entry, spread and cell killing in vitro, and
enabled long-term tumor-specific virus replication following
intravenous delivery in vivo. Moreover, oHSVs retargeted
via a VHH ligand reduced tumor growth upon intravenous
injection and achieved complete tumor destruction after in-
tratumoral injection. Systemic oHSV delivery is important
for the treatment of metastatic disease, and our enhancements
in targeted oHSV design are a critical step in creating an
effective tumor-specific oHSVs for safe administration via
the bloodstream.

INTRODUCTION
Considerable effort has gone into creating safe and effective herpes
simplex virus (HSV) vectors that demonstrate tumor cell–specific
oncolysis (oHSV).1 The oHSV vector talimogene laherparepvec
(T-VEC) showed durable responses in 16.3% of melanoma patients
following direct intratumoral delivery,2 and was approved by the US
Food and Drug Administration in 2015 for the treatment of solid
tumors.3 T-VEC is attenuated by the deletion of the genes encoding
g34.5 and ICP47, and expresses the human granulocyte-macro-
phage colony-stimulating factor gene to stimulate an immune
response.2,3 The g34.5 protein inhibits the innate interferon
(IFN)-mediated response to virus infection, and eliminating its
expression inhibits virus growth in normal cells but allows growth
in tumor cells that contain defects in IFN response pathways.4 Clin-
ical trials have shown T-VEC to be well tolerated and suggest that
further modifications will be required to realize effective oHSV-
directed cancer therapy.5
Molec
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The vectors described here use alternative approaches to accomplish
tumor-restricted vector growth. First, the differential microRNA
(miR) expression that exists between normal cells and tumor
cells can be leveraged to restrict virus replication to tumors. In glio-
blastoma (GBM), miR-124 levels are low or undetectable, whereas
miR-124 is highly expressed in normal neurons.6,7 Incorporation
of miR-124 target sites into the 30 UTR of the ICP4 gene blocked
virus replication in miR-124-expressing cells in culture and pre-
vented both virus replication and HSV-induced encephalitis in vivo.8

Second, vector tropism can be restricted to cells expressing
epidermal growth factor receptor (EGFR) or an EGFR mutant lack-
ing exons 2–7 (EGFRvIII),8,9 commonly upregulated in tumors such
as GBM.10,11 GBM are locally invasive brain tumors, although extra-
neural metastases to the regional lymph nodes, lungs, bone, and
liver can occur late in the course of the disease.12 EGFR is also over-
expressed in cancers such as head and neck, lung, and breast,
providing a cell surface marker with broad utility for targeted cancer
therapy.10,13,14 To reach both the primary tumor and distant metas-
tases, oHSV treatment will likely require combined direct intratu-
moral (i.t.) delivery and intravenous (i.v.) administration, making
vector retargeting an ideal mechanism to ensure safety and tumor
infectivity.

Vector retargeting can be accomplished by modifying the viral enve-
lope glycoproteins involved in the process of HSV receptor binding
and cell entry.15 Glycoprotein D (gD) determines vector tropism by
binding to one of its cellular receptors, herpesvirus entry mediator
(HVEM or HveA), nectin-1 (HveC), and 3-O-sulfated heparan sul-
fate. Receptor binding causes a conformational change in gD and trig-
gers a cascade of interactions among the other essential glycoproteins,
the gH/gL heterodimer, and the viral fusogen gB. gB mediates fusion
between the virus envelope and the cell surface or endosomal mem-
brane, ultimately releasing the nucleocapsid into the cytoplasm. To
retarget virus infection, the natural receptor-binding properties of
gD must be eliminated by the deletion or modification of specific
amino acids in the N terminus of gD, and alternative protein-binding
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Figure 1. Vector engineering

(A) Schematic representation of the KG4:T124-DgD:GW

vector, illustrating the unique long (UL), unique short (US),

terminal repeat long (TRL), and terminal repeat short (TRS)

segments of the HSV genome. KG4:T124-DgD:GW

contains BAC sequence between UL37 and UL38, two

viral entry-enhancing mutations in the gB glycoprotein

gene (gB:NT), a deletion encompassing the adjacent

internal repeat sequences IRL and IRS (DJOINT), a GFP

marker gene linked to the gC open reading frame via a

T2A sequence (gC-T2A-GFP), and 4 copies of a miR-124

recognition sequence in the 30 UTR of the ICP4 gene

(ICP4:T124). A GW cassette replaces the coding

sequence for the gD glycoprotein (DgD:GW). (B)

Schematic of gD showing the locations of the SP,

immunoglobulin-like fold (Ig fold), profusion domain (PFD),

and transmembrane domain (TM). Residue 38 is deleted

in all of the retargeted gD glycoproteins to ablate nectin-1

binding. The black box (Dx-24) indicates the residues

removed to eliminate HVEM binding (the x position varies

per construct); this is the insertion site for the targeting

ligands shown below. (C) Glycoprotein incorporation into

purified virus particles was assessed by western blot.

1 � 108 gc of purified virus was loaded per lane and

probed with antibodies recognizing the envelope

glycoproteins gD and gB and the tegument protein VP16.

Relative gD and gB band intensities normalized to VP16

and set to gD:scED38 = 1� are shown below the

lanes. Western blots were performed in duplicate and

representative images and band intensities are shown.
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moieties that recognize the desired cell surface protein can be inserted
at the site of deletion.

We previously demonstrated that a single-chain variable fragment
(scFv) recognizing human EGFR and EGFRvIII (together referred
to here as EGFR/vIII) inserted in place of gD residues 2–24 specif-
ically retargeted virus infection to EGFR-expressing cells.9 In this re-
targeted HSV, the D2-24 mutation eliminated HVEM binding, and
the tyrosine at gD residue 38 was replaced with cysteine to ablate
nectin-1 binding (Y38C). Combining EGFR-retargeted gD with
two entry-enhancing mutations in gB (gB:NT)16 significantly
enhanced retargeted virus entry. This virus demonstrated EGFR/
vIII-specific cell entry and enhanced survival in a mouse model of
human GBM.9

We have since replaced the Y38C substitution with a complete dele-
tion of residue 38 (D38) to ensure that the propagation of virus on
nectin-1-expressing cell lines does not result in reversion to nectin-
1-dependent entry.17 However, initial data indicated that the efficacy
of the EGFR-retargeted D38 virus needed to be enhanced for effective
tumor cell killing. Here, we explored the use of alternative EGFR/vIII
ligands to mediate vector retargeting, including an affibody molecule
and three variable domain from heavy-chain-only antibodies
(VHH).18,19 These ligands were assessed at the original D2-24 posi-
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tion, and further downstream of the signal peptide (SP) cleavage
site (D6/7-24). Using this approach, we identified multiple retargeted
gD designs that demonstrated significantly improved entry, spread,
and tumor cell killing in vitro and in vivo when compared to the orig-
inal scFv-based virus.

RESULTS
Vector engineering

Our overall goal is to optimize the safety and efficacy of our EGFR-
retargeted oHSV. We have therefore explored the use of several
different retargeting designs for our recombinant gD. Recombinant
viruses expressing the retargeted gD variants were created in a de-
rivative of the KG4:T124 viral backbone (strain KOS).8,20

KG4:T124 contains loxP-flanked bacterial artificial chromosome
(BAC) sequences for genome manipulation in bacteria, a deletion
of the internal repeat region, the EGFP gene fused in-frame to
the gC gene via a 2A peptide sequence (gC-EGFP), two entry-
enhancing mutations in the gB gene (gB:NT),16 and four copies
of a miR-124 response element (T124) in the 30 UTR of the
ICP4 gene.8 In the present work, a Gateway (GW) cassette was
introduced in place of the gD coding sequence (KG4:T124-
DgD:GW) (Figure 1A) to facilitate the insertion of genetically
modified gD genes containing alternative EGFR/vIII ligands
(Figure 1B).



Table 1. Viral recombinants

Virusa
Genome copy
titer (gc/mL)b

Plaque-forming
unit titer (pfu/mL)c gc/pfu

gD:WT 1 � 1012 1.9 � 109 526

gD:scEGFRD2-24 5.5 � 1011 7.5 � 107 7,000

gD:scEGFRD7-24 3.5 � 1011 1.1 � 107 31,800

gD:SD1D6-24 6.6 � 1011 5.8 � 108 1,100

gD:SD2D6-24 6.2 � 1011 1.6 � 108 3,900

gD:SD3D6-24 8 � 1011 1.4 � 108 5,700

gD:SD1D2-24 ND ND

gD:SD2D2-24 8.5 � 1010 1.2 � 107 7,100

gD:SD3D2-24 ND ND

gD:ZEGFRD2-24 6.4 � 1011 3 � 108 2,000

gD:ZEGFRD7-24 5.5 � 1011 1.6 � 108 3,400

gD:ZdimD2-24 1.8 � 1011 5.6 � 108 321

gD:ZdimD7-24 1 � 1011 2 � 107 5,000

Fluc-gD:scE 3.8 � 1012 5 � 109 760

Fluc-gD:ZE 2 � 1012 3 � 109 660

Fluc-gD:SD2 2.5 � 1012 2.5 � 109 1,000

aVirus names describe the corresponding recombinant gD construct design. Deletion
notationsD2-24,D6-24, or D7-24 specify the insertion site of the noted targeting ligand:
scEGFR and scE (scFv), SD (VHH), ZEGFR/ZE, and Zdim (affibody monomer and
dimer molecules). All contain the D38 nectin-1 detargeting mutation. Fluc, firefly lucif-
erase added to the viral backbone.
bGenome copy titers were determined by qPCR for UL5; DNA from purified virus par-
ticles. ND, not determined.
cPlaque-forming unit titers were determined by standard plaque assay on Vero cells.
ND, not determined.
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We assessed several different criteria in the construction of the retar-
geted gD proteins, including different EGFR binding ligands and
alternative insertion positions within the recombinant gD molecule.
The original EGFR-targeted gD used an scFv (248 amino acids
[aa]) in place of residues 2–24 of gD. The alternative EGFR/vIII li-
gands tested here included an affibody molecule (58 aa; ZEGFR)19

and 3 VHH antibodies (referred to here as single domain [SD] 1–3;
124–130 aa)18 (Figure 1B). We tested insertion sites at the original
D2-24 position and further downstream of the SP cleavage site (D6/
7-24). To create the recombinant gDs, we genetically replaced resi-
dues 2–24, 6–24, or 7–24 in the HVEM binding N-terminal region
with the appropriate EGFR ligands (Figure 1B), and deleted residue
38 (D38) to ablate nectin-1 recognition. Themodified gDs were intro-
duced into the KG4:T124-DgD:GWBAC by LR-Clonase reaction. Vi-
ruses were produced by transfection of BAC DNA into Vero cells that
naturally express both nectin-1 and EGFR (Table 1).

Characterization of recombinant virus production and

retargeted gD expression

The majority of gD derivatives produced functional virus, able to
form plaques on Vero cells; however, the efficiency of virus produc-
tion varied significantly between constructs (Table 1). ZEGFR was
tested as a monomer or dimer at positions D2-24 and D7-24. Based
on virus replication and stock production, the ZEGFR ligand func-
tioned similarly in all cases, yielding high titer stocks of replicating vi-
rus. When positioned at D2-24, SD1, SD2, and SD3 yielded viruses
that formed small plaques that did not grow well on Vero cells. Virus
containing gD:SD2D2-24 grew well enough to obtain a low titer stock
of virus, whereas the SD1 and SD3 variants were discontinued due to
poor growth. The same SD ligands inserted at position D6-24 gener-
ated viruses that grew robustly, and these were selected for further
study. For the original scFv ligand, the two positions tested (D2-24
and D7-24) produced viruses with comparable growth. These data
suggested that ligand position may be adjusted to improve the func-
tion of specific ligands, such as the SD antibodies, when designing re-
targeted gD proteins.

For each recombinant virus, biological titers in plaque-forming units
(pfu) per milliliter were determined by plaque assay on Vero cells and
physical titers in genome copies (gc) per milliliter were established by
real-time qPCR for the HSV-1 early gene unique long 5 (UL5)
(Table 1). Because gD modification significantly influences virus en-
try and plaque formation, gc titers were used for viral backbone com-
parisons. Purified virus particles were analyzed by western blot for the
envelope glycoproteins gD and gB and the tegument protein VP16.
When compared at an equivalent gc input, similar VP16 levels were
seen for each virus stock, indicating that gc titers provide a good es-
timate of viral particles for comparison of the recombinant viruses.
The viruses also demonstrated comparable levels of the gB glycopro-
tein. Each virus contained amodified gD glycoprotein at the predicted
molecular weight. However, unlike the levels of VP16 and gB, recom-
binant gD levels varied considerably between constructs, falling well
below wild-type (wt) gD (gD:wt) levels (Figure 1C).

Entry specificity of the retargeted recombinant viruses

To assess the ability of purified KG4:T124-gD recombinant viruses to
enter cells via interaction with full-length human (h)EGFR, we in-
fected J1.1-2 cells that are resistant to HSV infection due to the
absence of gD receptors21 and derivatives expressing human nectin-
1 (J-C)22 or hEGFR (J-EGFR).23 Cells were infected at an MOI of
1,000 gc/cell and virus entry was assessed 6 h postinfection (hpi) by
immunostaining for the immediate-early (IE) HSV protein ICP4.
As shown in Figure 2, the gD:scEGFRD2-24, gD:SD1D6-24,
gD:SD2D6-24, gD:SD3D6-24, and gD:ZEGFRD7-24 viruses were
able to enter J-EGFR cells but were unable to enter J-C or J1.1-2 cells.
In contrast, the control virus expressing gD:wt from the same back-
bone was able to enter J-C cells, but not J1.1-2 or J-EGFR cells.

To assess virus entry via EGFRvIII, we infected B78H1 cells that do
not express the natural HSV-1 receptors24 and B78H1 derivatives
transduced with EGFRvIII (B78-vIII)17 or nectin-1 (B78-C).25 At
6 hpi, ICP4 staining was observed on B78-vIII cells for the
gD:scEGFRD2-24, gD:SD1D6-24, gD:SD2D6-24, gD:SD3D6-24, and
gD:ZEGFRD7-24 viruses, whereas no staining was observed on either
B78H1 or B78-C cells. As expected, the gD:wt control virus was able
to enter the B78-C cell line, but not B78H1 and B78-vIII (Figure 3).
These results indicated that entry of the retargeted viruses was no
Molecular Therapy: Oncology Vol. 32 March 2024 3
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Figure 2. The retargeted viruses enter cells via human EGFR

Human EGFR-specific cell entry was assessed on HSV receptor-deficient J1.1-2 cells, J-C (nectin-1), and J-EGFR (hEGFR) cells. Cells were infected for 6 h at an MOI of

1,000 gc/cell and immunostained with antibody recognizing the IE protein ICP4 as a marker of virus entry (green) and counterstained with DAPI as a positive control (blue).

Scale bars, 200 mM.
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longer supported by the cellular expression of nectin-1, and that the
scFv, affibody molecule, and VHH domains mediated entry via both
EGFR and EGFRvIII.

Lateral spread of EGFR retargeted gD

Effective oncolytic activity is influenced by both entry efficiency and
subsequent lateral spread. The infectious center (IC) assay specif-
ically examines viral cell-to-cell spread by eliminating the first stage
of virus entry into the cells as a variable. Using the IC assay, we
compared different acceptor cells for plaque formation induced by
lateral spread from a single source of intracellular virus (donor
cell).25 Vero donor cells were infected at an MOI of 10,000 gc/cell
to achieve 100% infection and were washed with acidic glycine at
2 hpi to remove the extracellular virus. Equal numbers of infected
donor cells were overlaid on monolayers of uninfected acceptor
cells, and plaque areas were quantified 2 days later. We assessed pla-
que formation on Vero cells and on three tumor cell lines that ex-
press EGFR.26–28

As shown in Figure 4A, each of the viruses formed plaques on Vero
cells, and plaque size varied significantly among the viruses. The
gD:wt virus showed an average plaque size of 0.25 mm2. The
4 Molecular Therapy: Oncology Vol. 32 March 2024
gD:scEGFRD2-24 and gD:scEGFRD7-24 viruses, targeted to EGFR
via the same scFv ligand located at different positions within
the recombinant gD molecule, demonstrated similar plaque
sizes of 0.04 and 0.03 mm2, respectively. Likewise, the viruses retar-
geted via a monomer affibody molecule, gD:ZEGFRD2-24 and
gD:ZEGFRD7-24, yielded similar plaque sizes (0.13 mm2) regardless
of the position of the ligand within recombinant gD.Viruses targeted
via an affibody dimer molecule demonstrated smaller plaques that
also differed in size between the two ligand positions in gD; the
average plaque size for gD:ZdimD2-24 was 0.09 mm2 and the average
plaque size for gD:ZdimD7-24 was 0.02 mm2. The gD:SD1D6-24,
gD:SD2D6-24, and gD:SD3D6-24 viruses, targeted to EGFR via 3
distinct SD antibodies, demonstrated plaque sizes of 0.13 mm2,
0.36 mm2, and 0.13 mm2, respectively (Figure 4A).

Similar data were obtained using U251 acceptor cells (Figure 4B). The
average plaque sizes observed for gD:SD1D6-24, gD:SD2D6-24,
gD:SD3D6-24, gD:ZEGFRD2-24, gD:ZEGFRD7-24, gD:ZdimD2-24,
and gD:ZdimD7-24 were significantly larger than those recorded
for gD:scEGFRD2-24, and we detected no significant differences
in plaque formation between the gD:scEGFRD2-24 and gD:sc
EGFRD7-24 viruses. Since we observed no significant difference



Figure 3. The retargeted viruses enter cells via the tumor-associated EGFRvIII mutant

EGFRvIII-specific cell entry was assessed on HSV receptor-deficient B78H1 cells, B78-C (nectin-1), and B78-vIII (mutant EGFRvIII) cells. Cells were infected for 6 h (MOI of

1,000 gc/cell) and immunostained with antibody recognizing the IE protein ICP4 (green) and counterstained with DAPI as a positive control (blue). Scale bars, 200 mM.
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between gD:scEGFRD2-24 and gD:scEGFRD7-24 on both Vero and
U251 cells, we omitted the latter from further analyses. For similar
reasons, we selected the gD:ZEGFRD7-24 virus to represent the vi-
ruses targeted via affibody molecules.

We tested two more human tumor cell lines to evaluate lateral spread,
the SNB19 and A549 cell lines, respectively a GBM and an adenocar-
cinoma cell line. When infected Vero cells were seeded on either
SNB19 cells (Figure 4C) or A549 cells (Figure 4D), the gD:SD1D6-
24, gD:SD2D6-24, and gD:SD3D6-24 viruses consistently showed
significantly larger plaque sizes than the gD:scEGFRD2-24 virus
(p < 0.0001). The gD:ZEGFRD7-24 virus also showed significantly
improved lateral spread relative to the gD:scEGFRD2-24 virus on
both the SNB19 (p < 0.05) and A549 (p < 0.0001) cell lines. Together,
these results indicated that cell-to-cell spread through EGFR was
enhanced in the gD:SD1D6-24, gD:SD2D6-24, gD:SD3D6-24,
and gD:ZEGFRD7-24 viruses relative to that observed for the
gD:scEGFRD2-24 virus. Interestingly, the gD:SD2D6-24 and
gD:SD3D6-24 viruses exhibited enhanced lateral spread also
compared to the gD:wt virus on both the SNB19 and A549 cell lines
(p < 0.0001), and the gD:SD1D6-24 virus demonstrated enhanced
lateral spread compared to the gD:wt virus on the A549 cells
(p < 0.0001).
Entry efficiency for EGFR retargeted gD

To quantify viral entry, Vero (Figure 5A), U251 (Figure 5B), SNB19
(Figure 5C), and A549 (Figure 5D) cells were infected at an MOI of
1,000 gc/cell, and the percentage of ICP4+ cells relative to the total
number of DAPI+ cells was determined at 6 hpi. On the Vero cell
line, comparable numbers of ICP4+ cells were observed for all vi-
ruses (Figure 5A). The gD:scEGFRD2-24 virus entered 63% of
Vero cells, and the gD:wt, gD:SD1D6-24, gD:SD2D6-24, and
gD:SD3D6-24 viruses entered 76%, 55%, 69%, and 58% of Vero
cells, respectively, with no observable statistical difference. The
gD:ZEGFRD7-24 virus entered 82% of Vero cells, representing a sig-
nificant but moderate increase relative to the gD:scEGFRD2-24 vi-
rus. On the U251 cell line, the percentage of ICP4+ cells was 13%
for gD:scEGFRD2-24, 52% for gD:SD1D6-24, 85% for gD:SD2D6-
24, 64% for gD:SD3D6-24, 39% for gD:ZEGFRD7-24, and 85% for
gD:wt (Figure 5B). These data showed that both the VHH
antibody–based and the affibody molecule–based retargeted viruses
entered significantly more U251 tumor cells at the same gc input
than the gD:scEGFRD2-24 virus.

Similar to what we observed for the U251 cell line, on the SNB19
cell line, the gD:wt virus entered 88% of the cells compared to
only 18% for gD:scEGFRD2-24. Relative to gD:scEGFRD2-24,
Molecular Therapy: Oncology Vol. 32 March 2024 5
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Figure 4. Viruses retargeted by the SD antibodies or

affibody molecules demonstrate enhanced cell-to-

cell spread

Vero donor cells were infected at an MOI of 10,000 gc/

cell, extracellular virus was inactivated, and equal

numbers of infected donor cells were added onto

monolayers of uninfected (A) Vero, (B) U251, (C) SNB19,

or (D) A549 acceptor cells. Plaques were imaged at 2 dpi

and plaque size was quantified using ImageJ software.

Averages were calculated ±SEM, and 1-way ANOVA

analyses were used to determine differences observed

between groups (n = 5–15; *p < 0.05; **p < 0.01;

***p < 0.001; ****p < 0.0001).
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gD:SD1D6-24 (54%), gD:SD2D6-24 (73%), gD:SD3D6-24 (47%),
and gD:ZEGFRD7-24 (36%) demonstrated significantly improved
entry (Figure 5C). On the A549 cell line, the ICP4+ percentages
observed for gD:wt and gD:scEGFRD2-24 were not as disparate
(93% for gD:wt and 50% for gD:scEGFRD2-24) (Figure 5D). Still,
significant increases in entry were observed for gD:SD1D6-24
(85%), gD:SD2D6-24 (82%), and gD:ZEGFRD7-24 (76%). At 64%
ICP4+ cells, the gD:SD3D6-24 virus did not demonstrate a signifi-
cant increase in entry relative to gD:scEGFRD2-24. Together, these
data showed that entry varied in a cell type–dependent
manner, with the gD:SD1D6-24, gD:SD2D6-24, gD:SD3D6-24, and
gD:ZEGFRD7-24 viruses generally demonstrating improvement
relative to gD:scEGFRD2-24 virus and often approaching the entry
values observed for gD:wt.

Tumor cell line killing

We next assessed virus-mediated killing using the alamarBlue
cell viability assay. The U251, SNB19, and A549 cells were infected
at an MOI of 1,000 gc/cell and followed for 72 h. The gD:wt,
gD:SD1D6-24, gD:SD2D6-24, gD:SD3D6-24, gD:ZEGFRD7-24, and
gD:scEGFRD2-24 viruses were cytotoxic in every cell line, resulting
in a substantial reduction in cell viability over the 72 h time course
(Figures 6A–6C). On all three cell lines, the gD:SD1D6-24,
gD:SD2D6-24, gD:SD3D6-24, and gD:ZEGFRD7-24 viruses resulted
in a significant improvement in cell killing when compared to the
gD:scEGFRD2-24 virus. These data were consistent with the overall
improvement in both entry and spread observed for the viruses retar-
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geted via SD antibodies or affibody molecules.
Given the variability in entry observed among
the viruses, we compared cell killing on the
U251 cell line by first infecting donor Vero
cells at high MOI with gD:scEGFRD2-24,
gD:SD2D6-24, or gD:ZEGFRD7-24. As in the
IC assay, infected Vero cells were then seeded
on the U251 acceptor cells, and cell viability was
evaluated by the alamarBlue assay. The results
confirmed that even once the initial entry differ-
ences were removed, the gD:SD2D6-24 and
gD:ZEGFRD7-24 viruses resulted in a significant
improvement in cell killing relative to the gD:scEGFRD2-24 virus
(Figure 6D).

EGFR retargeted HSV-induced tumor regression in a nude

mouse model

To assess the in vivo oncolytic activity of the EGFR-retargeted viruses,
we introduced a firefly luciferase (fLuc) reporter gene under the con-
trol of the cytomegalovirus (CMV) promoter into the KG4:T124-
DgD:GW BAC genome at the intergenic region between UL50 and
UL51 (KG4:T124_fLuc-DgD:GW). The modified gD glycoprotein
genes, gD:scEGFRD2-24, gD:SD2D6-24, and gD:ZEGFRD7-24,
were introduced into the KG4:T124_fLuc-DgD:GW BAC, and the
Fluc-gD:scE, Fluc-gD:SD2, and Fluc-gD:ZE viruses were produced
as described above (Table 1). It was previously reported that the affi-
body molecule showed high affinity for both murine (m)EGFR and
hEGFR.19 We therefore generated a B78H1 cell line that expresses
mEGFR (B78-mEGFR; Figure S1) and demonstrated that Fluc-
gD:ZE but not Fluc-gD:scE or Fluc-gD:SD2 entered cells via mEGFR
(Figure S1). In murine tumor models, the Fluc-D:ZE virus offers the
utility of evaluating both virus replication in the targeted tumor and
off-target infection in nontumor tissue.

We treated U251 subcutaneous flank tumors with a single dose of
oHSV by i.v. administration and monitored tumor volume and virus
biodistribution by bioluminescent imaging (BLI). Animals received
1� 1010 gc of Fluc-gD:scE, Fluc-gD:SD2, Fluc-gD:ZE, or vehicle con-
trol by tail vein delivery when tumors reached an average volume of



Figure 5. Viruses retargeted via the SD antibodies or

affibody molecule demonstrate enhanced cell entry

(A) Vero, (B) U251, (C) SNB19, and (D) A549 cells were in-

fected at 1,000 gc/cell, fixed at 6 hpi, and stained for ICP4

and DAPI. Fluorescent images were captured and quanti-

fied with ImageJ software. Data are presented as the per-

centage of ICP4+ cells relative to the total DAPI+ cells.

Averages were calculated ±SEMs (n = 5). One-way

ANOVA analyses were used to determine differences

observed between groups. Statistical significance

(**p < 0.01; ***p < 0.001; ****p < 0.0001) is shown for

gD:scEGFRD2-24 relative to the other viruses. Statically

significant differences (p < 0.0001) were also observed

between gD:wt and gD:SD2D6-24(SNB19 and A549);

gD:wt and gD:SD3D6-24 (SNB19 and A549); gD:wt and

gD:SD1D6-24 (A549) but are not illustrated.
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100 mm3. At 1 day postvirus delivery, luciferase signal was detected
for all three viruses in the liver, which cleared by 48 h. We also
observed that all three viruses accumulated in the tumor with no
further off-target detection. The BLI signal for Fluc-gD:SD2 peaked
at 7 days (average of 1.7 � 108 photons per second [p/s]) and stayed
within 1 log of the peak value over the remaining observation period.
Similarly, the Fluc-gD:ZE signal peaked at 5 days (average of 1.7� 108

p/s) and stayed within 1–1.5 log of the peak value for the remaining
observation period. The luciferase signal for Fluc-gD:scE also peaked
at 5 days (average of 4.4 � 107 p/s), but in contrast to the other two
viruses, the BLI signal declined progressively (Figure 7A). BLI signals
were significantly higher at 7 and 10 days for Fluc-gD:SD2
(p < 0.0.0001 and p < 0.001, respectively) and at 5 days for Fluc-
gD:ZE virus (p < 0.001) when compared to Fluc-gD:scE. Following
treatment, tumor volume in the vehicle and Fluc-gD:scE-treated
groups increased steadily, reaching in average �1,300 mm3 at
18 days (Figure 7B). At 18 days, the average tumor size in the Fluc-
gD:SD2- and Fluc-gD:ZE-treated groups was �730 and �890 mm3,
respectively. Fluc-gD:SD2-treated tumors were significantly smaller
than PBS-treated tumors at 18 days postvector delivery (p < 0.01).
We compared the area under the curve (AUC)29 for each treatment
group to evaluate the trajectory of tumor growth (Figure 7C), and
observed a significant difference between Fluc-gD:SD2-treated tu-
mors and PBS-treated controls (p < 0.05). Although these data indi-
Mole
cated that a single i.v. dose of oHSV was not suf-
ficient to cause tumor regression, they provided
compelling evidence of tumoricidal activity.

To determine whether multiple injections of
oHSV delivered by either i.v. administration or
direct i.t. injection could improve oHSV activity,
we treated U251 tumor-bearing mice with
gD:SD2 virus by i.v. or i.t. delivery every 2 days
for a total of 4 doses. The vehicle-treated tumors
increased steadily in size over the 18-day time
course to �1,000 mm3. Multiple i.t. injections re-
sulted in a decrease in the average tumor size by
5 days postvector delivery, and tumors were completely cleared by
18 days (Figure 7D). For animals treated with multiple i.v. injections
of Fluc-gD:SD2, the tumor size remained significantly smaller than
controls for 9 days after treatment, followed by a progressive increase
(Figure 7D). Based on the AUC, multiple i.v. doses significantly
reduced tumor growth when compared to PBS-treated controls (Fig-
ure 7E). The BLI signal in i.t.-treated animals was higher than in
i.v.-treated animals at 1 day postdelivery (3 � 107 p/s i.t. compared
to 3 � 104 p/s i.v.; p < 0.05) and 3 days postdelivery (1 � 108 p/s
i.t. compared to 5 � 107 p/s i.v.; p < 0.001), remained high for
7 days, and then decreased in a manner consistent with the decrease
in tumor size, reaching background levels when tumor regression was
complete (Figure 7F). In the i.v.-treated animals, the BLI signal
peaked at 3 days (5 � 107 p/s) and remained largely constant within
the tumor over the observation period, declining between 13 and
18 dpi (Figure 7F). These data show that by repeated i.t. delivery of
1 � 1010 viral gc, retargeted oHSV was able to eradicate the tumor.
Following i.v. delivery with the same variables, the retargeted vector
was able to transduce and replicate in the tumor cells, reducing tumor
growth, but did not completely lead to tumor regression.

DISCUSSION
Despite significant therapeutic advancement, oHSV therapy still faces
significant challenges, such as improving viral delivery to cancer cells,
cular Therapy: Oncology Vol. 32 March 2024 7
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Figure 6. Virus-mediated cell death in vitro

(A) U251, (B) SNB19, or (C) A549 cells were infected at 1,000 gc/cell, and cell viability was assessed at 24, 48, and 72 hpi by alamarBlue assay. Data are presented as the

percentage of viable cells relative to uninfected cells at each time point; average ±SEM (n = 5–8). Statistics were determined by 2-way ANOVA. The viability of U251, SNB19,

and A549 cells infected with gD:wt, gD:SD1D6-24, gD:SD2D6-24, gD:SD3D6-24, and gD:ZEGFRD7-24 was significantly reduced compared to gD:scEGFRD2-24. For

U251 cells, p < 0.0001 for all time points. For SNB19 cells, p < 0.0001 at 24 and 48 hpi for each comparison; at 72 hpi, p < 0.001 for gD:SD1D6-24, gD:SD2D6-24, and

gD:wt, p < 0.01 for gD:SD3D6-24, and p < 0.05 for gD:ZED7-24. For A549 cells, at 24 hpi, p < 0.0001 for gD:SD2D6-24, p < 0.01 for gD:wt and gD:SD1D6-24, and p < 0.05

for gD:SD3D6-24; at 48 hpi, p < 0.0001 for gD:SD2D6-24, p < 0.001 for gD:wt, and p < 0.01 for gD:SD1D6-24 and gD:ZED7-24; at 72 hpi, p < 0.01 for gD:SD1D6-24, gD:wt,

and gD:SD2D6-24. (D) Infected Vero donor cells weremixedwith U251 acceptor cells (1 Vero cell per 10 U251 cells), and cell viability was evaluated by alamarBlue assay. The

gD:ZEGFRD7-24 virus significantly reduced cell viability when compared to gD:scEGFRD2-24 at 24, 48 (p < 0.05), and 72 hpi (p < 0.001). gD:SD2D6-24 significantly reduced

cell viability at 48 and 72 hpi when compared to gD:scEGFRD2-24 (p < 0.001).
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augmenting oHSV replication and spread in the tumor microenvi-
ronment (TME), and ultimately stimulating an efficacious antitumor
immune response. In this study, our overall goal was to create a safe
and effective vector that retargets virus infection to the tumor-associ-
ated surface marker EGFR. Tumor-selective vector infection allows
for high-dose i.v. delivery that will expand the utility of oHSV thera-
pies and may prove important for the treatment of metastatic disease
where direct i.t. delivery is not possible.

During WT virus entry, gD–receptor interaction results in conforma-
tional changes30–32 that are transmitted via the gH/gL heterodimer to
the fusogen gB to induce fusion of the viral envelope with the cell
membrane.33 The aa residues necessary for cognate receptor binding
have been well defined.32,34–37 Vector retargeting may be accom-
plished by the modification of gD to eliminate its cognate receptor in-
teractions, introduce sequences for targeted receptor recognition, and
preserve its required downstream interactions. oHSV vectors target-
ing tumor-associated human epidermal growth factor receptor 2
(HER2)38–40; epithelial cell adhesion molecule (EpCAM)41; carci-
noembryonic antigen (CEA)9; chemokine receptor 4 (CXCR4)42;
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and glial-derived neurotrophic factor (GDNF)43 have achieved posi-
tive results in preclinical studies and illustrated the relative plasticity
of the envelope glycoproteins to tolerate insertions of different
ligands.37

Although scFv ligands have been used successfully in multiple oHSV
retargeting studies,9,41,44,45 it has been suggested that the insertion of
large sequences, such as scFv, into gD is not well tolerated.37 Our
initial retargeted viruses used an scFv ligand specific for EGFR and
EGFRvIII8,9,16,17; this targeting ligand introduces 248 aa residues
into the D2-24 position of gD. scFv directed viruses mediated tumor
cell–specific oncolysis but did not achieve WT levels of infection.
Here, we have demonstrated that viruses retargeted via SD antibody
ligands, approximately 120 aa residues smaller, achieved more robust
tumor-specific entry and lateral cell-to-cell spread. In addition, vi-
ruses retargeted via an affibody molecule (58 aa) yielded a significant
improvement over those retargeted via the scFv ligand but did not
typically reach the entry, spread, or cell killing capability of the SD-
based viruses. These data are consistent with the suggestion that the
scFv-based virus could have been restricted in its infection capabilities



Figure 7. Treatment of U251 subcutaneous tumors by

systemic or intratumoral vector delivery

U251 cells were implanted in the right hind flank of BALB/c

athymic nude mice, and when tumors reached a volume of

�100 mm3, the mice were treated with 1 � 1010 gc of the

indicated virus or vehicle control (PBS). Black arrows indi-

cate the days of treatment. (A–C) The i.v. delivery of a single

dose of Fluc_gD:scE (scE), Fluc_gD:SD2 (SD2), or

Fluc_gD:ZE (ZE) (n = 5 mice per group). (D–F) Four doses

of SD2 delivered i.t. or i.v. (n = 3 mice per group). (A and

F) Fluc expression from the viral backbone was quantified

by BLI in a time course beginning 1 day after vector

delivery and expressed as p/s (mean ± SEM). (B and D)

Tumor growth was assessed by creating a growth curve

of tumor volume (mm3; mean ± SEM) and by (C and E)

determining the AUC for the growth curves generated in

(B) and (D). Statistical differences were determined by

2-way ANOVA (A, B, D, and F) and by 2-tailed

nonparametric Mann-Whitney test (C and E) (*p < 0.05;

**p < 0.01; ***p < 0.001).
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based on the overall size of the ligand positioned within the N termi-
nus of gD. However, the enhanced infectivity observed for the viruses
retargeted via SD antibodies and affibody molecules was also likely
influenced by differences between the ligands in overall affinity for
EGFR.18,19,46

Insertion site also plays a pivotal role in retargeted oHSV design.
The sites explored for ligand insertion include 6–38, 61–218,44,47

35–39,48 214–223, 219–223,49 and 2–24.8,9 These studies suggested
that not all insertion sites are equivalent and that ligand position
can greatly alter oHSV yields and gD function. For instance, the
N terminus of gD seems to tolerate insertions better than internal
positions in the gD ectodomain.37,50 Here, we engineered recombi-
nant gD molecules with ligands at different positions within the N
terminus of gD and demonstrated that the relative contribution of
the insertion site to gD function varied with respect to the ligand
used. The function of the recombinant gD glycoproteins was not
significantly affected by ligand position when scFv or affibody mol-
ecules were used as targeting ligands. However, recombinant gD
function varied greatly with respect to VHH position. The SD1-3 li-
gands grew poorly when inserted at position 2-24 of gD, forming
small plaques and yielding low titer virus stocks (Table 1). In
contrast, insertion of the SD1-3 ligands at position 6-24 resulted
in a functional gD glycoprotein capable of supporting robust virus
growth and high titer stock production. These findings suggest
that ligand position may be adjusted to improve function when
Mole
designing retargeted gD proteins and that no
single rule can be defined that applies to all tar-
geting ligands.

Our results suggest that oHSV retargeted to
EGFR via the VHH and affibody molecules are
more efficient in both entry and spread than the
scFv ligand. Recently, a tumor necrosis factor-related apoptosis-
inducing ligand (TRAIL)-armed oHSV was targeted to GBM stem-
like cells (GSC) via insertion of an SD (nanobody) ligand and demon-
strated promising results in preclinical studies,42 supporting the use of
these smaller targeting moieties. Among the oHSVs retargeted to
EGFR via VHH, the gD:SD2D6-24 virus outperformed the
gD:SD1D6-24 and gD:SD3D6-24 viruses in entry efficiency, lateral
spread, and tumor cell killing.

We compared retargeted vector activity in vivo in subcutaneous U251
xenografts in immunodeficient mice. Although not made up of a
characteristic GBM brain TME, subcutaneous tumor models created
with established human GBM cell lines are frequently used for initial
assessments of HSV vector oncolytic activity following both i.t. and
i.v. delivery.9,51,52 In comparison to gD:scE, the gD:SD2 virus showed
improved oncolytic activity upon a single i.v. injection, significantly
limiting overall tumor progression, although regression was not
accomplished. Studies have shown that repeat administration of
oHSV was more effective at inhibiting tumor growth and significantly
increased the proportion of tumor-free mice.47,51 Consistent with this
observation, we observed that multiple doses of gD:SD2 virus deliv-
ered i.v. significantly decreased tumor growth and multiple doses of
gD:SD2 injected i.t. led to complete tumor clearance. These data sug-
gest that we have significantly improved the oncolytic activity of our
oHSV backbone but that additional steps must be taken to achieve
complete responses by i.v. administration.
cular Therapy: Oncology Vol. 32 March 2024 9
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Several options exist to enhance retargeted HSV oncolysis. For
example, we have recently shown that lateral spread of retargeted
HSV can be enhanced by the addition of complementing muta-
tions in other viral proteins.53 It was also demonstrated that i.v. de-
livery of retargeted oHSV-bearing syncytial mutations resulted in
complete responses in immunodeficient mice bearing human xeno-
grafts.51 As mentioned above, subcutaneous xenografts in immu-
nocompromised animals, such as the U251 assessed here, do not
represent the complex and typically immunosuppressive TME
that would be encountered by oHSVs in a clinical setting. Current
evidence suggests that optimal oHSV candidates for cancer therapy
will provide both efficient oncolysis and the induction of antitumor
immunity. A recent clinical trial has linked oncolytic immunoacti-
vation to survival in GBM,54 showing that the median overall sur-
vival was increased in individuals who had preexisting antibodies
to HSV-1 relative to seronegative patients. In preclinical studies,
promising results in immunocompetent mice have shown that
arming a HER2-retargeted oHSV with interleukin-12 (IL-12)
induced a proinflammatory TME and enhanced therapeutic
activity.55

Although the majority of retargeted oHSVs specifically recognize the
human protein, oHSVs retargeted via the ZEGFR affibody molecule
mediated entry into both human and murine EGFR-expressing cells,
offering the potential to study retargeted oHSV treatment in a
completely murine syngeneic system without the introduction of
exogenous human EGFR. Our future studies will assess the ability
of systemically administered, retargeted oHSVs to achieve lytic infec-
tion of multiple tumor sites along with the induction of antitumor im-
munity in syngeneic EGFR-expressing tumor models. The retargeted
oHSV backbones defined here will be improved by the addition of
vector modifications to enhance lateral spread within the tumor
mass and transgenes to induce potent antitumor immunity. Tumor
targeting will likely play an essential role in realizing the full potential
of oHSVs.

MATERIALS AND METHODS
Cells

Baby hamster kidney J1.1-2 cells were provided by Gabriella
Campadelli-Fiume (University of Bologna) and murine melanoma
B78H1 cells were provided by Gary Cohen (University of Pennsylva-
nia); both cell lines were cultured in DMEM (Corning, Durham, NC)
supplemented with 5% fetal bovine serum (FBS; MilliporeSigma, Bur-
lington, MA) and 1% penicillin/streptomycin (Corning-Mediatech,
Manassas, VA). Nectin-1 transduced J-C cells and B78-C cultures,
hEGFR transduced J-EGFR cells, and EGFRvIII transduced B78-
vIII were grown in the presence of antibiotic, as previously
described.17,22,25,56 Human GBMs SNB19 and U251,57 osteosarcoma
U2OS (American Type Culture Collection [ATCC], Manassas, VA),
African green monkey kidney Vero cells (ATCC), and A549 cells
(ATCC) were cultured in DMEM supplemented with 5% FBS and
1% penicillin/streptomycin. B78-mEGFR cells were established by
the transfection of B78H1 cells with pFLAG-mEgfr(wt) followed
by selection with 0.8 mg/mL G418. Resistant clones were screened
10 Molecular Therapy: Oncology Vol. 32 March 2024
by immunofluorescent staining for the FLAG tag present at the N ter-
minus of mEGFR (Figure S1).

Plasmids

pFLAG-mEgfr(wt) used for the generation of B78-mEGFR cells was
created from pFLAG-Egfr(Velvet) (Addgene plasmid no. 18788).58

We first corrected the A833G substitution in the mEGFR coding re-
gion of Egfr(Velvet) by designing primers to introduce the WT aa
sequence at position 833 between two EcoR1 sites in the pFLAG-
Egfr(Velvet) plasmid (Table S1). First, overlapping PCR products
were generated with primer pairs (1) mEGFR F1 (velvet) and
mEGFR R1 (velvet), and (2) mEGFR F2 (velvet) and mEGFR R2
(velvet). The final DNA fragment containing the corrected WT
sequence flanked by EcoRI sites was produced by overlap PCR
with products 1 and 2. Finally, the corrected DNA fragment was
subcloned into pFLAG-Egfr(Velvet) between the indicated EcoR1
sites and confirmed by DNA sequencing across the mEGFR coding
sequence.

pENTR-gD:scEGFRD2-24/D38 was derived from pgD:D224/38C-
scEGFR9 by deleting the mutant codon at position 38 (Y38C) using
flanking BstBI and BspEI restriction sites, as described.17 The
gD:scEGFRD224/D38 coding sequence was then transferred to the
pENTR1A plasmid (Thermo Fisher Scientific, Pittsburgh, PA) to
facilitate LR-Clonase-mediated recombination into the GW contain-
ing vector. pENTR-gD:scEGFRD7-24/D38 was derived from pENTR-
gD:scEGFRD2-24/D38 by modification of the N-terminal NcoI-BglII
fragment using primers Bgl2EGFRd7R and Nco1EGFRd7F.

pENTR-gD:SD1D6-24/D38, pENTR-gD:SD2D6-24/D38, and pENTR-
gD:SD3D6-24/D38 were generated from a pENTR-gD:wt plasmid that
contains thewt gD coding sequence (strainKOS),modified to contain a
BstB1 site between aa 34 and 36, positioned between the attL1 and attL2
recombination sites in pENTR1A.17 First, the NcoI-BstBI fragment at
the 50 end of gD was modified to contain a unique BamHI restriction
site in place of aa 6–24 in the gD coding sequence to generate
pENTR-gDD6-24. The modified NcoI-BamHI sequence was created
by annealing and extension of the complementary oligonucleotides
gDd6-24_NcoI-BstBI R and gDd6-24_NcoI-BstBI F (Table S1).
Codon-optimized DNA fragments encoding VHH SD1, SD2, and
SD318 followed by a glycine-serine spacer (G4S x 2) were
obtained from GeneScript (Piscataway, NJ) in pUC57 shuttle
vectors. The VHH sequences were PCR amplified to introduce 50

and 30 BamHI restriction sites (EGFR SD1-3 BamH1 F and R;
Table S1) and subcloned into the BamHI site of pENTR-gDD6-24
to generate pENTR-gD:SD1D6-24, pENTR-gD:SD2D6-24, and
pENTR-gD:SD3D6-24. We deleted aa Y38 from the internal
BstBI-BspEI fragment, as described previously,17 to obtain pENTR-
gD:SD1D6-24/D38, pENTR-gD:SD2D6-24/D38, and pENTR-gD:
SD3D6-24/D38. All of the constructs were confirmed by DNA
sequencing.

pENTR-gD:SD1D2-24/D38 was generated by modifying the 50 Nco1-
BstB1 fragment of pENTR-gD:SD1D6-24/D38 using primers



www.moleculartherapy.org
gDSD1d2-24 Ncol F and gD BstBI R (Table S1) to remove aa 2–5 of
gD and retain the BamHI-flanked SD1 VHH. pENTR-gD:SD2D2-24/
D38 and pENTR-gD:SD3D2-24/D38 were then obtained by replace-
ment of the SD1 VHH in pENTR-gD:SD1D2-24/D38 with the
BamH1-flanked insert sequences described above.

Codon-optimized sequences encoding the affibody molecule (Affi-
body AB; Solna, Sweden) as either a monomer (ZEGFR) or dimer
(Zdim) followed by a glycine-serine linker (G4S x 2) were obtained
fromGeneScript in pUC57 shuttle vectors with NcoI and BamHI sites
for cloning. For the affibody dimer molecule, the monomer subunits
were separated by a G4S glycine-serine linker. pENTR-gD:ZegfrD7-
24/D38 and pENTR-gD:ZdimD2-24/D38 were generated from
pENTR-gD:scEGFRD2-24/D38 by replacing a NcoI-BamHI fragment
containing the scEGFR sequence with the affibody sequence. pENTR-
gD:ZEGFRD2-24/D38 was generated from pENTR-gD:ZEGFRD7-
24/D38 using primers gD:ZEGFR d2-24F and gD:ZEGFR d2-24R to
delete aa 2–6 from gD:ZEGFRD7-24/D38. We replaced aa 2–6
in pENTR-gD:ZdimD2-24/D38 by replacing the NcoI-BglII fragment
with an oligonucleotide generated by annealing primers gDZdimd7-
24top and gDZdimd7-24bottom.

Viruses

The GW-compatible gD null BAC, KG4:T124-DgD:GW, was derived
from KG4:T124 BAC8 by Red-mediated replacement59 of the gD cod-
ing sequence with a GW cassette, GW-Zeo, amplified with primers
targeting the proximal 50 and 30 gD untranslated sequences, as
described.17,43,60 The KG4:T124_fLuc-DgD:GWbackbone was gener-
ated by PCR amplification of a CMV-Fluc reporter gene8 to introduce
homology arms targeting the intergenic region between UL50 and
UL51 (primers UL50FlucF and UL51FlucR; Table S1).

All of the viruses tested here were derived from either the KG4:T124-
DgD:GW or KG4:T124_fLuc-DgD:GW BAC by LR-Clonase II-medi-
ated recombination between the GW cassette in the BAC and the
pENTR-based plasmids containing either the WT gD or retargeted
gD sequences. Recombinants were confirmed by field inversion gel
electrophoresis of restriction enzyme digested BAC DNAs and
DNA sequencing across the gD genomic region. Infectious viruses
were produced by transfection of BAC DNA into Vero cells with Lip-
ofectamine LTX (Thermo Fisher Scientific). Virus was propagated by
infecting Vero cells at an MOI of 0.005 and purified essentially as
described.25 Briefly, supernatants were harvested when 100% of the
cell monolayer had undergone cytopathic effects, incubated with
0.45 M NaCl for 30 min at room temperature (RT), centrifuged at
1,000 � g for 10 min to remove cell debris, and filtered through a
0.8-mm CN membrane filter. Virus was purified by centrifugation
at 38,000� g for 45 min (4�C), washed with 1X PBS, and resuspended
in 1X PBS with 10% glycerol as a cryoprotectant.

Viral titer determination

Viral titers in genome copies were determined as previously
described.17 Briefly, viral DNA was isolated using the QIAGEN blood
and tissue DNA extraction kit (QIAGEN, Germantown, MD). Titers
were determined by qPCR using a custom FAM-MGB primer probe
set (Thermo Fisher Scientific) and a standard curve generated using a
10-fold dilution series of plasmid pUL5.17 Samples, standard curve,
and negative controls were run together in triplicate in MicroAmp
optical 96-well reaction plates. Viral titers in plaque-forming units
were determined on Vero cells. Vero cells were plated at 90% conflu-
ency in 48-well tissue culture–treated plates. The following day, cells
were infected with serial 1:10 dilutions of the virus stock in serum-free
media. Two hours later, cells were overlaid with 1% methylcellulose
and resulting viral plaques were counted using an inverted fluorescent
microscope.

Western blot

Viruses were diluted in 1X Laemmli sample buffer to 1� 108 gc/well.
Lysates were heated for 5 min at 100�C, and proteins were separated
by electrophoresis on precast 4%–15% SDS-PAGE gels (BioRad, Her-
cules, CA) and transferred to polyvinylidene fluoride membranes
(MilliporeSigma). The filter was cut horizontally to detect both the in-
tended glycoproteins and the VP16 loading control from the same
lane. The membrane was blocked for 1 h in 5% nonfat dry milk in
PBS + 0.05% Tween (PBS-T) and incubated sequentially with primary
antibody and horseradish peroxidase–conjugated secondary antibody
(anti-mouse immunoglobulin G; Abcam, Cambridge, UK) diluted
1:50,000 in 5% nonfat milk/PBS-T. The primary antibodies were gB
(10B7; Virusys Corporation, Taneytown, MD) 1:5,000 in 5% nonfat
dry milk/PBS-T; gD (DL6; Santa Cruz Biotechnology, Dallas, TX)
1:1,000 in 5% nonfat dry milk/PBS-T; and VP16 (1–21; Santa Cruz
Biotechnology) 1:2,000 in PBS-T. Membranes were developed with
ECL Plus (Thermo Fisher Scientific). Signal intensities were measured
with ImageJ software version 1.53a (NIH).61

Virus entry assay

Cells were infected at the indicated MOI for 6 h at 37�C and fixed in
4% paraformaldehyde (Thermo Fisher Scientific) at RT for 30 min.
Immunofluorescence was performed by permeabilization with 0.1%
Triton 100X at RT for 5 min. The cells were incubated with 10% horse
serum in PBS (HS-PBS) at RT for 1 h, followed by an overnight incu-
bation at 4�C with an ICP4 mouse monoclonal antibody (sc-69809;
Santa Cruz Biotechnology) diluted 1:400 in 1% HS-PBS. The
cell nuclei were stained by incubation with 0.0001% DAPI
(MilliporeSigma) at RT for 10 min. Images were obtained with a Ni-
kon Diaphot fluorescence microscope (Nikon, Melville, NY) and
MetaMorph imaging software (Molecular Devices, San Jose, CA),
and cells were counted using ImageJ software version 1.53a.61

IC assay

The IC assay was performed as described,25 with minor modifica-
tions. Donor Vero cells were infected at an MOI of 10,000 gc/cell at
37�C for 2 h, treated with 0.1 M glycine (pH 3.0) at RT for 3 min,
and washed 3 times with 1X PBS. The cells were incubated at 37�C
for 1 h, dispersed with trypsin, and resuspended in serum-free
culture medium. Equal numbers of donor cells were seeded onto
monolayers of acceptor cells to create well-separated single plaques
in a 48-well plate. The plate was incubated for 2 h at 37�C, and the
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cells were overlaid with medium containing 1% methylcellulose
(MilliporeSigma). Two days later, plaques were visualized by fluores-
cence microscopy for the EGFP marker gene with the Nikon Diaphot
fluorescence microscope, and images were captured with MetaMorph
imaging software (Molecular Devices). Plaque size was quantified us-
ing ImageJ software version 1.53a.61

AlamarBlue cell viability assay

Indicated cell types were seeded at 70%–80% confluency in 48-well
tissue culture–treated plates 24 h before infection. The following
day, cells were infected with an MOI of 1,000 gc/cell in 120 mL
serum-free media at 37�C for 1.5 h and overlaid with 130 mL media
containing 10% FBS. For assays performed using Vero donor cells,
donor cells were prepared as described for the IC assay and added
to uninfected U251 cells at a ratio of 1 donor cell per 10 U251 cells.
At 24, 48, and 72 hpi, 25 mL alamarBlue reagent (Thermo Fisher Sci-
entific) was added to the cells, and the plates were incubated for a
further 3–5 h at 37�C. Wells without cells and uninfected cells were
used as controls. Supernatant was monitored for color change, trans-
ferred to opaque black 96-well plates, and measured for fluorescence
using a Biotek (Winooski, VT) plate reader (560 nm excitation/
590 nm emission).

Animal studies

We established subcutaneous U251 flank tumors in athymic nude
mice (Jackson Laboratories, Bar Harbor, ME) by implanting
3 � 106 cells. Tumors were treated with either 1 � 1010 gc of virus
or vehicle control (PBS) when they reached an average volume of
100 mm3. For experiments using multiple treatment doses, repeat in-
jections were delivered every other day for a total of 4 doses. For i.v.
injections, virus was resuspended in 100mL PBS and delivered via the
lateral tail vein. For intratumoral injection, virus was resuspended in
25mL PBS. Tumor diameters were measured by calipers by an animal
technician who was blinded to the experimental details, and volumes
were calculated as (L � W2) � 0.52. Mice were sacrificed when the
tumor ulcerated, reached a maximum diameter of 20 mm or when
mice showed any sign of discomfort (e.g., unable to ambulate, eat,
or drink, lost >10% body weight). If the cell or virus injections
induced redness and inflammation at the injection site, then a topical
antibiotic was administered to minimize the risk of topical pathogen
infection. All of the animal studies were approved by the University of
Pittsburgh Institutional Animal Care and Use Committee in accor-
dance with the requirements and recommendations in theNIH Guide
for the Care and the Use of Laboratory Animals.62

In vivo imaging

Mice were injected intraperitoneally (i.p.) with D-luciferin (Promega,
Madison, WI) at 150 mg/kg in 100 mL saline solution (PBS, pH 7.4).
Five minutes after D-luciferin injection, mice were anesthetized in an
induction chamber with 2%–3% isoflurane in 100% oxygen and
imaged with the 2D Lumina S5 (PerkinElmer, Waltham, MA) in vivo
imaging system. Consecutive 1-min frames were acquired around the
maximum signal at 10–20 min after D-luciferin injection. Photon
emission was quantified using Living Image software and reported
12 Molecular Therapy: Oncology Vol. 32 March 2024
as photon flux (p/s) from a 1.5-cm2 circular region of interest
(ROI) on the tumor. The limit of detection was 104 p/s measured
by the signal emitted by the fur from a 1.5-cm2 circular ROI. Statisti-
cal analyses were performed using GraphPad Prism 10 (GraphPad
Software, La Jolla, CA) software.

Statistical analysis

GraphPad Prism 8 software for MacOS was used for all of the statis-
tical analyses. Averages for each experiment were calculated ±SEMs.
One-way ANOVA was used to determine entry efficiency and lateral
spread. For in vitro and in vivo studies, two-way ANOVAs were used
to determine the statistical significance of differences observed be-
tween groups. The two-tailed nonparametric Mann-Whitney test
was used to determine the differences in the tumor growth profile
among groups.
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