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Most oncolytic virotherapy has thus far employed viruses
deficient in genes essential for replication in normal cells but
not in cancer cells. Intra-tumoral injection of such viruses
has resulted in clinically significant anti-tumor effects on the
lesions in the vicinity of the injection sites but not on distant
visceral metastases. To overcome this limitation, we have devel-
oped a receptor-retargeted oncolytic herpes simplex virus em-
ploying a single-chain antibody for targeting tumor-associated
antigens (RR-oHSV) and its modified version with additional
mutations conferring syncytium formation (RRsyn-oHSV).
We previously showed that RRsyn-oHSV exhibits preserved
antigen specificity and an ~20-fold higher tumoricidal potency
in vitro relative to RR-oHSV. Here, we investigated the in vivo
anti-tumor effects of RRsyn-oHSV using human cancer
xenografts in immunodeficient mice. With only a single
intra-tumoral injection of RRsyn-oHSV at very low doses, all
treated tumors regressed completely. Furthermore, intra-
venous administration of RRsyn-oHSV resulted in robust
anti-tumor effects even against large tumors. We found that
these potent anti-tumor effects of RRsyn-oHSV may be associ-
ated with the formation of long-lasting tumor cell syncytia not
containing non-cancerous cells that appear to trigger death of
the syncytia. These results strongly suggest that cancer patients
with distant metastases could be effectively treated with our
RRsyn-oHSV.

INTRODUCTION

Oncolytic virotherapy using herpes simplex virus type 1 (HSV-1) is
showing promise as a novel cancer therapy."” To date, multiple clin-
ical trials have utilized genetically modified oncolytic HSVs (0HSVs)
that are deficient in viral genes essential for replication in normal
cells but not in cancer cells.”” These include the genes encoding
infected cell polypeptide (ICP)34.5, a major determinant of HSV
neurovirulence that inhibits the cellular protein kinase R (PKR)
that blocks viral replication in normal cells.*” However, PKR
responses are commonly impaired in tumor cells.® Thus, HSV-1
can replicate selectively in tumor cells even without functional

ICP34.5 genes. Clinical trials have shown that these types of oHSVs,
henceforth termed “conditionally replicating oHSVs” (CR-oHSVs),
can be safely administered to humans.” > Among the clinically devel-
oped CR-0HSVs, talimogene laherparepvec (T-VEC) was recently
approved for clinical use in the United States and the European Union
for melanoma patients.>”'® However, the route of administration of
CR-0HSVs in the majority of clinical trials has been by direct injec-
tion into the tumor,’ since the CR-oHSV's are not ideal for systemic
administration, at least partially because they might be sequestered by
a wide variety of normal cells that also express HSV entry receptors.
This may limit the therapeutic potential of CR-oHSVs, especially
against metastatic tumor deposits that cannot be easily accessed, or
even detected. Indeed, a phase III clinical trial showed that overall sur-
vival of patients treated by intra-tumoral injection of T-VEC was
significantly better than the survival of patients treated with granulo-
cyte-macrophage colony-stimulating factor (GM-CSF) (control arm)
but only in a subgroup analysis of patients without distant visceral
metastases.””'" Furthermore, preclinical studies on CR-oHSVs by
different groups demonstrated that viral replication can be signifi-
cantly hampered in certain types of tumor cells depending on the
deleted HSV genes, and various strategies to address this limitation
have been reported.''* Thus, there is significant room for improve-
ments in the development of CR-oHSV for clinical application.

In order to circumvent these problems with CR-oHSV, several groups
including ours have developed a distinct class of oHSV, referred to
here as “receptor-retargeted oHSV” (RR-oHSV), which can specif-
ically enter cells expressing the target molecules on the cell surface.
Zhou and Roizman were the first to show that this approach is
feasible.'” They genetically engineered the envelope glycoprotein D
(gD) of HSV to bind not to its natural receptors on host cells (either
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Figure 1. Schematic representation of the genomic structures of the
recombinant HSVs used in this study

U, unique long segment; Us, unique short segment; CMVp, human cytomegalo-
virus major immediate-early (HCMV-IE) promoter; EGFP, expression cassette for
EGFP inserted in the intergenic region between the UL3 and UL4 genes; AICP34.5,
deletion of ICP34.5 gene; Bh, R858H mutation in gB; Kt, A40T mutation in gK; NT,
D285N/A549T mutations in gB that increase the rate of virus entry; scEGFR, anti-
hEGFR scFv-fused gD; scEpCAM, anti-hEpCAM scFv-fused gD; Closed boxes,
terminal and internal inverted repeats.

herpesvirus entry mediator [HVEM], nectin-1, or 3-O-sulfated
heparan sulfate [3-OS-HS]'®"'®) but to interleukin (IL)-13 receptors
via the IL-13 incorporated into the gD. The mutant HSV was shown
to selectively infect only cells bearing IL-13 receptors.'” Furthermore,
Menotti and colleagues showed that target-specific entry could be also
achieved with the gD engineered to have a single-chain antibody
(scFv) that binds to the target molecules on the cell membrane."
We also have developed a different RR-oHSV platform that can spe-
cifically and efficiently infect the target cells. In our construct, residues
2-24 in the HVEM-binding region of gD were deleted to impair bind-
ing to both HVEM and 3-OS-HS,** and a single amino acid substitu-
tion (Y38C) was made in gD to ablate binding to nectin-1.*"** We
then inserted an scFv at the site of the deleted HVEM-binding resi-
dues. Furthermore, to enable efficient antigen-specific entry, we
also employed the entry-enhancing mutations we had previously
identified in glycoprotein B (gB) (D285N/A549T).>> We have shown
that our construct works well with a variety of different scFvs binding
to tumor-associated antigens including human epidermal growth fac-
tor receptor (hEGFR), carcinoembryonic antigen, or epithelial cell
adhesion molecule (hEpCAM).ZI’22 Such RR-0oHSVs enter cancer
cells in an antigen-specific manner and are able to spread without
losing their specificity for the cognate target antigen. Moreover,
they exhibited significant anti-tumor effects both in vitro and
in vivo.>"??

Using our RR-oHSV platform, we have sought to develop constructs
with more robust anti-tumor effects by focusing on the properties of
membrane fusion, which is the key process for both initial cell entry
and subsequent lateral spread of HSV.** Cell-to-cell spreading of

266  Molecular Therapy: Oncolytics Vol. 22 September 2021

Molecular Therapy: Oncolytics

HSV-1 typically occurs through release of progeny virions into spaces
between infected cells and the surrounding uninfected cells in vitro.
Infected cells become rounded and aggregate together, but with
limited cell-cell fusion. However, certain HSV mutants can spread
to surrounding cells by mediating fusion between the infected cell
and adjacent uninfected cells.”*® This frequently leads to the forma-
tion of multinucleated giant cells, termed syncytia. Most of the muta-
tions responsible for this hyperfusogenic phenotype, referred to as
syncytial mutations, have been identified as single point mutations
in the gB or gK genes.”° Several groups have sought to confer
such hyperfusogenic phenotypes upon CR-oHSVs in order to
improve their anti-tumor efficacy.”” >’ For our RR-oHSVs, we intro-
duced syncytial mutations into the gB and gK genes of the RR-oHSV's
specific for hREGFR or hEpCAM and found that each of these recom-
binant viruses, termed RRsyn-oHSVs, caused the development of
syncytia and had an ~20-fold increased in vitro cytotoxicity for can-
cer cells expressing the cognate retargeted receptor.”* However, the
characteristics and magnitude of the in vivo anti-tumor effects of
RRsyn-oHSV remain to be directly compared to those of the original
non-syncytial RR-oHSV, CR-oHSV, or CR-oHSV with the same
syncytial mutations (CRsyn-oHSV).

In the present study, we address this question using human tumor
xenograft models in mice that are treated with intra-tumoral or
intra-venous injection of these oHSVs. The findings of the study
imply that clinical development of RRsyn-oHSV's might be beneficial
for cancer patients.

RESULTS

Intra-tumoral injection of either an hEGFR-specific RR-oHSV or
an ICP34.5-deleted CR-oHSV results in significant anti-tumor
effects in a human tumor xenograft model in mice

We first examined the anti-tumor effects of KGNE,*** an RR-
oHSV specific for hEGFR, and KGA (a CR-oHSV similar to a
well-characterized agent, HSV1716,> that has deletions of both
copies of ICP34.5) (Figure 1). The anti-hEGFR scFv used here
does not bind to the murine EGFR and thus provides an optimal
model for an RR-oHSV that can enter only into cancer cells, but
not non-cancerous cells, in immunodeficient mice bearing human
tumors. We tested these two oHSVs using subcutaneous U87
xenografts that have often been employed for the assessment of
the anti-tumor effects of oHSVs in multiple studies, including those
for T-VEC and G47A that have recently been approved for clinical
use.'>*! Thus, we treated subcutaneous U87 tumors (tumor size
~310 mm®) with a single intra-tumoral injection of PBS or either
10* or 107 pfu of each of the two oHSVs, KGNE and KGA. As
shown in Figure 2, PBS-injected tumors increased in size and
grew to >2,000 mm? over a period of 21 days after injection, whereas
the growth of tumors injected with 107 pfu of KGNE was suppressed
during the first 9 days. This resulted in only a limited increase in size
at the end of the observation period (p < 0.0001, compared to PBS).
Although less marked (p < 0.0001, compared to 107 pfu), injection of
10* pfu of KGNE also significantly delayed the growth of tumors
relative to the PBS control (p < 0.0001). In contrast, injection of
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Figure 2. Efficiency of anti-tumor activity of a single intra-tumoral injection
of hEGFR-specific RR-oHSV and ICP34.5-deleted CR-oHSV

U87 cells were injected subcutaneously into SCID-beige mice. When tumor
volumes reached ~310 mm? (arrow), PBS (black circles; n = 6), 10* (blue diamonds;
n = 6) or 107 (blue triangles; n = 6) pfu of KGA, or 10 (red diamonds; n = 6) or 107
(red triangles; n = 6) pfu of KGNE was injected into the tumors. Tumor volumes were
measured, and mean volumes + standard errors (SEs) are shown. Two-way
repeated-measures analysis of variance (ANOVA) was used for comparative
analysis. *p < 0.05; ns, not significant. Experiments were repeated twice, and similar
results were observed.

10* pfu of KGA failed to affect growth of the tumors, which re-
mained similar to the PBS control (p = 0.77) (Figure 2). Further-
more, although injection of 10” pfu of KGA did significantly delay
the growth of tumors relative to PBS injection (p < 0.001), the effect
was much less than the same dose of KGNE (p < 0.0001) and
was similar to 10* pfu of KGNE (i.e., a 1,000-fold lower dose)
(p = 0.43) (Figure 2). These results suggest that KGNE is a potent
oHSV that mediates significant anti-tumor effects even at a dose
lower than KGA. We also injected KG (Figure 1), engineered only
to express enhanced green fluorescent protein (EGFP). All 6 mice
treated with 107 pfu of KG and 2 of the 6 treated with 10* pfu of
KG exhibited signs of infection outside of the tumors, such as skin
erosions or leg fasciculations, within 12 days after injection and
died before tumor volumes reached the equivalent of 10% of body
weight. In contrast, none of the mice treated with KGNE or KGA
showed such signs during the observation period. These results
encouraged us to test the characteristics of the anti-tumor effects
of these oHSVs when the syncytial mutations are introduced.

The hEGFR-specific RR-oHSV with syncytial mutations

mediates markedly more robust anti-tumor effects than that
without the syncytial mutations

We first compared the in vitro characteristics of the syncytial deriva-
tives of KGNE and KGA, each of which contains the pair of syncytial
mutations gB:R858H and gK:A40T (termed BhKt hereafter). As
shown in Figure 3A, whereas KGA-BhKt (Figure 1) and KGNE-
BhKt** each developed syncytia of similar morphology, KGA and
KGNE did not form syncytia but caused rounding of the infected
cells, as is typical of wild-type HSV-1 infection. Although the intro-
duction of the syncytial mutations caused significant enlargement
of plaques formed by both KGA and KGNE (each p < 0.05), the resul-
tant areas of plaques formed by KGA-BhKt and KGNE-BhKt were
similar (p = 0.69) (Figure 3B). Likewise, although the introduction
of the syncytial mutations caused significant enhancement of cell

killing activities by both KGA and KGNE (each p < 0.05), the cell
killing activities of KGA-BhKt and KGNE-BhKt were similar
(multiplicity of infection [MOI] 0.001, p = 0.96; MOI 0.01, p =
0.94; MOI 0.1, p = 0.91) (Figure 3C). These results suggest that the
two viruses, KGNE-BhKt and KGA-BhKt, induce syncytia of similar
size and morphology in monolayer cultures of U87 cells and kill these
cells with similar efficiencies in vitro.

We also examined whether in vivo treatment using either KGNE-
BhKt or KGA-BhKt caused syncytium formation in U87 xenografts
in a qualitative manner. Consecutive tumor sections were prepared
3 days after intra-tumoral injection and stained with hematoxylin
and eosin or immunostained for EGFP expression. In the tumors
injected with KGA or KGNE, extensive ballooning degeneration
was observed, with some of the degenerated cells containing
ground-glass nuclei (Figure 4). The intensities of cytosolic EGFP
staining were quite different among the individual infected cells,
suggesting that cell-cell fusion was not induced by KGA or KGNE
in vivo. These features were considered to be typical of wild-type
HSV-1 infection. In contrast, in the tumors injected with KGA-
BhKt or KGNE-BhKt, multinucleated giant cells were observed
frequently (Figure 4). Infection with KGA-BhKt or KGNE-BhKt,
unlike KGA or KGNE, caused formation of large areas of
homogeneous cytosolic EGFP staining that each contained multiple
nuclei. These results demonstrate that syncytial mutations intro-
duced into the genome of KGA or KGNE cause syncytium
formation in U87 xenografts in vivo.

Next, we examined the impact of introducing syncytial mutations on
the in vivo anti-tumor effects of KGNE. We treated subcutaneous U87
tumors (~300 mm®) with a single intra-tumoral injection of PBS,
KGNE (10% or 10° pfu), or KGNE-BhKt (10%, 10% or 10° pfu). Tumor
growth was significantly suppressed by treatment with 10° pfu of
KGNE (p < 0.0001) but not with control PBS or 10* pfu of KGNE
(p = 0.62) (Figure 5A). However, no tumor showed complete regres-
sion with this treatment. In contrast, tumor growth was significantly
suppressed by treatment using either 10", 10, or 10> pfu of KGNE-
BhKt even compared to 10 pfu of KGNE (p < 0.0001 for each
dose), and all the tumors regressed during the observation period
(Figure 5A).

We also treated larger tumors of ~780 mm?’ 23 days after inoculation
with a single intra-tumoral injection of 10” pfu of KGNE, 10 pfu of
KGNE-BhKt, or PBS as a control. Injection of 10” pfu of KGNE had
no significant effects on tumor growth, and all the mice had to be
euthanized within 15 days after starting this treatment (Figures 5B
and 5C). In contrast, the tumors in 5 of 6 mice treated with 10? pfu
of KGNE-BhKt showed significant growth suppression by 5-10 days
and disappeared within 35 days after starting treatment (Figure 5B).
Mice treated with 10* pfu of KGNE-BhKt had significantly better
overall survival than those treated with 10” pfu of KGNE (p < 0.01)
(Figure 5C). These results might suggest that the magnitude of the
anti-tumor effect of KGNE-BhKt is at least 100,000-fold greater than
that of the original KGNE.
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Figure 3. In vitro plaque formation and cell killing by the syncytial
derivatives of hEGFR-specific RR-oHSV and ICP34.5-deleted CR-oHSV

(A) U8BT cells were infected with the viruses shown above the panels and overlaid
with methylcellulose-containing medium. EGFP signals and phase-contrast images
were recorded 2 days post-infection. Photographs of representative plaques are
shown. Scale bars, 500 um. (B) U87 cells were infected with the viruses shown
below the graph and overlaid with methylcellulose-containing medium. Areas of
plagues 3 days post-infection are shown (n = 15). Means + standard deviations
(SDs) are also shown. Dunn’s test was used for comparative analysis. *p < 0.05; ns,
not significant. (C) U87 cells were infected at MOls indicated below the graph for
3 days, and cell viability relative to uninfected cells was assessed by MTT assay.
Means + SDs are shown (n = 6). Sidak test was used for comparative analysis. *p <
0.05; ns, not significant. White bars, KGA; black bars, KGNE; vertical-striped bars,
KGA-BhKt; horizontal-striped bars, KGNE-BhKt. Experiments were repeated twice,
and similar results were observed.

The ICP34.5-deleted CR-oHSV with syncytial mutations
mediates anti-tumor effects superior to the original CR-oHSV
but only to a modest degree

Next, we examined the anti-tumor effects of the KGA with BhKt
mutations. The U87 tumor xenografts (~320 mm?) were treated
with a single intra-tumoral injection of KGA at 107 pfu, KGA-BhKt
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at 10%, 103, 10°, or 107 pfu, or PBS as a control. KGNE-BhKt at 10
pfu was also used for comparison. The growth of tumors in the ani-
mals treated with 10°, 10°, or 107 pfu of KGA-BhKt was significantly
suppressed compared to those treated with PBS (10%, p < 0.01; 10° and
107, p < 0.0001), but 10" pfu of KGA-BhKt caused no significant tu-
mor growth suppression (p = 0.72) (Figure 5D). Compared with the
treatment with 107 pfu of KGA, the magnitude of tumor suppression
was significantly superior with 10° pfu or 10’ pfu of KGA-BhKt
(10%, p < 0.01; 107, p < 0.0001) (Figure 5D). Compared with the effect
of 107 pfu of KGA-BhKt, tumor growth in the mice treated with only
10 pfu of KGNE-BhKt was significantly more suppressed (p < 0.0001)
and resulted in complete regression in all 6 mice tested (Figure 5D).
These results suggest that one of our RRsyn-oHSVs, KGNE-BhKt,
has a potent anti-tumor effect up to 1,000,000-fold greater than
KGA-BhKt, a syncytial derivative of CR-oHSV, in this model.

A single intra-venous administration of RRsyn-oHSVs results in
potent anti-tumor effects

Based on the observation that intra-tumoral injection of as few as
10 pfu of KGNE-BhKt resulted in complete regression of U87 xeno-
grafts, we hypothesized that systemic administration of KGNE-BhKt
might yield significant anti-tumor effects. To test this hypothesis, U87
subcutaneous tumor xenografts at relatively large sizes (~700 mm?,
21 days after tumor inoculation) were treated with a single injection
of 10° or 107 pfu of KGNE-BhKt via the tail vein. Whereas the tumors
in PBS-treated mice grew to >2,000 mm? within as little as 7 days,
tumors in all of the mice treated with intra-venous injection of
KGNE-BhKt regressed and disappeared within 35 days (Figure 6A).
During the observation period, none of the mice treated with systemic
KGNE-BhKt suffered regrowth of the tumor, any signs of off-tumor
virus infection such as skin erosions or leg fasciculations, or apparent
abnormalities reminiscent of severe systemic inflammation. The
tumor samples were harvested 1 or 3 days after tail vein injection
of 107 pfu of KGNE-BhKt and immune-stained for EGFP to evaluate
virus spread in vivo. We found multiple EGFP-positive syncytia each
containing 30-200 nuclei in the samples harvested 1 day after the
injection (Figure 6B; Figure S1). In the samples harvested 3 days after
the injection, very large, coalesced EGFP-stained areas were observed
in the tumor (Figure 6B). These observations suggest that the highly
robust anti-tumor effects of KGNE-BhKt that were observed in
Figures 5A and 5B and Figure 6A were caused by the vigorous,
progressive spread of KGNE-BhKt within the tumor.

We also examined tumor models other than U87 to exclude the pos-
sibility that the robustness of our RRsyn-oHSVs could be limited to
U87 xenografts. The growth of HepG2 tumor xenografts, which ex-
press both EGFR and EpCAM,* was also significantly suppressed af-
ter intra-venous injection of either KGNE-BhKt or KGNEp-BhKt
(Figure 1),”* an hEpCAM-specific RRsyn-oHSV (p < 0.0001
compared to PBS for each virus) (Figure 6C). In contrast, injection
of KGNEp-BhKt did not affect the growth of U87 xenografts, which
express EGFR but no EpCAM™ (p = 0.90 compared to PBS) (Fig-
ure 6D). These results clearly show that the anti-tumor effects of
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Figure 4. Syncytium formation in U87 xenografts caused by the syncytial derivatives of hEGFR-specific RR-oHSV and ICP34.5-deleted CR-oHSV

U87 cells were injected subcutaneously into SCID-beige mice, and, when tumor volumes reached >780 mm?, PBS or 10° pfu of KGA, KGNE, KGA-BhKt, or KGNE-BhKt was
injected into the tumors. Consecutive tumor sections were prepared 3 days post-injection and stained with hematoxylin and eosin (HE; upper) or immunostained for EGFP
expression (lower). Arrowheads, ground-glass nuclei; Arrows, multinucleated giant cells. Scale bars, 50 um.

the RR-oHSV's with BhKt mutations are strictly limited to tumors ex-
pressing the targeted receptors.

Syncytia induced by RRsyn-oHSVs consist exclusively of cancer
cells and survive for longer periods of time than those induced
by the syncytial CR-oHSV, which consist of both cancer and
non-cancerous cells

As shown above, in vivo treatment with KGNE-BhKt yielded signif-
icantly more robust anti-tumor effects than treatment with KGA-
BhKt. To explore the mechanisms responsible for this difference,
we used an in vitro two-cell-culture model consisting of not only
cancer cells but also non-cancerous cells to better mimic in vivo
conditions. U87 cells were infected with KGA-BhKt or KGNE-
BhKt at low MOIs in advance, seeded together with U87 cells ex-
pressing mCherry (U87-mCherry) or non-cancerous 3T6 cells
expressing mCherry (3T6-mCherry), overlaid with methylcellu-
lose-containing medium, and observed for syncytium formation
by time-lapse microscopy. The 3T6 murine fibroblasts were em-
ployed because they have been frequently used as non-cancerous
normal cells in the assessment of CR-oHSVs elsewhere.”' >
When U87 cells infected with KGA-BhKt or KGNE-BhKt were
seeded together with U87-mCherry cells, syncytia generated by
either virus continued to expand to similar degrees (Figure 7A;
Video S1). Thus, these two viruses have similar capabilities for syn-
cytium formation in cultures containing only U87 tumor cells.
However, the appearance and behavior of the syncytia was quite
different when 3T6-mCherry cells were seeded together. When
KGA-BhKt-infected U87 cells were used, the syncytia showed
both EGFP and mCherry signals, suggesting that they included
both U87 and 3T6 cells. They expanded for some time (~39 hours
post-infection [hpi]), but both fluorescent signals suddenly disap-
peared at the same time (Figure 7A; Video S2). In contrast, when
KGNE-BhKt-infected U87 cells were used, the resultant syncytia
showed no mCherry signals, suggesting that they were composed

exclusively of U87 cells and did not include 3T6-mCherry cells
because of the strict receptor specificity at initial cell entry and on
subsequent cell-cell spread of our RRsyn-oHSVs as shown in our
previous report.”* These syncytia continuously grew larger
throughout the observation period of 29-48 hpi (Figure 7A; Video
S2).

To assess the fate of the cells, U87 cells infected with either virus were
seeded together with uninfected 3T6 or U87 cells in the presence of
SYTOX Orange to detect cell death, and the sizes of the syncytia
were monitored until cell death or up to 78 hpi. In the cultures
consisting of U87 and 3T6 cells, syncytia generated by KGNE-BhKt
remained unstained with SYTOX and continued to expand, reaching
~5 mm? at the end of the observation period (Figure 7B). In contrast,
cell death occurred in all of the KGA-BhKt syncytia by 48 hpi, which
reached only ~0.5 mm? before cell death (Figure 7B). In the cultures
of only U87 cells, the degree of syncytium expansion caused by either
virus was not significantly different (78 hpi, p = 0.10) (Figure 7B).
These results might indicate that incorporation of 3T6 fibroblasts,
which only happens in KGA-BhKt syncytia, results in relatively early
termination of expansion because of the cell death.

To further assess the responsible mechanisms, KGA-BhKt- or KGNE-
BhKt-infected U87 cells were seeded together with hEGFR-trans-
duced 3T6 cells (3T6-hEGFR) or mock-transduced 3T6 cells. As
shown in Figure 7C, when KGA-BhKt infected U87 cells were seeded
together with either 3T6-hEGFR or mock-transduced 3T6 cells, but
not with U87 cells, the syncytia became SYTOX positive and at least
partially lost EGFP signals, indicative of cell death in the syncytia,
5 days post-infection. In contrast, when KGNE-BhKt-infected U87
cells were seeded together with mock-transduced 376 cells, the resul-
tant syncytia remained unstained with SYTOX and continued to
expand (Figure 7C), in agreement with the observations in Figures
7A and 7B. Importantly, however, when KGNE-BhKt-infected U87
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cells were seeded together with 3T6-hEGER cells, the resultant syncy-
tia became positive for SYTOX at this point (Figure 7C). These results
strongly suggest that the observed cell death in syncytia was triggered
as a result of the involvement of non-cancerous cells (i.e., formation of
hybrid syncytia composed of both cancer and non-cancerous cells)
and does not require the ICP34.5 deletions in the virus.

Similar results were obtained in the same assay using KGNEp-BhKt,
which can bind to human but not to murine EpCAM, and the
different cell combinations consisting of HepG2 and 3T6 cells or
HepG2 and MSI cells (a murine vascular endothelial line) (Fig-
ure 7D). To mitigate the concern that this phenomenon was caused
by the artificial condition involving cell lines from different species,
human and mouse, we performed the same assay using 3T6 and mu-
rine hepatoma Hepal-6 cells transduced with hEpCAM, instead of
HepG2. As shown in Figure 7E, similar results were also observed
in this assay. Furthermore, we also performed the same assay using
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Figure 5. Effects of the introduction of syncytial
mutations into hEGFR-specific RR-oHSV and
ICP34.5-deleted CR-oHSV on the efficiency of
anti-tumor activity when injected intra-tumorally

(A) U87 cells were injected subcutaneously into SCID-beige
mice, and, when tumor volumes reached ~300 mm?®
(arrow), PBS (black circles; n = 6), 10° (blue diamonds;
n = 6) or 10° (blue triangles; n = 6) pfu of KGNE, or 10’
(red squares; n = 6), 10? (red diamonds; n = 6), or 10%
(red triangles; n = 6) pfu of KGNE-BhKt was injected into the
tumors. Tumor volumes were measured, and mean
volumes + SEs are shown. Two-way repeated-measures
ANOVA was used for comparative analysis. *p < 0.05; ns,
not significant. (B) PBS (left; n = 6), 107 pfu of KGNE (center;
n = 6), or 10% pfu of KGNE-BhKt (right; n = 6) were intra-
tumorally injected into SCID-beige mice bearing subcu-
taneous U87 xenografts (~780 mm?3, 23 days after inocu-
lation; arrows). Tumor volumes were measured and
plotted. (C) Survival of the mice in (B) was monitored and is
shown in a Kaplan-Meier plot. Log-rank testing was used
for comparative analysis. Black line, PBS; blue line, 107 pfu
of KGNE; red line, 102 pfu of KGNE-BhKt. (D) PBS (black
circles; n = 6), 107 pfu of KGA (blue circles; n = 6), 10"
(red squares; n = 6), 10° (red diamonds; n = 6), 10° (red
triangles; n = 6), or 107 (red circles; n = 6) pfu of KGA-BhKt,
or 10" pfu of KGNE-BhKt (green circles; n = 6) was intra-
tumorally injected into SCID-beige mice bearing subcu-
taneous U87 xenografts (~320 mm®; arrow). Tumor
volumes were measured, and mean volumes + SEs are
shown. Two-way repeated-measures ANOVA was used
for comparative analysis. *p < 0.05; ns, not significant.
Experiments were repeated twice, and similar results were
observed.

human pulmonary microvascular endothelial
cells (HPMECs) instead of 3T6 cells, along with

HepG2 cells, and obtained similar results (Fig-

ure 7F). Thus, it would be justified to assume

that the cell death of syncytia caused by CRsyn-
oHSV might be induced earlier than that by RRsyn-oHSV as a result
of the involvement of cell death-inducing non-cancerous cells.

These results strongly suggest that the RRsyn-oHSVs exert robust
anti-tumor effects in vivo because they can cause the formation of
tumor-only syncytia, which would expand for prolonged periods.

DISCUSSION

We have shown in this study that the introduction of syncytial muta-
tions significantly enhances the in vivo anti-tumor effects of either
RR-0HSV or an ICP34.5-deleted CR-oHSV. We have also shown
that the magnitude of the anti-tumor effects is remarkably more
robust in RR-oHSV with syncytial mutations (RRsyn-oHSV) than
in CR-oHSV with syncytial mutations (CRsyn-oHSV). After only a
single intra-tumoral injection of RRsyn-oHSV at an extremely low
dose, all treated tumors regressed completely. Furthermore, the
intra-venous administration of RRsyn-oHSV mediated significant



www.moleculartherapy.org

5 KGNE-BhKt 107 pfu
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Days after tumor inoculation

KGNEp-BhKt 10° pfu

Figure 6. Efficiency of anti-tumor activity of a single
intra-venous injection of the syncytial derivatives of
the hEGFR- or hEpCAM-specific RR-oHSVs

(A) PBS (left; n = 5) or 10° (center; n = 5) or 107 (right; n = 5)
pfu of KGNE-BhKt was injected into SCID-beige mice
l bearing subcutaneous U87 xenografts (~700 mm?,
24 days after inoculation; arrows) via the tail vein. Tumor
volumes were measured and plotted. (B) KGNE-BhKt
(107 pfu) was injected into SCID-beige mice bearing sub-
cutaneous U87 xenografts (~400 mm?) via the tail vein.
Tumor sections were prepared 1 or 3 days post-injection
and immunostained for EGFP expression. Scale bars,
2 mm. See also Figure S1. (C) PBS (left; n = 5) or 10° pfu of
KGNE-BhKt (center; n = 5) or KGNEp-BhKt (right; n = 5)
was injected into SCID-beige mice bearing subcutaneous
HepG2 xenografts (~580 mm?, 26 days after inoculation;
arrows) via the tail vein. Tumor volumes were measured
and plotted. Two-way repeated-measures ANOVA was
used for comparative analysis. (D) PBS (black circles; n = 6)
or 10° pfu of KGNE-BhKt (blue circles; n = 6) or KGNEp-
BhKt (red circles; n = 6) was injected into SCID-beige mice
bearing subcutaneous U87 xenografts (~280 mm?®, 9 days
after inoculation; arrow) via the tail vein. Tumor volumes
were measured and mean volumes + SEs are shown. Two-
way repeated-measures ANOVA was used for comparative
analysis. ns, not significant. Experiments were repeated
twice, and similar results were observed.
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anti-tumor effects even against large tumors. If CR-oHSVs are
administered intravenously, it is inferred that a significant fraction
thereof would initially enter non-cancerous cells, which do not allow
virus replication, and are therefore lost before encountering cancer
cells. This situation could be avoided by our RR-oHSVs because
they are engineered not to enter cells through the natural HSV recep-
tors expressed on a wide variety of cells including non-cancerous cells.
Thus, our RR-oHSVs appear to be far more suitable for systemic
administration than CR-oHSVs, which might be a beneficial property
for treating the multiple distant metastases often found in advanced
cancer patients.

The in vivo treatment models we employed in the current study
were human tumor xenografts in immunodeficient mice. Since the
xenograft tumor model is suitable for the assessment of the direct
oncolytic potency of the viruses, it has been commonly used by
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—*~ KGNEp-BhKt 10° pfu

0 10203040506070
Days after tumor inoculation

multiple investigators of oHSVs even for preclin-
ical evaluation.”* However, it should be noted
that our RRsyn-oHSVs, which bind human but
not murine antigens, have optimal cancer speci-
ficity in this model. Since such optimal cancer
specificity can hardly be expected for most mem-
brane-bound tumor-associated antigens in the
clinical setting, careful selection of highly can-
cer-specific antigen-antibody pairs would be
required to replicate our experimental results
(i.e., robust efficacy and safety) in humans. It
should also be noted that our results do not reflect any adaptive
immunological responses against either oHSVs or tumor cells. If
RRsyn-oHSVs are tested in immune-competent animals, immuno-
logical responses against the RRsyn-oHSVs would be induced, which
could lead to a decreased number of infectious virus particles available
for tumor cell infection and/or attenuated syncytium formation or
expansion, thus reducing the anti-tumor effects of the RRsyn-oHSVs.
On the other hand, immunological responses against tumor cells
might also be induced and could increase the anti-tumor effects of
the RRsyn-oHSVs. Multiple investigators using oHSVs and other
oncolytic viruses have shown that potent anti-tumor immune
responses can be induced by tumor cells that have been lysed by
oncolytic viruses via a mechanism similar to vaccination.”° In
addition, it has been reported that cell death of syncytia tends to
show multiple features of immunogenic cell death.”” It is of great in-
terest to examine the magnitude and the specificity of anti-tumor
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immunity following the robust direct oncolysis achieved by our
RRsyn-oHSV. Thus, further examination using syngeneic mouse
tumors in immune-competent mice might be helpful in predicting
anti-tumor effects in cancer patients.

We examined the mechanisms responsible for the distinctively potent
anti-tumor effects of RRsyn-oHSV compared with CRsyn-oHSV
using two-cell-culture system assays. In such assays, we showed
that infection with CRsyn-oHSV allowed the syncytia to include
non-cancerous cells, which appeared to induce the cell death of
syncytia. However, such a phenomenon was not observed with
RRsyn-oHSV. Further work is necessary to elucidate the exact
molecular signals responsible for this death induction of syncytia.

In addition, another possible mechanism might be associated with a
different susceptibility to type I interferons (IFNs) between cancer
cells and non-cancerous cells. Different from non-cancerous cells,
many cancer cells exhibit unresponsiveness to type I IFNs, allowing
oncolytic viruses to replicate efficiently.” However, CRsyn-oHSV
would allow the syncytia to include non-cancerous cells, which might
force the syncytia to restore responsiveness to type I IFNs. In contrast,
the syncytia formed with RRsyn-oHSV would not include non-
cancerous cells and thus would remain resistant to type I IFNs.

Other investigators have reported favorable anti-tumor effects using
different CR-0HSVs with hyperfusogenic capability.’®*' Whereas
we utilized syncytial mutations that had been identified in naturally
occurring HSV-1 isolates as a means of conferring hyperfusogenicity
on oHSVs, others have used a different approach in which CR-oHSV's
were engineered to express gibbon ape leukemia virus envelope
fusogenic membrane glycoprotein (GALV-FMG) as a foreign trans-
gene.”®™*' Nakamori and colleagues reported the construction of the
Synco-2 strain by inserting an expression cassette for GALV-FMG
into the genome of an ICP34.5-deleted CR-oHSV and showed
enhanced anti-tumor effects in their tumor model.*’ Similarly,
Thomas and colleagues inserted a GALV-FMG expression cassette
into a CR-oHSV that contains the same genetic modifications as
T-VEC.*' Since human Pit-1 but not murine Pit-1 functions as the
receptor for GALV-FMG,"”” ™ the syncytia generated by these
GALV-FMG-expressing CR-oHSVs would not involve any non-
cancerous mouse cells in mouse models. Therefore, their mouse
model would not have been affected by the premature termination
of syncytium expansion that we found in the current study. This im-

plies that the favorable results in mouse models reported by these in-
vestigators might not be similar in humans. In contrast, RRsyn-oHSV's
retargeted to tumor-associated antigens that are scarcely expressed on
the non-cancerous cells within the tumor would avoid the inclusion of
non-cancerous cells into the syncytia in human tumors.

Taken together, the results of the present study suggest that our RRsyn-
oHSVs equipped with scFvs specific for appropriately selected targets
could be useful tools for developing novel effective treatments against
various types of cancer, especially those with multiple metastatic lesions
not easily accessible for direct intra-tumoral injection.

MATERIALS AND METHODS

Cells

Human glioblastoma U87 (ATCC HTB-14), human hepatoblastoma
HepG2 (ATCC HB-8065), African green monkey kidney Vero
(ATCC CCL-81), and hEpCAM-transduced Vero-EpCAM cells
were cultured as described previously.”” Murine fibroblast 3T6
(ECACC 86120801) and murine hepatoma Hepal-6 (ATCC CRL-
1830) cells were cultured in Dulbecco’s modified Eagle’s medium
(DMEM; Thermo Fisher Scientific, Waltham, MA, USA) supple-
mented with 10% fetal bovine serum (FBS; Thermo Fisher Scientific).
Murine vascular endothelial MS1 cells (ATCC CRL-2279) were
cultured in DMEM supplemented with 5% FBS. HPMECs
(PromoCell, Heidelberg, Germany) were cultured in KBM VEC-1
(Kojin Bio, Saitama, Japan). U87-mCherry and 3T6-mCherry cells
were established by transfection of U87 or 3T6 cells with an expres-
sion plasmid for mCherry under control of the HCMV-IE promoter
and selected for resistance to 2 or 4 pg/mL puromycin (Thermo
Fisher Scientific), respectively. 3T6-hEGFR cells were established by
infection of 3T6 cells with an hEGFR-expressing retroviral vector
derived from pMXc-puro (provided by Toshio Kitamura, University
of Tokyo, Tokyo, Japan) that was produced as described previously**
and selected for resistance to 4 pg/mL puromycin. Similarly,
Hepal-6-hEpCAM cells were established by infection of Hepal-6
cells with a hEpCAM-expressing retroviral vector and selected for
resistance to 2 ug/mL puromycin.

HSV-BAC recombineering

All HSV-bacterial artificial chromosome (BAC) constructs generated
in this study were derived from KOS-37 BAC* (provided by David
Leib, Dartmouth Medical School, Hanover, NH, USA). All BAC
recombinations were performed with scarless gene modification

Figure 7. In vitro expansion of syncytia generated by the syncytial derivatives of the ICP34.5-deleted CR-oHSV and hEGFR- or hEpCAM-specific RR-oHSVs
(A) U87 cells were infected with viruses shown on the left at an MOI of 0.00015 for 2 h, seeded in combination with the same number of cells indicated below the panels, and
overlaid with methylcellulose-containing media. Mixed cultures were observed for EGFP and mCherry signals in a time-lapse manner. Photographs at 29 or 48 hpi are shown
(see time-lapse movies in Videos S1 and S2). (B) U87 cells were infected with viruses shown on the left at an MOI of 0.000004 for 2 h, seeded in combination with the same
number of cells indicated below the graphs, and overlaid with media containing methylcellulose and SYTOX Orange. Eight syncytia were monitored during the period of
24-78 hpi. Areas of syncytia were measured and plotted. Two-tailed Mann-Whitney U test was used for comparative analysis. x, last measurement before becoming positive
for SYTOX Orange staining. (C-F) U87 (C), HepG2 (D and F), or Hepa1-6-hEpCAM (E) cells were infected with viruses shown on the left at MOls of 0.000006-0.0003 for 2 h,
seeded in combination with the same (C-E) or double (F) number of cells indicated below the panels, and overlaid with media containing methylcellulose and SYTOX Orange.
Mixed cultures were observed for EGFP and SYTOX signals 5 (C), 4 (D and F), or 2 (E) days post-infection, respectively. Experiments were repeated twice, and similar results

were observed. Scale bars, 500 um (A, D, and E), 1 mm (C), or 2 mm (F).
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based on the Red recombination system and the plasmids pRed/ET
(Gene Bridges, Heidelberg, Germany) and pBAD-I-Scel (provided
by Nikolaus Osterrieder, Free University of Berlin, Berlin, Germany).
All constructs were confirmed by PCR analysis, pulsed-field gel elec-
trophoresis analysis of restriction enzyme digests, and targeted DNA
sequencing. Transfer constructs for Red recombination were gener-
ated as described previously.”” Briefly, the kanamycin-resistance
gene flanked by an I-Scel restriction site (I-Scel-aphAl fragment)
was amplified from pEPkan-S2 (also provided by Nikolaus
Osterrieder) by PCR with the different targeting primers as specified
below. All targeting fragments for Red recombination were purified
with a FastGene Gel/PCR Extraction Kit (NIPPON Genetics, Tokyo,
Japan) or a QIAGEN gel extraction kit (QIAGEN, Hilden, Germany).
The BAC construct pKG was generated by the insertion of an EGFP
expression cassette between the U3 and U4 genes of KOS-37 BAC
by the same method as used in the previous study.”” The BAC
construct pKGA was generated by deleting the region containing
codon 46 to the stop codon of both of the two ICP34.5 open reading
frames in a step-by-step manner. The transfer construct containing
ICP34.5-codon45-1-Scel-aph AI-ICP34.5-codon45-3" UTR was ob-
tained by PCR using pEPkan-S2 as the template, with the primers
5-CCCAGGTAACCTCCACGCCCAACTCGGAACCCGTGGTCA
GGAGCGCGCCCAGGATGACGACGATAAGTAGGG-3' and 5'-
GACGACTCGGCGGACGCTGGTTGGCCGGGCCCCGCCGCGC
TGGCGGCCGCGGGCGCGCTCCTGACCACGGGTTCCGAGTTG
GGCGTGGAGGTTACCTGGGCTACAACCAATTAACCAATTCT
GATTAG-3/, and was used for recombination with the ICP34.5 re-
gion in TRL of pKG, followed by aphAI gene removal, resulting in
pKGA-t. The same transfer construct was then used for recombina-
tion with the ICP34.5 region in IRL of pKGA-t, followed by aphAI
gene removal, resulting in pKGA. The BAC construct pKGA-BhKt
was generated by exchanging the codon for arginine (CGC) at residue
858 in the gB with a codon for histidine (CAT) and the codon for
alanine (GCG) at residue 40 in the gK with a codon for threonine
(ACC), respectively, of pKGA in a step-by-step manner, as described
previously.”*

Viruses

Recombinant viruses KGNE, KGNE-BhKt, KGNEp, and KGNEp-
BhKt have been described previously.zz’24 KG, KGA, and KGA-
BhKt were established by cotransfection of Vero or Vero-EpCAM
cells with pKG, pKGA, or pKGA-BhKt, respectively, and pxCANCre
(provided by Izumu Saito, University of Tokyo, Tokyo, Japan), fol-
lowed by two rounds of limiting dilution on Vero or Vero-EpCAM
cells. Confirmation of BAC deletion was carried out as described
previously.”® Viruses were titered on Vero or Vero-EpCAM cells
that express hEpCAM ectopically and simian EGFR as described pre-
viously*’; Vero EGFR is recognized by the anti-EGFR scFv used in
this study. The propagation and purification of the viruses were essen-
tially as described previously.”

Plaque formation and cell killing assays
Plaque formation and cell killing assays were performed essentially as

described previously”"*** with a BZ X-700 or -800 fluorescence micro-
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scope (Keyence, Osaka, Japan) and a Synergy Neo2 microplate reader
(BioTek, Winooski, VT, USA), respectively.

Assessments of syncytium expansion in the presence of both
cancer and non-cancerous cells

Singly suspended cancer cells were incubated with viruses at low
MOIs at 37°C for 2 h with rotation, co-seeded with an equal or double
number of uninfected non-cancerous cells, and overlaid with media
containing 1% methylcellulose (Wako, Osaka, Japan) and, in some
experiments, with 0.5 uM SYTOX Orange (Thermo Fisher Scientific).
Plaques were observed under the BZ X-700 or -800 microscope.

Animal experiments

All animal experiments were approved by the Animal Care and Use
Committee at The Institute of Medical Science, The University of
Tokyo, and conducted according to institutional guidelines. Six- to
eight-week-old female SCID-beige mice (CB17.Cg-Prkdc““Lyst"s”/
CrlCrlj; Charles River Laboratories Japan, Kanagawa, Japan) were in-
jected subcutaneously with 107 human tumor cells suspended in
Hank’s balanced salt solution (Thermo Fisher Scientific). When the
tumors grew to the appropriate size for each experiment, the mice
received single intra-tumoral injections consisting of viruses sus-
pended in 30 pL of PBS or single intra-venous injections consisting
of viruses suspended in 200 pL of PBS into the tail vein. Tumor vol-
umes were calculated as (length x width2)/2. Mice were euthanized
at a humane endpoint, i.e., when the tumor volume reached the
equivalent of 10% of body weight.

Histopathology and immunohistochemistry

Paraffin sections were cut at thicknesses of 3-4 um on a CTM-180
microtome (Sakura Finetek Japan, Tokyo, Japan), mounted on glass
slides, deparaffinized in xylene (Wako), and rehydrated in graded
ethanol (Wako). Sections were then stained with hematoxylin (Sakura
Finetek Japan) and eosin (Muto Pure Chemicals, Tokyo, Japan). For
immunohistochemistry, deparaffinized sections were incubated with
0.3% H,0, (Wako) at room temperature (RT) for 5 min to quench
endogenous peroxidase activity. The sections were then incubated
with a blocking agent (4% Block Ace; DS Pharma Biomedical, Osaka,
Japan) at RT for 10 min, followed by incubation with 1 pg/ml rabbit
anti-GFP polyclonal antibody (A-11122; Thermo Fisher Scientific) in
4% Block Ace at 4°C overnight, stained by an EnVision+ kit (Agilent
Technologies, Santa Clara, CA, USA) according to the manufacturer’s
instructions, and counterstained with hematoxylin. Images were
obtained by BZ X-700.

Statistical analyses

Comparative analyses of the experimental data were performed
with the two-way repeated-measures ANOVA (for comparing
changes of tumor volumes), log-rank testing (for comparing sur-
vival of mice), two-tailed Mann-Whitney U test or Dunn’s test
(for comparing size of plaques), or Sidak test (for comparing cell
viability). Differences were considered statistically significant at p
values < 0.05.
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