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Oncolytic viruses induce antitumor immunity following direct
viral oncolysis. However, their therapeutic effects are limited in
distant untreated tumors because their antitumor function de-
pends on indirect antitumor immunity. Here, we generated a
novel fusogenic oncolytic vaccinia virus (FUVAC) and
compared its antitumor activity with that of its parental non-
fusogenic virus. Compared with the parent, FUVAC exerted
the cytopathic effect and induced immunogenic cell death in
human and murine cancer cells more efficiently. In a bilateral
tumor-bearing syngeneic mouse model, FUVAC administra-
tion significantly inhibited tumor growth in both treated and
untreated tumors. However, its antitumor effects were
completely suppressed by CD8+ T cell depletion. Notably, FU-
VAC reduced the number of tumor-associated immune-sup-
pressive cells in treated tumors, but not in untreated tumors.
Mice treated with FUVAC before an immune checkpoint inhib-
itor (ICI) treatment achieved complete response (CR) in both
treated and untreated tumors, whereas ICI alone did not
show antitumor activity. Mice achieving CR rejected rechal-
lenge with the same tumor cells, suggesting establishment of
a long-term tumor-specific immune memory. Thus, FUVAC
improves the tumor immune microenvironment and enhances
systemic antitumor immunity, suggesting that, alone and in
combination with ICI, it is a novel immune modulator for
overcoming oncolytic virus-resistant tumors.

INTRODUCTION
Oncolytic virotherapy is a novel cancer treatment strategy that utilizes
tumor-specific replication selected virus as an anticancer medicine.
Various oncolytic viruses have shown significant clinical benefits1,2

represented by the FDA approval of talimogene laherparepvec. Onco-
lytic viruses exert two types of therapeutic functions, namely, direct
tumor lysis (oncolysis) and indirect antitumor immunity.1 Currently,
oncolytic viruses are most often administered intratumorally. This
approach provides rapid and powerful therapeutic effects against
the injected tumors via antitumor immune responses following viral
oncolysis. However, in non-injected tumors, such as the disseminated
or metastatic tumor region, the therapeutic response is delayed and
reduced because it depends on indirect antitumor immunity elicited
after lysis of the injected tumor cells.3–5 Therefore, enhancement of
1782 Molecular Therapy Vol. 29 No 5 May 2021 ª 2020 The American
the antitumor immunity response to the effect of oncolytic viruses,
especially for the treatment of the non-injected tumors, is needed.

Some oncolytic viruses, such as the measles, mumps, Sendai, and
Newcastle disease virus, have a fusogenic phenotype. These viruses
cause syncytia formation in infected tumor cells, which induces rapid
oncolysis and releases several tumor antigens, thereby resulting in
immunogenic cell death (ICD).6–8 There are also some oncolytic vi-
ruses armed with exogenous fusion proteins that enhance their ther-
apeutic functions through conferring these characteristics.6,8

The vaccinia virus (VV) is a major oncolytic agent and is known as a
non-fusogenic virus. Our laboratories have isolated its mutant clone
having the fusion phenotype, named the fusogenic oncolytic vaccinia
virus (FUVAC). FUVAC was discovered during plaque purification
of the mitogen-activated protein kinase-dependent recombinant
vaccinia virus (MDRVV). MDRVV achieved tumor-specific virus
replication through the deletion of two viral growth factors, namely
the VV growth factor (VGF) and O1L.9,10 FUVAC has a nonsense
mutation in the viral gene K2L, whereas other viral genomes are
maintained in the MDRVV. K2L encodes the serine protease inhibi-
tor (SPI-3), which conjugates with the A56 polypeptide and blocks the
viral entry-fusion complex (EFC).11–17 EFC, a complex of 11 viral
proteins associated with post-attachment membrane fusion,12 pre-
sents on the surface of the virus or the infected cellular membrane
and has critical roles in virus entry and cell-cell fusion. K2/A56 com-
plex binds with the G9/A16 of EFC to block its membrane fusion
initiation,17 thus distinguishing the infected cells from non-infected
cells by blocking virus re-entry. However, this inhibition system
also limits cellular fusion between infected cells. FUVAC promoted
VV fusion by impairing the fusion inhibition of K2L since it has a
nonsense mutation in the K2L gene.
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Figure 1. Viral replication and oncolytic effect in

MDRVV and FUVAC

(A) Schematic representation of MDRVV and FUVAC. (B)

A549 cells were infected with MDRVV- or FUVAC-LG/

DsRed at an MOI of 0.01, 0.1, or 1, and the images were

taken 3 days after infection. Scale bar, 500 mm. (C) Viability

of the A549 cells 72 h after virus infection as described in

(B) was examined with CellTiter 96 Aqueous Nonradioac-

tive Cell Proliferation Assay (Promega). Data are repre-

sented as the percent survival of mock-infected cells. (D)

A549 cells infected with MDRVV- or FUVAC-LG/DsRed at

an MOI of 0.1 were harvested after infection for 24, 48, or

72 h, and the extracted intracellular viruses were titrated in

RK13 cells. Data in (C) and (D) are presented as the

means ± SEM (n = 3). ***p < 0.001 (two-tailed unpaired

t test).
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It is unknown whether vaccinia virus-mediated cell fusion enhances
oncolytic activity and antitumor immunity. By using FUVAC,we eval-
uate how cell fusion is involved in oncolysis and induces antitumor
immune response. We also showed that the novel fusogenic vaccinia
virus conferred greater therapeutic potential to treat both the virus in-
jected andnon-injected tumors. Its fusogenic phenotype enhanced not
only the tumor lysis but also the immune modulation through
reducing immune-suppressive cells locally and increasing CD8+

T cells systemically. These anticancer functions were synergistically
enhanced by the combination with ICI, especially in the non-injected
tumor treatment. FUVAC opened the possibility for oncolytic VV to
exert its oncolytic activity by enhancing its fusion function.

RESULTS
Fusogenic vaccinia virus has a natural K2L mutation

FUVAC was isolated from MDRVV having double deletions of VGF
and O1L. Whole-genome sequencing identified that FUVAC has a
nonsense mutation (254 Trp/stop) in the viral fusion inhibitor
K2L (Figure S1), although the VGF and O1 deletions were main-
M

tained. The MDRVV was inserted into the
gene cassettes expressing luciferase fused with
enhanced green fluorescent protein (EGFP)
and DsRed into the VGF and O1 gene loci,
respectively, and named MDRVV-luciferase-
EGFP (LG)/DsRed. Therefore, the fusogenic
strain derived from the MDRVV-LG/DsRed
was called FUVAC-LG/DsRed. Furthermore,
the inserted genes, luciferase-EGFP and DsRed,
were replaced with luciferase and LacZ for im-
mune staining and in vivo experiments, resulting
in MDRVV-Luc/LacZ and FUVAC-Luc/LacZ,
respectively (Figure 1A).

FUVAC showed fusogenic cytopathic effect

in cancer cell lines

FUVAC induced syncytium formation in hu-
man lung carcinoma A549 cells (Figure 1B).
The cell viability following FUVAC infection was more reduced
than that following MDRVV (Figure 1C), whereas their virus yield
was comparable (Figure 1D). The fusion phenotype and oncolytic
activity were also examined in several human and murine cancer
cell lines. FUVAC induced cell-cell fusion in various tumor types,
such as lung, ovarian, pancreatic, colon, mammary, prostate, and
epithelial (Figure 2A; Videos S1 and S2). Moreover, the viability
in these cell lines was decreased by FUVAC infection, compared
with MDRVV (Figure 2B).

Oncolytic VV induced several types of tumor cell death. MDRVV
infection induced apoptosis, necrosis, and ICD against the human
A549 and murine CT26 cell lines, whereas FUVAC enhanced the in-
duction of these cell deaths, especially that of ICD as detected by
HMGB1 release (Figures 3A and 3B). Another ICD marker, ATP
release, was examined using VGF and O1L intact viruses, VGF+/
O1+ VV and FUVAC VGF+/O1+ (Figure S2A). FUVAC VGF+/O1+

showed higher ATP release than non-fusogenic VGF+/O1+ VV
(Figure S2B).
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Figure 2. Cytolytic fusion of FUVAC against several

cancer cell lines

(A) Several cancer cell lines were infected with MDRVV-

or FUVAC-LG/DsRed at each MOI: Panc1, CaCO2,

MDA-MB-231, A549, and A431, 0.1; SKOV3 and PC3,

1; and B16-F10, CT26, and TC1, 5. Cells were photo-

graphed 3 days after virus infection, except for TC1 cells

that were photographed after 2 days. Scale bar,

500 mm. (B) Viability of tumor cell lines described in (A).

Data are presented as the percent survival of mock-

infected cells and represented as the means ± SEM

(n = 3). *p < 0.05, **p < 0.01, ***p < 0.001 (two-tailed

unpaired t test).
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Furthermore, FUVAC was compared with a K2L-deleted virus
(DK2L-LG/DsRed, Figure S2A) to confirm the K2L function in VV
fusion. FUVAC and DK2L showed equal cell-cell fusion, enhanced
cytotoxicity, and HMGB1 release in A549 and CT26 cells (Figures
S2C–S2E). Therefore, the K2L mutation is causative for the FUVAC
phenotype.

FUVAC showed enhanced therapeutic efficacy in injected and

non-injected tumor regions

The in vivo oncolytic effect was determined using the syngeneic
mice model bearing the bilateral CT26 murine colon cancer cells
(Figure 4A). CT26 cells were chosen because they formed the
largest syncytia during the FUVAC infection in murine tumor
cell lines (Figure 2A). MDRVV or FUVAC was injected into the
1784 Molecular Therapy Vol. 29 No 5 May 2021
larger flank, and their therapeutic effects
were examined in both injected and non-in-
jected tumors. Viral replication was detected
using the firefly luciferase (Fluc) expression
of each virus. FUVAC showed higher viral
replication than MDRVV in the injected tu-
mor regions (Figures 4B and 4C). Both viruses
did not express Fluc luminescence in the non-
injected tumors (Figure 4C). Nevertheless,
FUVAC showed stronger anticancer effect
than MDRVV, not only in the injected tu-
mors, but also in the non-injected tumors
(Figure 4D).

Moreover, immunohistochemical (IHC) anal-
ysis (Figure 5) showed that viral GFP expres-
sion, for both viruses, was detected only on in-
jected tumors (Figure 5C). FUVAC treatment
resulted in a larger GFP region than MDRVV,
according to their Fluc intensity (Figures 5B
and 5C). Virus infected and lysed regions
showed eosin dominance, and FUVAC-treated
tumors showed the fusogenic phenotype at the
boundary between the infected and non-in-
fected regions (Figure 5D). In comparison
with MDRVV, all FUVAC-treated tumors
showed similar cell-cell fusion in the infected region (n = 3,
Figure S3).

On the other hand, MDRVV tended to reduce oncolytic efficacy,
owing to the larger tumor volume. FUVAC had a stable oncolytic ef-
fect regardless of the base tumor sizes (Figure S4). Even when the
initial tumor volume reached more than 100 mm3, FUVAC enhanced
viral replication and therapeutic efficacy more thanMDRVV (Figures
S5A–S5C).

FUVAC enhanced the infiltration of CD8+ T cells and the

inhibition of tumor-associated immune suppressive cells

To identify the therapeutic factor of FUVAC, we examined the tumor
immune microenvironment. Both virus-treated and -untreated
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Figure 3. Three types of cell death efficiently

induced by FUVAC

(A) A549 cells were infected with MDRVV- or FUVAC-Luc/

LacZ at an MOI of 1, and the apoptotic or necrotic cells

were detected by staining with annexin V or ethidium

homodimer, respectively, 30 h after infection. HMGB1

release was detected using ELISA of the culture super-

natant of the infected cells 60 h after infection. (B) CT26

cells were infected with MDRVV or FUVAC at an MOI of

10, and apoptosis or necrosis was detected as described

in (A) 22 h after infection. Meanwhile, the culture super-

natant of CT26 cells infected with MDRVV or FUVAC at an

MOI of 5 for 60 h was used for HMGB1 detection as

described in (A). Data in (A) and (B) are presented as the

means ± SEM (n = 3). *p < 0.05, **p < 0.01, ***p < 0.001

(two-tailed unpaired t test).
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tumors were collected 5 days after virus injection, and then the tumor
infiltrating lymphocytes (TILs) were analyzed using flow cytometry
(Figure 6A). The total percentage of CD45+ immune cells increased
in the injected tumors, but not in non-injected tumors after virus
treatment (Figure 6B). The total CD3+ T cell levels remained un-
changed. However, FUVAC significantly enhanced the infiltration
of CD8+ T cells in the non-injected tumor region (Figure 6C). In
the injected tumors, the ratio of CD8+ T cells did not change signif-
icantly, but FUVAC decreased the number of CD4+ T cells, especially
in the CD25+-FoxP3+ (regulatory T cell, Treg) fraction. Moreover,
other tumor-associated immune suppressive cells, tumor-associated
macrophages (TAM: CD11b+ F4/80+), and monocytic-myeloid
derived suppressor cells (M-MDSC: CD11b+ Ly6C+) were also
decreased by FUVAC (Figure 6D), except for granulocytic-myeloid
derived suppressor cells (G-MDSC: CD11b+ Ly6C– Ly6G+). The level
of these cells did not fluctuate in the non-injected tumors. Overall,
FUVAC enhanced the inhibition of tumor-associated immune sup-
pressive cells in the injected tumors and the infiltration of cytotoxic
CD8+ T cells in the non-injected tumors.

7 days after viral injection, CD8+ T cells had infiltrated injected tu-
mors to the same level as non-injected tumors (Figure S6A), which
was accompanied by programmed death-ligand 1 (PD-L1) expression
(Figure S6B). Meanwhile, both viruses led to an increase in antigen-
presenting dendritic cells (DCs) in spleens (Figure S6C). FUVAC
particularly increased the splenocyte CD8+ T cell count (Figure S6D)
and tumor-specific interferon-g (IFN-g) secretion (Figure S6E).

The role of TILs in the FUVAC treatment was also confirmed by im-
mune depletion. Viruses and inhibitor antibodies targeting CD4 or
Mo
CD8 were alternately injected into the mice
bearing bi-flank CT26 tumors (Figure 7A).
Both inhibitors did not show any significant ef-
fect against the Fluc luminescence of MDRVV
(Figure S7). However, that of FUVACwas signif-
icantly increased by the CD8 inhibitor, but not by
the CD4 inhibitor (Figure S7). CD4 depletion
partially reduced the therapeutic efficacy of FUVAC to the same level
as that of MDRVV (Figure 7C), although MDRVV was not affected
(Figure 7B). However, CD8 depletion completely abolished their anti-
cancer effects not only in the injected tumors, but also in the non-in-
jected tumors. These findings suggest that CD8+ T cells have a critical
role in the therapeutic mechanism of oncolytic VV.

FUVAC showed synergistic effects with programmed cell death

(PD)-1 blockade

In contrast with immune depletion, CD8+ T cell activity was pro-
moted when combined with the PD-1 blockade (Figure 8A). In com-
parison with the mock (PBS)-treated groups (Figure 8B), anti-PD-1
antibody strongly enhanced the viral oncolytic effects in both viruses.
PD-1 blockade by itself had little anticancer effect, but its combina-
tion with FUVAC disappeared all the injected tumors (Figure 8C).
Notably, FUVAC combined with the PD-1 blockade showed a
remarkable regression in non-injected tumors. i.e., 3/6 mice treated
with FUVAC prior to the PD-1 blockade achieved complete response
(CR), although other mice could not eliminate the non-injected tu-
mors (Table S1). FUVAC and anti-PD-1 antibody treatment signifi-
cantly prolonged the survival of mice compared with other single or
combination treatment groups (Figure 8D). Furthermore, CR mice
completely rejected the CT26 tumor re-implantation (Figure 8E).
Thus, FUVAC efficiently recruits antitumor CD8+ T cells against
the distant tumors and maximizes the systemic antitumor immunity
when combined with immune checkpoint blockade.

DISCUSSION
Fusogenic oncolytic viruses showed promising therapeutic benefits
through the reinforcement of their oncolytic activity and immune
lecular Therapy Vol. 29 No 5 May 2021 1785
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Figure 4. In vivo viral replication and oncolytic

effect of FUVAC

(A) Schedule of MDRVV or FUVAC treatment against the

bilateral CT26 tumor model. CT26 cells were bilaterally

transplanted on BALB/c mice through subcutaneous in-

jection.When theaverage tumor volume reached60mm3,

5 � 107 PFUs of MDRVV or FUVAC-Luc/LacZ were in-

tratumorally injected three times every 2 days. (B) In vivo

bioluminescence imaging of the viral replication. Viral Fluc

luminescence was detected by VivoGlo Luciferin (3 mg/

mouse; Promega) on day 3. (C) Quantification of the viral

luminescence on days 1, 3, 5, and 7 after the first virus

injection. Fluc signals were separately quantified in the

injection and non-injection sites. Mean luminescence

(ph/s) ± SEM are shown. *p < 0.05 (two-way ANOVA). (D)

Tumor growth was separately monitored in the injection

and non-injection sites. Results are representative of two

independent experiments comprising 6–8 mice/group

(n = 12, 14, or 15 for PBS, MDRVV, or FUVAC, respec-

tively). Mean tumor volume (mm3) ± SEM are shown.

**p < 0.01, ***p < 0.001 (two-way ANOVA).
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inducement. Various oncolytic viruses armed with exogenous fusion
proteins, such as GALV envelope,18–21 FAST protein,22,23 HIV e-
nvelope,24,25 MV-F protein,26 NDV-F protein,27,28 and SV5-F
protein,29,30 have shown improved oncolytic functions. Fusion
phenotype enhances virus yield, spreading, and cytopathic effect,
as well as induces antitumor immunity.6,8 Although the viral
fusion phenotype seems to be a reasonable way to evolve various
types of oncolytic viruses, there have been no reports regarding
the effects of vaccinia virus-mediated cell fusion on therapeutic
responses.

In this study, we first demonstrated the therapeutic potential of the
novel FUVAC. VV can infrequently produce its progeny virion, hav-
ing a fusogenic phenotype in an environment where replication is
difficult, such as in the plaque separation process. Its fusogenic
1786 Molecular Therapy Vol. 29 No 5 May 2021
phenotype is regulated by the viral fusion in-
hibitor, K2L, which limits virus re-entry and
cell-cell fusion by blocking the EFC.13–17 This
function may be a mechanism for the preven-
tion of virus congestion in one place. However,
causing impairing of the fusion inhibition
would be advantageous when VVs are adminis-
tered via the intratumoral route. Directly
injected viruses stayed in the injected tumor re-
gion, as shown in Figures 4C and 5C. There-
fore, their oncolytic effects against distant tu-
mors, such as metastatic tumors, strongly
depend on their antitumor immune function.
Rapid and immunogenic tumor cell death
causes efficient antitumor immunity, expand-
ing locally to systemically. To maximize
the systemic anticancer immune response
following local oncolysis, the suppression of VV fusion activity should
be investigated.

FUVAC induces syncytia formation in various types of tumor cells
due to fusion deregulation. FUVAC efficiently decreased the viability
of infected cells, whereas its progeny virus production was un-
changed. Larger syncytium formation tended to increase viral oncol-
ysis. Murine cells tended to form smaller syncytia than human cancer
cell lines because VV more efficiently replicated in human cells than
in mouse cells. Nevertheless, FUVACmore significantly enhanced tu-
mor cell death, such as ICD, than its parental non-fusogenic virus
MDRVV in both human A549 and murine CT26 cells (Figure 3).
This implies that, like other fusogenic viruses,18–30 the VV fusion
function improves oncolytic activity. FUVAC also showed strong on-
colytic activity and cell-cell fusion against injected CT26 tumors
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Figure 5. Fusogenic findings in in vivo tumor tissues

(A) Schedule of the tumor tissue collection for IHC. Mice

bearing bilateral CT26 tumors were treated with 5 � 107

PFUs of MDRVV- or FUVAC-LG/DsRed on days 0, 2, and

4, then tumors were collected on day 5. (B) Biolumines-

cence imaging before tumor collection on day 5.

(C) Whole pictures of virus-treated or -untreated tumors.

Upper images show the hematoxylin and eosin staining,

and lower images show the anti-GFP antibody staining.

Scale bar, 1,000 mm. (D) High-power images of the area

marked in (C). Arrows show the fusogenic phenotype.

Representative images are shown in (C) and (D). Pictures

from the other two mice are shown in Figure S3. Scale

bar, 50 mm.
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in vivo (Figures 4D and 5D), regardless of baseline tumor volume.
Interestingly, the viral replication of FUVAC in vivo was higher
than that of MDRVV (Figures 4C and 5C), whereas their replication
efficacies were comparable in vitro. Overall, FUVAC increased viral
dissemination in tumor tissues due to the fusogenic spread. This
spreading property might support the stable antitumor effect and im-
mune modulation in injected tumors.

FUVAC caused the inhibition of tumor-associated immune suppres-
sive cells, such as Treg, TAM, and M-MDSC in directly treated tu-
mors. Only G-MDSCs increased, but those cells were induced by
the VV infection to decrease viral toxicity.31 As a result of the immune
remodeling in injected tumors, FUVAC further increased the number
of CD8+ T cells and suppressed the growth of non-injected tumors
(Figures 4D and 6C). The CD8+ T cell ratio remained unchanged
Mo
in the injected tumors (Figure 6C), regardless
of the higher CD45+ levels on day 5 (Figure 6B).
The increase in the CD45+ ratio might be
caused by the decrease in the live tumor cell ra-
tio due to the viral tumor lysis, as shown in Fig-
ure 5C. On the other hand, both MDRVV and
FUVAC induced CD8+ T cell infiltration in in-
jected tumors to the same level as in the non-in-
jected region on day 7 (Figure S6A). At the
same time, both viruses increased antigen-pre-
senting DCs, and FUVAC significantly induced
tumor-specific T lymphocytes, in the spleen
(Figures S6C and S6E). These results suggest
that FUVAC efficiently elicited an antitumor
immune response through remodeling of the
tumor immune microenvironment. This anti-
tumor immune function was completely sup-
pressed by CD8 depletion (Figures 7B and
7C). Despite the direct virus influence, viral
therapeutic effects against the injected tumors
were abolished, as well as in non-injected tu-
mors. This attenuation of the injected tumor
treatment could be caused by the lower VV
tropism inmurine cells, as described in Figure 2.
Therefore, in this model, the viral therapeutic function in injected tu-
mors strongly depended on immune modulation, rather than direct
tumor lysis.

In contrast, CD4+ T cells were not increased in both tumor regions,
although the base CD4+ levels were larger than the number of
CD8+ T cells in CT26 tumors.32–34 FUVAC rather decreased CD4+

T cells accompanied with decreased Treg in the injected tumors (Fig-
ure 6C). Similar reductions in the number of CD4+ T cells and Treg
together have been reported in the MCA205- or RenCa-bearing mice
model.35,36 In another study, the fusogenic VSV-p14 reduced the CD4
ratio in virus-injected 4T1 tumors, but it increased the CD4+ T cells in
the spleen and drained lymph node.23 In addition, CD4 depletion
partially suppressed the FUVAC function (Figure 7C), whereas
MDRVV was not affected by CD4 depletion (Figure 7B), suggesting
lecular Therapy Vol. 29 No 5 May 2021 1787
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Figure 7. Effect of immune depletion against FUVAC

treatment

(A) Schedule of the CD4 or CD8 depletion. CT26-bearing

micewere administrated with MDRVV or FUVAC on days 0,

2, and 4, and 200 mg of Isotype ctrl, anti-CD4, or anti-CD8

antibody was injected on days 3, 5, and 7. (B and C) Tumor

growth curves of mice after the treatment of each inhibitor

with MDRVV (B) or FUVAC (C). Mean tumor volume

(mm3) ± SEM are shown (n = 6–7). *p < 0.05, **p < 0.01,

***p < 0.001 (two-way ANOVA).
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that FUVAC utilizes non-tumor associated CD4+ T cells to promote
systemic antitumor immunity, and their activity caused the difference
in their antitumor immune responses.

FUVAC modulated the immune suppressive environment in the vi-
rus-injected tumors, but PD-L1 expression only increased upon
CD8+ T cell infiltration (Figures S6A and S6B). In addition, immune
suppressive cells remained in the non-injected tumors (Figures 6C
and 6D) due to the lack of direct viral activity. The existence of these
cells would have become a barrier against anticancer effect, but the
Figure 6. Changing tumor immune microenvironment by FUVAC infection

(A) Schedule of the immunemicroenvironment characterization after MDRVV or FUVAC treatment. Bilateral CT26-

same method as Figure 4. 5 days after the first virus injection (1 day after the third injection), the virus-treated or

cytometry analysis. (B) The ratio of CD45+ total immune cells and total tumor cells, and the ratio of CD3+ T lympho

CD4+ cells in CD45+ T lymphocyte, and the ratio of Treg in CD3+ T cell as determined by the expression levels

F4/80+), M-MDSC (CD11b+ Ly6C+), or G-MDSC (CD11b+ Ly6C– Ly6G+) in CD45+ cells. Data in (B)–(D) are pre

***p < 0.001 (two-tailed unpaired t test).

M

combination of FUVAC and PD-1 blockade
overcame its prevention (Figure 8). Half of the
mice treated with FUVAC and anti-PD-1 anti-
body showed a complete response (CR) (Fig-
ure 8D; Table S1), whereas CR mice had immu-
nological memory confirmed by tumor rejection
(Figure 8E). MDRVV also enhanced their anti-
cancer potential in combination with PD-1
blockade; however, not one mouse showed
regression in non-injected tumor and survival
benefit (Figures 8C and 8D).When a single treat-
ment of anti-PD-1 antibody did not work,
FUVAC dramatically triggered its immune
checkpoint inhibition. Thus, FUVAC clearly
enhanced the anticancer function even in murine
CT26 tumors, regardless of lower fusion activity,
compared with human tumor cell lines. These
indicate the strong therapeutic benefits of
FUVAC that can be expected in human cancer
treatment.

Interestingly, anti-PD-1 antibody treatment
decreased the viral replication of FUVAC (Fig-
ure S8). This is in contrast with the induction
of CD8 depletion (Figure S7). The former strongly supported the viral
oncolytic activity, but the latter completely disabled it. These Fluc
fluctuations would reflect the immune response. In other words, viral
replication was prevented by enhanced immunity but promoted by
the suppressed immunity. Therefore, an increase in viral replication
will not yield proportional therapeutic benefits. The necessity of viral
replication in cancer immunotherapy is often discussed.37,38 For
example, the inactivated non-replicating modified vaccinia Ankara
(MVA) had higher immune induction than replicating MVA.39 The
cancer vaccine specializes in promoting antitumor immune response
bearingmice were treated withMDRVV or FUVAC using the

-untreated tumors were recovered and processed for flow

cyte in CD45+ cells. (C) The ratios of CD3+/CD8+ and CD3+/

of CD4, CD25, and FoxP3. (D) The ratio of TAM (CD11b+

sented as the means ± SEM (n = 7). *p < 0.05, **p < 0.01,
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without relying on viral tumor lysis. In contrast, FUVAC enhanced
the viral replication and lytic efficacy while promoting antitumor im-
munity. Therefore, it would be a convenient vector for loading other
exogenous therapeutic genes, such as cell suicide genes, cytokines,
chemokines, T cell costimulatory molecules, and immune checkpoint
inhibitors.

In conclusion, we established a novel fusogenic vaccinia virus with
improved direct oncolytic activity and indirect antitumor immunity.
FUVAC modulates the tumor immune microenvironment by
reducing the tumor-associated immune suppressive factors locally
and increasing cytotoxic CD8+ T cells systemically. It would be an
effective initiator for immune checkpoint blockade. Moreover,
FUVAC can evolve other therapeutic functions through the loading
of various therapeutic genes because of its high gene expression level.
FUVAC would be a next generation platform for oncolytic
immunotherapy.

MATERIALS AND METHODS
Virus preparation

Recombinant viruses were developed as previously described.9,10

When both VGF and O1L-deleted viruses9 were cloned during plaque
purification, we found unusual viral plaques having fusogenic cell
degeneration. The plaques were isolated, and the full genome
sequence was analyzed using PacBio RSII (Pacific Bioscience, CA,
USA). For in vivo usage, CV1 cells were infected with MDRVV-
LG/DsRed or FUVAC-LG/DsRed and transfected with pTNshuttle/
VGF-SP-Luc. The recombinant viruses, MDRVV-VGF-SP-Luc/
O1L-p7.5K-DsRed or FUVAC-VGF-SP-Luc/O1L-p7.5K-DsRed,
were isolated based on the loss of GFP expression and were used to
infect the CV1 cells for recombination with pTNshuttle/O1L-SP-
LacZ. The resultant viruses, MDRVV- or FUVAC-VGF-SP-Luc/
O1L-SP-LacZ (Luc/LacZ), were isolated based on the loss of DsRed
expression. Construction of VGF/O1L intact virus and K2L-deleted
virus are described in the Supplemental Materials and Methods and
Table S2. All viruses were propagated in A549 cells and titrated in
RK13 cells. Luc/LacZ viruses were then purified before in vivo usage.
Briefly, the viruses were propagated in A549 cells. After that, the in-
fected cells were harvested and mixed with 200 U/mL benzonase
(Merck, MA, USA), followed by incubation at 37�C for 1 h. Cell ly-
sates were purified and dialyzed using OptiPrep (Axis-Shield, Oslo,
Norway) and Slide-A-Lyzer Dialysis Cassette (Thermo Fisher, MA,
USA), according to the manufacturer’s protocol.

Cytotoxicity assay and virus titration

To follow the virus replication, we infected A549 lung carcinoma cells
with MDRVV- or FUVAC-LG/DsRed at an MOI of 0, 0.01, 0.1, or 1
Figure 8. Effect of PD-1 blockade under FUVAC treatment

(A) Schedule of the combination of virus with PD-1 blockade. (B and C) Tumor growths in

Data are presented as the mean tumor volume (mm3) ± SEM (n = 5–6). ***p < 0.001 (two-

Kaplan-Meier analysis. FUVAC alone prolonged the survival of mice compared with the

anti-PD-1 antibody alone or MDRVV + anti-PD-1 (***p = 0.0007 or **p = 0.0066, respect

rechallenge (n = 3).
Videos S1,S2. After 72 h, the cells were photographed under a fluores-
cence microscope and viability was assessed using the CellTiter 96
Aqueous Nonradioactive Cell Proliferation Assay (Promega, WI,
USA). Virus replication was also examined by the titration of cell-
associated viruses. Cell lysates were harvested 24, 48, or 72 h after
infection, and cell-associated virions were extracted through freeze-
thawing, sonication, and centrifugation. The extracted viruses were
titrated in RK13 cells, and viral plaques were counted 3 days after
infection.

To confirm the cell-cell fusion in various tumor cell lines, we har-
vested 2.0 � 104 cells of human ovarian SKOV3, pancreatic Panc1,
colon CaCO2, breast MDA-MB-231, epithelial A431 cells, 1.0 �
104 cells of human lung A549, murine colon CT26, 2.5 � 104 cells
of human prostate PC-3, 1.5 � 104 cells of murine melanoma B16-
F10, and 4.0 � 103 cells of murine lung TC1 cells in 96-well plates.
After 24 h, the cells were infected with MDRVV- or FUVAC-LG/
DsRed at the following conditions: MOI of 0.1 for Panc1, CaCO2,
MDA-MB-231, A549, and A431; MOI of 1 for SKOV3 and PC-3;
and MOI of 5 for B16-F10, CT26, and TC1. Cells were photographed,
and their viability was examined 72 h after infection (for TC1 cells, 48
h) as described above.

Apoptosis, necrosis, and immunogenic cell death assay

Human A549 cells or murine CT26 cells were infected withMDRVV-
or FUVAC-Luc/LacZ at an MOI of 0.1 or 10, respectively. After 30 h
or 22 h, the cell death was examined using an Apoptotic/Necrotic/
Healthy Cells Detection Kit (Takara Bio, Otsu, Japan) and photo-
graphed under the fluorescence microscope (BZ-X700; Keyence,
Osaka, Japan). Fluorescence intensity was quantified using the Hybrid
Cell Count software (Keyence) according to the manufacturer’s pro-
tocol. ICD was detected through the ELISA analysis of High Mobility
Group Box 1 (HMGB1) release. MDRVV- or FUVAC-Luc/LacZ virus
was infected into A549 or CT26 cells at anMOI of 1 or 5, respectively.
After 60 h, the infected cellular supernatant was cultured and was
analyzed using a HMGB1 ELISA Kit II (Shino-Test, Tokyo, Japan).

In vivo bioimaging and therapeutic effect

CT26.WT (CRL-2638: American Type Culture Collection, VA, USA)
tumors (5 � 105 cells) were subcutaneously injected into the bilateral
flank of 6-week-old female BALB/c mice. Then, the tumors were
grown until an average tumor volume of 60 mm3. The larger flank tu-
mors were directly injected with 5� 107 plaque-forming units (PFUs)
in 40 mL PBS of MDRVV- or FUVAC-Luc/LacZ on days 0, 2, and 4.
Tumor volumes were measured using calipers, and the viral replica-
tion was monitored using an injection of VivoGlo Luciferin, In Vivo
Grade (3 mg/mouse; Promega) on days 1, 3, 5, and 7. The mice were
mice treated with PBS, MDRVV, or FUVAC +mock (B) or + anti-PD-1 antibodies (C).

way ANOVA). (D) Survival curves of mice associated with (B) and (C) generated using

PBS treatment (*p = 0.0112). FUVAC + anti-PD-1 prolonged the survival longer than

ively, using log-rank test). (E) Tumor growths in CRmice and control mice after tumor
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anesthetized using isoflurane during bioimaging and was visualized
using NightSHADE LB985 (Berthold Technologies, Bad Wildbad,
Germany). Luminescence intensity was quantified according to the
manufacturer’s protocol.

IHC analysis

BALB/c mice were bilaterally transplanted with CT26 tumors as
described above. After tumor growth, 5 � 107 PFUs of MDRVV-
or FUVAC-LG/DsRed were unilaterally injected on days 0, 2, and
4. After viral Fluc confirmation, tumors were harvested on day 5.
Formalin-fixed and paraffin-embedded tissues were sliced and
stained with hematoxylin and eosin or anti-GFP rabbit antibody
(D5.1: Cell Signaling Technology, MA, USA). Anti-GFP antibody re-
action was detected with the SignalStain Boost IHC detection reagent
and SignalStain DAB Substrate Kit (CST). GFP-detected slides were
counterstained with hematoxylin and a coverslip was added with soft-
mount (Wako, Tokyo, Japan). Tissue sections were photographed by
BZ-X700 (Keyence).

Fluorescence-activated cell sorting (FACS) analysis

Mice-bearing bilateral CT26 tumors were treated with Luc/LacZ vi-
ruses as described above. After 5 days from the first virus injection,
the tumors were harvested and homogenized using a Tumor Dissoci-
ation Kit, mouse and gentleMACS Octo Dissociator (Miltenyi Biotec,
Bergisch Gladbach, Germany) according to themanufacturer’s proto-
col. After Fc blocking (2.4G2: BD Bioscience, CA, USA), the cells were
stained with each antibody (0.5 mg/5 � 105 cells) as described below.
The following cell surface staining antibodies were purchased from
BioLegend (CA, USA): CD45 (30-F11), CD3 (145-2C11), CD8
(53-6.7), CD11b (M1/70), F4/80 (BM8), and Ly6G (1A8); CD4
(GK1.5) and CD25 (PC61.5) were purchased from Thermo Fisher;
and Ly6C (AL21) was purchased from BD Bioscience. 7-AAD (Beck-
man Coulter, CA, USA) was used for dead cell differentiation. Cells
were incubated at 4�C for 25 min, and some of them were intracellu-
larly stained using anti-FoxP3 antibody (FJK-16 s) and FoxP3 stain-
ing buffer set (Thermo Fisher) according to the manufacturer’s pro-
tocol. Samples were suspended in FACS buffer (PBS/2% FBS/0.02%
sodium azide) and were analyzed using CytoFLEX and CytExpert
Ver 2.0 (Beckman). FACS analysis performed on day 7 was detailed
in the Supplemental Materials and Methods.

Immune depletion and immune checkpoint blockade

For immune depletion, bilateral CT26-implanted mice were intratu-
morally injected with 2.5 � 107 PFUs of viruses on days 0, 2, and 4.
Then, the mice were intraperitoneally treated with 200 mg of inhibi-
tors, InVivo Plus rat IgG2b isotype control (LTF-2), anti-mouse
CD4 antibody (GK1.5), or anti-mouse CD8a antibody (2.43: BioXcell,
NH, USA) on days 3, 5, and 7. For the immune checkpoint blockade,
5� 107 PFUs of viruses were directly injected in the larger side of the
bilateral CT26 tumors on days 0, 2, and 4. Anti-mouse PD-1 anti-
bodies (200 mg, RMP1-14: InVivo Plus Mab, BioXcell) or control
PBS was administered via the intraperitoneal route on days 3, 5, 7,
9, and 11. The tumor volume and viral luciferase expression were
measured as described above. For the tumor rechallenge, CR mice
1792 Molecular Therapy Vol. 29 No 5 May 2021
and control naive mice were bilaterally transplanted with 5� 105 cells
of CT26 tumors 101 days after the virus treatment. All animal exper-
iments were approved by the Animal Experiment Committee of the
Tottori University.

Statistical analysis

Differences in cell viability, immune staining, and FACS analysis
among the groups were evaluated using the two-tailed unpaired
t test. In vivo bioluminescence and tumor volumes were analyzed us-
ing two-way analysis of variance (ANOVA), followed by the Bonfer-
roni test when the ANOVA showed an overall significance. Survival
curves were generated using the Kaplan-Meier method and were
analyzed using the log-rank test. p <0.05 was considered statistically
significant. All statistical analyses were performed using Prism v.5
(GraphPad, CA, USA).
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