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Abstract: Oncolytic virotherapy, a type of nanomedicine in which oncolytic viruses (OVs)
are used to selectively infect and lyse cancer cells, is an emerging field in cancer therapy. Some
OVs exhibit a specific tropism for cancer cells, whereas others require genetic modification to
enhance their binding with and entry into cancer cells. OVs both kill tumor cells and induce
the host’s immune response against tumor cells. Armed with antitumor cellular molecules,
antibodies, and/or in combination with anticancer drugs, OVs can accelerate the lysis of cancer
cells. Among the OVs, vaccinia virus has been the focus of preclinical and clinical research
because of its many favorable properties. In this review, the basic mechanisms of action of
OVs are presented, including their entry, survival, tumor lysis, and immune activation, and the
latest research in vaccinia virus-based virotherapy and its status as an anticancer nanomedicine
in prospective clinical trials are discussed.
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Introduction

Conventional cancer treatments aimed at killing tumor cells, such as chemotherapy
and radiotherapy, have some limitations, such as chemo- and radioresistance and
cytotoxicity.' A successful therapy should target only cancer cells without harming
normal cells; however, this cannot be achieved with conventional anticancer drugs.
The creation of cancer-targeting drugs is a complex process, and the complicated
environment in which cancer cells reside must also be considered.* These difficulties
can be overcome by gene therapy and oncolytic virotherapy.’

Oncolytic viruses (OVs) are viruses capable of specifically infecting and killing
cancer cells. The use of these live viruses in cancer treatment is called oncolytic
virotherapy.® Based on their manner of entry and tropism toward cancer cells, different
viruses are employed in the treatment of different cancers. The specific tropism of
OVs for particular types of cancer cells has facilitated their therapeutic use as a nano-
medicine in oncolytic virotherapy.” OVs comprise both enveloped and nonenveloped
viruses, with genomes composed of either DNA or RNA. Selective binding and entry
into cancer cells are inherent among viruses; however, some viruses bear modifications
in their envelope structures that enhance their selectivity. Both enveloped and nonen-
veloped viruses are used in oncolytic virotherapy.® Modifications in OVs introduced
through genetic engineering, including insertions and deletions in the genome, can
deliver additional therapeutic molecules to cancer cells and make OVs nonpathogenic
to normal cells. OVs have been armed with cellular molecules that induce apoptosis,
and their efficacy of killing tumor cells has been studied both in vitro and in vivo.’

Several OVs are currently used in oncolytic virotherapy, and their safety and
efficacy have been well characterized. For example, the effects of the adenovirus
strains Adl and AdS have been investigated in clinical trials for the treatment of
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various cancers. Recently completed trials of oncorine
(H101) and onyx-015 have proven the safety and clinical
efficacy of these adenovirus strains.!® The safety and toler-
ability of strains of the herpes simplex virus (HSV), including
talimogene laherparepvec (T-VEC; Amgen Inc., Thousand
Oaks, CA, USA), G207, G47 Delta, and HSV 1716, have
also been evaluated in several trials.!! In addition, other OVs
such as the measles virus, Newcastle disease virus (NDV),
parvovirus, poliovirus, Seneca Valley virus, and retroviruses
have been studied in various trials for their ability to treat
cancer. Interim reports show good efficacy and positive pre-
dictions for future trials.'> This review focuses on vaccinia
virus (VV) because of its unique characteristics such as
its infectivity and efficacy in mice and human cells. VV
exhibits good oncolytic activity and efficacy in both models,
whereas other OVs exhibit limited activity in human cells."
Moreover, VV-based clinical trials have yielded promising
results in patients with various cancers.'*

In this review, the authors first focus on the general
mechanisms of action of OVs, including their entry into
and survival within cancer cells and their activation of the
immune response. Next, the current trends, clinical trial
outcomes, and future perspectives of research on the use of
VV in oncolytic virotherapy are discussed.

OV:s in cancer cells

How do OVs recognize cancer cells?

The mechanism by which OVs enter cancer cells varies
depending on the receptors present on host cells.® For
example, adenoviruses exhibit tropism toward integrins and
the coxsackievirus—adenovirus receptor (CAR); internaliza-
tion through the o, B3 or o 35 integrins leads to entry into
host cells.!> Adenovirus strains B1, B2, and Ad11 use DSG2
and cluster of differentiation (CD) 46 as a receptor for entry.
However, these strains have limitations to be used as antican-
cer vectors since they stimulate epithelial-to-mesenchymal
transition, which is a central event in carcinogenesis.'

Table | Oncolytic viruses: tumor cell entry mechanisms

Overexpression of the receptors for intercellular adhesion
molecule 1 (ICAM-1) and decay-accelerating factor (DAF)
by multiple myeloma, melanoma, and breast cancer cells
aids the entry of coxsackievirus into these cells.!” HSV
uses herpesvirus entry mediator (HVEM) and nectin as
receptors for entry; these are highly expressed in melanoma
and carcinoma cells.'”® CD46 and signaling lymphocytic
activation molecule are used by the measles virus for entry.!"
NDYV and VV enter cancer cells by endocytosis, because of
the absence of specific receptors for their attachment.?"?!
Poliovirus exhibits greater tropism for neurons, in which it
uses CD155 as a receptor (Table 1).22 Although the recep-
tors such as adenovirus receptors integrin and CAR can be
found in normal cells, cancer selectivity is further governed
by oncogenes and tumor suppressor genes. Aberrant expres-
sions of these genes in cancer cells allow OVs’ replication.
On the other hand, defect in the antiviral immunity of cancer
cells also favors OVs’ replication. In normal cells, antiviral
immunity attenuates OVs’ survival, as a result of clearance,
despite their entry into the cells.?

Survival of OVs in cancer cells

Cell cycle-related genes govern the cell cycle—transition
process in normal cells. Aberrant expression of these genes
in cancer cells creates a more suitable environment for the
replication and life cycle of OVs. The expression of some
cell cycle—related genes, such as p/6, retinoblastoma (Rb),
and p53, regulates the cell cycle.”® Rb regulates the transi-
tion from G1-S phase through the E2 factor (E2F) and
cyclin-dependent kinases.* p53, termed the “guardian of
the genome”, is upregulated and activated by cellular stress,
such as DNA damage or viral infection, and this results
in stimulation of the proteins p21 and Bax, which induce
apoptosis.” The overall function of these genes is to promote
apoptosis when the cell cycle is dysfunctional or disrupted
in normal cells. In contrast, the downregulation of tumor
suppressor genes and upregulation of oncogenes interrupt

Virus Receptors Entry mechanism/cell types
Adenovirus Integrin and CAR Internalization through a3 or owf5 integrins'®
Coxsackievirus ICAM-1 and DAF High-level expression in multiple myeloma, melanoma, and breast cancer cells'

HVEM and Nectin
CD46 and SLAM
No receptor
CDI55

No receptor

Herpesvirus

Measles virus
Newcastle disease virus
Poliovirus

Vaccinia virus

Overexpressed in melanoma and carcinomas'®

Prevents cell elimination in a complement pathway'?

Endocytosis by cancer cells®

Overexpressed in cancer cells and prevents pathogenesis in neurons?
Endocytosis: endosomal or direct delivery?

Abbreviations: CAR, coxsackievirus—adenovirus receptor; CD, cluster of differentiation; DAF, decay-accelerating factor; HVEM, herpesvirus entry mediator;
ICAM-1, intercellular adhesion molecule |; SLAM, signaling lymphocytic activation molecule.
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the cell cycle, leading to uncontrolled cell proliferation of
cancer cells.? In addition, impaired antiviral activation is also
evident in tumor cells. Mutations in the small GTPase RAS
can cause upregulated proliferation, which is affected by an
increase in the proteins involved in cell division.”’ NDV and
vesicular stomatitis virus (VSV) capitalize on these changes
in the environment surrounding cancer cells to achieve more
efficient replication. Viruses such as reoviruses, HSV-1,
adenoviruses, VV, and influenza viruses use hyperactivated
RAS, which blocks PKR, for selective and efficient replica-
tion in cancer cells.® In addition, p53 mutations in cancer
cells make them a suitable target for adenoviruses, reoviruses,
and parvovirus, thereby enhancing viral replication in cancer
cells. Similarly, abnormal expressions of Rb and p 16, which
control cell-cycle entry, make cancer cells vulnerable to OVs
such as adenoviruses, HSV-1, VV, and reoviruses.?® Also, the
upregulation of antiapoptotic protein B-cell lymphoma-XL
in cancer cells allows increased viral replication and confers
a selective advantage for NDV.2

In addition, tumor microenvironment (TME) plays an
important role in oncolytic activity of OVs. Cytokines
produced by the cells in TME can also affect the efficacy of
OVs. Transforming growth factor-p (TGF-B) produced by
cancer-associated fibroblasts diminishes the level of antiviral
transcripts and makes them sensitive to virus infection.
In contrast, high levels of fibroblast growth factor 2 (FGF2)
produced also by cancer-associated fibroblasts reduce retinoic
acid-inducible gene I (RIG-I) expression. Thus, low expres-
sion of RIG-I delays the ability of malignant cells to detect
and respond to virus.?

Cancer cell lysis by OVs

After entry, most OVs replicate and assemble in the cytosol
and nucleus, which causes viral spreading across the cell,
resulting in the lysis of tumor cells. The lysis of infected
tumor cells releases multiple viruses, which then infect
surrounding tumor cells. However, viral infection also
causes inflammation and the recruitment of dendritic cells
(DCs) to cancer cells, inducing both adaptive (such as
B- and T-cell activation) and innate (natural killer [NK]-cell
activation) immune responses against tumor cells. There-
fore, virus-induced cell death enhances the activity of DCs
and cytotoxicity of NK cells toward tumor cells. Toll-like
receptors (TLRs) recognize pathogen-associated molecular
patterns (PAMPs), which activate TNF-associated factor
(TRAF) 3, IFN-related factor (IRF) 3, IRF7, and RIG-I as a
defense mechanism against invading microbial pathogens.
This activation leads to stimulation of the Janus kinase—signal

transducer and activator of the transcription pathway,
resulting in the production of interferons (IFNs) involved
in antiviral immunity to inactivate the pathogen. However,
this IFN-mediated cell-signaling pathway is blocked in OV-
infected cancer cells. This inhibition allows the survival of
OVs and lysis of tumor cells.*

Activation of the immune response by

OVs against cancer cells
As stated in the “Cancer cell lysis by OVs” section, the
therapeutic efficacy of OVs depends on the combined effect
of direct cancer cell lysis and indirect activation of antitumor
immune responses. The immune responses induced by OVs
have a range of effects. The antiviral immune response is
activated upon OV infection. Genotoxicity and endoplasmic
reticulum stress lead to the upregulation of reactive oxygen
species generation and the initiation of antiviral cytokine
production.! Consequently, infected cancer cells produce
reactive oxygen species, antiviral cytokines, and Type |
IFNs, thereby stimulating antigen-presenting cells, CD8*
T-cells, and NK cells (Figure 1). However, viral progeny,
PAMPs, danger-associated molecular patterns (DAMPs),
and tumor-associated antigens (TAAs) including neoanti-
gens are released after oncolysis. The released viral progeny
propagates the infection. The PAMPs, consisting of viral
particles and DAMPs, induce host cell proteins, trigger the
activation of TLRs, and stimulate the immune system. As
a result of these immune-stimulatory occurrences, antigen-
presenting cells capture the released TAAs and neoantigens.
Together, these events instigate immune responses toward
both virally infected and uninfected cancer cells through de
novo immune responses.>

The negative impact of humoral immunity on the syste-
mic delivery of OVs can be overcome by abolishing anti-
viral immunity, thus enhancing the efficacy of OVs. The
antiviral immunity against OVs could be compromised by
administration of chemotherapeutic drugs. For instance,
coadministration of cyclophosphamide with reovirus serotype
3 dearing (Reolysin®; Oncolytics Biotech Inc.) in advanced
cancer patients showed the safety result, without decreasing
titer of neutralizing antireovirus antibody. This study shows
viable virus that is associated with peripheral blood mono-
nuclear cells.® In addition, immune cells such as DCs and
T-cells have been used for systemic delivery of OVs. Virus
could be protected from neutralizing antibodies after systemic
administration by immune cell carriage. A single cycle of
intravenous (IV) administration of reovirus in colorectal can-
cer patients (before the surgery) was done and the presence
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Figure | Infection with OVs enhances immune activation against cancer cells.

TCR

Activation

Notes: Infection with OVs induces genotoxicity and ER stress in cancer cells. IFN-| released from cancer cells activates NK cells and CD8* T-cells. This event induces
cytotoxicity and cell death in surrounding uninfected cancer cells. Conversely, oncolysis induces the production of neoantigens by cancer cells, which are presented by APCs
to CD4* and CD8* T-cells for activation. Activated CD4* T-cells secrete IL-2 and enhance the cytotoxicity of CD8* T-cells. These mechanisms enhance immune activation

against cancer cells. Data from Kaufman et al.®

Abbreviations: APC, antigen-presenting cell; CD, cluster of differentiation; ER, endoplasmic reticulum; IFNs, interferons; IL, interleukin; NK, natural killer; OVs, oncolytic

viruses; ROS, reactive oxygen species.

of viral genome was found in metastatic liver tumors and
immune cells.?* The efficacy of DCs and T-cells as “the cel-
lular carriers” was shown in the lymph node B16tk melanoma
metastases model. Reovirus was used with different groups as
either neat or loaded onto DCs or T-cells, delivered intrave-
nously into reovirus-naive or reovirus immune C57B1/6 mice.
Complete clearance of metastases was reported only when
the virus was delivered on T-cells or mature DC in reovirus-
immune mice, whereas neat reovirus or loaded immature
DC gave only partial early tumor clearance. The efficacy of
tumor killing of DCs and T-cells against preexisting antiviral
immunity was demonstrated in this study.*

The treatment of permissive tumors with OVs triggers
a robust antitumor T-cell response, thereby contributing to
their efficacy; for example, VSV harboring a deletion in
the M protein at position 51 (VSV-AS51) exerts a significant
antitumor response. VSV-A51 is sensitive to IFNs and neu-
tralizing antibodies, which act to clear the virus from the host.
Therefore, a robust antitumor T-cell response was induced in
permissive tumors treated with VSV-A51.%¢ Rapid infiltration
of IFN-y-producing NK and T-cells was observed in
VSV-AS1-challenged tumors. Infected cell vaccine (ICV),
consisting of tumor cells infected with VSV-A51 that pres-
ent a multitude of tumor antigens, was used as a potent
oncolytic vaccine platform. In addition, increased expression

of granulocyte macrophage colony stimulating factor
(GM-CSF) prompted by an ICV made with VSV-A51-GM-
CSF (VSVgm-ICV) prevented B16-F10 tumor engraftment
in >95% of mice tested.*’

OV-based virotherapy
The use of OVs in cancer therapy

research

Because of their characteristics, almost all types of OVs
have been used in oncolytic virotherapy. Depending on their
genomic type and size, various therapeutic molecules can be
inserted into OVs for treatment applications. The efficacy,
tolerance, and toxicity of some viruses have already been
studied. The modified viruses and their mechanisms of action
are summarized in Table 2. Some have been used in clinical
trials.’**® Although other OVs also have benefits, this review
mainly focuses on VV.

TheVV and cancer therapy

VV belongs to the Poxviridae family and its genetic material
consists of double-stranded DNA ~190 kbp in length. Infec-
tion with this virus causes the formation of pock lesions
on the skin. Three major strains of this virus have been
characterized to date: Lister, Western Reserve, and Wyeth.
The safety and immunogenicity of VV were reported in the
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Table 2 Oncolytic viruses for cancer therapy: modification and mechanism of target replication

Virus Modification

Mechanism

References

Adenovirus Deletion of EIA and EIB

EIA and E|[B target the tumor suppressors p53 and the

Andtbacka et al”'

retinoblastoma-associated protein pRb promoted cell-cycle entry

Hexon modification: insertion of

TGFBR targeting peptide CKS17

in the HVRS of the capsid protein
Deletions in neurovirulence

gene ICP34.5 and the inhibitor of

antigen presentation ICP47

Herpesvirus
neurons

Coxsackievirus T-cell checkpoint inhibitors

Decreased binding of coagulation factor X to CKS17-modified

Improves cancer cell selectivity and prevents infection of

Promoting the release of DAMPs against cancer cells

Lucas et al®

adenovirus particles

Poppers et al®®

Induces the early activation of the US| | promoter

Miyamoto et al®

(HMGB-I, calreticulin, and ATP)

Poliovirus Replacing the viral IRES

Binds DRBP76—-NF4 heterodimer (comprising cellular

Merrill et al®?

double-stranded RNA-binding protein 76 and nuclear actor
of activated T-cells 45 kDa). This structure blocks viral
replication in normal cells, but does not occur in glioma cells

Measles virus Encoding synthetic miRTS

Newcastle GM-CSF insertion at noncoding
disease virus regions
Vaccinia virus Disruption of vTK, deletion of

VGF, and BI8R

Binds cellular miRNAs and represses viral replication

High sensitivity of NDV to Type | IFNs enhances cancer
cell specificity

Replication occurs in cytosol. Disruption of vTK, deletion of
VGF, and BI8R led to selective replication in cancer cells

Leber et al’!
Janke et al”

Parviainen et al®

Abbreviations: DAMPs, danger-associated molecular patterns; DRBP76, double-stranded RNA-binding nuclear protein 76; HMGB-I, high mobility group box I; HVRS,
hypervariable region 5; IFNs, interferons; IRES, internal ribosome entry site; miRTS, microRNA-target site; miRNAs, microRNAs; NDV, Newcastle disease virus; TGFBR,

transforming growth factor-3 receptor.

US smallpox vaccination program.*’ Disruption of the viral
thymidine kinase (v7K) and deletion of vaccinia growth factor
(VGF) genes of VV instill selectivity for cancer cells while
retaining its natural oncolytic ability. These two genes are
vital for the replication of the virus in normal cells; however,
the mutated virus can survive and replicate in cancer cells
because of the abundance of nucleotides available for DNA
synthesis inside cancer cells.* Moreover, the replication of
VV occurs in the cytoplasm of cells, preventing the integration
of its genome into nucleus. These properties of VV make it a
good candidate for oncolytic virotherapy.?! VV differs from
other OVs in several ways: for instance, it can infect both mice
and human tumor cells. This ability makes VV suitable for
a wide range of oncolytic virotherapy research. The large
genome can be modified by either the deletion of virulence
genes or insertion of genes for therapeutic uses through genetic
engineering.'* It also exhibits tropism to a variety of cancer
cells. Both preclinical and clinical studies have proven its
efficacy. Moreover, it can be administered through IV and
intratumoral (IT) methods. Administration of the virus through
IV methods has benefits for metastatic cancers, whereas direct
injection into the tumor reduces tumor size."?

VV entry

Four forms of the virus exist during the life cycle of VV:
intracellular mature virion (IMV), cell-associated envel-
oped virion (CEV), and extracellular enveloped virion
(EEV). Among them, IMV and EEV are seen most often

during assembly, often during assembly.* VV enters tumor
cells by endocytosis, during which direct fusion of the
virus to the plasma membrane leads to it being engulfed.
Glycosaminoglycan, such as heparan sulfate that is located
on the cell surface, mediates VV and host cell interaction
in which VV A27L protein plays a role in binding with
heparin sulfate. Heparan sulfate—virus interaction might
induce conformation rearrangements that may enhance
the subsequent fusion events.*® For the direct fusion of the
mature virions released from infected cells, four proteins
(including H3, A26, A27, and D8) are necessary. These
proteins form a complex with laminin, integrin, and CD98.
A cytoplasmic adapter protein, TRAF2, facilitates VV entry
through direct fusion at the plasma membrane. Enclosure
within endocytic vesicles protects the virus from circulating
antibodies.* The low pH of the TME facilitates endosomal-
mediated entry of the virus into cancer cells. Endoplasmic
reticulum acts as a factory for viral replication in the
cytosol (Figure 2).44¢ Upon virus infection, the mitogen-
activated protein kinase- and cAMP-dependent protein
kinase-mediated cell-signaling pathways are induced to
achieve viral multiplication inside the cells. In general, the
coordination of viral proteins and host cell factors facilitates
the endocytosis of VV.47

VV replication
Its replication cycle makes VV the most favorable candidate
for oncolytic virotherapy. The replication of VV is fast and
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Endocytosis

Cancer cell

Figure 2 Vaccinia virus entry mechanism.

Notes: The vaccinia virus enters through endocytosis via two different mechanisms:
A, lysosome-mediated entry; B, direct replication in the cytosol. ER acts as a factory
for virus replication. Data from Tolonen et al.*

Abbreviation: ER, endoplasmic reticulum.

efficient; within 4—6-hours postinfection, infectious virions
are produced from the host cells. The direct lysis of infected
tumor cells contributes numerous virions, propagating the
infection to the surrounding cancer cells. Rapid spreading of
the virus is evident within 2 hours of oncolysis. Moreover,
replication of VV occurs in the cytoplasm of infected
cells; thus, no integration of the viral genome with the host
genome occurs. In addition, VV infection almost completely
halts protein synthesis in the host cell. These features of
the replication cycle of VV make it a suitable vector for
oncolytic therapy.*'**

VV engineering: preclinical studies

Although VV induces tumor cell lysis, various molecules
including cytokines, single-chain antibodies (scAbs), and
drugs can be engineered into V'V to accelerate its antitumor
activity (Figure 3). Preclinical studies have proved the
efficacy of VV armed with cytokines. Most researchers used
GM-CSF to increase tumor cell lysis. GM-CSF is an immune
modulator that acts in a paracrine manner on various cells and
recruits circulating neutrophils, monocytes, and lymphocytes
to kill cancer cells.*®

Lister strains

A recombinant VV expressing the colorectal tumor sup-
pressor KIf4 was generated to evaluate the response of
HT-29 cells. Normally, HT-29 cells do not show any
response to GLV1h-68 strains, but a single injection of the
recombinant VV expressing KIf4 inhibited tumor growth
in a xenograft model. To improve its antitumoral effects,
the virus-mediated expression of a membrane-permeable
KIf4-TAT fusion protein was utilized. TAT, transacting
activator of transcription fusion protein domain, mediates the
transduction of KIf4 into HT cells. As a result, antitumoral
effects were further improved.* The antitumor efficacy of
VV engineered to include a secretory biospecific T-cell
engager and EphA2-TEA-VV (Epha2) was examined both
in vitro and in vivo. To allow sufficient replication before
T-cell activation, the inserted T-cell engagers were expressed

Inserting with

chemokines to inhibit
the metastatic spread

of cancer cells

Encoding with immune
checkpoint inhibitors
to enhance cytotoxic
T-cells recognition

Mutation in viral TK
and VGF genes for
tumor cells selectivity

Encoding GM-CSF and
B-galactosidase genes

for enhancing and indicating
antitumor activity

Inserting scAbs against
VEGF and EGFR to inhibit
angiogenesis around
cancer cells

Transcription factors
addition to enhance
apoptosis of cancer

cells

Figure 3 Vaccinia virus armed with transgenes for cancer therapy.

Notes: Insertion and deletion in the genome of the vaccinia virus makes it suitable for antitumor activity. Disruption of the viral thymidine kinase and deletion of vaccinia
growth factor genes favors viral replication in cancer cells. Similarly, the virus can be equipped with various transgenes for specific activities that enhance the destruction of

cancer cells.
Abbreviation: scAbs, single-chain antibodies.
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under transcriptional control of the F17R late promoter. This
“bystander killing” effect of EphA2-TEA-VV activated
T-cells that eliminated both virally infected and uninfected
tumor cells. Secretion of interleukin-2 and IFN-y in animal
models was used as a marker of T-cell activation.®

VV, in combination with scAbs against vascular endothe-
lial growth factor (VEGF), such as GLAF-1 and GLAF-2,
has been used in oncolytic virotherapy research. The com-
bined effect of GLAF-1 encoding VV (GLV-1h164) with
fractionated irradiation on tumor-associated endothelial cells
was evaluated. This combination drastically reduced the
endothelial cells associated with glioma cells.*! In addition,
the combined effect of anti-VEGF, anti-epidermal growth
factor receptor (EGFR), and anti-fibroblast activation protein
(FAP) with VV was also studied. VEGF, EGFR, and FAP are
vital factors for the regulation of angiogenesis, proliferation,
and stromagenesis. A combination of scAbs (anti-VEGF and
anti-EGFR or anti-FAP) caused a significant reduction in the
tumor cell population.™

GLV-1h153 is a Lister strain; the antitumor properties
of this strain have been characterized in models of triple-
negative breast cancer (TNBC). The infection, replication,
and regression of tumor cells were examined both in vitro
and in vivo. A 5-week treatment with the virus caused the
disappearance of metastatic cells in harvested lymph nodes
and organs.” In addition, the efficacy of GLV-1h153 encod-
ing human sodium iodide symporter (hNIS) in combination
with radioiodine (I'*') was studied in murine cell lines and
animal models. The expression of hNIS and uptake of
iodine were confirmed in orthotopic xenograft mice models.
Consequently, a sixfold regression was seen when compared
with individuals treated with virus alone.** Furthermore,
the antivascular properties of VV armed with anti-VEGF
were analyzed in TNBC cell lines, because VEGF expres-
sion is higher in TNBC cells than in any other tumor cells.
GLV-1h164 was generated using an scAb for VEGF to sup-
press VEGF activity, and its efficacy was tested in TNBC
cell lines and an orthotopic murine model. The therapeutic
efficacy of GLV-1h153 that expresses NIS was also evaluated
in prostate cancer models as different combinations with
external beam radiotherapy and NIS-mediated radioiodine
therapy. Human prostate cancer cell lines — PC3, DU145,
LNCaP, and WPMY-1 were used as in vitro models. Both
xenograft and immunocompetent transgenic adenocarci-
noma of the mouse prostate mouse models were used as
in vivo models. Using immunocompetent models as well as
xenograft models shows that the immune system plays an
important role in OV efficacy. Among the combinations,

addition of radioiodide to VV-NIS-infected tumors was more
effective than each single-agent-treated group.>

The Lister strain series — GLV-1h68, GLV-1h285, and
GLV-1h289 — were generated through the deletion of three
genes, respectively: J2R, which encodes vIK; F14.5L,
which encodes a secretory signal peptide; and 456R, which
encodes hemagglutinin. Inactivation of J2R causes selective
replication in cancer cells, whereas the deletion of the F'14.5L
and A56R genes made these strains attenuated viruses. The
oncolytic efficacy of these strains was tested in animal
models, and significant regression was reported. In addition,
this study showed the antitumor and antivascular charac-
teristics of the GLV-1h68 strain in human hepatocellular
carcinoma (HCC) cell lines such as PLC and HuH7. A PLC
tumor xenograft mouse model showed inhibition of tumor
growth following treatment with the virus. Furthermore, the
infiltration of neutrophils, macrophages, DCs, and B-cells
was evident in their tumors. Upregulation of 13 proinflam-
matory cytokines was also reported in this study.*’

The antivascular effects of VV were not only demon-
strated in mouse models but also in canine cancer models.
The GLAF-2 scAb-encoding GLV-5b451 strain was evalu-
ated in different canine cancer cell lines. Efficient infection
and destruction of cancer cells by this modified virus strain
were achieved. Furthermore, a significant reduction in and
long-term inhibition of tumor growth were reported in a
canine soft-tissue sarcoma xenograft mouse model. Also,
CD31 immunostaining indicated a notable reduction in
neoangiogenesis.*®

Wyeth strains

The systemic armed oncolytic and immunologic efficacies
of the vaccinia poxvirus JX-594 were investigated in animal
models. JX-594 was engineered by the addition of the
GM-CSF gene and disruption of the vTK gene. It was evalu-
ated in two immune-competent models: a rabbit model with
metastases and a rat liver cancer model. IV administration
of JX-594 was well tolerated and highly effective against
primary intrahepatic tumors in both models. In addition,
no detectable metastases were reported in either model.
This study documented tumor-specific virus replication and
gene expression, GM-CSF detection, and tumor-infiltrating
cytotoxic T-lymphocytes.”® The effect of JX-594 on the
tumor-associated vasculature was tested; the results showed
a significant regression in the tumor-associated vasculature
in xenograft models as well as in patients. This study dem-
onstrated that a biologic agent can be used for infection and
selective replication in endothelial cells.®
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Recently, modified forms of VV termed “evolved Wyeth
strain VV” and the vTK-deleted evolved Wyeth strain VV
“cancer-favoring oncolytic VV” showed significant sup-
pression of stem cell-like cancer cells. Drug resistance is a
major obstacle to cancer treatment, and stem cell-like cancer
cells have shown significant resistance, making them very
difficult to treat. In this study, the therapeutic efficacy and
cytotoxicity of these strains were evaluated in humans, mouse
colon cancer spheres, and a mouse model. The virus-treated
group was compared with a fluorouracil-treated group, and
a significant reduction in tumor size was evident in cancer-
favoring oncolytic VV-treated mice. Moreover, viral treat-
ment in combination with fluorouracil achieved greater tumor
regression than any other group.*!

Thorough investigation of the characteristics of VV
strains in preclinical studies has shown that V'V represents
a promising nanomedicine for cancer treatment, and thus
suitable for clinical trials as a translational medicine.

Western Reserve strains
Combination therapy with Western Reserve stains has also
been investigated. Recently, a study evaluated the combined
effect of the B18R viral stain and anti-CTLA-4 in mice.
Renca (murine kidney adenocarcinoma) and MC38 (murine
colon adenocarcinoma) cells were used in this experiment
to monitor the antitumor effect. C57/BL6 and BALB/c mice
were used for tumor formation. For treatment, two strains,
B18R and the double-deleted Western Reserve VV (vvDD)
strain, were used. Both the v7K and VGF genes were deleted in
vvDD. Anti-CTLA-4 treatment was administered from 0 day
to 4 days, but very poor viral replication was observed. It was
discovered that anti-CTLA-4 treatment elicited the antiviral
response against the virus. However, delayed administration
of anti-CTLA-4 treatment (after 4 days) caused significant
viral replication and tumor regression in mice. This study
revealed the roles of CD4*, CD8*, and CD25" T-cells in tumor
regression and showed the potential of the combination of
antibody and virus and optimum timing of their administration
to achieve a synergistic antitumor effect.®

The roles of CD4" and CD8* T-cells in the TME were
elucidated using a VV encoding FCU! derived from the yeast
cytosine deaminase and uracil phosphoribosyltransferase
genes. This modified viral strain was evaluated in renal
carcinoma (Renca) cells, and orthotopic tumor growth inhibi-
tion was observed with systemic administration of VV-FCUI.
Furthermore, it was associated with an infiltration of tumors
by CD8* T-lymphocytes and a reduction in the proportion
of infiltrating Tregs; consequently, the ratio of CD8":CD4*
Tregs favored CD8* cytotoxic T-cells. Depletion of CD4*

T-cells enhanced antitumor efficacy, whereas CD8* T-cell
depletion abolished therapeutic efficacy.®

The combinatorial effect of VV and other viruses was
also studied in vitro as well as in vivo. A study showed a
synergistic interaction between the VSV and VV, using a
deleted BI18R Western Reserve virus in combination with
the AV3 strain of the VSV. The purpose of this combination
was to establish local areas of infection within an infected
host (as with vvDD) and to inhibit IFN synthesis in cancer
cells. Enhanced VSV replication and infection were reported
in a variety of tumor types in vitro and in mouse models.
Moreover, explanted tissues from cancer patients also
showed the same results.*

The biodistribution and antitumor properties of a vIK-
inactivated vaccinia strain have been well characterized. They
were assessed in a variety of cell lines from humans and mice
to clarify the replication efficiency of the mutated virus. The
biodistribution of viruses was monitored by luciferase gene
expression, which was encoded by synthetic promoter.%

VV-based nanomedicine: clinical
trials

Earlier clinical trials

VV was first used in the treatment of cancer in 1964. It was
administered to a patient with disseminated melanomatosis.
Treatment with repeated injections of VV was performed
in 69-year-old patient. The authors reported the regression
of both visceral and cutaneous tumors.®® The efficiency of
vaccinia oncolysate has also been shown in patients with
advanced metastatic cancer. This study showed an immune
response triggered by VV against tumors. Additionally,
vaccinia oncolysate was used as an immunotherapeutic agent,
and the beneficial effects of the treatment were proven in
two women with metastatic melanoma and colon cancer,
respectively.®’

Another study showed the efficacy of the attenuated
vaccinia AS strain in two patients with cancer: 2x10® units
of virus were intravenously administered to these patients
with advanced adenocarcinoma, resulting in a reduction in
the size of their lung and bone tumors.® Meanwhile, VV
showed good efficacy in terms of biodistribution and gene
delivery for cancer treatment. Various studies have indicated
the treatment efficacy of VV.6%7

Recent clinical trials

The recent outcomes of OV-based clinical trials have
boosted studies in oncolytic virotherapy. An improved
durable response rate of a strain of HSV-1, ie, T VEC, which
encodes GM-CSF, was successfully demonstrated in recent
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Table 3 Major outcomes of vaccinia virus-based clinical trials

Vaccinia strain  Clinical trial phase = Major outcomes Status References

JX-594, Wyeth Phase | Systemic dissemination and tolerance in primary or metastatic Completed Park et al’®
liver tumors

JX-594, Wyeth Phase | Intravenous infusion led to selective replication in metastatic solid Completed Breitbach et al®
tumors, but not in normal cells

JX-594, Wyeth Phase Il Dose effect on overall survival duration in patients with liver cancer =~ Completed Heo et al”

JX-594, Wyeth Phase Ib Safety profile of multiple intravenous Pexa-Vec infusions in patients Completed Park et al®
with treatment-refractory colorectal cancer

vwDD, Western Phase | Safety, systemic spread, and antitumor activity in various tumors Completed Zeh et al®

Reserve

randomized Phase III clinical trials.”’ The US Food and
Drug Administration approved T-VEC in October 2015
for melanoma. It is the first oncolytic virotherapy approved
by the US Food and Drug Administration for the treatment
of cancer available in the US, and it was also approved by
Europe in January 2016. However, the People’s Republic of
China had approved the world’s first oncolytic virotherapy
for cancer treatment. Two viruses, namely T-VEC and H101,
have achieved regulatory review. In combination with che-
motherapy, oncolytic adenovirus-based H101 was approved
in the People’s Republic of China for the treatment of head
and neck cancer in November 2005.”> These results have
stimulated interest in clinical trials for almost all OVs.

The oncolytic efficacy and safety of engineered VV
strains were recently evaluated in patients with various
types of cancers. Most of the clinical trials were completed
at the Phase I level. JX-594, encoding GM-CSF with the
disruption of v7K, caused significant regression of tumors in
patients with various cancers. The main outcomes of these
clinical trials are shown in Table 3.7>7* Other than that, the
GL-ONCI1 (GLV-1h68) from Benelux Corporation is cur-
rently studied in Phase I and Phase I/II clinical trials on
human cancer patients GL-ONC.” Important events in these
clinical trials are summarized in Figure 4. In a Phase I clinical
trial, an IT injection of JX-594 into the primary or metastatic
liver tumors of 14 patients was well tolerated. The safety

2008-2015 | 2008: Phase | trial of JX-594 in liver cancer patients (Park et al’®)
2011: Phase | trial of intravenous infusion of JX-594 (Breitbach et al*®)
2013: Phase Il trial of randomized dose finding of JX-594 (Heo et al”®)
2015: Phase | trial of Western Reserve virus (Zeh et al*®)

2001

|2010

Phase | study of intravesical vaccinia virus as a vector for gene
therapy of bladder cancer (Gomella et al’®)

Y

| 2000 f—— 1987

First clinical trial: attenuated vaccinia AS virus strain was used treat
advanced adenoma cancer patients (Arakawa et al®®)

1977

| 1990

Year

Vaccinia virus oncolysate was used for advanced metastatic cancer
patients (Wallack et al®”)

| 1980

1964

| 1970

Vaccinia virus treatment to melanoma patient (Burdick and Hawk®®)

N

| 1960

Important events: vaccinia virus for cancer treatment

Figure 4 Important events in clinical trials of the vaccinia virus.

Notes: This chronologic graph represents key achievements in oncolytic virotherapy. The first trial was started in 1964, and various subsequent trials are in different phases.
Recently, the safety and efficacy of the vaccinia virus were proven by the results of Phases | and Il clinical trials.
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profile of JX-594 was evaluated in terms of viral replication,
GM-CSF expression, and systemic dissemination. However,
direct hyperbilirubinemia was observed as a dose-limiting
toxicity.”® Another clinical trial was conducted in patients
with advanced liver cancer to monitor the antivascular
properties of JX-594. Interestingly, antihepatitis B virus
(HBV) activity of JX-594 was observed in three patients
with advanced refractory HBV-associated HCC. IT applica-
tion of the virus (3x10® PFU) induced antivascular cytokines
and targeted distant tumors in these patients. The suppres-
sion of HBV replication in the presence of JX-594 was first
reported in this study. However, further studies are warranted
because the results were shown in only three patients.”” The
selective replication and infection of JX-594 in tumor tissues
were confirmed in other clinical trials. IV infusion was
shown to cause viral infection of metastatic tumors. These
results were confirmed by pharmacokinetic and quantita-
tive polymerase chain reaction analyses. The overall results
revealed an antitumor effect of JX-594 in metastatic tumors
in a dose-limiting manner.®

The combinatorial effects of JX-594 and other thera-
peutic drugs have also been documented. A combination of
JX-594 and sorafenib was evaluated in patients with HCC. As
a safety precaution, preclinical studies were first performed in
various HCC cell lines and in mice models. Concurrent treat-
ment with both agents reduced JX-594 replication but caused
a significant reduction in cell numbers or tumor size when
administered sequentially. Subsequently, sequential therapy
with these two therapeutic agents was carried out in three
patients with HCC. A significant reduction in tumor perfusion
and size was reported. These results were confirmed by the
Choi criteria (up to 100% necrosis). This study documented
the tolerance to and antitumor efficacy of JX-594 in combi-
nation with sorafenib.” The effects of a randomized dose of
JX-594 were further studied in patients with liver cancer at
the Phase II level. This study indicated that the duration of
patient survival was significantly related to dose rather than
tumor response rate and immune end points. The oncolytic
and immunomodulatory mechanisms of action and tumor
response to JX-594 were also revealed in this trial.”

A Phase I trial was conducted on the Western Reserve
strain-based vvDD: the outcomes of IT dose escalation
of vvDD in 16 patients with advanced solid tumors were
evaluated, and recovery of the virus in adjacent tumors was
reported. This study was conducted in patients with meta-
static melanoma, breast cancer, and colon cancer. Elevated
levels of aspartate transaminase, alkaline phosphatase,
and lactate dehydrogenase were reported as toxicities of
vvDD injection.®

Current challenges: VV-based

oncolytic virotherapy

Although VV-based therapies have shown promise, chal-
lenges must be resolved to increase their efficacy and
safety; its bioavailability, the host immune response, and
resistance to the virus all have an influence on the efficacy
of virotherapy. Both IV and IT injections of the viruses
have limitations. When using IV administration, viruses
can be sequestered by the liver and spleen. Host immune
mechanisms, such as neutralizing antibodies against viruses,
reduce their availability to cancer cells. Also, some types of
tumor cells exhibit resistance to the viruses, causing a drastic
reduction in oncolysis.®!* To improve the safety and efficacy
of oncolytic virotherapy, researchers have expended much
effort to overcome these hurdles.

To deliver the virus to the tumor and evade the host
immune system, cytokine-induced killer (CIK) cells were
infected with VV. VV-infected CIK cell-treated mice
showed a significant reduction in tumor size compared
with mice treated with virus or untreated CIK cells alone.?*
At the clinical level, various types of toxicity have been
reported to date. Liver toxicities such as elevated serum
enzymes related to liver function and hyperbilirubinemia
were observed.® To avoid such toxicities, a constant dose
must be defined. Moreover, adverse events of VV were
reported during the smallpox vaccination program, ranging
from mild flu-like symptoms to encephalitis. The severity of
these adverse effects depends on the type of virus used. The
Western Reserve virus strain is usually associated with more
severe adverse events than other strains.* In general, VV is
used for oncolytic virotherapy at the preclinical as well as the
clinical level, but some problems remain unresolved.

To improve the efficacy and safety of VV and reduce
the toxicity associated with treatment, more trials have
been performed. The efficacy of oncolytic virotherapy has
been enhanced through isolated limb perfusion and intra-
vesical therapy. Isolated limb perfusion administration of
GLV-1h68 in combinations with biochemotherapy and
radiotherapy showed increased treatment efficacy in an
animal model of extremity soft tissue sarcoma.® Intravesical
therapy of bladder cancer with oncolytic HSV also showed
enhanced treatment efficacy.’” Good treatment efficacy of
aforementioned methods might be linked with avoidance of
immune system.

Conclusion and further insights

Oncolytic virotherapy based on VV has proven its benefits
in both clinical and preclinical studies. Because of the
large size of the VV genome, genetic engineering (such as
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VV with immune checkpoints
blockades mAbs

Oncolysis
4 Infected cancer cell

Uninfected cancer cell

-
N

A YY A\ Binding of mAbs corresponding
receptors/ligands on uninfected
cancer and immune cells

CTLA-4

CD8* T-cell

Activation of APCs to represent
TAAs and neoantigens

PD-L2

APC

>

PD-L1

Figure 5 Future prospective: mAbs (anticytotoxic T-lymphocyte-associated protein-4/anti-programmed death- | /anti-programmed death-ligand |) againstimmune checkpoints

encoded by the VV.

Notes: mAbs engineered with the VV may enhance tumor cell death. After the replication of the virus in the cytosol, synthesis of mAbs would occur, followed by the
inhibition of cytotoxic T-lymphocyte-associated protein 4, programmed death-1, and programmed death-ligand | may take place. It also causes inhibition of immune

checkpoints that expressed by other uninfected cancer cells.

Abbreviations: APCs, antigen-presenting cells; mAbs, monoclonal antibodies; VV, vaccinia virus.

addition and deletion) is highly beneficial. Combination
therapy with cell-cycle regulators, immune-checkpoint
inhibitors, apoptosis inducers, and/or other molecules
should be the focus of future research. Combinatorial
treatment with monoclonal antibodies against immune
checkpoint blockades has also been evaluated in recent
clinical trials and has shown promising results. In addition,
approaches with low toxicity and good efficacy must be
taken into consideration. Although virologic and immuno-
logic aspects of the mechanism of virotherapy have been
well characterized, future studies should investigate the
positive outcomes of oncolytic virotherapy using VV. At
present, most of the preclinical studies are using xenograft
models to investigate oncolytic effect of OVs; this approach
should be replaced by immunocompetent animals, in order
to take the immune system together to understand the actual
coordinated efficacy OVs. This is very important for further
translational research in oncolytic virotherapy as well as
for the efficient combination therapy of OVs with immune
checkpoint blockades (Figure 5). To elucidate immune
interactions in cancer cells by OVs, more translational trials
should be well designed and conducted. These approaches
should also be considered in translational medicine, espe-
cially in future clinical trials.
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