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Simple Summary: Oncolytic viruses (OVs) are viruses that selectively target and kill cancer cells
while sparing normal ones. OVs are from diverse families of viruses, but naturally occurring
OVs have been genetically engineered due to their limitations in therapeutic application. These
engineered OVs with enhanced tumor targeting ability, oncolytic activity, or generating potent anti-
tumor immune responses are tested in preclinical animal models and cancer patients in clinical
trials. Due to their multi-mechanistic anti-tumor effects, OVs have emerged one of the key cancer
immunotherapy agents. However, due to the limited success with novel anti-cancer therapies such
as immunotherapies and cell-based therapies, combination therapies should be tested with OVs. We
discuss such combination therapies that are explored to further improve oncolytic virotherapy.

Abstract: Cancer remains a leading cause of death worldwide. Despite many signs of progress,
currently available cancer treatments often do not provide desired outcomes for too many cancers.
Therefore, newer and more effective therapeutic approaches are needed. Oncolytic viruses (OVs)
have emerged as a novel cancer treatment modality, which selectively targets and kills cancer cells
while sparing normal ones. In the past several decades, many different OV candidates have been
developed and tested in both laboratory settings as well as in cancer patient clinical trials. Many
approaches have been taken to overcome the limitations of OVs, including engineering OVs to
selectively activate anti-tumor immune responses. However, newer approaches like the combination
of OVs with current immunotherapies to convert “immune-cold” tumors to “immune-hot” will
almost certainly improve the potency of OVs. Here, we discuss strategies that are explored to further
improve oncolytic virotherapy.

Keywords: oncolytic virus; immunotherapy; cancer therapy; combination therapy; oncolytic;
virotherapy

1. Oncolytic Virus: Multi-Mechanistic Cancer Therapeutics
1.1. Oncolytic Virus: Brief Background and History

Oncolytic viruses (OVs) were selected for development because they can selectively
infect and kill cancer cells but spare their normal cellular counterparts. Treatment of cancer
with live oncotropic viruses has a long history. Even before the first reported formal clinical
trial with an OV in 1949, there were case reports since the mid-1800s suggesting that natural
microbial infections in cancer patients can sometimes temporarily regress tumor burden.
The potential therapeutic role of viruses in particular was further established in the late
1890s by an observation that a “flu-like” disease associated with diffuse inflammation
coincided with reducing tumor cells in a leukemic patient. Beginning 1949, many clinical
trials were undertaken using different types of wild-type non-attenuated viruses [1–3].
Shortly thereafter, the trend in the OV field evolved to exploiting genetically modified
viruses with less pathogenicity to humans, such as live attenuated vaccines. In the past
20–30 years, the transition has continued to the modern era of using genetically modified
viruses for cancer therapy, including the exploitation of knockouts of virus genes and/or
knockins of therapeutic transgenes, mainly due to enhanced knowledge and tools of
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engineering viruses and better understanding of the biology of different candidate oncolytic
viruses [4,5].

The OV field gained considerable attention after positive results from many clinical
trials. So far, four OVs have been approved globally (Table 1). The first OV, a picornavirus
called Rigvir, was approved in Latvia to treat melanoma but never achieved widespread
use [6]. Secondly, an engineered adenovirus designated H101, was approved in China in
2005 to treat head and neck cancer [7]. Thirdly, in 2015 another OV, an engineered Herpes
simplex virus (HSV-1), named Talimogene Laherparepvec (T-VEC), was approved in the
USA and Europe for the treatment of non-resectable metastatic melanoma [8]. Finally,
in 2021 a modified herpes simplex virus, named DELYTACT was approved in Japan for
brain cancers such as glioblastoma [9]. Oncolytic virotherapy received even more attention
after realizing that the true potential of viruses in cancer therapy lies in the ability to
trigger novel cancer-specific acquired immune responses against tumor antigens. These
observations have shifted the application of OVs from purely lytic agents to antitumor
immune-activating agents, and the field could now be more correctly called “oncolytic
immunotherapy”. Another newer aspect of OV is their potential application in combina-
tion therapy with traditional and modern cancer treatment modalities, particularly with
immune checkpoint inhibitors (ICIs) and T cell-based therapies.

Table 1. List of approved oncolytic viruses.

Name Virus Type Host Year
Approved

Country
Approved Indication Background

Rigvir
(ECHO-7) Picornavirus Human 2004 Latvia Melanoma Unmodified

Oncorine
(H101)

Adenovirus
serotype 5 Human 2005 China Head and neck

cancer

Deleted for viral
E1B-55K and with four

deletions in viral E3

T-VEC
(Imlygic) HSV-1 Human 2015 United States

and Europe
Metastatic
melanoma

Deletion of ICP34.5
and ICP47; encoding

two copies of
human GMCSF

DELYTACT
(teserpaturev/

G47∆)
HSV-1 Human 2021 Japan

Malignant glioma
or any primary

brain cancer

Triple mutation
(Deletion of ICP34.5,
ICP6 and α47 genes)

1.2. Types of Viruses in Use/Development as Oncolytic Therapeutics

An ideal oncolytic virus candidate should possess several hallmarks, such as a
solid fundamental understanding of their biology and genetics. The OV should be pro-
immunogenic, exert lytic activity in the infected malignant cells, should not lead to a
chronic or infectious disease, or be capable of integrating into the human genome. Addi-
tionally, the virus must be broadly safe for a diverse human population. It is also feasible
to genetically modify and arm with recombinant transgenes to enhance its immunogenicity
or stimulate targeted anti-cancer mechanisms. Since the early clinical trials, diverse types
of viruses with and without genetic alterations were tested and entered into clinical trials.
They include members of both DNA and RNA viruses (Table 2). Examples of oncolytic
DNA viruses are adenoviruses, herpes simplex virus (HSV), parvoviruses, and poxviruses
such as vaccinia virus (VACV) and myxoma virus (MYXV). Examples of oncolytic RNA
viruses include Coxsackie virus, Maraba virus, measles virus (MV), Newcastle disease virus
(NDV), poliovirus, reovirus, retroviruses, Seneca Valley virus (SVV), Semliki Forest virus
(SFV), Vesicular stomatitis virus (VSV), and Sindbis virus (SBV). Oncolytic DNA viruses
have the advantages of high genome stability and larger transgenes insertion capability
without compromising viral infection and replication [10,11]. On the other hand, RNA
viruses have limited genome packaging capacity, but some can be more immunogenic [12].
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However, there are pros and cons with every virus that has been developed as OV and
tested so far.

Table 2. List of selected oncolytic viruses.

Virus Genome (Size)
Cell

Receptor/Binding
Determinants

Replication Site Vertebrate Host Examples of OV
Candidates

DNA Virus:

Adenovirus dsDNA (35 kb) CAR Nucleus Human, animals
DNX-2401,

ONCOS-102,
AD-E6E7

Herpesvirus:
HSV-1, HSV-2 dsDNA (154 kb) HVEM, Nectin 1,

Nectin 2 Nucleus Human (HSV-1) T-VEC, OH2,
HSVG207, M032

Parvovirus: B19PV,
H1PV ssDNA (5 kb) Sialic acid residues,

P antigens Nucleus Human, animals ParvOryx01

Poxvirus: VACV,
MYXV

dsDNA
(160–190 kb)

Heparan, laminin,
chondroitin,

integrin β1, CD98
Cytoplasm VACV (unknown),

MYXV (rabbit) Pexa-Vec, JX-594

RNA Virus:

Alphavirus:
Semiliki Forest

virus (SFV),
Sindbis virus
(SINV), M1

SS (+) RNA
(11–12 kb)

Prohibitin,
phosphatidyl

serine, GAGs, ATP
synthetase β

subunit

Cytoplasm
SFV:

rodents/human;
SINV: birds

SFV-IL12; SINV
AR339

Flavivirus: Zika
virus

SS (+) RNA
(10.8 kb)

GAGS, Heparan
sulfate, C-type

lectin
Cytoplasm Monkey ZIKV-LAV

Paramyxo virus:

Measles virus SS (−) RNA (16 kb) SLAMF1 (CD150),
CD46, Nectin 4 Nucleus Human MV-NIS

Newcastle disease
virus (NDV) SS (−) RNA (15 kb) Sialic acid Nucleus Birds MEDI5395

Picornavirus:

Coxsackievirus
A21 SS (+) RNA (28 kb) CAR, ICAM-1,

DAF Cytoplasm Human CVA21, CV-B3

Polio virus SS (+) RNA (7.5 kb) CD155 Cytoplasm Human PVSRIPO

Seneca valley virus
(SVV) SS (+) RNA (7 kb) Anthrax toxin

receptor 1 Cytoplasm Pig, cow SVV-001

Reovirus dsRNA (23 kb) Sialic acid, JAM1 Cytoplasm Human Reolysin

Rhabdovirus:

VSV SS (−) RNA (11 kb) LDLR Cytoplasm Cattle, horse, pigs VSV-IFNβ-NIS

Maraba virus:
MG1 SS (−) RNA (11 kb) LDLR Cytoplasm

Amazonian
phlebotomine

sand flies
MG1MA3

2. Mechanisms of Cancer Cell Tropism of OVs
2.1. Overexpression of Receptor Molecules on the Cancer Cell Surface

Oncotropism of OVs generally depends on multiple factors like cell surface receptors
necessary for virus binding/entry (for some, but not, all OVs), cellular metabolic status,
and the ability of the virus to overcome intracellular innate immune or antiviral signaling
pathways within cancer cells (likely applicable for all OVs). The early observations that
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some OVs exploit unique extracellular molecules expressed on cancer cells for binding
and entry led to this field’s initial growth. For example, CD46, CD155, and integrin α2β1
molecules are frequently overexpressed in many classes of tumor cells, and can serve as the
receptor for measles virus, poliovirus, and echovirus, respectively [13–15]. However, the
same OV might use a different cell surface molecule for different cancer types. For example,
measles virus uses CD46 overexpression on multiple myeloma cancer cells while nectin-4
is the major virus receptor for pancreatic, colorectal, breast, and colon carcinomas [16,17].
Other molecules that have a role in tumor growth and progressions, such as anthrax toxin
receptor 1 (ANTXR1), lamin receptor, intracellular adhesion molecule-1 (ICAM-1), and
decay-accelerating factor (DAF), also can serve as a receptor for SVV-001, Sindbis virus,
and coxsackievirus, respectively. Oncolytic HSV infection of cancer cells relies on increased
expression of multiple receptors in cancer cells such as herpesvirus entry mediator (HVEM),
a member of the TNF superfamily, and nectin-1 [18]. Members of oncolytic poxviruses such
as VACV and MYXV displayed natural cancer cell tropism and selectively targeted tumors
but this specificity is mainly because virus binding and entry is not mediated by selective
receptor molecules on the cell surface (and thus virus binding is relatively promiscuous
for both normal and cancerous cells), but rather is determined by the innate intracellular
environment in cancerous cells being less inhibitory to the virus than in normal primary
cells [19,20].

2.2. Alteration in Intracellular Signaling Pathways

Cancer is a complex, heterogeneous disease with multiple genetic mutations that
mediate frequent compromises in the various antivirus signaling pathways, which serve as
a perfect niche for OV replication. Different OVs exploit selective defects in cancer cells,
understanding of which remains an active area of research. In general, cancer cells during
the transformation process selectively sacrifice at least some elements of their potent innate
antiviral response pathways mediated by cytokines like type I and II interferons (IFNs) or
tumor necrosis factor (TNF) [21]. Although compromise in cytokine-mediated induction
of the antiviral state is the basis for many OVs’ abilities to infect cancer cells and not their
normal counterparts, there are also multiple other innate defense pathways that sense and
block viral replication and are key for OVs’ ability to selectively infect and replicate in
cancer cells. For example, cancer-specific aberrations in RAS, TP53, RB1, PTEN, EGFR,
WNT, BCL-2, and other cancer-related genes can often further predispose cancer cells to
viral infection [20,22–25]. In a heterogeneous tumor microenvironment, there are possibly
more mutations that are yet to be identified in both cancerous and non-transformed support
cells that likely affect virus tropism as well.

2.3. Altered Metabolism of Cancer Cells

Most tumor cell types are characterized by a high rate of aerobic glycolysis (Warburg
effect), which plays a vital role in developing the immunosuppressive tumor microen-
vironment (TME) [26]. This is partly because tumor cells cause excessive depletion of
extracellular glucose, which in turn restricts glucose availability to resident immune leuko-
cytes, which eventually reduce proliferation and effector function of immune cells such
as tumor-resident T cells. In addition, accumulation of tissue lactate due to increased
glycolysis in the TME also severely impacts the functional properties of local T cells and
NK cells [27,28]. Studies have shown that inhibition of tumor cell glycolytic metabolism
enhanced antitumor immune responses and the function of chemotherapy drugs [29,30].
Viruses upon infection of host cells also tend to activate glycolysis, enhancing the synthesis
of cellular biomolecules and viral particles, thus amplifying the Warburg effect. Viruses
explore diverse mechanisms for enhancing glycolysis, as a strategy to favor virus replica-
tion, but many of the details remain to be fully described [31]. Different drug inhibitors
have been identified that can reduce cancer cell metabolism, but they also can function
as antiviral drugs and some might reduce the therapeutic benefits of OVs if used concur-
rently. More studies are needed to establish the synergistic impacts of OV vs. metabolic
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inhibitors. However, some studies suggest that selected inhibitors might have no effect
or even enhance OV replication and, at the same time, target cancer cell metabolism. For
example, upregulation and activation of hexokinase 2 (HK2), the first rate-limiting enzyme
of glycolysis, is a key event for glycolysis. Inhibition of HK2 with lonidamine enhanced
oncolytic alphavirus M1 replication [32]. OV treatment together with glycolysis inhibitor
can enhance cancer cell death. For example, inhibition of HK with D-Mannoheptulose, a
specific hexokinase inhibitor, together with NDV resulted in inhibition of glycolysis and
enhanced apoptotic cancer cell death [33]. NDV-infected breast cancer cell lines showed a
decrease in the hexokinase (HK) activity, pyruvate and ATP concentrations, and acidity,
all of which reflect a significant decrease in the glycolytic activity resulting in induction of
apoptosis in cancer cells but not in normal cells [34]. Similarly, dichloroacetate (DCA), an
inhibitor of glycolysis, enhanced oncolytic measles virus replication and promoted necrotic
cell death [35].

3. Mechanisms of Antitumor Effects Mediated by OVs

After binding and entering tumor cells, OVs can exploit multiple lytic mechanisms
to kill the infected cancer cells that may or may not be linked to the actual extent of virus
replication within the target cells. The exact mechanisms of viral oncolysis are still incom-
pletely understood, and vary widely from virus to virus, and can even differ dramatically
between diverse target cancer cell types. OVs are thought to mediate antitumor activity
through multiple mechanisms: (a) selective virus replication within cancer cells, caus-
ing direct cytolytic effects (a mechanism also known as oncolysis) [36–38]; (b) indirect
effects of cell death (e.g., apoptosis-like vs. necrosis-like) on both infected and uninfected
cancer cells and associated endothelial cells in the tumor-associate vasculature leading
to reduced angiogenesis [39,40]; and (c) activation of systemic antitumor (and antiviral)
immunity and recruitment of activated immune cells into the TME [41–44]. However, these
mechanisms differ widely from virus to virus, the nature and type of cancer cells, and the
overall interaction among the OV, TME, and host immune system. Most viruses antagonize
the host-induced cell death pathways that get activated upon virus infection. In some
cases, virus-encoded proteins are known to target different types of cell death pathways,
either as inhibitors or inducers [45,46]. However, once infected by an OV, the cancer cells
will usually die from the induction of cell death pathways and/or cell integrity failure
caused by virus-induced cell damage. Additionally, for preferential induction of cell lysis,
some OVs have been engineered to specifically activate different types of cancer cell death
pathways such as apoptosis, necrosis, autophagy, or pyroptosis. The term immunogenic
cell death (ICD) is usually used to describe the kind of cancer cell death that can expose
cancer cell antigens to the resident immune cells in the TME and is often measured in cul-
tured cells by extracellular exposure of normally intracellular markers or the cell release of
intracellular mediators. The advantages of OVs are that they can trigger multi-mechanistic
cell death pathways within the tumor bed. Among these, ICD is believed to play a crucial
role in promoting acquired anti-tumor immunity [47,48]. When the replication of OVs in
cancer cells induces ICD, this results in the release of tumor-associated antigens (TAAs),
damage-associated molecular patterns (DAMPs), OV-derived pathogen-associated molecu-
lar patterns (PAMPs), and upregulation of multiple inflammatory cytokines, all of which
subsequently activate both innate and adaptive immune responses. The release of DAMPs
such as extracellular ATP and high mobility group box 1 (HMGB1) proteins and those
cytoplasmic proteins that become exposed at the cell surface, such as HSP (Heat shock
protein) 70, HSP90, and calreticulin (CRT) are all hallmarks of ICD. After secretion, DAMP
molecules bind to their receptors CD91 (CRT), P2RX7 (ATP), and TLR4 (HMGB1) on den-
dritic cells (DCs), which subsequently mature, process antigens, and then educate/activate
T cells to enhance antitumor responses [49,50]. Extracellular ATP and surface-exposed
CRT act as ‘find me’ and ‘eat me’ signals to phagocytic immune cells. At the molecular
level, cGAS, a DNA sensor that responds to cell stress by binding to abnormal cytoplasmic
DNA in infected cells and activate STING pathways, trigger innate immunity using type I
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IFN gene expression, the release of chemokines CXCL9 and CXCL10, and ultimately the
recruitment of T cells [51,52]. With oncolytic virotherapy, ICD is particularly important for
development of antitumor immunity at metastatic sites. Recent studies have shown that
OVs including adenovirus, parvovirus, reovirus, coxsackievirus, VACV, NDV, and HSV
all induce varying degrees of ICD. OV-mediated induction of ICD plays a crucial role in
converting lymphoid-deficient or low immune sensor expressing tumors (i.e., “cold” tu-
mors) into T cell-inflamed tumors (i.e., “hot” tumors) [53–55]. Apart from ICD, autophagy
also can induce antitumor immune responses due to OV infection and replication in cancer
cells. For example, induction of autophagy enhanced replication of oncolytic Adenoviruses
and NDV [56,57]. Autophagy also enhanced antitumor effects via oncolysis, autophagic
cell death, and ICD [58–61].

4. Challenges/Limitations with OV to Become Successful as Monotherapy

Like many other modern cancer therapies, there are still challenges and obstacles
ahead with oncolytic virotherapy and becoming a successful anticancer therapy. Some
of the key factors that contribute to the limitation of OV functions are: (1) unknown host
antiviral pathways that limit the OV activity and spread in the tumor bed, (2) surrounding
intrinsic physical barriers in the tumor bed limiting OV access, and (3) adaptive immune
responses limiting viral functions indirectly. Furthermore, there are additional factors that
should be considered:

a. Selection of optimal OV candidate: Until now, multiple DNA and RNA viruses
have been explored as OV candidates. To be an ideal candidate, there are various
properties that the selected virus should have, such as the ability to incorporate
transgenes stably, little or no toxicity to normal cells and tissues, immunogenicity,
large scale clinical grade amplification, production optimization and appropriate
therapeutic targets of the chosen OVs.

b. Virus entry, infection, and spread: OVs that use selected cell surface receptors for
binding and entry are often not useful for tumors with reduced or no expression
of those receptors. Although this barrier has been overcome for some viruses by
engineering, a few viruses (e.g., poxviruses) can circumvent this issue by binding to
nonspecific determinants like ubiquitously expressed cell surface glycosaminiglycans.
At the intracellular level, there are additional complex signaling pathways that are
directly or indirectly linked with the antiviral pathways and commonly restrict
virus replication (if operative) and spread to the new cells. For example, AKT
activation levels regulate MYXV replication in human cancer cells [62,63]. In the
tumor bed, the presence of excessive extracellular matrix (ECM) can prevent viral
spread. For example, fibrillar collagen in the ECM limits oncolytic HSV spread
within tumors [64].

c. Delivery of OV: Delivery of OV to the sites of primary and metastatic sites is vital
for optimal therapeutic outcomes. In this regard, since only a minority of human
cancers are amenable to direct intratumoral (IT) injection, systemic delivery is the
preferred route compared to IT injection of the virus. However, there are several
barriers to the successful delivery of any OV. The presence of neutralizing antiviral
antibodies, complement activation, expression of antiviral cytokines, and natural
clearance site of OVs by the liver and spleen are all major obstacles in the systemic
OV delivery. Although IT delivery of virus can circumvent some of these barriers,
tumor beds can limit virus spread, and the tumor vasculature is also a limiting
factor to IT and metastatic sites. One strategy to overcome these issues is to exploit
migratory leukocytes as carrier cells to ferry the virus into tumor beds that allow
cellular ingress.

d. Neutralizing antibodies and antiviral cytokines: Preexisting neutralizing antiviral
antibodies are the main obstacle in the context of systemic delivery of free virus to
reach the tumor bed [65]. Additionally, the host immune system activates antiviral
immunity and limits the oncolytic activity of OVs. The virus-sensing cellular receptor
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molecules that detect virus particles and virus-infected cells activate type I IFN
signaling pathways, which activates antiviral defense pathways in the uninfected
cells and limits OV infection and spread. Moreover, the immune clearance of infected
cells, including cancerous cells, prevents virus spread although it can be an important
feature of activating antitumor immune responses.

e. Immunosuppressive TME: Another barrier to OV therapy is the frequent presence
of highly immunosuppressive TME. In the tumor bed, various cellular subsets
like cancer cells, stromal cells, inhibitory cytokines (e.g., TGF-beta) and infiltrating
immune cells (e.g., regulatory T cells and myeloid derived suppressor cells) all
contribute to the immunosuppressive TME. Although this is critical for the tumor to
evade the host’s innate and adaptive immunological defenses, OVs must function
within this immunosuppressive TME. Additionally, some OV infections can further
promote the tumor bed’s immunosuppressive environment by activating the immune
system. For example, Maraba virus upregulated the PD-1/PD-L1 axis on tumor cells
and tumor-infiltrating immune cells [66,67]. Similarly, oncolytic NDV also promoted
PD-L1 production in the tumor bed in response to the virus stimulated type I IFN
signaling, resulting in an immunosuppressive TME even in distant tumors [68,69].

5. Engineered Oncolytic Viruses

The genetic engineering of OVs has now become an integral part of developing safe,
cancer-selective, and highly effective OVs against diverse types of cancers. Engineered
OVs have overcome some of the challenges that are listed in the above section. Any
modification of OV relies heavily on understanding the biology and genetic information
of the virus, virus–host interactions, how viruses kill infected cells, and how cells protect
themselves from the lytic infection. Genetic engineering by knockout deletion of certain
viral genes can enhance OV tumor cells tropism and reduced toxicity for normal cells;
engineering and arming via knockins with different ectopic transgenes has enabled OV
application as oncolytic immunotherapy to more broadly activate the anti-tumor immune
responses. This field of developing engineered OVs and arming OVs with transgenes is
rapidly expanding due to the recent discovery of many new biologics with diverse potential
as immunotherapy. During the past few years, many reviews have been written on this
topic and we have briefly highlighted some of the key engineering of OVs that substantially
improved application of OV as cancer therapeutics [70–73].

Based on the purpose and type of transgenes used for OV engineering and modifica-
tions, they can be classified into many groups. Some examples are listed here: (i) deletion/
mutation of viral genes for selective replication in tumors and protecting normal tissues.
For example, ICP34.5 and ICP47 genes were deleted in T-VEC [8]. ICP34.5 protein encoded
by HSV-1 is responsible for neurovirulence and required for inhibition of interferon re-
sponse, pathway which is frequently defective in tumor cells but active in normal cells.
Thus, the ICP34.5 deleted virus can selectively replicate in cancer cells and safe in the
brain [74,75]. (ii) Substitution/insertion of proteins from other viruses for tumor targeting.
For example, VSV glycoprotein G has been substituted with a glycoprotein variant of
lymphocytic choriomeningitis virus (LCMV) for selective replication in cancer cells [76].
Similarly, mutation or deletion in the thymidine kinase (TK) gene in HSV-1 and VACV and
deleting E1B55K in oncolytic adenovirus ONYX-015 allowed selective replication in cancer
cells [77,78]. (iii) Arming OVs with immunostimulatory cytokines and chemokines. OVs
expressing cytokines like GM-CSF, TNF, IFN-a/b, IL-2, IL-7, IL-12, IL-15, IL-18, IL23, IL-24,
and FLT3L have shown enhanced anti-tumor immune responses and tumor reduction in
multiple preclinical cancer models and clinical trials [79]. Expression of these cytokines
in the tumor bed using OVs greatly reduced the toxicity associated with their systemic
delivery to patients. Early success with T-VEC expressing GM-CSF, which enhanced DC
and APC recruitment to the tumor sites, allowed expression of other cytokines using OVs
for modulation of immunosuppressive TME. IL-12 expression using different OVs has
shown potent antitumor activity in preclinical studies [80–82]. Currently, HSV (M032) and
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VACV (ASP9801) expressing IL-12 are in clinical trials (Table 3). Chemokines such as CCL2,
CCL5, CLL19, CCL20, CCL21, and CXCL11 have been expressed using OVs to enhance
the migration of immune cells into TME [79]. Oncolytic adenovirus (NG641) expressing
CXCL9, CXCL10, and IFNα is in clinical trial (Table 3). Other OVs expressing different
chemokines showed improved efficacy in preclinical cancer models [83,84]. (iv) Expres-
sion of immune-activating ligands. Immune-activating ligands such as TRAIL, CD40L,
OX40L, 4-1BBL, B7-1, and GITR expression using OVs has shown promising results in
preclinical models and in clinical trials. For example, oncolytic adenovirus (LOAd703)
expressing CD40L and 4-1BBL has shown immune activation in different cancer models
and currently in clinical trial [85,86]. (v) Expression of immune checkpoint inhibitors. OVs
have been engineered to directly express checkpoint blockade antibodies such as anti-PD1,
anti-PDL1, or anti-CTLA4 in the tumor bed [87–91]. This is mainly to overcome the toxicity
associated with systemic delivery of ICIs. For example, expression of anti-PD-1 mAb in
HSV-1 enhanced anti-tumor immune responses and T-cell infiltration in TME [91]. (vi)
Arming OVs with bispecific immune cell engagers. OVs expressing antibodies targeting
tumor antigens and capable of activating T cell receptor signaling, such as Bi- or tri-specific
T cell engager (BiTE or TriTE), are tested for targeted immunotherapy [92]. A BiTE and
TriTE-armed oncolytic Adenovirus showed depletion of tumor associated macrophages
in cancer patient samples [93]. However, the success with these immune-modulators will
depend on the identification of tumor associated antigens. (vii) Activation of immunogenic
cell death. OVs have been engineered to express pro-death molecules such as beclin-1 in
enhancing ICD and autophagic cell death [94,95].

Table 3. List of selected oncolytic viruses currently in clinical trials.

Virus Biological Agent
Genetic

Modifications/
Transgenes

Combination
Therapy

Indication (Delivery
Route)

Clinical
Phase Clinical Trial No

Adenovirus

LOAd703 TMZ-CD40L
4-1 BBL

Gemcitabine,
nab-paclitaxel,

+/− anti-PD-L1
Pancreatic cancer (IT) I/II NCT02705196

DNX-2440 Recurrent glioblastoma
(stereo tactically) I NCT03714334

TILT-123 TNF, IL-2 Solid tumor (IT) I NCT04695327

TILT-123 TNF, IL-2 Adoptive cell
therapy with TILs

Metastatic melanoma
(IT/IV) I NCT04217473

Enadenotucirev
(Ad3)

Capecitabine,
radiotherapy

Locally advanced rectal
cancer (IT) I NCT03916510

NG-641

FAP-TAc
antibody +

CXCL9/
CXCL10/IFNa

Metastatic cancer,
epithelial tumors

(IT/IV)
I NCT04053283

AdAPT-001 Solid tumor (IT) I NCT04673942

Ad5 OBP-301
(Telomelysin) hTERT Melanoma stage III/IV

(IT) II NCT03190824

HSV

OH2 (HSV2) GMCSF Advanced or metastatic
pancreatic cancer I/II NCT04637698

OH2 GMCSF HX008
(anti-PD-1) Advanced solid tumors I/II NCT03866525

OH2 GMCSF HX008
(anti-PD-1) melanoma I/II NCT04616443

OH2 GMCSF Keytruda
(anti-PD-1)

Advanced solid tumors,
melanoma I/II NCT04386967

HSVG207
(HSV-1)

Tumor selective
mutation

Low dose of
radiation (5 Gy)

Pediatric brain tumor,
recurrent or refractory
cerebellar brain tumor

I NCT03911388
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Table 3. Cont.

Virus Biological Agent
Genetic

Modifications/
Transgenes

Combination
Therapy

Indication (Delivery
Route)

Clinical
Phase Clinical Trial No

HSVG207 Tumor selective
mutation

Low dose of
radiation (5 Gy)

Recurrent high-grade
glioma in children II NCT04482933

M032
(NSC733972) IL-12 Low dose of

radiation (5 Gy)
Recurrent malignant

glioma I NCT02062827

Parvovirus
(H-1 PV) ParvOryx Pancreatic ductal

carcinoma I/II NCT02653313

VACV

Pexa-Vec (JX-594) GM-CSF (TK
inactivated)

Tremelimumab
(anti-CTLA4),
Durvalumab
(anti-PD-L1)

Colorectal cancer I/II NCT03206073

TBio-
6517/RIVAL-01

Pembrolizumab
(anti-PD-1)

Advanced solid tumors
(IT) I/II NCT04301011

T601
TK-RR deletion,

expression of
FCU1 gene

5-FC Advanced malignant
solid tumors I/II NCT04226066

ASP9801 IL-7, IL-12 Metastatic advanced
solid tumors (IT) I NCT03954067

NDV MEDI5395 GMCSF Durvalumab
(anti-PD-L1)

Advanced solid tumors
(IT) I NCT03889275

Reovirus

Reolysin Anti-PD-1 Metastatic TNBC II NCT04445844

Reolysin

Chemotherapy
(Dexamethasone,
carfilzomib), ICIs

(Nivolumab)

Relapsed multiple
myeloma I NCT03605719

Reolysin
Chemotherapy
(paclitaxel), ICI

(anti-PD-L1)
Metastatic breast cancer II NCT04215146

Reolysin

Chemotherapy
(letrozole), ICIs
(atzolizumab,
trastuzumab)

Breast cancer I NCT04102618

VSV

VSV-
IFNβ/TYRP1

IFNβ, tyrosinase
related protein 1

Stage III-IV melanoma
(IT/IV) I NCT03865212

VSV-IFNβ-NIS IFNβ, NIS Avelumab
(anti-PD-L1)

Malignant solid tumor
(IT) I NCT02923466

VSV-IFNβ-NIS IFNβ, NIS
Cyclophosphamide,

ruxolitinib
phosphate

MM, AML, T cell
lymphoma (IV) I NCT03017820

VSV-IFNβ-NIS IFNβ, NIS Pembrolizumab
(anti-PD-1)

Refractory NSCLC,
HNSCC, solid tumor

(IV)
I NCT03647163

Maraba
MG1MA3 (MG1

Maraba/
MAGE-A3)

MAGE-A3 Advanced/metastatic
solid tumors I/II NCT02285816

6. Combination Therapy with Oncolytic Virus

OVs provide multi-mechanistic therapeutic effects against most types of cancers
(Figure 1). However, in clinical trials of monotherapy, OVs with earlier generations of arm-
ings (such as GM-CSF) have shown complete response in relatively few patients. Although
engineering of OVs with different approaches enhanced oncolytic activity and activated
the antitumor immune responses, better therapeutic outcomes were reported when on-
colytic viruses were used in combination with other cancer treatment modalities, such as
chemotherapy, radiation therapy, immunotherapy, or cell therapy [96–98]. Examples of
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currently active clinical trials with OV and different combination therapies are presented
in Table 3.

Figure 1. Therapeutic features of oncolytic virotherapy and ways to improve it. Multiple steps are involved in successful
oncolytic virotherapy. First, the virus must be delivered successfully to the tumor bed or TME using an optimized delivery
method. Second, the OV must replicate and spread efficiently in the tumor bed, causing oncolysis and release of tumor
selective immune stimulating molecules. Third, the OV must function as an immunotherapeutic agent to activate strong
innate and adaptive anti-tumor immune responses. All these steps can be further improved by engineering OVs to express
suitable transgenes and by combination with other agents or therapies. TME, tumor microenvironment; DAMPS, danger
associated molecular patterns; PAMPs, pathogen associated molecular patterns; ICD, immunological cell death; MSCs,
Mesenchymal stem cells; NSCs, neural stem cells; ICIs, immune checkpoint inhibitors; TAAs, tumor associated antigens.

6.1. Combination with Traditional Radiotherapy and Chemotherapy

Traditional therapies such as radiotherapy (RT) and chemotherapy have been used
either alone or in combination. Radiotherapy is mostly used for the local control of tumors
and displays a wide range of antitumor effects [99]. However, due to OVs limited success,
radiotherapy plus OVs have been studied as a combination therapy in preclinical mod-
els and a limited number of clinical trials. Oncolytic VACV, HSV, VSV, and adenovirus
have shown therapeutic benefits combined with RT [100–102]. The combination of RT
with OV has synergistic antitumor effects, and can be particularly effective against ag-
gressive tumors for which other therapies failed [103]. For example, OV Delta-24-RGD
in combination with RT was tested in pediatric high-grade gliomas (pHGG) and diffuse
intrinsic pontine gliomas (DIPGs) models [104]. In these models, OV downregulated DNA
damage repair proteins, sensitized tumor cells to the effect of RT, enhanced trafficking
of immune cells, and enhanced overall survival of mice. Thus, OV-mediated inhibition
of cellular DNA repair pathways can sensitize tumors with RT [102]. Similarly, oncolytic
VSV expressing IFNβ (VSV-IFNβ) in combination with RT enhanced antitumor immune
response and tumor reduction in syngeneic models [105]. Currently, a phase I clinical trial
for locally advanced rectal cancer with a chimeric adenovirus type 11p (Enadenotucirev)
and chemoradiotherapy, radiotherapy, and chemotherapy (capecitabine, a non-cytotoxic
pre-cursor of 5-fluorouracil) is in progress (NCT03916510).

Conventional chemotherapeutics were tested with OVs to enhance the therapeutic
effects of OVs. The goal was to reduce the dosage and toxic effects of the drug while
enhancing the efficacy of OVs in the tumor microenvironment. However, in some cases,
depending on the type of chemotherapeutic drugs and dose regimens used, certain drugs
acted as antivirals and also reduced viral replication in the tumor bed. This combination
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therapy was tested in many preclinical tumor models [106,107]. The positive results
from these early studies led to the start of clinical trials on several types of aggressive
tumors such as the brain, pancreatic, breast, melanoma, ovarian, and myeloma using OVs
with standard chemotherapeutics drugs, for example, cisplatin, paclitaxel, doxorubicin,
gemcitabine, temozolomide, cyclophosphamide, and doxycycline. In recent reviews, these
combinatorial studies are highlighted in greater detail [96].

6.2. Systemic Delivery of OV via Carrier Cells

Unlike intratumoral delivery, systemic delivery of OV faces many challenges, mainly
due to the highly efficient immune filtration system that detects and removes pathogens
from the circulatory system. Many types of carrier cells have been tested to determine
their suitability as a delivery vehicle for systemic administration of OVs to overcome the
deficits of intravenously infusing naked virus. In preclinical studies, multiple OVs have
been tested with different carrier cell types demonstrating the success and feasibility of
this approach and potential clinical application [108,109]. This is particularly evident for
viruses like measles virus, reovirus, and many other viruses that encounter substantial
levels of preexisting antibodies. Among the many carrier cells tested to date, patient-
derived mesenchymal stem cells (MSCs) have gained attention and have been tested in
clinical trials with OVs. MSCs with measles virus have shown promise and delivery to the
tumor bed in clinical trials (NCT02068749). OV-infected carrier cells have demonstrated
enhanced migratory properties and secretion of proinflammatory cytokines, for example,
human umbilical cord MSCs, suggesting that they can enhance the antitumor efficacy of
virotherapy [110]. Apart from MSCs, neural stem cells (NSCs) also improved the delivery
of OV in multiple cancer models [111–113]. Another potential carrier cell is represented
by chimeric antigen receptor T (CAR-T) cells that have been engineered to recognize and
kill target cancer cells. Tumor-infiltrating T cells also have excellent potential, if sufficient
quantities can be isolated from patients. Since any migratory leukocyte can in theory
have potential as a carrier cell for at least some OVs, the future for this line of inquiry
looks bright.

6.3. Combination with Immune Checkpoint Inhibitors (ICIs)

ICIs that target immune checkpoints like PD-1, PD-L1, or CTLA-4 and disrupt the
cancer cell’s ability to evade the host immune response have become one of the key cancer
therapy modalities. However, despite many success, there are several critical limitations
of ICIs: (i) even with optimally targeted cancers, only limited fraction (10–20 percent) of
patients respond to ICI treatment, (ii) immune-related adverse effects reported in some
patients receiving ICI therapy, and (iii) Limited effect against immunologically “cold”
tumors characterized by a low tumor-infiltrating lymphocyte (TILs). In this context, OVs,
particularly genetically engineered OVs, can enhance lymphocyte infiltration and acti-
vation as well as lysis of cancer cells. Thus, to overcome this lack of ICI effectiveness
in too many patients, OV virotherapy combined with ICIs has been tested in preclinical
models and clinical trials, and has shown promising results [114–117] OVs that are cur-
rently under clinical trials in combination with ICIs are HSV (OH2), VACV (PexaVec),
Reovirus (Reolysin), Adenovirus (LOAd703), NDV (MEDI5395), and VSV (VSV-IFNb-
NIS) (Table 3). However, recent studies suggest that genetically engineered OVs and OVs
expressing immune stimulating cytokines that have greater potential of altering TME
have shown enhanced efficacy in combination with ICIs. For example, a live attenuated
ZIKV vaccine candidate and a recombinant orthopoxvirus (CF33) oncolytic activity was en-
hanced by immunotherapy [118,119]. Oncolytic HSV-1 (ONCR-177), adenovirus (TILT-123),
and MYXV (vMyx-hTNF) expressing single or multiple immune stimulatory cytokines
enhanced oncolytic activity when combined with ICIs [120–122].
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6.4. Combination with Cell Therapy

Cellular immunotherapy, also known as adoptive cell therapy, uses modified versions
of the cells of the immune system to eliminate cancer cells. Various types of cellular
immunotherapies have been developed: such as chimeric antigen receptor (CAR) T cells
therapy, engineered T cell receptor (TCR) therapy, tumor-infiltrating lymphocyte (TIL)
therapy, and natural killer (NK) cell therapy. Among these cell-based therapies, CAR-T
cell therapy has shown remarkable efficacy for blood cancer as emerging immunotherapy.
However, cell therapy has also a limited success, particularly in solid tumors, due to
the lack of infiltration and prolonged existence in the tumor tissue. To overcome these
limitations, cell therapy has been tested in combination with OVs. In this case, the use of
engineered OVs expressing therapeutic transgenes can enhance the therapeutic benefit
of both treatment strategies. For example, oncolytic adenovirus expressing IL-7, when
combined with B7H3-targeted CAR-T, showed higher efficacy than a single use of either of
those treatments [123]. Combination with OV enhanced T cell proliferation and reduced
T cell apoptosis. Cell therapy can be further explored in combination with multi-armed
OV. For example, an adenovirus-based OV expressing cytokine, checkpoint blockade, and
a BiTE molecule was used and HER2-specific CAR T cells significantly improved tumor
control and survival [124].

7. Conclusions

More than three decades of extensive research and clinical trials have established
oncolytic virotherapy as a promising treatment modality for cancer treatment. Several
aspects of OV therapy have been significantly improved, including safety, potency, selec-
tivity, delivery methods, and production. Perhaps the most notable shift in the OV field
has been from its application as a direct lytic agent to development as a multimodal agent
involving cell lysis, immune stimulation, and gene therapy, which further established OV
as a strong candidate for cancer therapy. However, it is becoming clear that OVs as a single
anti-cancer agent might not successfully provide a complete response for cancer cure, such
that combinatorial strategies are essential. Mainly because of the heterogeneous nature
of the cancer cells, there are increasing chances of recurrence, metastasis, and failure to
diagnose early. Therefore, like other combination therapy, it is possible to exploit OV in
combination with existing cancer therapies, an area still less explored. However, in this case,
a rational design and combination approach can mitigate the inherent limitations of OVs
and other therapies against selected cancer types. For example, armed OVs with enhanced
tumor specific replication ability and stimulating a potent anti-tumor immune response
can be combined with immune checkpoint inhibitors and cell therapies for cancer that
develop resistance against current therapies because of rapid mutations and heterogeneous
cell populations.

Author Contributions: Conceptualization and writing—original draft preparation, M.M.R.; writing—
review and editing, M.M.R. and G.M. All authors have read and agreed to the published version of
the manuscript.

Funding: This work is supported by NIH grants R01AI080607 and R21CA249517.

Conflicts of Interest: G.M. is co-founder and equity holder of OncoMyx Therapeutics. M.M.R. is a
consultant for OncoMyx Therapeutics.

References
1. Zhang, S.; Rabkin, S.D. The discovery and development of oncolytic viruses: Are they the future of cancer immunotherapy?

Expert Opin. Drug Discov. 2021, 16, 391–410. [CrossRef]
2. Kelly, E.; Russell, S.J. History of oncolytic viruses: Genesis to genetic engineering. Mol. Ther. 2007, 15, 651–659. [CrossRef]
3. Bell, J.; McFadden, G. Viruses for tumor therapy. Cell Host Microbe 2014, 15, 260–265. [CrossRef]
4. Macedo, N.; Miller, D.M.; Haq, R.; Kaufman, H.L. Clinical landscape of oncolytic virus research in 2020. J. Immunother. Cancer

2020, 8, e001486. [CrossRef]

http://doi.org/10.1080/17460441.2021.1850689
http://doi.org/10.1038/sj.mt.6300108
http://doi.org/10.1016/j.chom.2014.01.002
http://doi.org/10.1136/jitc-2020-001486


Cancers 2021, 13, 5452 13 of 17

5. Martinez-Quintanilla, J.; Seah, I.; Chua, M.; Shah, K. Oncolytic viruses: Overcoming translational challenges. J. Clin. Investig.
2019, 129, 1407–1418. [CrossRef]

6. Alberts, P.; Tilgase, A.; Rasa, A.; Bandere, K.; Venskus, D. The advent of oncolytic virotherapy in oncology: The Rigvir® story. Eur.
J. Pharmacol. 2018, 837, 117–126. [CrossRef] [PubMed]

7. Wei, D.; Xu, J.; Liu, X.Y.; Chen, Z.N.; Bian, H. Fighting Cancer with Viruses: Oncolytic Virus Therapy in China. Hum. Gene Ther.
2018, 29, 151–159. [CrossRef]

8. Raman, S.S.; Hecht, J.R.; Chan, E. Talimogene laherparepvec: Review of its mechanism of action and clinical efficacy and safety.
Immunotherapy 2019, 11, 705–723. [CrossRef]

9. Sugawara, K.; Iwai, M.; Ito, H.; Tanaka, M.; Seto, Y.; Todo, T. Oncolytic herpes virus G47∆ works synergistically with CTLA-4
inhibition via dynamic intratumoral immune modulation. Mol. Ther. Oncolytics 2021, 22, 129–142. [CrossRef]

10. Harrington, K.; Freeman, D.J.; Kelly, B.; Harper, J.; Soria, J.C. Optimizing oncolytic virotherapy in cancer treatment. Nat. Rev.
Drug Discov. 2019, 18, 689–706. [CrossRef]

11. Lawler, S.E.; Speranza, M.C.; Cho, C.F.; Chiocca, E.A. Oncolytic Viruses in Cancer Treatment: A Review. JAMA Oncol. 2017, 3,
841–849. [CrossRef]

12. Zainutdinov, S.S.; Kochneva, G.V.; Netesov, S.V.; Chumakov, P.M.; Matveeva, O.V. Directed evolution as a tool for the selection of
oncolytic RNA viruses with desired phenotypes. Oncolytic Virotherapy 2019, 8, 9–26. [CrossRef]

13. He, Y.; Mueller, S.; Chipman, P.R.; Bator, C.M.; Peng, X.; Bowman, V.D.; Mukhopadhyay, S.; Wimmer, E.; Kuhn, R.J.;
Rossmann, M.G. Complexes of poliovirus serotypes with their common cellular receptor, CD155. J. Virol. 2003, 77, 4827–4835.
[CrossRef]

14. Anderson, B.D.; Nakamura, T.; Russell, S.J.; Peng, K.W. High CD46 receptor density determines preferential killing of tumor cells
by oncolytic measles virus. Cancer Res. 2004, 64, 4919–4926. [CrossRef]

15. Bergelson, J.M.; Shepley, M.P.; Chan, B.M.; Hemler, M.E.; Finberg, R.W. Identification of the integrin VLA-2 as a receptor for
echovirus 1. Science 1992, 255, 1718–1720. [CrossRef]

16. Ong, H.T.; Timm, M.M.; Greipp, P.R.; Witzig, T.E.; Dispenzieri, A.; Russell, S.J.; Peng, K.W. Oncolytic measles virus targets high
CD46 expression on multiple myeloma cells. Exp. Hematol. 2006, 34, 713–720. [CrossRef]

17. Lin, L.T.; Richardson, C.D. The Host Cell Receptors for Measles Virus and Their Interaction with the Viral Hemagglutinin (H)
Protein. Viruses 2016, 8, 250. [CrossRef]

18. Yu, Z.; Adusumilli, P.S.; Eisenberg, D.P.; Darr, E.; Ghossein, R.A.; Li, S.; Liu, S.; Singh, B.; Shah, J.P.; Fong, Y.; et al. Nectin-1
expression by squamous cell carcinoma is a predictor of herpes oncolytic sensitivity. Mol. Ther. 2007, 15, 103–113. [CrossRef]

19. Chan, W.M.; McFadden, G. Oncolytic Poxviruses. Annu. Rev. Virol. 2014, 1, 119–141. [CrossRef]
20. Rahman, M.M.; McFadden, G. Oncolytic Virotherapy with Myxoma Virus. J. Clin. Med. 2020, 9, 171. [CrossRef]
21. Engeland, C.E.; Ungerechts, G. Measles Virus as an Oncolytic Immunotherapy. Cancers 2021, 13, 544. [CrossRef]
22. Rahman, M.M.; McFadden, G. Myxoma Virus-Encoded Host Range Protein M029: A Multifunctional Antagonist Targeting

Multiple Host Antiviral and Innate Immune Pathways. Vaccines 2020, 8, 244. [CrossRef] [PubMed]
23. Borrego-Diaz, E.; Mathew, R.; Hawkinson, D.; Esfandyari, T.; Liu, Z.; Lee, P.W.; Farassati, F. Pro-oncogenic cell signaling machinery

as a target for oncolytic viruses. Curr. Pharm. Biotechnol. 2012, 13, 1742–1749. [CrossRef] [PubMed]
24. Pikor, L.A.; Bell, J.C.; Diallo, J.S. Oncolytic Viruses: Exploiting Cancer’s Deal with the Devil. Trends Cancer 2015, 1, 266–277.

[CrossRef] [PubMed]
25. Matveeva, O.V.; Chumakov, P.M. Defects in interferon pathways as potential biomarkers of sensitivity to oncolytic viruses. Rev.

Med. Virol. 2018, 28, e2008. [CrossRef] [PubMed]
26. Vander Heiden, M.G.; Cantley, L.C.; Thompson, C.B. Understanding the Warburg effect: The metabolic requirements of cell

proliferation. Science 2009, 324, 1029–1033. [CrossRef]
27. Fischer, K.; Hoffmann, P.; Voelkl, S.; Meidenbauer, N.; Ammer, J.; Edinger, M.; Gottfried, E.; Schwarz, S.; Rothe, G.; Hoves, S.; et al.

Inhibitory effect of tumor cell-derived lactic acid on human T cells. Blood 2007, 109, 3812–3819. [CrossRef]
28. Husain, Z.; Huang, Y.; Seth, P.; Sukhatme, V.P. Tumor-derived lactate modifies antitumor immune response: Effect on myeloid-

derived suppressor cells and NK cells. J. Immunol. 2013, 191, 1486–1495. [CrossRef]
29. Bénéteau, M.; Zunino, B.; Jacquin, M.A.; Meynet, O.; Chiche, J.; Pradelli, L.A.; Marchetti, S.; Cornille, A.; Carles, M.; Ricci, J.E.

Combination of glycolysis inhibition with chemotherapy results in an antitumor immune response. Proc. Natl. Acad. Sci. USA
2012, 109, 20071–20076. [CrossRef]

30. Sukumar, M.; Liu, J.; Ji, Y.; Subramanian, M.; Crompton, J.G.; Yu, Z.; Roychoudhuri, R.; Palmer, D.C.; Muranski, P.; Karoly,
E.D.; et al. Inhibiting glycolytic metabolism enhances CD8+ T cell memory and antitumor function. J. Clin. Investig. 2013, 123,
4479–4488. [CrossRef]

31. Goodwin, C.M.; Xu, S.; Munger, J. Stealing the Keys to the Kitchen: Viral Manipulation of the Host Cell Metabolic Network.
Trends Microbiol. 2015, 23, 789–798. [CrossRef]

32. Cai, J.; Zhu, W.; Lin, Y.; Hu, J.; Liu, X.; Xu, W.; Liu, Y.; Hu, C.; He, S.; Gong, S.; et al. Lonidamine potentiates the oncolytic efficiency
of M1 virus independent of hexokinase 2 but via inhibition of antiviral immunity. Cancer Cell Int. 2020, 20, 532. [CrossRef]

33. Al-Ziaydi, A.G.; Al-Shammari, A.M.; Hamzah, M.I.; Kadhim, H.S.; Jabir, M.S. Hexokinase inhibition using D-Mannoheptulose
enhances oncolytic newcastle disease virus-mediated killing of breast cancer cells. Cancer Cell Int. 2020, 20, 420. [CrossRef]

http://doi.org/10.1172/JCI122287
http://doi.org/10.1016/j.ejphar.2018.08.042
http://www.ncbi.nlm.nih.gov/pubmed/30179611
http://doi.org/10.1089/hum.2017.212
http://doi.org/10.2217/imt-2019-0033
http://doi.org/10.1016/j.omto.2021.05.004
http://doi.org/10.1038/s41573-019-0029-0
http://doi.org/10.1001/jamaoncol.2016.2064
http://doi.org/10.2147/OV.S176523
http://doi.org/10.1128/JVI.77.8.4827-4835.2003
http://doi.org/10.1158/0008-5472.CAN-04-0884
http://doi.org/10.1126/science.1553561
http://doi.org/10.1016/j.exphem.2006.03.002
http://doi.org/10.3390/v8090250
http://doi.org/10.1038/sj.mt.6300009
http://doi.org/10.1146/annurev-virology-031413-085442
http://doi.org/10.3390/jcm9010171
http://doi.org/10.3390/cancers13030544
http://doi.org/10.3390/vaccines8020244
http://www.ncbi.nlm.nih.gov/pubmed/32456120
http://doi.org/10.2174/138920112800958788
http://www.ncbi.nlm.nih.gov/pubmed/21740363
http://doi.org/10.1016/j.trecan.2015.10.004
http://www.ncbi.nlm.nih.gov/pubmed/28741515
http://doi.org/10.1002/rmv.2008
http://www.ncbi.nlm.nih.gov/pubmed/30209859
http://doi.org/10.1126/science.1160809
http://doi.org/10.1182/blood-2006-07-035972
http://doi.org/10.4049/jimmunol.1202702
http://doi.org/10.1073/pnas.1206360109
http://doi.org/10.1172/JCI69589
http://doi.org/10.1016/j.tim.2015.08.007
http://doi.org/10.1186/s12935-020-01598-w
http://doi.org/10.1186/s12935-020-01514-2


Cancers 2021, 13, 5452 14 of 17

34. Al-Ziaydi, A.G.; Al-Shammari, A.M.; Hamzah, M.I.; Kadhim, H.S.; Jabir, M.S. Newcastle disease virus suppress glycolysis
pathway and induce breast cancer cells death. Virusdisease 2020, 31, 341–348. [CrossRef]

35. Li, C.; Meng, G.; Su, L.; Chen, A.; Xia, M.; Xu, C.; Yu, D.; Jiang, A.; Wei, J. Dichloroacetate blocks aerobic glycolytic adaptation
to attenuated measles virus and promotes viral replication leading to enhanced oncolysis in glioblastoma. Oncotarget 2015, 6,
1544–1555. [CrossRef] [PubMed]

36. Seegers, S.L.; Frasier, C.; Greene, S.; Nesmelova, I.V.; Grdzelishvili, V.Z. Experimental Evolution Generates Novel Oncolytic
Vesicular Stomatitis Viruses with Improved Replication in Virus-Resistant Pancreatic Cancer Cells. J. Virol. 2020, 94. [CrossRef]

37. Altomonte, J.; Marozin, S.; Schmid, R.M.; Ebert, O. Engineered newcastle disease virus as an improved oncolytic agent against
hepatocellular carcinoma. Mol. Ther. 2010, 18, 275–284. [CrossRef] [PubMed]

38. Wollmann, G.; Rogulin, V.; Simon, I.; Rose, J.K.; van den Pol, A.N. Some attenuated variants of vesicular stomatitis virus
show enhanced oncolytic activity against human glioblastoma cells relative to normal brain cells. J. Virol. 2010, 84, 1563–1573.
[CrossRef]

39. Liu, T.C.; Hwang, T.; Park, B.H.; Bell, J.; Kirn, D.H. The targeted oncolytic poxvirus JX-594 demonstrates antitumoral, antivascular,
and anti-HBV activities in patients with hepatocellular carcinoma. Mol. Ther. 2008, 16, 1637–1642. [CrossRef] [PubMed]

40. Breitbach, C.J.; Arulanandam, R.; De Silva, N.; Thorne, S.H.; Patt, R.; Daneshmand, M.; Moon, A.; Ilkow, C.; Burke, J.; Hwang,
T.H.; et al. Oncolytic vaccinia virus disrupts tumor-associated vasculature in humans. Cancer Res. 2013, 73, 1265–1275. [CrossRef]

41. Inoue, T.; Byrne, T.; Inoue, M.; Tait, M.E.; Wall, P.; Wang, A.; Dermyer, M.R.; Laklai, H.; Binder, J.J.; Lees, C.; et al. Oncolytic Vaccinia
Virus Gene Modification and Cytokine Expression Effects on Tumor Infection, Immune Response, and Killing. Mol. Cancer Ther.
2021, 20, 1481–1494. [CrossRef] [PubMed]

42. Xu, B.; Tian, L.; Chen, J.; Wang, J.; Ma, R.; Dong, W.; Li, A.; Zhang, J.; Antonio Chiocca, E.; Kaur, B.; et al. An oncolytic virus
expressing a full-length antibody enhances antitumor innate immune response to glioblastoma. Nat. Commun. 2021, 12, 5908.
[CrossRef] [PubMed]

43. Uche, I.K.; Kousoulas, K.G.; Rider, P.J.F. The Effect of Herpes Simplex Virus-Type-1 (HSV-1) Oncolytic Immunotherapy on the
Tumor Microenvironment. Viruses 2021, 13, 1200. [CrossRef] [PubMed]

44. Boagni, D.A.; Ravirala, D.; Zhang, S.X. Current strategies in engaging oncolytic viruses with antitumor immunity. Mol. Ther.
Oncolytics 2021, 22, 98–113. [CrossRef]

45. Nichols, D.B.; De Martini, W.; Cottrell, J. Poxviruses Utilize Multiple Strategies to Inhibit Apoptosis. Viruses 2017, 9, 215.
[CrossRef]

46. Imre, G. Cell death signalling in virus infection. Cell Signal. 2020, 76, 109772. [CrossRef]
47. Ahmed, A.; Tait, S.W.G. Targeting immunogenic cell death in cancer. Mol. Oncol. 2020, 14, 2994–3006. [CrossRef]
48. De Munck, J.; Binks, A.; McNeish, I.A.; Aerts, J.L. Oncolytic virus-induced cell death and immunity: A match made in heaven?

J. Leukoc. Biol. 2017, 102, 631–643. [CrossRef]
49. Kroemer, G.; Galluzzi, L.; Kepp, O.; Zitvogel, L. Immunogenic cell death in cancer therapy. Annu. Rev. Immunol. 2013, 31, 51–72.

[CrossRef] [PubMed]
50. Krysko, D.V.; Garg, A.D.; Kaczmarek, A.; Krysko, O.; Agostinis, P.; Vandenabeele, P. Immunogenic cell death and DAMPs in

cancer therapy. Nat. Rev. Cancer 2012, 12, 860–875. [CrossRef] [PubMed]
51. Woo, S.R.; Fuertes, M.B.; Corrales, L.; Spranger, S.; Furdyna, M.J.; Leung, M.Y.; Duggan, R.; Wang, Y.; Barber, G.N.; Fitzgerald,

K.A.; et al. STING-dependent cytosolic DNA sensing mediates innate immune recognition of immunogenic tumors. Immunity
2014, 41, 830–842. [CrossRef]

52. Li, T.; Chen, Z.J. The cGAS-cGAMP-STING pathway connects DNA damage to inflammation, senescence, and cancer. J. Exp. Med.
2018, 215, 1287–1299. [CrossRef]

53. Bommareddy, P.K.; Shettigar, M.; Kaufman, H.L. Integrating oncolytic viruses in combination cancer immunotherapy. Nat. Rev.
Immunol. 2018, 18, 498–513. [CrossRef]

54. Kaufman, H.L.; Kohlhapp, F.J.; Zloza, A. Oncolytic viruses: A new class of immunotherapy drugs. Nat. Rev. Drug Discov. 2015,
14, 642–662. [CrossRef]

55. Bommareddy, P.K.; Zloza, A.; Rabkin, S.D.; Kaufman, H.L. Oncolytic virus immunotherapy induces immunogenic cell death and
overcomes STING deficiency in melanoma. Oncoimmunology 2019, 8, 1591875. [CrossRef] [PubMed]

56. Rodriguez-Rocha, H.; Gomez-Gutierrez, J.G.; Garcia-Garcia, A.; Rao, X.M.; Chen, L.; McMasters, K.M.; Zhou, H.S. Adenoviruses
induce autophagy to promote virus replication and oncolysis. Virology 2011, 416, 9–15. [CrossRef] [PubMed]

57. Meng, C.; Zhou, Z.; Jiang, K.; Yu, S.; Jia, L.; Wu, Y.; Liu, Y.; Meng, S.; Ding, C. Newcastle disease virus triggers autophagy in U251
glioma cells to enhance virus replication. Arch. Virol. 2012, 157, 1011–1018. [CrossRef] [PubMed]

58. Jin, K.T.; Tao, X.H.; Fan, Y.B.; Wang, S.B. Crosstalk between oncolytic viruses and autophagy in cancer therapy. Biomed.
Pharmacother. 2021, 134, 110932. [CrossRef]

59. Furukawa, Y.; Takasu, A.; Yura, Y. Role of autophagy in oncolytic herpes simplex virus type 1-induced cell death in squamous cell
carcinoma cells. Cancer Gene Ther. 2017, 24, 393–400. [CrossRef]

60. Zhang, J.; Lai, W.; Li, Q.; Yu, Y.; Jin, J.; Guo, W.; Zhou, X.; Liu, X.; Wang, Y. A novel oncolytic adenovirus targeting Wnt signaling
effectively inhibits cancer-stem like cell growth via metastasis, apoptosis and autophagy in HCC models. Biochem. Biophys. Res.
Commun. 2017, 491, 469–477. [CrossRef]

http://doi.org/10.1007/s13337-020-00612-z
http://doi.org/10.18632/oncotarget.2838
http://www.ncbi.nlm.nih.gov/pubmed/25575816
http://doi.org/10.1128/JVI.01643-19
http://doi.org/10.1038/mt.2009.231
http://www.ncbi.nlm.nih.gov/pubmed/19809404
http://doi.org/10.1128/JVI.02040-09
http://doi.org/10.1038/mt.2008.143
http://www.ncbi.nlm.nih.gov/pubmed/18628758
http://doi.org/10.1158/0008-5472.CAN-12-2687
http://doi.org/10.1158/1535-7163.MCT-20-0863
http://www.ncbi.nlm.nih.gov/pubmed/34045231
http://doi.org/10.1038/s41467-021-26003-6
http://www.ncbi.nlm.nih.gov/pubmed/34625564
http://doi.org/10.3390/v13071200
http://www.ncbi.nlm.nih.gov/pubmed/34206677
http://doi.org/10.1016/j.omto.2021.05.002
http://doi.org/10.3390/v9080215
http://doi.org/10.1016/j.cellsig.2020.109772
http://doi.org/10.1002/1878-0261.12851
http://doi.org/10.1189/jlb.5RU0117-040R
http://doi.org/10.1146/annurev-immunol-032712-100008
http://www.ncbi.nlm.nih.gov/pubmed/23157435
http://doi.org/10.1038/nrc3380
http://www.ncbi.nlm.nih.gov/pubmed/23151605
http://doi.org/10.1016/j.immuni.2014.10.017
http://doi.org/10.1084/jem.20180139
http://doi.org/10.1038/s41577-018-0014-6
http://doi.org/10.1038/nrd4663
http://doi.org/10.1080/2162402X.2019.1591875
http://www.ncbi.nlm.nih.gov/pubmed/31143509
http://doi.org/10.1016/j.virol.2011.04.017
http://www.ncbi.nlm.nih.gov/pubmed/21575980
http://doi.org/10.1007/s00705-012-1270-6
http://www.ncbi.nlm.nih.gov/pubmed/22398914
http://doi.org/10.1016/j.biopha.2020.110932
http://doi.org/10.1038/cgt.2017.33
http://doi.org/10.1016/j.bbrc.2017.07.041


Cancers 2021, 13, 5452 15 of 17

61. Zahedi-Amiri, A.; Malone, K.; Beug, S.T.; Alain, T.; Yeganeh, B. Autophagy in Tumor Immunity and Viral-Based Immunothera-
peutic Approaches in Cancer. Cells 2021, 10, 2672. [CrossRef]

62. Correa, R.J.; Komar, M.; Tong, J.G.; Sivapragasam, M.; Rahman, M.M.; McFadden, G.; Dimattia, G.E.; Shepherd, T.G. Myxoma
virus-mediated oncolysis of ascites-derived human ovarian cancer cells and spheroids is impacted by differential AKT activity.
Gynecol. Oncol. 2012, 125, 441–450. [CrossRef]

63. Wang, G.; Barrett, J.W.; Stanford, M.; Werden, S.J.; Johnston, J.B.; Gao, X.; Sun, M.; Cheng, J.Q.; McFadden, G. Infection of human
cancer cells with myxoma virus requires Akt activation via interaction with a viral ankyrin-repeat host range factor. Proc. Natl.
Acad. Sci. USA 2006, 103, 4640–4645. [CrossRef]

64. McKee, T.D.; Grandi, P.; Mok, W.; Alexandrakis, G.; Insin, N.; Zimmer, J.P.; Bawendi, M.G.; Boucher, Y.; Breakefield, X.O.; Jain,
R.K. Degradation of fibrillar collagen in a human melanoma xenograft improves the efficacy of an oncolytic herpes simplex virus
vector. Cancer Res. 2006, 66, 2509–2513. [CrossRef]

65. Liu, X.Q.; Xin, H.Y.; Lyu, Y.N.; Ma, Z.W.; Peng, X.C.; Xiang, Y.; Wang, Y.Y.; Wu, Z.J.; Cheng, J.T.; Ji, J.F.; et al. Oncolytic herpes
simplex virus tumor targeting and neutralization escape by engineering viral envelope glycoproteins. Drug Deliv. 2018, 25,
1950–1962. [CrossRef] [PubMed]

66. McGray, A.J.R.; Huang, R.Y.; Battaglia, S.; Eppolito, C.; Miliotto, A.; Stephenson, K.B.; Lugade, A.A.; Webster, G.; Lichty, B.D.;
Seshadri, M.; et al. Oncolytic Maraba virus armed with tumor antigen boosts vaccine priming and reveals diverse therapeutic
response patterns when combined with checkpoint blockade in ovarian cancer. J. Immunother. Cancer 2019, 7, 189. [CrossRef]

67. Woller, N.; Gürlevik, E.; Fleischmann-Mundt, B.; Schumacher, A.; Knocke, S.; Kloos, A.M.; Saborowski, M.; Geffers, R.;
Manns, M.P.; Wirth, T.C.; et al. Viral Infection of Tumors Overcomes Resistance to PD-1-immunotherapy by Broadening
Neoantigenome-directed T-cell Responses. Mol. Ther. 2015, 23, 1630–1640. [CrossRef] [PubMed]

68. Spranger, S.; Spaapen, R.M.; Zha, Y.; Williams, J.; Meng, Y.; Ha, T.T.; Gajewski, T.F. Up-regulation of PD-L1, IDO, and T(regs) in
the melanoma tumor microenvironment is driven by CD8(+) T cells. Sci. Transl. Med. 2013, 5, 200ra116. [CrossRef] [PubMed]

69. Zamarin, D.; Ricca, J.M.; Sadekova, S.; Oseledchyk, A.; Yu, Y.; Blumenschein, W.M.; Wong, J.; Gigoux, M.; Merghoub, T.; Wolchok,
J.D. PD-L1 in tumor microenvironment mediates resistance to oncolytic immunotherapy. J. Clin. Investig. 2018, 128, 1413–1428.
[CrossRef]

70. Chulpanova, D.S.; Solovyeva, V.V.; Kitaeva, K.V.; Dunham, S.P.; Khaiboullina, S.F.; Rizvanov, A.A. Recombinant Viruses for
Cancer Therapy. Biomedicines 2018, 6, 94. [CrossRef]

71. Chaurasiya, S.; Fong, Y.; Warner, S.G. Optimizing Oncolytic Viral Design to Enhance Antitumor Efficacy: Progress and Challenges.
Cancers 2020, 12, 1699. [CrossRef]

72. de Graaf, J.F.; de Vor, L.; Fouchier, R.A.M.; van den Hoogen, B.G. Armed oncolytic viruses: A kick-start for anti-tumor immunity.
Cytokine Growth Factor Rev. 2018, 41, 28–39. [CrossRef] [PubMed]

73. de Gruijl, T.D.; Janssen, A.B.; van Beusechem, V.W. Arming oncolytic viruses to leverage antitumor immunity. Expert Opin. Biol.
Ther. 2015, 15, 959–971. [CrossRef] [PubMed]

74. Kanai, R.; Zaupa, C.; Sgubin, D.; Antoszczyk, S.J.; Martuza, R.L.; Wakimoto, H.; Rabkin, S.D. Effect of γ34.5 deletions on oncolytic
herpes simplex virus activity in brain tumors. J. Virol. 2012, 86, 4420–4431. [CrossRef]

75. Liu, B.L.; Robinson, M.; Han, Z.Q.; Branston, R.H.; English, C.; Reay, P.; McGrath, Y.; Thomas, S.K.; Thornton, M.; Bullock, P.; et al.
ICP34.5 deleted herpes simplex virus with enhanced oncolytic, immune stimulating, and anti-tumour properties. Gene Ther. 2003,
10, 292–303. [CrossRef] [PubMed]

76. Muik, A.; Stubbert, L.J.; Jahedi, R.Z.; Geiβ, Y.; Kimpel, J.; Dold, C.; Tober, R.; Volk, A.; Klein, S.; Dietrich, U.; et al. Re-engineering
vesicular stomatitis virus to abrogate neurotoxicity, circumvent humoral immunity, and enhance oncolytic potency. Cancer Res.
2014, 74, 3567–3578. [CrossRef] [PubMed]

77. Larson, C.; Oronsky, B.; Scicinski, J.; Fanger, G.R.; Stirn, M.; Oronsky, A.; Reid, T.R. Going viral: A review of replication-selective
oncolytic adenoviruses. Oncotarget 2015, 6, 19976–19989. [CrossRef]

78. Pelin, A.; Boulton, S.; Tamming, L.A.; Bell, J.C.; Singaravelu, R. Engineering vaccinia virus as an immunotherapeutic battleship to
overcome tumor heterogeneity. Expert Opin. Biol. Ther. 2020, 20, 1083–1097. [CrossRef]

79. Pol, J.G.; Workenhe, S.T.; Konda, P.; Gujar, S.; Kroemer, G. Cytokines in oncolytic virotherapy. Cytokine Growth Factor Rev. 2020, 56,
4–27. [CrossRef] [PubMed]

80. Nguyen, H.M.; Guz-Montgomery, K.; Saha, D. Oncolytic Virus Encoding a Master Pro-Inflammatory Cytokine Interleukin 12 in
Cancer Immunotherapy. Cells 2020, 9, 400. [CrossRef] [PubMed]

81. Roth, J.C.; Cassady, K.A.; Cody, J.J.; Parker, J.N.; Price, K.H.; Coleman, J.M.; Peggins, J.O.; Noker, P.E.; Powers, N.W.;
Grimes, S.D.; et al. Evaluation of the safety and biodistribution of M032, an attenuated herpes simplex virus type 1 expressing
hIL-12, after intracerebral administration to aotus nonhuman primates. Hum. Gene Ther. Clin. Dev. 2014, 25, 16–27. [CrossRef]

82. Wang, P.; Li, X.; Wang, J.; Gao, D.; Li, Y.; Li, H.; Chu, Y.; Zhang, Z.; Liu, H.; Jiang, G.; et al. Re-designing Interleukin-12 to enhance
its safety and potential as an anti-tumor immunotherapeutic agent. Nat. Commun. 2017, 8, 1395. [CrossRef] [PubMed]

83. Li, F.; Sheng, Y.; Hou, W.; Sampath, P.; Byrd, D.; Thorne, S.; Zhang, Y. CCL5-armed oncolytic virus augments CCR5-engineered
NK cell infiltration and antitumor efficiency. J. Immunother. Cancer 2020, 8, e000131. [CrossRef]

84. Li, J.; O’Malley, M.; Urban, J.; Sampath, P.; Guo, Z.S.; Kalinski, P.; Thorne, S.H.; Bartlett, D.L. Chemokine expression from oncolytic
vaccinia virus enhances vaccine therapies of cancer. Mol. Ther. 2011, 19, 650–657. [CrossRef] [PubMed]

http://doi.org/10.3390/cells10102672
http://doi.org/10.1016/j.ygyno.2012.01.048
http://doi.org/10.1073/pnas.0509341103
http://doi.org/10.1158/0008-5472.CAN-05-2242
http://doi.org/10.1080/10717544.2018.1534895
http://www.ncbi.nlm.nih.gov/pubmed/30799657
http://doi.org/10.1186/s40425-019-0641-x
http://doi.org/10.1038/mt.2015.115
http://www.ncbi.nlm.nih.gov/pubmed/26112079
http://doi.org/10.1126/scitranslmed.3006504
http://www.ncbi.nlm.nih.gov/pubmed/23986400
http://doi.org/10.1172/JCI98047
http://doi.org/10.3390/biomedicines6040094
http://doi.org/10.3390/cancers12061699
http://doi.org/10.1016/j.cytogfr.2018.03.006
http://www.ncbi.nlm.nih.gov/pubmed/29576283
http://doi.org/10.1517/14712598.2015.1044433
http://www.ncbi.nlm.nih.gov/pubmed/25959450
http://doi.org/10.1128/JVI.00017-12
http://doi.org/10.1038/sj.gt.3301885
http://www.ncbi.nlm.nih.gov/pubmed/12595888
http://doi.org/10.1158/0008-5472.CAN-13-3306
http://www.ncbi.nlm.nih.gov/pubmed/24812275
http://doi.org/10.18632/oncotarget.5116
http://doi.org/10.1080/14712598.2020.1757066
http://doi.org/10.1016/j.cytogfr.2020.10.007
http://www.ncbi.nlm.nih.gov/pubmed/33183957
http://doi.org/10.3390/cells9020400
http://www.ncbi.nlm.nih.gov/pubmed/32050597
http://doi.org/10.1089/humc.2013.201
http://doi.org/10.1038/s41467-017-01385-8
http://www.ncbi.nlm.nih.gov/pubmed/29123084
http://doi.org/10.1136/jitc-2019-000131
http://doi.org/10.1038/mt.2010.312
http://www.ncbi.nlm.nih.gov/pubmed/21266959


Cancers 2021, 13, 5452 16 of 17

85. Eriksson, E.; Milenova, I.; Wenthe, J.; Ståhle, M.; Leja-Jarblad, J.; Ullenhag, G.; Dimberg, A.; Moreno, R.; Alemany, R.; Loskog, A.
Shaping the Tumor Stroma and Sparking Immune Activation by CD40 and 4-1BB Signaling Induced by an Armed Oncolytic
Virus. Clin. Cancer Res. 2017, 23, 5846–5857. [CrossRef] [PubMed]

86. Wenthe, J.; Naseri, S.; Hellström, A.C.; Wiklund, H.J.; Eriksson, E.; Loskog, A. Immunostimulatory oncolytic virotherapy for
multiple myeloma targeting 4-1BB and/or CD40. Cancer Gene Ther. 2020, 27, 948–959. [CrossRef]

87. Vijayakumar, G.; McCroskery, S.; Palese, P. Engineering Newcastle Disease Virus as an Oncolytic Vector for Intratumoral Delivery
of Immune Checkpoint Inhibitors and Immunocytokines. J. Virol. 2020, 94. [CrossRef]

88. Engeland, C.E.; Grossardt, C.; Veinalde, R.; Bossow, S.; Lutz, D.; Kaufmann, J.K.; Shevchenko, I.; Umansky, V.; Nettelbeck, D.M.;
Weichert, W.; et al. CTLA-4 and PD-L1 checkpoint blockade enhances oncolytic measles virus therapy. Mol. Ther. 2014, 22,
1949–1959. [CrossRef]

89. Zamarin, D.; Holmgaard, R.B.; Subudhi, S.K.; Park, J.S.; Mansour, M.; Palese, P.; Merghoub, T.; Wolchok, J.D.; Allison, J.P. Localized
oncolytic virotherapy overcomes systemic tumor resistance to immune checkpoint blockade immunotherapy. Sci. Transl. Med.
2014, 6, 226ra232. [CrossRef] [PubMed]

90. Newman, J.H.; Chesson, C.B.; Herzog, N.L.; Bommareddy, P.K.; Aspromonte, S.M.; Pepe, R.; Estupinian, R.; Aboelatta, M.M.;
Buddhadev, S.; Tarabichi, S.; et al. Intratumoral injection of the seasonal flu shot converts immunologically cold tumors to hot
and serves as an immunotherapy for cancer. Proc. Natl. Acad. Sci. USA 2020, 117, 1119–1128. [CrossRef] [PubMed]

91. Tian, C.; Liu, J.; Zhou, H.; Li, J.; Sun, C.; Zhu, W.; Yin, Y.; Li, X. Enhanced anti-tumor response elicited by a novel oncolytic HSV-1
engineered with an anti-PD-1 antibody. Cancer Lett. 2021, 518, 49–58. [CrossRef]

92. Guo, Z.S.; Lotze, M.T.; Zhu, Z.; Storkus, W.J.; Song, X.T. Bi- and Tri-Specific T Cell Engager-Armed Oncolytic Viruses: Next-
Generation Cancer Immunotherapy. Biomedicines 2020, 8, 204. [CrossRef]

93. Scott, E.M.; Jacobus, E.J.; Lyons, B.; Frost, S.; Freedman, J.D.; Dyer, A.; Khalique, H.; Taverner, W.K.; Carr, A.; Champion, B.R.; et al.
Bi- and tri-valent T cell engagers deplete tumour-associated macrophages in cancer patient samples. J. Immunother. Cancer 2019, 7,
320. [CrossRef]

94. Tong, Y.; You, L.; Liu, H.; Li, L.; Meng, H.; Qian, Q.; Qian, W. Potent antitumor activity of oncolytic adenovirus expressing Beclin-1
via induction of autophagic cell death in leukemia. Oncotarget 2013, 4, 860–874. [CrossRef] [PubMed]

95. Lei, W.; Wang, S.; Xu, N.; Chen, Y.; Wu, G.; Zhang, A.; Chen, X.; Tong, Y.; Qian, W. Enhancing therapeutic efficacy of oncolytic
vaccinia virus armed with Beclin-1, an autophagic Gene in leukemia and myeloma. Biomed. Pharmacother. 2020, 125, 110030.
[CrossRef]

96. Malfitano, A.M.; Di Somma, S.; Iannuzzi, C.A.; Pentimalli, F.; Portella, G. Virotherapy: From single agents to combinatorial
treatments. Biochem. Pharmacol. 2020, 177, 113986. [CrossRef] [PubMed]

97. Zhang, B.; Cheng, P. Improving antitumor efficacy via combinatorial regimens of oncolytic virotherapy. Mol. Cancer 2020, 19, 158.
[CrossRef]

98. Oh, C.M.; Chon, H.J.; Kim, C. Combination Immunotherapy Using Oncolytic Virus for the Treatment of Advanced Solid Tumors.
Int. J. Mol. Sci. 2020, 21, 7742. [CrossRef]

99. Chicas-Sett, R.; Zafra-Martin, J.; Morales-Orue, I.; Castilla-Martinez, J.; Berenguer-Frances, M.A.; Gonzalez-Rodriguez, E.;
Rodriguez-Abreu, D.; Couñago, F. Immunoradiotherapy as An Effective Therapeutic Strategy in Lung Cancer: From Palliative
Care to Curative Intent. Cancers 2020, 12, 2178. [CrossRef]

100. Waters, A.M.; Johnston, J.M.; Reddy, A.T.; Fiveash, J.; Madan-Swain, A.; Kachurak, K.; Bag, A.K.; Gillespie, G.Y.; Markert, J.M.;
Friedman, G.K. Rationale and Design of a Phase 1 Clinical Trial to Evaluate HSV G207 Alone or with a Single Radiation Dose
in Children with Progressive or Recurrent Malignant Supratentorial Brain Tumors. Hum. Gene Ther. Clin. Dev. 2017, 28, 7–16.
[CrossRef] [PubMed]

101. Mell, L.K.; Brumund, K.T.; Daniels, G.A.; Advani, S.J.; Zakeri, K.; Wright, M.E.; Onyeama, S.J.; Weisman, R.A.; Sanghvi, P.R.;
Martin, P.J.; et al. Phase I Trial of Intravenous Oncolytic Vaccinia Virus (GL-ONC1) with Cisplatin and Radiotherapy in Patients
with Locoregionally Advanced Head and Neck Carcinoma. Clin. Cancer Res. 2017, 23, 5696–5702. [CrossRef] [PubMed]

102. O’Cathail, S.M.; Pokrovska, T.D.; Maughan, T.S.; Fisher, K.D.; Seymour, L.W.; Hawkins, M.A. Combining Oncolytic Adenovirus
with Radiation-A Paradigm for the Future of Radiosensitization. Front. Oncol. 2017, 7, 153. [CrossRef] [PubMed]

103. Simbawa, E.; Al-Johani, N.; Al-Tuwairqi, S. Modeling the Spatiotemporal Dynamics of Oncolytic Viruses and Radiotherapy as a
Treatment for Cancer. Comput. Math. Methods Med. 2020, 2020, 3642654. [CrossRef] [PubMed]

104. Martinez-Velez, N.; Marigil, M.; García-Moure, M.; Gonzalez-Huarriz, M.; Aristu, J.J.; Ramos-García, L.I.; Tejada, S.; Díez-Valle, R.;
Patiño-García, A.; Becher, O.J.; et al. Delta-24-RGD combined with radiotherapy exerts a potent antitumor effect in diffuse
intrinsic pontine glioma and pediatric high grade glioma models. Acta Neuropathol. Commun. 2019, 7, 64. [CrossRef]

105. Udayakumar, T.S.; Betancourt, D.M.; Ahmad, A.; Tao, W.; Totiger, T.M.; Patel, M.; Marples, B.; Barber, G.; Pollack, A. Radiation
Attenuates Prostate Tumor Antiviral Responses to Vesicular Stomatitis Virus Containing IFNβ, Resulting in Pronounced
Antitumor Systemic Immune Responses. Mol. Cancer Res. 2020, 18, 1232–1243. [CrossRef]

106. Kellish, P.; Shabashvili, D.; Rahman, M.M.; Nawab, A.; Guijarro, M.V.; Zhang, M.; Cao, C.; Moussatche, N.; Boyle, T.;
Antonia, S.; et al. Oncolytic virotherapy for small-cell lung cancer induces immune infiltration and prolongs survival. J. Clin.
Investig. 2019, 129, 2279–2292. [CrossRef] [PubMed]

http://doi.org/10.1158/1078-0432.CCR-17-0285
http://www.ncbi.nlm.nih.gov/pubmed/28536305
http://doi.org/10.1038/s41417-020-0176-9
http://doi.org/10.1128/JVI.01677-19
http://doi.org/10.1038/mt.2014.160
http://doi.org/10.1126/scitranslmed.3008095
http://www.ncbi.nlm.nih.gov/pubmed/24598590
http://doi.org/10.1073/pnas.1904022116
http://www.ncbi.nlm.nih.gov/pubmed/31888983
http://doi.org/10.1016/j.canlet.2021.06.005
http://doi.org/10.3390/biomedicines8070204
http://doi.org/10.1186/s40425-019-0807-6
http://doi.org/10.18632/oncotarget.1018
http://www.ncbi.nlm.nih.gov/pubmed/23765161
http://doi.org/10.1016/j.biopha.2020.110030
http://doi.org/10.1016/j.bcp.2020.113986
http://www.ncbi.nlm.nih.gov/pubmed/32330494
http://doi.org/10.1186/s12943-020-01275-6
http://doi.org/10.3390/ijms21207743
http://doi.org/10.3390/cancers12082178
http://doi.org/10.1089/humc.2017.002
http://www.ncbi.nlm.nih.gov/pubmed/28319448
http://doi.org/10.1158/1078-0432.CCR-16-3232
http://www.ncbi.nlm.nih.gov/pubmed/28679776
http://doi.org/10.3389/fonc.2017.00153
http://www.ncbi.nlm.nih.gov/pubmed/28791251
http://doi.org/10.1155/2020/3642654
http://www.ncbi.nlm.nih.gov/pubmed/32411281
http://doi.org/10.1186/s40478-019-0714-6
http://doi.org/10.1158/1541-7786.MCR-19-0836
http://doi.org/10.1172/JCI121323
http://www.ncbi.nlm.nih.gov/pubmed/31033480


Cancers 2021, 13, 5452 17 of 17

107. Wennier, S.T.; Liu, J.; Li, S.; Rahman, M.M.; Mona, M.; McFadden, G. Myxoma virus sensitizes cancer cells to gemcitabine and
is an effective oncolytic virotherapeutic in models of disseminated pancreatic cancer. Mol. Ther. 2012, 20, 759–768. [CrossRef]
[PubMed]

108. Kim, J.; Hall, R.R.; Lesniak, M.S.; Ahmed, A.U. Stem Cell-Based Cell Carrier for Targeted Oncolytic Virotherapy: Translational
Opportunity and Open Questions. Viruses 2015, 7, 6200–6217. [CrossRef] [PubMed]

109. Roy, D.G.; Bell, J.C. Cell carriers for oncolytic viruses: Current challenges and future directions. Oncolytic Virotherapy 2013, 2,
47–56. [CrossRef]

110. Wang, X.; Yang, Y.; Wang, N.; Wu, X.; Xu, J.; Zhou, Y.; Zhao, X.; He, Z. Mesenchymal stem cell carriers enhance antitumor efficacy
induced by oncolytic reovirus in acute myeloid leukemia. Int. Immunopharmacol. 2021, 94, 107437. [CrossRef]

111. Hammad, M.; Cornejo, Y.R.; Batalla-Covello, J.; Majid, A.A.; Burke, C.; Liu, Z.; Yuan, Y.C.; Li, M.; Dellinger, T.H.; Lu, J.; et al.
Neural Stem Cells Improve the Delivery of Oncolytic Chimeric Orthopoxvirus in a Metastatic Ovarian Cancer Model. Mol. Ther.
Oncolytics 2020, 18, 326–334. [CrossRef] [PubMed]

112. Cornejo, Y.; Li, M.; Dellinger, T.H.; Mooney, R.; Rahman, M.M.; McFadden, G.; Aboody, K.S.; Hammad, M. NSCs are permissive
to oncolytic Myxoma virus and provide a delivery method for targeted ovarian cancer therapy. Oncotarget 2020, 11, 4693–4698.
[CrossRef]

113. Mooney, R.; Majid, A.A.; Batalla-Covello, J.; Machado, D.; Liu, X.; Gonzaga, J.; Tirughana, R.; Hammad, M.; Lesniak, M.S.;
Curiel, D.T.; et al. Enhanced Delivery of Oncolytic Adenovirus by Neural Stem Cells for Treatment of Metastatic Ovarian Cancer.
Mol. Ther. Oncolytics 2019, 12, 79–92. [CrossRef]

114. Hwang, J.K.; Hong, J.; Yun, C.O. Oncolytic Viruses and Immune Checkpoint Inhibitors: Preclinical Developments to Clinical
Trials. Int. J. Mol. Sci. 2020, 21, 8627. [CrossRef] [PubMed]

115. Malogolovkin, A.; Gasanov, N.; Egorov, A.; Weener, M.; Ivanov, R.; Karabelsky, A. Combinatorial Approaches for Cancer
Treatment Using Oncolytic Viruses: Projecting the Perspectives through Clinical Trials Outcomes. Viruses 2021, 13, 1271.
[CrossRef]

116. Zhang, Y.; Li, Y.; Chen, K.; Qian, L.; Wang, P. Oncolytic virotherapy reverses the immunosuppressive tumor microenvironment
and its potential in combination with immunotherapy. Cancer Cell Int. 2021, 21, 262. [CrossRef]

117. LaRocca, C.J.; Warner, S.G. Oncolytic viruses and checkpoint inhibitors: Combination therapy in clinical trials. Clin. Transl. Med.
2018, 7, 35. [CrossRef] [PubMed]

118. Kim, S.I.; Park, A.K.; Chaurasiya, S.; Kang, S.; Lu, J.; Yang, A.; Sivanandam, V.; Zhang, Z.; Woo, Y.; Priceman, S.J.; et al.
Recombinant Orthopoxvirus Primes Colon Cancer for Checkpoint Inhibitor and Cross-Primes T Cells for Antitumor and Antiviral
Immunity. Mol. Cancer Ther. 2021, 20, 173–182. [CrossRef]

119. Nair, S.; Mazzoccoli, L.; Jash, A.; Govero, J.; Bais, S.S.; Hu, T.; Fontes-Garfias, C.R.; Shan, C.; Okada, H.; Shresta, S.; et al. Zika virus
oncolytic activity requires CD8+ T cells and is boosted by immune checkpoint blockade. JCI Insight 2021, 6, e144619. [CrossRef]
[PubMed]

120. Havunen, R.; Kalliokoski, R.; Siurala, M.; Sorsa, S.; Santos, J.M.; Cervera-Carrascon, V.; Anttila, M.; Hemminki, A. Cytokine-
Coding Oncolytic Adenovirus TILT-123 Is Safe, Selective, and Effective as a Single Agent and in Combination with Immune
Checkpoint Inhibitor Anti-PD-1. Cells 2021, 10, 246. [CrossRef]

121. Haines, B.B.; Denslow, A.; Grzesik, P.; Lee, J.S.; Farkaly, T.; Hewett, J.; Wambua, D.; Kong, L.; Behera, P.; Jacques, J.; et al.
ONCR-177, an Oncolytic HSV-1 Designed to Potently Activate Systemic Antitumor Immunity. Cancer Immunol. Res. 2021, 9,
291–308. [CrossRef] [PubMed]

122. Christie, J.D.; Appel, N.; Canter, H.; Achi, J.G.; Elliott, N.M.; de Matos, A.L.; Franco, L.; Kilbourne, J.; Lowe, K.;
Rahman, M.M.; et al. Systemic delivery of TNF-armed myxoma virus plus immune checkpoint inhibitor eliminates lung
metastatic mouse osteosarcoma. Mol. Ther. Oncolytics 2021, 22, 539–554. [CrossRef]

123. Huang, J.; Zheng, M.; Zhang, Z.; Tang, X.; Chen, Y.; Peng, A.; Peng, X.; Tong, A.; Zhou, L. Interleukin-7-loaded oncolytic
adenovirus improves CAR-T cell therapy for glioblastoma. Cancer Immunol. Immunother. 2021, 70, 2453–2465. [CrossRef]
[PubMed]

124. Porter, C.E.; Rosewell Shaw, A.; Jung, Y.; Yip, T.; Castro, P.D.; Sandulache, V.C.; Sikora, A.; Gottschalk, S.; Ittman, M.M.; Brenner,
M.K.; et al. Oncolytic Adenovirus Armed with BiTE, Cytokine, and Checkpoint Inhibitor Enables CAR T Cells to Control the
Growth of Heterogeneous Tumors. Mol. Ther. 2020, 28, 1251–1262. [CrossRef] [PubMed]

http://doi.org/10.1038/mt.2011.293
http://www.ncbi.nlm.nih.gov/pubmed/22233582
http://doi.org/10.3390/v7122921
http://www.ncbi.nlm.nih.gov/pubmed/26633462
http://doi.org/10.2147/ov.S36623
http://doi.org/10.1016/j.intimp.2021.107437
http://doi.org/10.1016/j.omto.2020.07.002
http://www.ncbi.nlm.nih.gov/pubmed/32775617
http://doi.org/10.18632/oncotarget.27845
http://doi.org/10.1016/j.omto.2018.12.003
http://doi.org/10.3390/ijms21228627
http://www.ncbi.nlm.nih.gov/pubmed/33207653
http://doi.org/10.3390/v13071271
http://doi.org/10.1186/s12935-021-01972-2
http://doi.org/10.1186/s40169-018-0214-5
http://www.ncbi.nlm.nih.gov/pubmed/30426287
http://doi.org/10.1158/1535-7163.MCT-20-0405
http://doi.org/10.1172/jci.insight.144619
http://www.ncbi.nlm.nih.gov/pubmed/33232299
http://doi.org/10.3390/cells10020246
http://doi.org/10.1158/2326-6066.CIR-20-0609
http://www.ncbi.nlm.nih.gov/pubmed/33355229
http://doi.org/10.1016/j.omto.2021.07.014
http://doi.org/10.1007/s00262-021-02856-0
http://www.ncbi.nlm.nih.gov/pubmed/33543339
http://doi.org/10.1016/j.ymthe.2020.02.016
http://www.ncbi.nlm.nih.gov/pubmed/32145203

	Oncolytic Virus: Multi-Mechanistic Cancer Therapeutics 
	Oncolytic Virus: Brief Background and History 
	Types of Viruses in Use/Development as Oncolytic Therapeutics 

	Mechanisms of Cancer Cell Tropism of OVs 
	Overexpression of Receptor Molecules on the Cancer Cell Surface 
	Alteration in Intracellular Signaling Pathways 
	Altered Metabolism of Cancer Cells 

	Mechanisms of Antitumor Effects Mediated by OVs 
	Challenges/Limitations with OV to Become Successful as Monotherapy 
	Engineered Oncolytic Viruses 
	Combination Therapy with Oncolytic Virus 
	Combination with Traditional Radiotherapy and Chemotherapy 
	Systemic Delivery of OV via Carrier Cells 
	Combination with Immune Checkpoint Inhibitors (ICIs) 
	Combination with Cell Therapy 

	Conclusions 
	References

