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Abstract: Gastric cancer (GC) is a significant health concern worldwide, with a GLOBOCAN estimate
of 1.08 million novel cases in 2020. It is the leading cause of disability-adjusted life years lost to
cancer, with the fourth most common cancer in males and the fifth most common cancer in females.
Strategies are pursued across the globe to prevent gastric cancer progression as a significant fraction
of gastric cancers have been linked to various pathogenic (bacterial and viral) infections. Early
diagnosis (in Asian countries), and non-invasive and surgical treatments have helped manage this
disease with 5-year survival for stage IA and IB tumors ranging between 60% and 80%. However, the
most prevalent aggressive stage III gastric tumors undergoing surgery have a lower 5-year survival
rate between 18% and 50%. These figures point to a need for more efficient diagnostic and treatment
strategies, for which the oncolytic viruses (OVs) appear to have some promise. OVs form a new
therapeutic agent class that induces anti-tumor immune responses by selectively killing tumor cells
and inducing systemic anti-tumor immunity. On the contrary, several oncogenic viruses have been
shown to play significant roles in malignancy progression in the case of gastric cancer. Therefore, this
review evaluates the current state of research and advances in understanding the dual role of viruses
in gastric cancer.
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1. Introduction

The global burden of gastric cancer remains high. It is responsible for over 769,000 deaths
(equating to 1 in every 13 deaths globally), ranking fifth for incidence and fourth for mor-
tality globally [1]. Gastric carcinogenesis is a complex, multifaceted process primarily
attributed to prolonged contact with pathogens; thus, the World Health Organization
(WHO) describes gastric cancer as predominantly an infection-related malignancy. There-
fore, an early diagnosis and preventative measures are imperative in managing gastric
malignancy initiation in high-risk populations. Broadly, gastric cancer has two manifes-
tations based on anatomical sites; cardia, limited to the upper stomach, and non-cardia,
predominant in the mid to lower stomach [2]. These anatomically limited gastric cancer
presentations differ in the risk factors, carcinogenesis, and epidemiologic patterns. The
cardia gastric cancers are predominantly related to gastroesophageal reflux disease (GERD),
resembling characteristics of esophageal adenocarcinoma (EAC) [3].

On the contrary, the non-cardia gastric cancers are attributed to the chronic mucosal
inflammation caused by sustained infection, including but not limited to the bacterium,
Helicobacter pylori (HP) [4], and onco-viruses such as Epstein—Barr virus (EBV), and hep-
atitis B virus (HBV). A meta-analysis in 2020 demonstrated gastric cancer patients with a
significantly higher viral load of hepatitis C virus (HCV), human cytomegalovirus (HCMYV),
and human papillomavirus (HPV). However, the underlying causal relationship between
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infection of HBV, HCMYV, HPYV, and the risk of GC remained inconclusive [5]. Besides
pathogenic infections, there are various risk factors for non-cardia gastric cancer, including
alcohol consumption, tobacco smoking, saline-preserved foods, radiation exposure, seden-
tary lifestyles, obesity, and dietary adulterants [6]. On the flipside, OVs target and lyse the
tumor cells while sparing the healthy cells [7]. Their mechanisms are multi-dimensional;
they kill the tumor-supporting cells in the tumor microenvironment and expose the tumor-
associated antigens with an antitumor immune response [7,8].

1.1. Gastric Cancers and Onco-Viruses

Viruses are pro-oncogenic and cause cancer in around one-tenth of the cases [9], such
as; EBV (239,700-357,900 registered cases), HPV, associated with 85% of invasive cervical
cancers, (ICC), HCV and HCB (associated nearly 20% hepatocellular carcinoma (HCC)
cases in the west, and 60% HCC cases in Asia/Africa), reported as the most prevalent and
frequently associated oncogenic viral pathogen [7,9].

Onco-viruses have evolved alongside their hosts and are not necessarily pathogenic [10].
They chronically persist at several human body sites by producing undetectable replicates
of themselves. Therefore, evolutionarily the onco-viruses alone are not a driving factor
to cause cancer so long as the host controls the operations [11]. The oncogenic potential
of viruses is triggered by additional risk factors from the neighboring environment or
the living host [11]. The onco-viruses also hijack the host’s “DNA methylation” system
to camouflage an invasion, and the infection remains undetectable by the host’s methyl
marker surveillance system [12,13]. Upon infecting the host, the viral DNA chromatinize
and subtly maintains its DNA either; as a viral DNA insert into the host cell genome or
independently, as an episome, a circular double-stranded DNA [14].

Virus-mediated tumorigenesis is a complex, multifactorial process. In addition to
a viral entry, genetic and epigenetic changes transform normal, healthy cells into ab-
normal, tumor-producing cells, leading to aberrant cell signaling pathways favoring
immortality [15-17]. The characteristic mutations determine the cellular interactions with
the immediate microenvironment [15]. The viral oncogenesis is mediated by; the trans-
lation of viral oncoproteins such as E6, HPV, and E7 in the host cells that modify the
host cellular interactome and transcriptome, and by the introduction of genetic mutations
in the host cells that cause immune suppression in the tumor microenvironment (TME),
inaccuracy in DNA repair, resistance to apoptosis, and the inactivation of host tumor
suppressors [12,18-20].

In normal cells, pathogenic viral particles are detected and cleared by various signaling
pathways stimulated through TLRs or by local interferon (IFN) release. The TLRs are
pattern recognition receptors stimulated in response to repeated sequences unique to
bacteria and viruses, such as pathogen-associated molecular patterns (PAMPs). The TLR
pathway stimulates antiviral responses in host cells and promotes innate immunity through
the downstream cellular factors such as TNF-associated factor 3 (TRAF3), IFN-related factor
3 (IRF3), IRF7, and retinoic acid-inducible gene 1 (RIG-1). These factors reinforce antiviral
machinery through Janus kinase-signal transducer and activator of transcription (JAK-
STAT) pathway resulting in local IFN release, which activates a protein kinase, protein
kinase R (PKR) [21,22]. The viral activation of PKR terminates cell protein synthesis and
promotes rapid cell death and viral clearance.

On the other hand, the cancer cells have a defective IFN pathway signaling and PKR
activity, which interferes with viral clearance. Many viruses can also modulate signaling
pathways such as WNT—catenin, Notch, Pi-3K-AKT, MAPK, -mTOR, and NK-B within
tumor cells, preventing apoptosis and allowing the virus to complete its life cycle [19,20].

1.2. Epstein—Barr Virus Associated Gastric Cancer

EBV is a gamma herpes virus with a linear double-stranded DNA core enveloped by
an icosahedral nucleocapsid and a tegument that infects either a stomach epithelial cell or a
B lymphocyte cell. EBV infects more than 90% of the population worldwide and maintains
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a life-long latent phase of gene expression with intermittent lytic phases [23]. Most EBV
genes are expressed during the lytic phase to facilitate genome replication, assembly, and
production of viral particles [24]. Latent infection, however, minimizes the gene expression
of latent proteins; (EBV-determined nuclear antigen 1 (EBNA1), 2, 3A, 3B, 3C, and EBNA-
LP; latent membrane protein 1 (LMP1) and LMP2), noncoding RNA (EBER1 and EBER?2),
and viral miRNAs (BHRF1-miRNA and BART-miRNA), while simultaneously perpetuating
the infection in the form of extrachromosomal circular DNA called episomes [25]. These
episomes replicate alongside the host chromosomes within a small number of circulating
host cells [24,26]. Several memory B-cells harbor a persistent life-long latent infection that
can differentiate into plasma cells and re-enter the lytic EBV gene expression profile [27].

The EBV was the first virus associated with carcinogenesis and was identified from
Burkitt’s lymphoma cell line in 1964 [24,26]. As a result, it has been extensively investigated
in regard to different types of human cancers, including Hodgkin’s lymphoma, diffuse large
B-cell lymphoma, and Burkitt’s lymphoma in immunocompromised individuals [28-30],
oral hairy leukoplakia, CNS lymphoma, non-Hodgkin lymphoma, and lymphoprolifer-
ative disorders in immunocompromised hosts [31]. Some investigations also show the
presence of EBV virus in lymph epigastric adenocarcinomas [32], lymphoepithelioma-
like gastric carcinoma with a prominent lymphocytic stroma [33], and lymphoepigastric
adenocarcinomas [32].

EBV-associated gastric carcinoma (EBVaGC) is a distinctive subset with 10 % ac-
countability of all gastric malignancies [33,34]. Recent genome-wide molecular analysis
conducted by ‘The Cancer Genome Atlas (TCGA)" network suggests that EBV-associated
gastric carcinoma forms a predominant class of gastric cancers and implicates that genetic
and epigenetic alterations contribute to EBV progression associated gastric carcinogen-
esis [35]. A distinctive feature of the EBV-positive gastric carcinoma class is extensive
hypermethylation of both promoter and non-promoter CPG islands [35-37]. It specifically
hypermethylates the promoter of the CDKN2A gene but demethylates the MLH1, which is
predominantly methylated in different subtypes of gastric cancers [35,38,39]. The extensive
hypermethylation drive of both host and viral genome provides an apparatus for the virus
to manipulate and control the fundamental cellular processes that promote viral persistence
and propagation, as shown in Figure 1 [37,40-44].
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Figure 1. Gastric carcinoma associated with Epstein—Barr virus infection. (A) Gastritis stage: latent
EBV DNA is recruited to the stomach mucosa, infecting epithelial cells. (B) Infection stage: A latent
infection is established in the nucleus of the epithelial cell by EBV. The DNA methylation machinery
is activated, turning infected cells into clones. (C) Carcinoma stage: the virus uses cellular machinery
to manipulate cells and the microenvironment while counteracting the host immune system using
exosomes. To evade the host immune system, cancer cells express PD-L1 and recruit PD-L1-positive
immune cells.

TCGA analysis establishes that EBVaGC offers standard molecular GC features with
a mutation in PIK3CA, amplification of JAK2, PD-L1 and PD-L2, ARID1A, and mutation
in the BCOR gene [35]. Micro RNAs facilitate the malignant transformation of epithelial
cells in EBV infection. EBV is known to encode its microRNA targeted against the genes
controlling cellular processes such as apoptosis and simultaneously may alter the expression
profile of host cellular micro-RNA.

1.3. Hepatitis B Virus and Gastric Cancers

HBV is a hepatotropic DNA virus that preferably infects hepatic cells and is esti-
mated to cause chronic infection in 256 million cases worldwide. The infection with
the HBV virus accounts for approximately 50% of hepatocellular carcinoma (HCC) cases
worldwide [45,46]. However, increasing evidence suggests the involvement of HBV in
the progression of extrahepatic carcinomas such as pancreatic cancers [47], colorectal can-
cers [48], and gastric carcinoma [49]. Oncogenic hepatitis B virus X protein (HBX) plays a
central role in the progression of HBV-mediated hepatocellular carcinomas; however, in
2019, researchers found that HBX protein was also significantly higher in gastric carcinoma
cells than in normal specimens [50]. In addition, hepatitis B viral proteins and genetic
elements have been detected in non-hepatic tissues, suggesting that extrahepatic HBV
infection might be sustained [50-52]. The underlying mechanism of gastric carcinogenesis
through HBV infection remains elusive. However, co-morbidities such as chronic inflam-
mation, systemic immune function override, liver cirrhosis, and direct impact of oncogenic
HBYV proteins in gastric cells may have a role to play [53,54].

Numerous independent investigations have established a link between gastric cancer
and HBV infection by identifying HBV surface antigen on the gastric carcinoma cells over
the last several years [50-52,55,56]. In 2015, a study confirmed the presence of the HBsAg
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serological antigen in gastric cancer patients [57]. The HBsAg antigen tested significantly
among patients without any previous or positive family history of cancer (95 percent CI):
(1.06-2.11). However, the most recent research, published in 2019, confirmed the link
between HBV and gastric carcinoma [51]. The study investigated the association between
HBYV and gastric cancer in patients with and without H. pylori infection. According to
the data, the HBsAg antigen was discovered in 83 (11.4%) of 728 patients, whereas the H.
pylori infection was found in 408 (56%) individuals. In 69 patients, co-infection of H. pylori
and HBV was detected (9.5 percent) [51]. Moreover, H. pylori infection was discovered
substantially more often in individuals who tested positive for HBsAg than those who
tested negative (p = 0.029) [51]. None of the patients infected with H. pylori and HBV had
normal stomach tissue. This study confirms that HBV infection may be associated with the
progression of precancerous lesions; however, it is possibly not sufficient to initiate gastric
cancer. The hypothesis was supported by evidence that a combined HBV and H. pylori
infection was found in many gastric cancer patients who died of the ailment [51]. Chronic
inflammation may cause persistent transformations of the gastric epithelium, immune
dysregulation, genetic instability, and epigenetic changes. HBsAg is an independent risk
factor for liver cirrhosis [52], whereas cirrhosis is a risk factor for GC. Liver cirrhosis may
cause hypoxia, a risk factor [55] for GC, and a poor prognosis for patients with GC.

1.4. Oncolytic Viruses

The OVs recognize, infect, and lyse the tumor cells, thereby reducing their burden [58].
The OVs such as H1 autonomous replication viruses are naturally tropic to tumor cells [58].
However, oncotherapy utilizes genetically engineered OVs to replicate in the tumor cells
selectively [58-64]. The tumor microenvironment is linked intimately to the tumor core con-
sisting of necrotic cells, hypoxic oxygenation levels, and acidic pH levels, primarily due to
a limited vasculature. Furthermore, the immune system in this environment is abnormally
regulated. In such conditions, tumorigenic cells survive with little to no immunological
interference [65,66]. T-cell signals are blocked, and an immunologically privileged site of
tumor proliferation results from the combination of neo-antigens, cytokines (e.g., TGFf),
and specialized regulatory cells (e.g., T-regs) within the TME [66-68]. The engineered OVs
exhibit several mechanisms that direct the infected host cells to a lytic phase, leading to
the apoptosis of the host’s tumor cell [7]. The lysis releases antigens into the surround-
ing tumor microenvironment that activate the host’s immune system and results in an
antitumor/anti-viral response [69]. Therefore, OVs modify the tumor microenvironment
from an unrecognizable to an antigenic state. It enables the host immune system to iden-
tify the abnormal cells that otherwise remain hidden and maintain a state of anticancer
immunity [8,21].

2. General Mechanism

OVs exert their antitumor effect through; (a) the selective replication within the
cancer cells that causes direct cell lysis within the TME and (b) through the induction of
systemic immunity against tumors, later likely the most effective strategy [70-72]. The
effectiveness of oncolysis depends on various factors, including the virus type, the dose,
characteristics of the viral vector, natural and engineered tropism of the virus, and the
interactions between the virus and tumor microenvironment. To maximize the specificity,
the OVs are engineered to target cancer-specific molecular patterns such as; upregulated
surface markers, [58,73-75], transcription factors [76-78], cancer-specific promotors, and
intermediary metabolites [79,80]. Genetically engineered OVs that contain pro-apoptotic
genes also called suicide gene elements such as TNF-related apoptosis-inducing ligand,
TRAIL; TNFw; cytosine deaminase (CD); and adenovirus death protein, ADP), as a part of
the molecular construct efficiently kill a cancer cell [69,81-86]. In several preclinical models,
cancer cells specifically induced the expression of suicide genes using tumor-enriched or
tissue-specific promoters to limit the side effects and improve therapeutic outcomes such
as Ad-OC-HSV-TK driven by osteocalcin promoter [87].
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Secondly, the OVs induce the systemic innate tumor-specific immunity by counter-
acting the cancer-mediated immune evasion. Oncolytic cancer cell death releases tumor-
associated antigens also called neo-antigens, that stimulate an adaptive immune response
in the tumor microenvironment. Viral molecules such as genetic elements and capsid
proteins compose the pathogen-associated molecular patterns (PAMPs), and heat shock
proteins, high mobility group box 1 (HMGB1) protein, calreticulin, ATP, and uric acid that
compose cellular danger-associated molecular pattern signals (DAMPs) are released in
the tumor microenvironment [88,89]. With the presence of danger signals (DAMP) and
TLRs engagement, type I IFN levels and other inflammatory mediator levels increase,
further augmenting the immune response against cancer. Thereby, cytokines such as type
I IFNs, tumor necrosis factor-o (TNF«), IFNy, and interleukin-12 (IL-12), maintain the
inflamed environment around the site of antigen recognition by promoting the maturation
of antigen-presenting cells (APCs) such as dendritic cells as shown in Figure 2 [90-92].
TNF-alpha stimulates tumor cell death through its antiangiogenic effects that destroy blood
vessels supplying to the tumor [93]. These activate antigen-specific CD4+ and CD8+ T cell
responses, which differentiate into cytotoxic effector cells capable of locating tumor sites,
where they mediate antitumor immunity [94]. As part of the innate immune response, type
I IFNs and DAMPs activate natural killer (NK) cells. The NK cells kill cancer cells with
downregulated major histocompatibility complex (MHC) class I expression [95,96].
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Figure 2. Oncolytic virus mechanism of action. Initial administration of OVs can occur intravenously,
subcutaneously, intraperitoneally, and intrathecally. A combination of natural tropism and genetic
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targeting prefers the entrance of OVs into tumor cells. Later, these viruses start recognizing tumor
cells and infect host cells via connection by different receptors and substances present in the tumor
environment. After this point, viral replication starts using the cellular machinery, leading to the
formation of viral proteins, a reduction in functioning of cell, state of oxidative stress, and initiation
of pathways associated with autophagy. viruses are enclosed by APCs that form endosomal vesicles
which attach with lysosomes to digest them into smaller particles inside the cell. A favorable
environment results from expressing the class 2 proteins of the major histocompatibility complex
on the surface of infected cells, which further stimulates and activates T cells, involves cytokine
production, and directs action on the infected cells. Through viral action and immune response,
tumor cells are destroyed, releasing the virus progeny inside the host. This enables the virus to
infect other tumor cells and combat the tumor. Finally, a new type of inflammatory response can be
triggered by cell death, as it expresses tumor antigens that can be detected by the immune system, in
turn targeting the surrounding tumor and metastatic sites.

3. Clinical Implication of Oncolytic Viruses in Gastric Cancer
3.1. Herpes Simplex Virus

The herpes simplex virus-1 (HSV-1) is a double-stranded DNA virus that belongs
to the alpha-herpesviruses subfamily [97,98]. The Food and Drug Administration (FDA)
approved a non-pathogenic strain of HSV-1, Talimogene Laherparepvec (T-Vec), to treat
metastatic melanoma [99,100]. The most studied oncolytic virus, T-VEC, was engineered
by inserting GM-CSF in place of v34.5 and ICP47 to inhibit the neurovirulence factors
and initiate the viral replication and immunogenicity [101,102]. Upon introduction at the
tumor site, these viruses aim to directly target the tumor by infecting the host tumor cells,
replicating within the host, and consequently leading to the lysis of the infected tumor
cell [103]. The release of tumor neo-antigens into the surrounding milieu stimulates the
immune system and promotes a heightened inflammatory response [103]. Additionally,
in vitro analysis of two second-generation genetically modified oncolytic herpes simplex
viruses, NV1020 and G207, demonstrate an oncolytic effect on gastric cancer cells [104].
Applying a mouse xenograft model of peritoneally disseminated gastric cancer indicated
NV1020 was more efficient than G207 at lower viral doses. However, it required an in-
traperitoneal treatment of the oncolytic virus for a positive impact [104]. Moreover, a
combinatorial administration of G207 with mitomycin C (MMC) demonstrated consid-
erable synergism against the gastric cancer cells [104]. The third generation of oncolytic
HSV-1, G474, is considered a novel and attractive therapeutic approach for solid tumors.
In vitro administration of G47* had a satisfactory proliferative and cytotoxic impact on
several human GC cell lines studied. Additionally, intratumorally administration of G47*
resulted in an increase in the expression of the immunostimulatory molecule (soluble CD80)
and IL-12 and enhanced M1 macrophages polarization and infiltration in vivo, which in-
hibited the growth of subcutaneous tumors. G47* treatment was also associated with an
increase in cytotoxic NK cells [105]. Oncolytic HSV can be enhanced by producing an HSV
expressing TSP-1, along with anti-angiogenic effects on tumor cells. In vitro and in vivo
studies were conducted with a third-generation oncological HSV (T-TSP-1) expressing
human TSP-1 [106]. In vivo administration of TSP-1 resulted in oncolysis in addition to the
inhibition of angiogenesis by suppressing the TGF-* signaling pathway [106]. Researchers
demonstrated enhanced cytotoxicity in MKN45, MKN28, and MKN1 cells in vitro when
using fourth-generation oncolytic HSVs that contain the ICP6 gene regulated by the hTERT
promoter. These findings indicate that the use of therapeutic HSVs with the ICP6 gene
under the control of the hTERT promoter may be beneficial and effective for the treatment
of GC [107]. The results from a third-generation HSV oncolytic suppressor of cytokine
signaling 3 (SOCS3) showed an increase in proliferation and tumor cell lysis properties for
the MKNT1 cell line as well as in human GC specimens [108].
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3.2. Virus of Vesicular Stomatitis

Vesicular stomatitis virus (VSV) belongs to a Rhabdoviridae family that replicates
and triggers apoptosis in various cell types, including cancer cells. However, VSVs show
anti-cancerous function in gastric cancer [109]. The VSV matrix protein (MP) expression in
gastric carcinoma cell line MKN28 triggered apoptosis and limited its proliferation [109].

3.3. Virus Vaccinia

The enveloped double-stranded DNA Vaccinia virus of the Poxviridae family [110]
may be a promising candidate for gastric carcinoma therapy for which clinical trials (phase
I and IT) have been completed (NCT01443260). The bulk of Vaccinia virus (VV) particles
are mature intracellular virions produced from a single lipid bilayer envelope that remains
confined chiefly within the infected cell until lysis [111]. The other two infectious species,
cell-associated enveloped viruses (CAEV) and extracellular enveloped viruses (EEV) con-
tain an additional lipid bilayer and bud out from the host cell without lysing it [112]. The
vaccinia virus can absorb enormous quantities of foreign DNA while maintaining high
safety and replication efficiency in humans [64]. GLV-1 h153, a genetically altered vaccinia
virus that carries the human sodium iodide symporter (hNIS) gene, is explored as a po-
tentially novel treatment for GC. The GLV-1 j153 has shown a promising oncolytic effect
with over 90% cytotoxicity in five human gastric cancer lines [64]. The cytotoxicity may be
enhanced by combined therapy of radioiodine and GLV-1 h153; however, it remains to be
investigated further [64].

4. Conclusions

OVs evolve as a way of bypassing the immune evasion mechanisms of the tumor,
proposing to amend the clinical manifestation of patients by stimulating the host immune
system or by the direct lysis of tumor cells. The present-day genetic engineering techniques
have provided ways to improve the production of safe and efficient OVs, targeting the
virus to the tumor, and decreasing the adverse effects of their use. Oncolytic virotherapy
is unquestionably one of the options as some viruses such as HSV, VSV, and VV possess
oncolytic properties; these viruses seem a better option in cases where radiotherapy, and
chemotherapy fails. Furthermore, it is possible to observe significant effects of the clinical
use of OVs, whether in single or combination therapy, to treat tumors. This review evaluates
the current state of research and advances in deepening our knowledge of the dual roles of
viruses in gastric cancer. The underlying mechanism of these viruses in disease progression
and treatment in gastric cancer is still debatable and needs further research. However,
oncolytic virotherapy is gaining much attention as one of the possible treatment options for
gastric cancer.
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Abbreviations
GC Gastric cancer
OVs Oncolytic viruses

WHO World Health Organization
GERD Gastroesophageal reflux disease

EAC Esophageal adenocarcinoma

HP Helicobacter pylori

EBV Epstein—Barr virus

HCV Hepatitis C virus

HCMV Human Cytomegalovirus

HPV Human papillomavirus

HCC Hepatocellular carcinoma

PAMPs Pathogen-associated molecular patterns
TRAF3 TNF associated factor 3

RIG-1 Retinoic acid-inducible gene 1

JAK-SAT Janus kinase-signal transducer and activator of transcription
PKR Protein kinase R

LMP1 Latent membrane protein 1

EBVaGC  EBV-associated gastric carcinoma
TCGA The Cancer Genome Atlas

CD Cytosine deaminase
ADP Adenovirus death protein
PAMPs Pathogen-associated molecular patterns

HMGB1  High mobility group box 1
DAMPs  Danger-associated molecular pattern signals

APCs Antigen-presenting cells
TNFax Tumor necrosis factor-o
APCs Antigen-presenting cells
MHC Major histocompatibility complex
HSV-1 Herpes simplex virus-1
FDA Food and Drug Administration
T-Vec Talimogene Laherparepvec
MMC Mitomycin C
VSV Vesicular stomatitis virus
\AY% Vaccinia virus
CAEV Cell-associated enveloped viruses
EEV Extracellular enveloped viruses
References
1. Sung, H.; Ferlay, J.; Siegel, R.L.; Laversanne, M.; Soerjomataram, I.; Jemal, A.; Bray, F. Global Cancer Statistics 2020: GLOBOCAN

Estimates of Incidence and Mortality Worldwide for 36 Cancers in 185 Countries. CA Cancer |. Clin. 2021, 71, 209-249. [CrossRef]
[PubMed]

Mukaisho, K.-I.; Nakayama, T.; Hagiwara, T.; Hattori, T.; Sugihara, H. Two distinct etiologies of gastric cardia adenocarcinoma:
Interactions among pH, Helicobacter pylori, and bile acids. Front. Microbiol. 2015, 6, 412. [CrossRef] [PubMed]

Ye, W.; Chow, W.-H.; Lagergren, J.; Yin, L.; Nyrén, O. Risk of adenocarcinomas of the esophagus and gastric cardia in patients
with gastroesophageal reflux diseases and after antireflux surgery. Gastroenterology 2001, 121, 1286-1293. [CrossRef] [PubMed]
Plummer, M.; Franceschi, S.; Vignat, J.; Forman, D.; de Martel, C. Global Burden of Gastric Cancer Attributable to Helicobacter
Pylori. Int. ]. Cancer 2015, 136, 487—490. [CrossRef] [PubMed]

Wang, H.; Chen, X.-L.; Liu, K.; Bai, D.; Zhang, W.-H.; Chen, X.-Z.; Hu, J.-K.; on behalf of the SIGES research group. Associations
Between Gastric Cancer Risk and Virus Infection Other Than Epstein-Barr Virus: A Systematic Review and Meta-analysis Based
on Epidemiological Studies. Clin. Transl. Gastroenterol. 2020, 11, e00201. [CrossRef] [PubMed]

The World Cancer Research Fund (WCRF World Cancer Research Fund/American Institute for Cancer Research). Diet, Nutrition,
Physical Activity and Cancer: A Global Perspective. Continuous Update Project Expert Report 2018. Available online: https:
/ /www.wecrf.org/wp-content/uploads/2021/02 /Summary-of-Third-Expert-Report-2018.pdf (accessed on 20 February 2022).
Lichty, B.D.; Breitbach, C.J.; Stojdl, D.E; Bell, J.C. Going viral with cancer immunotherapy. Nat. Cancer 2014, 14, 559-567.
[CrossRef]


http://doi.org/10.3322/caac.21660
http://www.ncbi.nlm.nih.gov/pubmed/33538338
http://doi.org/10.3389/fmicb.2015.00412
http://www.ncbi.nlm.nih.gov/pubmed/26029176
http://doi.org/10.1053/gast.2001.29569
http://www.ncbi.nlm.nih.gov/pubmed/11729107
http://doi.org/10.1002/ijc.28999
http://www.ncbi.nlm.nih.gov/pubmed/24889903
http://doi.org/10.14309/ctg.0000000000000201
http://www.ncbi.nlm.nih.gov/pubmed/32764207
https://www.wcrf.org/wp-content/uploads/2021/02/Summary-of-Third-Expert-Report-2018.pdf
https://www.wcrf.org/wp-content/uploads/2021/02/Summary-of-Third-Expert-Report-2018.pdf
http://doi.org/10.1038/nrc3770

Vaccines 2022, 10, 600 10 of 13

10.
11.
12.
13.
14.
15.
16.
17.
18.

19.
20.

21.

22.

23.

24.

25.

26.
27.

28.
29.

30.
31.
32.
33.

34.

35.

36.
37.

38.

39.

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]

Zapatka, M.; Pathogens, P,; Borozan, I.; Brewer, D.S,; Iskar, M.; Grundhoff, A.; Alawi, M.; Desai, N.; Stiltmann, H.; Moch, H.; et al.
The landscape of viral associations in human cancers. Nat. Genet. 2020, 52, 320-330. [CrossRef]

Rascovan, N.; Duraisamy, R.; Desnues, C. Metagenomics and the Human Virome in Asymptomatic Individuals. Annu. Rev.
Microbiol. 2016, 70, 125-141. [CrossRef]

Liang, G.; Bushman, ED. The human virome: Assembly, composition and host interactions. Nat. Rev. Genet. 2021, 19, 514-527.
[CrossRef]

Kuss-Duerkop, S.K.; Westrich, J.A.; Pyeon, D. DNA Tumor Virus Regulation of Host DNA Methylation and Its Implications for
Immune Evasion and Oncogenesis. Viruses 2018, 10, 82. [CrossRef] [PubMed]

Shahid, A.; Ali, S.; Zahra, T.; Raza, M.; Shahid, A.; Saeed, M.U.; Javaid, F. Influence of Microbes in Progression of Cancer and
DNA Damaging Effects. Haya Saudi ]. Life Sci. 2020, 5, 246-252. [CrossRef]

Morales-Sanchez, A.; Fuentes-Panand, E.M. Human Viruses and Cancer. Viruses 2014, 6, 4047-4079. [CrossRef] [PubMed]
Hanahan, D.; Weinberg, R.A. Hallmarks of cancer: The next generation. Cell 2011, 144, 646-674. [CrossRef] [PubMed]

Collado, M.; Serrano, M. Senescence in tumours: Evidence from mice and humans. Nat. Cancer 2010, 10, 51-57. [CrossRef]
Burkhart, D.L.; Sage, J. Cellular mechanisms of tumour suppression by the retinoblastoma gene. Nat. Cancer 2008, 8, 671-682.
[CrossRef]

Guven-Maiorov, E.; Tsai, C.-J.; Nussinov, R. Oncoviruses Can Drive Cancer by Rewiring Signaling Pathways through Interface
Mimicry. Front. Oncol. 2019, 9, 1236. [CrossRef]

Krump, N.A ; You, J. Molecular mechanisms of viral oncogenesis in humans. Nat. Rev. Genet. 2018, 16, 684—698. [CrossRef]
Vescovo, T.; Pagni, B.; Piacentini, M.; Fimia, G.M.; Antonioli, M. Regulation of Autophagy in Cells Infected With Oncogenic
Human Viruses and Its Impact on Cancer Development. Front. Cell Dev. Biol. 2020, 8, 47. [CrossRef]

Meurs, E.; Chong, K.; Galabru, J.; Thomas, N.B.; Kerr, LM.; Williams, B.R.G.; Hovanessian, A.G. Molecular cloning and
characterization of the human double-stranded RNA-activated protein kinase induced by interferon. Cell 1990, 62, 379-390.
[CrossRef]

Elde, N.C.; Child, S.J.; Geballe, A.P.; Malik, H.S. Protein kinase R reveals an evolutionary model for defeating viral mimicry.
Nature 2008, 457, 485-489. [CrossRef] [PubMed]

Epstein, M.; Achong, B.; Barr, Y. Virus particles in cultured lymphoblasts from burkitt’s lymphoma. Lancet 1964, 1, 702-703.
[CrossRef]

Weidner-Glunde, M.; Kruminis-Kaszkiel, E.; Savanagouder, M. Herpesviral Latency—Common Themes. Pathogens 2020, 9, 125.
[CrossRef] [PubMed]

Gulley, M.L.; Tang, W. Laboratory Assays for Epstein-Barr Virus-Related Disease. ]. Mol. Diagn. 2008, 10, 279-292. [CrossRef]
[PubMed]

Farrell, PJ. Epstein—Barr Virus and Cancer. Annu. Rev. Pathol. Mech. Dis. 2019, 14, 29-53. [CrossRef] [PubMed]

Dunmire, S.K.; Verghese, P.S.; Balfour, H.H. Primary Epstein-Barr Virus Infection. J. Clin. Virol. 2018, 102, 84-92. [CrossRef]
[PubMed]

Bogolyubova, A.V. Human Oncogenic Viruses: Old Facts and New Hypotheses. Mol. Biol. 2019, 53, 767-775. [CrossRef]
Vereide, D.; Sugden, B. Insights into the Evolution of Lymphomas Induced by Epstein-Barr Virus. Adv. Cancer Res. 2010, 108,
1-19. [CrossRef]

Vereide, D.T.; Sugden, B. Lymphomas differ in their dependence on Epstein-Barr virus. Blood 2011, 117, 1977-1985. [CrossRef]
Young, L.S.; Rickinson, A.B. Epstein-Barr Virus: 40 Years On. Nat. Rev. Cancer 2004, 4, 757-768. [CrossRef]

Shibata, D.; Tokunaga, M.; Uemura, Y.; Sato, E.; Tanaka, S.; Weiss, L.M. Association of Epstein-Barr virus with undifferentiated
gastric carcinomas with intense lymphoid infiltration. Lymphoepithelioma-like carcinoma. Am. J. Pathol. 1991, 139, 469-474.
Nishikawa, J.; Yoshiyama, H.; Iizasa, H.; Kanehiro, Y.; Nakamura, M.; Nishimura, J.; Saito, M.; Okamoto, T.; Sakai, K.; Suehiro, Y.;
et al. Epstein-Barr Virus in Gastric Carcinoma. Carncers 2014, 6, 2259-2274. [CrossRef]

Ignatova, E.; Seriak, D.; Fedyanin, M.; Tryakin, A.; Pokataev, I.; Menshikova, S.; Vakhabova, Y.; Smirnova, K.; Tjulandin, S.;
Ajani, J.A. Epstein—Barr virus-associated gastric cancer: Disease that requires special approach. Gastric Cancer 2020, 23, 951-960.
[CrossRef]

The Cancer Genome Atlas Research Network. Comprehensive Molecular Characterization of Gastric Adenocarcinoma. Nature
2014, 513, 202-209. [CrossRef] [PubMed]

Qu, Y;; Dang, S.; Hou, P. Gene methylation in gastric cancer. Clin. Chim. Acta 2013, 424, 53-65. [CrossRef] [PubMed]

Li, L,; Su, X.; Choi, G.C.G.; Cao, Y.; Ambinder, R.F,; Tao, Q. Methylation profiling of Epstein-Barr virus immediate-early gene
promoters, BZLF1 and BRLF1in tumors of epithelial, NK- and B-cell origins. BMIC Cancer 2012, 12, 125. [CrossRef] [PubMed]
Geddert, H.; Hausen, A.Z.; Gabbert, H.E.; Sarbia, M. EBV-infection in cardiac and non-cardiac gastric adenocarcinomas is
associated with promoter methylation of p16, p14 and APC, but not hMLH1. Cell. Oncol. 2011, 34, 209-214. [CrossRef] [PubMed]
Chang, M.-S.; Uozaki, H.; Chong, J.-M.; Ushiku, T.; Sakuma, K.; Ishikawa, S.; Hino, R.; Barua, R.R.; Iwasaki, Y.; Arai, K.; et al.
CpG Island M’ethylation Status in Gastric Carcinoma with and without Infection of Epstein-Barr Virus. Clin. Cancer Res. 2006, 12,
2995-3002. [CrossRef]


http://doi.org/10.1016/j.trecan.2015.10.004
http://doi.org/10.1038/s41588-019-0558-9
http://doi.org/10.1146/annurev-micro-102215-095431
http://doi.org/10.1038/s41579-021-00536-5
http://doi.org/10.3390/v10020082
http://www.ncbi.nlm.nih.gov/pubmed/29438328
http://doi.org/10.36348/sjls.2020.v05i11.002
http://doi.org/10.3390/v6104047
http://www.ncbi.nlm.nih.gov/pubmed/25341666
http://doi.org/10.1016/j.cell.2011.02.013
http://www.ncbi.nlm.nih.gov/pubmed/21376230
http://doi.org/10.1038/nrc2772
http://doi.org/10.1038/nrc2399
http://doi.org/10.3389/fonc.2019.01236
http://doi.org/10.1038/s41579-018-0064-6
http://doi.org/10.3389/fcell.2020.00047
http://doi.org/10.1016/0092-8674(90)90374-N
http://doi.org/10.1038/nature07529
http://www.ncbi.nlm.nih.gov/pubmed/19043403
http://doi.org/10.1016/S0140-6736(64)91524-7
http://doi.org/10.3390/pathogens9020125
http://www.ncbi.nlm.nih.gov/pubmed/32075270
http://doi.org/10.2353/jmoldx.2008.080023
http://www.ncbi.nlm.nih.gov/pubmed/18556771
http://doi.org/10.1146/annurev-pathmechdis-012418-013023
http://www.ncbi.nlm.nih.gov/pubmed/30125149
http://doi.org/10.1016/j.jcv.2018.03.001
http://www.ncbi.nlm.nih.gov/pubmed/29525635
http://doi.org/10.1134/S0026893319050030
http://doi.org/10.1016/b978-0-12-380888-2.00001-7
http://doi.org/10.1182/blood-2010-05-285791
http://doi.org/10.1038/nrc1452
http://doi.org/10.3390/cancers6042259
http://doi.org/10.1007/s10120-020-01095-z
http://doi.org/10.1038/nature13480
http://www.ncbi.nlm.nih.gov/pubmed/25079317
http://doi.org/10.1016/j.cca.2013.05.002
http://www.ncbi.nlm.nih.gov/pubmed/23669186
http://doi.org/10.1186/1471-2407-12-125
http://www.ncbi.nlm.nih.gov/pubmed/22458933
http://doi.org/10.1007/s13402-011-0028-6
http://www.ncbi.nlm.nih.gov/pubmed/21538028
http://doi.org/10.1158/1078-0432.CCR-05-1601

Vaccines 2022, 10, 600 11 of 13

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

Liang, Q.; Yao, X,; Tang, S.; Zhang, J.; Yau, T.O,; Li, X,; Tang, C.-M.; Kang, W.; Lung, RW.; Li, ] W.; et al. Integrative Identification of
Epstein-Barr Virus—Associated Mutations and Epigenetic Alterations in Gastric Cancer. Gastroenterology 2014, 147, 1350-1362.e4.
[CrossRef]

Woellmer, A.; Hammerschmidt, W. Epstein-Barr Virus and Host Cell Methylation: Regulation of Latency, Replication and Virus
Reactivation. Current Opin. Virol. 2013, 3, 260-265. [CrossRef]

Niller, H.H.; Tarnai, Z.; Decsi, G.; Zsedényji, A.; Banati, F.; Minarovits, J. Role of epigenetics in EBV regulation and pathogenesis.
Futur. Microbiol. 2014, 9, 747-756. [CrossRef] [PubMed]

Okada, T.; Nakamura, M.; Nishikawa, J.; Sakai, K.; Zhang, Y.; Saito, M.; Morishige, A.; Oga, A.; Sasaki, K.; Suehiro, Y.; et al.
Identification of genes specifically methylated in Epstein-Barr virus-associated gastric carcinomas. Cancer Sci. 2013, 104, 1309-1314.
[CrossRef] [PubMed]

Ryan, ].L.; Jones, R.J.; Kenney, S.C.; Rivenbark, A.G.; Tang, W.; Knight, E.R.; Coleman, W.B.; Gulley, M.L. Epstein-Barr virus-specific
methylation of human genes in gastric cancer cells. Infect. Agents Cancer 2010, 5, 27. [CrossRef] [PubMed]

Akinyemiju, T.; Abera, S.; Ahmed, M.; Alam, N.; Alemayohu, M.A.; Allen, C.; Al-Raddadi, R.; Alvis-Guzman, N.; Amoako, Y.;
Artaman, A ; et al. The Burden of Primary Liver Cancer and Underlying Etiologies from 1990 to 2015 at the Global, Regional, and
National Level: Results from the Global Burden of Disease Study 2015. JAMA Oncol. 2017, 3, 1683-1691.

Wong, Y.; Meehan, M.T.; Burrows, S.R.; Doolan, D.L.; Miles, ].]. Estimating the global burden of Epstein-Barr virus-related cancers.
J. Cancer Res. Clin. Oncol. 2021, 148, 31-46. [CrossRef] [PubMed]

Liu, X.; Zhang, Z.-H.; Jiang, F. Hepatitis B virus infection increases the risk of pancreatic cancer: A meta-analysis. Scand. J.
Gastroenterol. 2021, 56, 252-258. [CrossRef] [PubMed]

Su, F-H.; Bai, C.-H,; Le, TN.; Muo, C.-H.; Chang, S.-N.; Te, A.; Sung, F.-C.; Yeh, C.-C. Patients with Chronic Hepatitis C Virus
Infection Are at an Increased Risk of Colorectal Cancer: A Nationwide Population-Based Case-Control Study in Taiwan. Front.
Oncol. 2021, 10, 3002. [CrossRef]

Cui, H.; Jin, Y,; Chen, F; Ni, H,; Hu, C.; Xu, Y,; Xuan, H.; Hu, D.; Deng, W.; Zhang, Y.; et al. Clinicopathological evidence of
hepatitis B virus infection in the development of gastric adenocarcinoma. J. Med Virol. 2019, 92, 71-77. [CrossRef]

An, J; Kim, JW.,; Shim, ].H.; Han, S.; Yu, C.S,; Choe, J.; Lee, D.; Kim, KM.; Lim, Y.-S.; Chung, Y.-H.; et al. Chronic hepatitis B
infection and non-hepatocellular cancers: A hospital registry-based, case-control study. PLoS ONE 2018, 13, e0193232. [CrossRef]
Baghbanian, M.; Mousa, S.A.H.; Doosti, M.; Moghimi, M. Association between Gastric Pathology and Hepatitis B Virus Infection
in Patients with or without Helicobacter Pylori. Asian Pac. ]. Cancer Prev. 2019, 20, 2177-2180. [CrossRef]

Ghasemi, M.; Vahedi Larijani, L.; Abediankenari, S. Investigation of Relationship between Hepatitis B Virus and Gastric
Ad-enocarcinoma. Iran. Red Crescent Med. ]. 2012, 14, 453. [PubMed]

He, Y.; Mao, M,; Shi, W.; He, Z.; Zhang, L.; Wang, X. Development and validation of a prognostic nomogram in gastric cancer
with hepatitis B virus infection. J. Transl. Med. 2019, 17, 98. [CrossRef] [PubMed]

Shalapour, S.; Lin, X.J.; Bastian, .N.; Brain, J.; Burt, A.D.; Aksenov, A.A.; Vrbanac, A.F,; Li, W.; Perkins, A.; Matsutani, T.; et al.
Inflammation-induced IgA+ cells dismantle anti-liver cancer immunity. Nature 2017, 551, 340-345. [CrossRef] [PubMed]
Vasmehjani, A.A.; Javeshghani, D.; Baharlou, R.; Shayestehpour, M.; Mousavinasab, S.D.; Joharinia, N.; Enderami, S.E. Hepatitis
A infection in patients with chronic viral liver disease: A cross-sectional study in Jahrom, Iran. Epidemiol. Infect. 2014, 143, 534-539.
[CrossRef]

Lu, T; Yang, Q.; Li, M,; Zhang, J.; Zou, J.; Huang, L.; Lin, J.; Jin, H.; He, ]. HBV infection and extra-hepatic cancers in adolescents
and 20s: A retrospective study in China. Cancer Epidemiol. 2018, 55, 149-155. [CrossRef]

Wei, X.-L.; Qiu, M.-Z,; Jin, Y,; Huang, Y.-X.; Wang, R.-Y.; Chen, W.-W.; Wang, D.-S.; Wang, F.-H.; Luo, H.-Y.; Zhang, D.-S.; et al.
Hepatitis B virus infection is associated with gastric cancer in China: An endemic area of both diseases. Br. J. Cancer 2015, 112,
1283-1290. [CrossRef]

Russell, S.J.; Peng, K.-W.; Bell, J.C. Oncolytic virotherapy. Nat. Biotechnol. 2012, 30, 658-670. [CrossRef]

Tripodi, L.; Vitale, M.; Cerullo, V.; Pastore, L. Oncolytic Adenoviruses for Cancer Therapy. Int. . Mol. Sci. 2021, 22, 2517.
[CrossRef]

Aldrak, N.; Alsaab, S.; Algethami, A.; Bhere, D.; Wakimoto, H.; Shah, K.; Alomary, M.; Zaidan, N. Oncolytic Herpes Simplex
Virus-Based Therapies for Cancer. Cells 2021, 10, 1541. [CrossRef]

Zhang, Q.; Liu, F. Advances and Potential Pitfalls of Oncolytic Viruses Expressing Imnmunomodulatory Transgene Therapy for
Malignant Gliomas. Cell Death Dis. 2020, 11, 1-11. [CrossRef]

Kaufman, H.L.; Andtbacka, R.H.I; Collichio, F.A.; Wolf, M.; Zhao, Z.; Shilkrut, M.; Puzanov, I.; Ross, M. Durable response rate as
an endpoint in cancer immunotherapy: Insights from oncolytic virus clinical trials. J. Immunother. Cancer 2017, 5, 72. [CrossRef]
[PubMed]

Kelly, E.; Russell, S.J. History of Oncolytic Viruses: Genesis to Genetic Engineering. Mol. Ther. 2007, 15, 651-659. [CrossRef]
[PubMed]

Jun, K.-H.; Gholami, S.; Song, T.-].; Au, J.; Haddad, D.; Carson, J.; Chen, C.-H.; Mojica, K.; Zanzonico, P; Chen, N.G,; et al. A
novel oncolytic viral therapy and imaging technique for gastric cancer using a genetically engineered vaccinia virus carrying the
human sodium iodide symporter. J. Exp. Clin. Cancer Res. 2014, 33, 2. [CrossRef] [PubMed]

Hinshaw, D.C.; Shevde, L.A. The tumor microenvironment innately modulates cancer progression. Cancer Res. 2019, 79, 4557-4566.
[CrossRef]


http://doi.org/10.1053/j.gastro.2014.08.036
http://doi.org/10.1016/j.coviro.2013.03.005
http://doi.org/10.2217/fmb.14.41
http://www.ncbi.nlm.nih.gov/pubmed/25046522
http://doi.org/10.1111/cas.12228
http://www.ncbi.nlm.nih.gov/pubmed/23829175
http://doi.org/10.1186/1750-9378-5-27
http://www.ncbi.nlm.nih.gov/pubmed/21194482
http://doi.org/10.1007/s00432-021-03824-y
http://www.ncbi.nlm.nih.gov/pubmed/34705104
http://doi.org/10.1080/00365521.2020.1868568
http://www.ncbi.nlm.nih.gov/pubmed/33399501
http://doi.org/10.3389/fonc.2020.561420
http://doi.org/10.1002/jmv.25584
http://doi.org/10.1371/journal.pone.0193232
http://doi.org/10.31557/APJCP.2019.20.7.2177
http://www.ncbi.nlm.nih.gov/pubmed/22997564
http://doi.org/10.1186/s12967-019-1841-3
http://www.ncbi.nlm.nih.gov/pubmed/30909980
http://doi.org/10.1038/nature24302
http://www.ncbi.nlm.nih.gov/pubmed/29144460
http://doi.org/10.1017/S0950268814000806
http://doi.org/10.1016/j.canep.2018.05.012
http://doi.org/10.1038/bjc.2014.406
http://doi.org/10.1038/nbt.2287
http://doi.org/10.3390/ijms22052517
http://doi.org/10.3390/cells10061541
http://doi.org/10.1038/s41419-019-2182-0
http://doi.org/10.1186/s40425-017-0276-8
http://www.ncbi.nlm.nih.gov/pubmed/28923101
http://doi.org/10.1038/sj.mt.6300108
http://www.ncbi.nlm.nih.gov/pubmed/17299401
http://doi.org/10.1186/1756-9966-33-2
http://www.ncbi.nlm.nih.gov/pubmed/24383569
http://doi.org/10.1158/0008-5472.CAN-18-3962

Vaccines 2022, 10, 600 12 of 13

66.
67.
68.
69.
70.
71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

Arneth, B. Tumor Microenvironment. Medicina 2019, 56, 15. [CrossRef]

Mantovani, A.; Allavena, P.; Sica, A.; Balkwill, F. Cancer-Related Inflammation. Nature 2008, 454, 436—444. [CrossRef]
Grivennikov, S.I; Greten, ER.; Karin, M. Immunity, Inflammation, and Cancer. Cell 2010, 140, 883-899. [CrossRef]

Doronin, K.; Toth, K.; Kuppuswamy, M.; Ward, P,; Tollefson, A.E.; Wold, W.S.M. Tumor-Specific, Replication-Competent
Adenovirus Vectors Overexpressing the Adenovirus Death Protein. J. Virol. 2000, 74, 6147-6155. [CrossRef]

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

Wang, G.; Kang, X.; Chen, K.S,; Jehng, T.; Jones, L.; Chen, J.; Huang, X.EF,; Chen, S.-Y. An engineered oncolytic virus expressing
PD-L1 inhibitors activates tumor neoantigen-specific T cell responses. Nat. Commun. 2020, 11, 1395. [CrossRef]

Andtbacka, R.H.I.; Collichio, F.; Harrington, K.J.; Middleton, M.R.; Downey, G.; Ohrling, K.; Kaufman, H.L. Final analyses of
OPTiM: A randomized phase III trial of talimogene laherparepvec versus granulocyte-macrophage colony-stimulating factor in
unresectable stage III-IV melanoma. J. Immunother. Cancer 2019, 7, 145. [CrossRef] [PubMed]

Kim, E.; Kim, J.-H.; Shin, H.-Y.; Lee, H.; Yang, ].M.; Kim, J.; Sohn, J.-H.; Kim, H.; Yun, C.-O. Ad-mTERT-A19, a Conditional
Replication-Competent Adenovirus Driven by the Human Telomerase Promoter, Selectively Replicates in and Elicits Cytopathic
Effect in a Cancer Cell-Specific Manner. Hum. Gene Ther. 2003, 14, 1415-1428. [CrossRef] [PubMed]

Wirth, T.; Zender, L.; Schulte, B.; Mundt, B.; Plentz, R.; Lenhard Rudolph, K.; Manns, M.; Kubicka, S.; Kiihnel, F. A Telomer-
ase-Dependent Conditionally Replicating Adenovirus for Selective Treatment of Cancer. Cancer Res. 2003, 63, 3181-3188.
[PubMed]

Parato, K.A.; Breitbach, C.J.; Le Boeuf, F.; Wang, J.; Storbeck, C.; Ilkow, C.; Diallo, J.-S.; Falls, T.; Burns, J.; Garcia, V.; et al. The
Oncolytic Poxvirus JX-594 Selectively Replicates in and Destroys Cancer Cells Driven by Genetic Pathways Commonly Activated
in Cancers. Mol. Ther. 2012, 20, 749-758. [CrossRef] [PubMed]

Martin-Vilchez, S.; Lara-Pezzi, E.; Trapero-Marugén, M.; Moreno-Otero, R.; Sanz-Cameno, P. The Molecular and Patho-
physiological Implications of Hepatitis B X Antigen in Chronic Hepatitis B Virus Infection. Rev. Med. Virol. 2011, 21, 315-329.
Petrovic, B.; Leoni, V.; Gatta, V.; Zaghini, A.; Vannini, A.; Campadelli-Fiume, G. Dual Ligand Insertion in gB and gD of Oncolytic
Herpes Simplex Viruses for Retargeting to a Producer Vero Cell Line and to Cancer Cells. J. Virol. 2018, 92, €02122-17. [CrossRef]
Bhatia, S.; O'Bryan, S.M.; Rivera, A.; Curiel, D.T.; Mathis, ]. M. CXCL12 retargeting of an adenovirus vector to cancer cells using a
bispecific adapter. Oncol. Virotherapy 2016, 5, 99-113. [CrossRef]

Puhlmann, M.; Gnant, M.; Brown, C.K.; Alexander, H.R.; Bartlett, D.L. Thymidine Kinase-Deleted Vaccinia Virus Expressing
Purine Nucleoside Phosphorylase as a Vector for Tumor-Directed Gene Therapy. Hum. Gene Ther. 1999, 10, 649—-657. [CrossRef]
Toth, K.; Dhar, D.; Wold, W.S. Oncolytic (replication-competent) adenoviruses as anticancer agents. Expert Opin. Biol. Ther. 2010,
10, 353-368. [CrossRef]

Freytag, S.0.; Rogulski, K.R.; Paielli, D.L.; Gilbert, J.D.; Kim, J.H. A Novel Three-Pronged Approach to Kill Cancer Cells
Selectively: Concomitant Viral, Double Suicide Gene, and Radiotherapy. Hum. Gene Ther. 1998, 9, 1323-1333. [CrossRef]
Freytag, S.0.; Stricker, H.; Pegg, J.; Paielli, D.; Pradhan, D.G.; Peabody, J.; DePeralta-Venturina, M.; Xia, X.; Brown, S.; Lu, M.; et al.
Phase I study of replication-competent adenovirus-mediated double-suicide gene therapy in combination with conventional-dose
three-dimensional conformal radiation therapy for the treatment of newly diagnosed, intermediate- to high-risk prostate cancer.
Cancer Res. 2003, 63, 7497-7506. [PubMed]

Foloppe, J.; Kintz, J.; Futin, N.; Findeli, A.; Cordier, P.; Schlesinger, Y.; Hoffmann, C.; Tosch, C.; Balloul, ].-M.; Erbs, P. Targeted
delivery of a suicide gene to human colorectal tumors by a conditionally replicating vaccinia virus. Gene Ther. 2008, 15, 1361-1371.
[CrossRef] [PubMed]

Sova, P; Ren, X.-W.; Ni, S.; Bernt, KM.; M, J; Kiviat, N.; Lieber, A. A Tumor-Targeted and Conditionally Replicating Oncolytic
Adenovirus Vector Expressing TRAIL for Treatment of Liver Metastases. Mol. Ther. 2004, 9, 496-509. [CrossRef] [PubMed]
Hirvinen, M.; Rajecki, M.; Kapanen, M.; Parviainen, S.; Rouvinen-Lagerstrom, N.; Diaconu, I.; Nokisalmi, P.; Tenhunen, M.;
Hemminki, A.; Cerullo, V. Immunological Effects of a Tumor Necrosis Factor Alpha-Armed Oncolytic Adenovirus. Hum. Gene
Ther. 2015, 26, 134-144. [CrossRef]

Freytag, S.O.; Khil, M,; Stricker, H.; Peabody, J.; Menon, M.; DePeralta-Venturina, M.; Nafziger, D.; Pegg, ].; Paielli, D.; Brown,
S.; et al. Phase I study of replication-competent adenovirus-mediated double suicide gene therapy for the treatment of locally
recurrent prostate cancer. Cancer Res. 2002, 62, 4968-4976. [PubMed]

Kubo, H.; Gardner, T.A.; Wada, Y.; Koeneman, K.S.; Gotoh, A.; Yang, L.; Kao, C.; Lim, S.D.; Amin, M.B.; Yang, H.; et al. Phase I
Dose Escalation Clinical Trial of Adenovirus Vector Carrying Osteocalcin Promoter-Driven Herpes Simplex Virus Thymidine
Kinase in Localized and Metastatic Hormone-Refractory Prostate Cancer. Hum. Gene Ther. 2003, 14, 227-241. [CrossRef]
Chiocca, E.A.; Rabkin, S.D. Oncolytic Viruses and Their Application to Cancer Immunotherapy. Cancer Immunol. Res. 2014, 2,
295-300. [CrossRef]

Khare, R.; May, S.M.; Vetrini, E.; Weaver, E.A.; Palmer, D.; Rosewell, A.; Grove, N.; Ng, P; Barry, M.A. Generation of a Kupffer
Cell-evading Adenovirus for Systemic and Liver-directed Gene Transfer. Mol. Ther. 2011, 19, 1254-1262. [CrossRef]

Marchini, A.; Daeffler, L.; Pozdeev, V.I; Angelova, A.; Rommelaere, J. Immune Conversion of Tumor Microenvironment by
Oncolytic Viruses: The Protoparvovirus H-1PV Case Study. Front. Immunol. 2019, 10, 1848. [CrossRef]

Conlon, K.C.; Miljkovic, M.D.; Waldmann, T.A. Cytokines in the Treatment of Cancer. |. Interferon Cytokine Res. 2019, 39, 6-21.
[CrossRef]


http://doi.org/10.3390/medicina56010015
http://doi.org/10.1038/nature07205
http://doi.org/10.1016/j.cell.2010.01.025
http://doi.org/10.1128/JVI.74.13.6147-6155.2000
http://doi.org/10.1038/nrd4663
http://doi.org/10.1038/s41467-020-15229-5
http://doi.org/10.1186/s40425-019-0623-z
http://www.ncbi.nlm.nih.gov/pubmed/31171039
http://doi.org/10.1089/104303403769211637
http://www.ncbi.nlm.nih.gov/pubmed/14577922
http://www.ncbi.nlm.nih.gov/pubmed/12810646
http://doi.org/10.1038/mt.2011.276
http://www.ncbi.nlm.nih.gov/pubmed/22186794
http://doi.org/10.1128/JVI.02122-17
http://doi.org/10.2147/OV.S112107
http://doi.org/10.1089/10430349950018724
http://doi.org/10.1517/14712590903559822
http://doi.org/10.1089/hum.1998.9.9-1323
http://www.ncbi.nlm.nih.gov/pubmed/14612551
http://doi.org/10.1038/gt.2008.82
http://www.ncbi.nlm.nih.gov/pubmed/18480846
http://doi.org/10.1016/j.ymthe.2003.12.008
http://www.ncbi.nlm.nih.gov/pubmed/15093180
http://doi.org/10.1089/hum.2014.069
http://www.ncbi.nlm.nih.gov/pubmed/12208748
http://doi.org/10.1089/10430340360535788
http://doi.org/10.1158/2326-6066.CIR-14-0015
http://doi.org/10.1038/mt.2011.71
http://doi.org/10.3389/fimmu.2019.01848
http://doi.org/10.1089/jir.2018.0019

Vaccines 2022, 10, 600 13 of 13

92.

93.

94.

95.

96.

97.
98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.
111.

112.

Kim, J.-H.; Lee, K.-J.; Lee, S.-W. Cancer immunotherapy with T-cell targeting cytokines: IL-2 and IL-7. BMB Rep. 2021, 54, 21-30.
[CrossRef] [PubMed]

Shen, J.; Xiao, Z.; Zhao, Q.; Li, M.,; Wu, X,; Zhang, L.; Hu, W,; Cho, C.H. Anti-Cancer Therapy with TNFoa and IFNy: A
Comprehensive Review. Cell Prolif. 2018, 51, 7497-7506. [CrossRef] [PubMed]

Zamarin, D.; Holmgaard, R.B.; Subudhi, S.K.; Park, ].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, 226ra32. [CrossRef] [PubMed]

Kaérre, K.; Ljunggren, H.G.; Piontek, G.; Kiessling, R. Selective rejection of H-2-deficient lymphoma variants suggests alternative
immune defence strategy. Nature 1986, 319, 675-678. [CrossRef] [PubMed]

Ljunggren, H.G.; Kéarre, K. Host resistance directed selectively against H-2-deficient lymphoma variants. Analysis of the
mechanism. J. Exp. Med. 1985, 162, 1745-1759. [CrossRef] [PubMed]

Ma, W.; He, H.; Wang, H. Oncolytic herpes simplex virus and immunotherapy. BMC Immunol. 2018, 19, 40. [CrossRef]

Watson, G.; Xu, W.; Reed, A.; Babra, B.; Putman, T.; Wick, E.; Wechsler, S.; Rohrmann, G.; Jin, L. Sequence and comparative
analysis of the genome of HSV-1 strain McKrae. Virology 2012, 433, 528-537. [CrossRef]

Menotti, L.; Avitabile, E. Herpes Simplex Virus Oncolytic Immunovirotherapy: The Blossoming Branch of Multimodal Therapy.
Int. ]. Mol. Sci. 2020, 21, 8310. [CrossRef]

Mondal, M.; Guo, ].; He, P.; Zhou, D. Recent advances of oncolytic virus in cancer therapy. Hum. Vaccines Immunother. 2020, 16,
2389-2402. [CrossRef]

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]

Koch, M.S,; Lawler, S.E.; Chiocca, E.A. HSV-1 Oncolytic Viruses from Bench to Bedside: An Overview of Current Clinical Trials.
Cancers 2020, 12, 3514. [CrossRef] [PubMed]

Bommareddy, PK.; Patel, A.; Hossain, S.; Kaufman, H.L. Talimogene Laherparepvec (T-VEC) and Other Oncolytic Viruses for the
Treatment of Melanoma. Am. J. Clin. Dermatol. 2016, 18, 1-15. [CrossRef] [PubMed]

Penheiter, A.R.; Wegman, T.R.; Classic, K.L.; Dingli, D.; Bender, C.E.; Russell, S.J.; Carlson, S.K. Sodium Iodide Symporter
(NIS)-Mediated Radiovirotherapy for Pancreatic Cancer. Am. J. Roentgenol. 2010, 195, 341-349. [CrossRef] [PubMed]

Sugawara, K.; Iwai, M.; Yajima, S.; Tanaka, M.; Yanagihara, K.; Seto, Y.; Todo, T. Efficacy of a Third-Generation Oncolytic Herpes
Virus G47A in Advanced Stage Models of Human Gastric Cancer. Mol. Ther. Oncolytics 2020, 17, 205-215. [CrossRef] [PubMed]

Tsuji, T.; Nakamori, M.; Iwahashi, M.; Nakamura, M.; Ojima, T.; Iida, T.; Katsuda, M.; Hayata, K.; Ino, Y.; Todo, T.; et al. An armed
oncolytic herpes simplex virus expressing thrombospondin-1 has an enhancedin vivoantitumor effect against human gastric
cancer. Int. |. Cancer 2012, 132, 485-494. [CrossRef] [PubMed]

Kato, T.; Nakamori, M.; Matsumura, S.; Nakamura, M.; Ojima, T.; Fukuhara, H.; Ino, Y.; Todo, T.; Yamaue, H. Oncolytic virotherapy
with human telomerase reverse transcriptase promoter regulation enhances cytotoxic effects against gastric cancer. Oncol. Lett.
2021, 21, 490. [CrossRef] [PubMed]

Matsumura, S.; Nakamori, M.; Tsuji, T.; Kato, T.; Nakamura, M.; Ojima, T.; Fukuhara, H.; Ino, Y.; Todo, T.; Yamaue, H. Oncolytic
virotherapy with SOCS3 enhances viral replicative potency and oncolysis for gastric cancer. Oncotarget 2021, 12, 344-354.
[CrossRef] [PubMed]

Zeng, D.; Zhang, T.; Zhou, S.; Hu, H.; Li, J.; Huang, K; Lei, Y.; Wang, K.; Zhao, Y,; Liu, R.; et al. Proteomic Analyses of Gastric
Cancer Cells Treated with Vesicular Stomatitis Virus Matrix Protein. J. Protein Chem. 2011, 30, 308-317. [CrossRef]

Broyles, S.S. Vaccinia Virus Transcription. J. Gen. Virol. 2003, 84, 2293-2303. [CrossRef]

Huang, H.; Hu, X.-F,; Zhao, F-H.; Garland, S.M.; Bhatla, N.; Qiao, Y.-L. Estimation of Cancer Burden Attributable to Infection in
Asia. |. Epidemiology 2015, 25, 626—638. [CrossRef]

Niedzwiedzka-Rystwej, P.; Grywalska, E.; Hrynkiewicz, R.; Wotacewicz, M.; Becht, R.; Rolifiski, J. The Double-Edged Sword Role
of Viruses in Gastric Cancer. Cancers 2020, 12, 1680. [CrossRef] [PubMed]


http://doi.org/10.5483/BMBRep.2021.54.1.257
http://www.ncbi.nlm.nih.gov/pubmed/33407991
http://doi.org/10.1111/cpr.12441
http://www.ncbi.nlm.nih.gov/pubmed/29484738
http://doi.org/10.1126/scitranslmed.3008095
http://www.ncbi.nlm.nih.gov/pubmed/24598590
http://doi.org/10.1038/319675a0
http://www.ncbi.nlm.nih.gov/pubmed/3951539
http://doi.org/10.1084/jem.162.6.1745
http://www.ncbi.nlm.nih.gov/pubmed/3877776
http://doi.org/10.1186/s12865-018-0281-9
http://doi.org/10.1016/j.virol.2012.08.043
http://doi.org/10.3390/ijms21218310
http://doi.org/10.1080/21645515.2020.1723363
http://doi.org/10.1038/sj.gt.3301885
http://doi.org/10.3390/cancers12123514
http://www.ncbi.nlm.nih.gov/pubmed/33255871
http://doi.org/10.1007/s40257-016-0238-9
http://www.ncbi.nlm.nih.gov/pubmed/27988837
http://doi.org/10.2214/AJR.09.3672
http://www.ncbi.nlm.nih.gov/pubmed/20651188
http://doi.org/10.1016/j.omto.2020.03.022
http://www.ncbi.nlm.nih.gov/pubmed/32346610
http://doi.org/10.1002/ijc.27681
http://www.ncbi.nlm.nih.gov/pubmed/22729516
http://doi.org/10.3892/ol.2021.12751
http://www.ncbi.nlm.nih.gov/pubmed/33968206
http://doi.org/10.18632/oncotarget.27873
http://www.ncbi.nlm.nih.gov/pubmed/33659045
http://doi.org/10.1007/s10930-011-9331-3
http://doi.org/10.1099/vir.0.18942-0
http://doi.org/10.2188/jea.JE20140215
http://doi.org/10.3390/cancers12061680
http://www.ncbi.nlm.nih.gov/pubmed/32599870

	Introduction 
	Gastric Cancers and Onco-Viruses 
	Epstein–Barr Virus Associated Gastric Cancer 
	Hepatitis B Virus and Gastric Cancers 
	Oncolytic Viruses 

	General Mechanism 
	Clinical Implication of Oncolytic Viruses in Gastric Cancer 
	Herpes Simplex Virus 
	Virus of Vesicular Stomatitis 
	Virus Vaccinia 

	Conclusions 
	References

