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Gastric cancer (GC) is a leading contributor to global cancer incidence and mortality. According to the GLOBOCAN 2020 estimates of incidence and mortality for 36 cancers in 185 countries produced by the International Agency for Research on Cancer (IARC), GC ranks fifth and fourth, respectively, and seriously threatens the survival and health of people all over the world. Therefore, how to effectively treat GC has become an urgent problem for medical personnel and scientific workers at this stage. Due to the unobvious early symptoms and the influence of some adverse factors such as tumor heterogeneity and low immunogenicity, patients with advanced gastric cancer (AGC) cannot benefit significantly from treatments such as radical surgical resection, radiotherapy, chemotherapy, and targeted therapy. As an emerging cancer immunotherapy, oncolytic virotherapies (OVTs) can not only selectively lyse cancer cells, but also induce a systemic antitumor immune response. This unique ability to turn unresponsive ‘cold’ tumors into responsive ‘hot’ tumors gives them great potential in GC therapy. This review integrates most experimental studies and clinical trials of various oncolytic viruses (OVs) in the diagnosis and treatment of GC. It also exhaustively introduces the concrete mechanism of invading GC cells and the viral genome composition of adenovirus and herpes simplex virus type 1 (HSV-1). At the end of the article, some prospects are put forward to determine the developmental directions of OVTs for GC in the future.
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1 Introduction

Gastric cancer (GC) is a common malignant tumor originating from gastric mucosa epithelial cells, and its onset is relatively insidious. In the early stage, there is generally no apparent symptom of discomfort or only indigestion-like clinical manifestations such as inappetence, gastroesophageal reflux, belching, and stomachache. However, as the disease progresses, hemorrhage, perforation, obstruction, cachexia, and other symptoms of advanced gastric cancer (AGC) gradually appear. Unfortunately, patients are already in the terminal stage at this time, and the cancer cells have already invaded the surrounding organs or metastasized far away, which leads to the loss of the curative chance for most patients (1). According to the GLOBOCAN 2020 estimates of incidence and mortality for 36 cancers in 185 countries produced by the International Agency for Research on Cancer (IARC), an estimated 19.3 million new cancer cases and almost 10.0 million cancer deaths occurred worldwide in 2020, and GC ranked fifth (5.6%) and fourth (7.7%), respectively (2). Therefore, accurately diagnosing early GC and effectively treating AGC patients who have lost the chance of radical surgical resection are two serious health problems worldwide.

Currently, therapeutic strategies for GC mainly incorporate surgical resection, radiotherapy, chemotherapy, targeted therapy, and immunotherapy. Among them, radical surgical resection is still the preferred and only method considered to cure GC. Endoscopic submucosal dissection (ESD) is recommended for early GC which is limited to the mucosa and without lymph node metastasis, and gastrectomy with D2 lymphadenectomy is recommended for AGC (3). Radiotherapy, chemotherapy, targeted therapy, and immunotherapy are basically intended to provide another choice for patients with post- or non-operative conditions. Chemotherapy, as the most common and indispensable adjuvant therapy, is updated constantly with advances in research. Recently, a randomized, open-label, phase 3 trial (NCT02322593) in 62 centers across Japan and South Korea showed that TAS-118 (S-1 (an oral anticancer agent comprising the 5-fluorouracil prodrug tegafur and targeted modulators, gimeracil and oteracil) plus leucovorin) plus oxaliplatin is more effective than S-1 plus cisplatin, and could be considered a new first-line treatment option for AGC in Asian patients (the median overall survival (OS) was 16.0 months (95% CI 13.8–18.3) in the TAS-118 plus oxaliplatin group and 15.1 months (95% CI 13.6–16.4) in the S-1 plus cisplatin group (hazard ratio 0.83, 95% CI 0.69–0.99; p=0.039)) (4). Furthermore, targeted therapy usually focuses on the human epidermal growth factor receptor 2 (HER2), because of its frequent amplification (5). In an open-label, randomized, phase 2 trial (NCT03329690), therapy with trastuzumab led to significant improvements in response and OS, compared with standard chemotherapy, among patients with HER2-positive GC (median, 12.5 vs. 8.4 months; hazard ratio for death, 0.59; 95% confidence interval, 0.39 to 0.88; P=0.01) (6). Although chemotherapy and targeted therapy have obtained satisfactory efficacy, resistance and fatal side effects gradually develop with the extension of exposure time. Thus, a new strategy is urgently needed to fill this gap.

With the exploration of the biological behavior and internal molecular mechanism of cancers, immunotherapy has become a novel, popular and promising treatment that can restore the ability of the immune system to respond to neoplasms, limiting their growth and killing malignant cells, ultimately achieving remission or even complete elimination (7). Existing cancer immunotherapies mainly include tumor vaccines (such as cervical cancer vaccine), immune checkpoint inhibitors (ICIs) (such as anti-PD-L1 antibody), adoptive immunotherapies (such as CAR T-cell) and OVTs (such as adenovirus) (8). OVTs are a safe and mature immunotherapy method because of their representative capacity to promote the infiltration of immune effector cells into the tumor microenvironment (TME) and have been favored by numerous researchers (9).

OVs, as their name implies, can specifically invade tumor cells and eventually lyse them. The first definitive record of OV was in 1904, when a 42-year-old leukemia patient was infected with influenza. Doctors were surprised to find a dramatic decrease in malignant cells in his blood. Recently, on January 2, 2021, Sarah Challenor also reported a 61-year-old patient with stage III Epstein–Barr virus (EBV)-positive classical Hodgkin lymphoma who was diagnosed with COVID-19, and four months later, the palpable lymphadenopathy had reduced and a fluorine-18 fluorodeoxyglucose positron emission tomography/CT (18FDG-PET/CT) scan revealed widespread resolution of the lymphadenopathy and reduced metabolic uptake throughout (10). These miraculous phenomena about viruses “curing” cancers suggest that OVTs may be a promising cancer treatment. More notably, in 2015, the US Food and Drug Administration (FDA) approved the first OV (T-Vec, a HSV-1-based OV generated by deleting ICP47 gene and replacing ICP34.5 with GM-CSF gene) for the clinical treatment of malignant tumors by virtue of a randomized, open-label, phase 3 trial (NCT00769704); it can achieve a higher durable response rate (DRR) (26.4%; 95% CI, 21.4% to 31.5% vs. 5.7%; 95% CI, 1.9% to 9.5%) and longer OS (23.3 months; 95% CI, 19.5 to 29.6 months vs. 18.9 months; 95% CI, 16.0 to 23.7 months) in patients with unresectable stage IIIB to IV melanoma than subcutaneous injection of granulocyte macrophage colony-stimulating factor (GM-CSF) alone (11). In Japan, another single-arm, phase II clinical trial (UMIN000015995) was completed to test the efficacy of G47Δ (a HSV-1-based OV generated by deleting ICP47 and ICP34.5 genes and replacing ICP6 gene with lacZ coding sequence) administered stereotactically in patients with residual or recurrent glioblastoma, and the results indicated that the 1-year- survival rate of 13 patients reached an astonishing 92.3% (12). Moreover, in a phase I/II, single-arm study (UMIN000002661) assessing the safety of G47Δ, the results revealed that G47Δ was safe for treating recurrent or progressive glioblastoma and warranted further clinical development (13). Based on these, G47Δ has received conditional approval from Japan’s Ministry of Health, Labor and Welfare (MHLW) as an OVT for patients with malignant glioma. Furthermore, studies proving the ability of OVTs to rapidly eliminate cancer cells have led to approval of H101 in China and Rigvir in Latvia.

An increasing number of OVTs are being clinically approved, and trials of OVs for other malignancies have sprung up continually, including GC. As a malignant tumor with a poor prognosis, strong heterogeneity, and low immunogenicity, GC therapy may acquire a certain degree of breakthrough with the help of OV’s exceptional function. Moreover, peritoneal metastasis is the most frequent form of distant metastasis and recurrence in GC, and the prognosis is extremely poor due to the resistance of systemic chemotherapy. OVTs for GC patients with peritoneal metastases via intraperitoneal injection not only act on the vast majority of metastases, but also activate the inherent immune cells in the abdominal cavity and recruit immune cells in the blood to exert corresponding antitumor functions. However, there is no systematic summary of OVTs for GC to date. In this review, we integrate most of the experimental studies and clinical trials of various OVs tested for the diagnosis and therapy of GC and meticulously discuss the mechanism of infection and the viral genome composition of adenovirus and HSV-1. Finally, we also put forward some prospects about the developmental directions of OVTs for GC in the future.



2 Mechanism of OVTs

According to existing experimental results on OVTs for cancers, a nonoptimal delivery route is one of the dominant reasons for treatment failure. Intravenous administration is a simple, common, and effective route for other cancer treatments, but when OVs are injected into the bloodstream, viral defense barriers such as the complement system, immunoglobulin and coagulation cascade will promptly inactivate the virus particles (14). Virions marked by natural immunoglobulin M (IgM) antibodies and coagulation factor X are captured and cleared by macrophages rapidly and efficiently in the liver, spleen, and lung, which probably trigger toxic reactions in the corresponding organs (15). Furthermore, during the process of rapid proliferation of cancer cells, a suitable environment for their survival called the tumor microenvironment (TME) is gradually established. Numerous mesenchymal cells such as myeloid-derived suppressor cells (MDSCs), cancer-associated fibroblasts (CAFs), mesenchymal stem cells (MSCs), and capillary endothelial cells, which are abundant in the TME, constitute a physical barrier in conjunction with the extracellular matrix (ECM). Even if OVs successfully escape the abovementioned clearance process and enter the TME, they will ultimately be captured or rejected by these “trap” cells, resulting in a further decrease in oncolytic effectiveness (16). Thus, intratumoral injection is still the optimal route of administration for solid tumors, including GC (17).

When OVs invade the interior of tumors, they mainly exert their antitumor function by selectively infecting and lysing the malignant cells locally (Figure 1) and stimulating the systemic adaptive antitumor immune response (Figure 2) (18):




Figure 1 | OVs can selectively infect and lyse cancer cells locally. (A) Following viral infection, most normal cells activate antiviral pathways against viral infections. The antiviral machinery can be triggered by viral PAMPs that activate PRRs (such as cGAS for DNA viruses and RIG-I for RNA viruses). Once PAMPs are detected, a signaling cascade through the adaptor molecule STING or MAVS phosphorylating IRF3 and NF-κB to dimerize and translocate to the nucleus to regulate the programmed transcription of type I IFN and proinflammatory cytokines. Among them, proinflammatory cytokines recruit immune cells to infiltrate the TME, and local IFN production can promote antiviral activity through IFNR. Upon type I IFN binding to receptors, the activated JAK-STAT signaling pathway leads to the rapid transcription of abundant ISGs to inhibit various stages of the viral lifecycle from invasion to release and can even target infected cells for apoptosis or necrosis. (B) In malignant cells, this process is disrupted. Cancer cells may increase the number of viral receptors or downregulate key signaling components within the innate antiviral signaling pathway, including PPRs, STING, MAVS, type I IFN and ISGs, thereby limiting their proapoptotic and cell cycle regulatory effects. Therefore, OVs can easily reach the critical value of viral load for oncolysis. OV, oncolytic virus; PAMPs, pathogen-associated molecular patterns; DAMPs, damage-associated molecular patterns; PRRs, pattern-recognition receptors; dsDNA, double-stranded linear DNA; dsRNA, double-stranded linear RNA; cGAS, cyclic GMP–AMP synthase; ATP, adenosine triphosphate; GTP, guanosine triphosphate; cGAMP, cyclic GMP–AMP; ER, endoplasmic reticulum; TBK1, TANK-­binding kinase 1; IKK, IκB kinase; IRF3, interferon regulatory factor 3; NF-κB, nuclear factor-κB; RIG-I, retinoic acid-inducible gene I; TNF-α, tumor necrosis factor-α; IL-6, interleukin-6; ISGs, interferon-stimulated genes; IFN, interferon; IFNR, interferon receptor; JAK, Janus kinase; STAT, signal transducer and activator of transcription; TME, tumor microenvironment.






Figure 2 | OVs can stimulate a systemic adaptive antitumor immune response. Cancer cells are lysed by mature OVs to release viral progeny, TAAs, PAMPs and DAMPs into the TME. Among them, progeny virions will ceaselessly infect the surrounding cancer cells to establish a cascade amplification reaction to eliminate malignancy. Infiltrative APCs can swallow and process TAAs, PAMPs, and DAMPs to present neoantigens by MHC molecules for the activation of immune cells. The sensitized CTLs attack the identified cancer cells by releasing perforin and granzyme B, and the activated Th cells can stimulate B cells to promote their activation and secrete neutralizing antibodies, which can mark malignant cells for ADCC by NK cells or ADCP by macrophages. Finally, immune effector cells, immune effector molecules and progeny virions will travel through the body with the blood to initiate a systemic adaptive antitumor immune response. APC, antigen-presenting cell; NK, natural killer cell; MHC, major histocompatibility complex molecule; CTL, cytotoxic T lymphocyte; Th, T helper cell; ADCC, antibody-dependent cellular cytotoxicity; ADCP, antibody-dependent cellular phagocytosis; PAMPs, pathogen-associated molecular patterns; DAMPs, damage-associated molecular patterns; TCR, T-cell receptor; BCR, B-cell receptor; TAA, tumor-associated antigen.




2.1 Selectively infect and lyse the malignant cells locally

First, OVs infect host cells by recognizing and combining with relevant receptors or other special routes. Subsequently, they replicate and amplify by using nutrients from the host, similar to other viruses (18). After a certain period of proliferation, a small amount of new progeny virions, viral nucleic acids, and capsid protein accumulate inside the cell, which are known as pathogen-associated molecular patterns (PAMPs), and these products are identified by pattern-recognition receptors (PRRs, including Toll-like receptor (TLR), NOD-like receptor (NLR), and RIG-I-like receptor (RLR)) to initiate innate antiviral immune responses (19). In this review, we mainly highlight the two most acknowledged antiviral signal transduction pathways.

For a DNA virus, its gene fragments can activate the DNA sensor cyclic GMP–AMP synthase (cGAS) through direct binding, which triggers conformational changes that induce enzymatic activity (Figure 1A). Activated cGAS converts GTP and ATP into cyclic GMP–AMP (cGAMP), which is a unique endogenous second messenger. Then, the cGAMP product binds to STING, an endoplasmic reticulum (ER) -localized adaptor, and undergoes a conformational change to form dimers. Following the translocation of STING dimers to the Golgi apparatus, they interact with TANK­binding kinase 1 (TBK1) and IκB kinase (IKK), which phosphorylate interferon regulatory factor 3 (IRF3) and nuclear factor-κB (NF-κB), respectively. Activated IRF3 and NF-κB dimerize and translocate to the nucleus to regulate the transcription of type I interferon (IFN) and proinflammatory cytokines (20). In addition, other viral DNA sensors, such as IFI16, DAI and DDX41, can transmit antiviral immune signals through STING (21).

Retinoic acid-inducible gene I (RIG-I) is one of the primary originators of initiating infection signals of RNA virus, the other antiviral signal transduction pathway, along with melanoma differentiation association gene 5 (MDA5) and laboratory of genetics and physiology 2 (LGP2) (22). In the absence of ligand, RIG-I exists in an autorepressed conformation wherein its helicase domain and repressor domain (RD) associate with its caspase activation and recruitment domains (CARDs), which precludes it from participating in signaling. It is only when RIG-I engages the appropriate PAMP RNA through the helicase and RD that the CARDs are released from autorepression to associate with the adaptor molecule mitochondrial antiviral-signaling protein (MAVS) on the membrane surface of mitochondria. MAVS assembles into aggregates that allow the ensuing signaling cascade to induce the phosphorylation and nuclear translocation of the key innate immune transcription factors IRF3 and NF-κB to drive the expression of downstream genes (23).

In summary, both DNA and RNA viruses can induce the production of type I IFN, which is released into the microenvironment surrounding infected cells. Upon type I IFN binding to receptors, a signal is transmitted by activating the Janus kinase signal transducer and activator of transcription (JAK-STAT) pathway in the cells, leading to the rapid transcription of abundant IFN-stimulated genes (ISGs), such as myxovirus resistance (Mx), viperin, and double-stranded RNA-dependent protein kinase (PKR), and they can inhibit various stages of the viral lifecycle from invasion to release (24). When normal cells are infected with OVs, the intact innate antiviral immune system responds quickly and eliminates internal immature virions, sometimes even inducing apoptosis of seriously infected cells to protect the other cells.

However, during the process of becoming cancerous, some aberrant changes enable OVs to survive and proliferate extensively in host cells (Figure 1B); for example, the number of viral receptors on the membrane surface increases dramatically. Adenovirus, as a familiar OV, mainly engages its receptor coxsackievirus adenovirus receptor (CAR) and coreceptor integrins to complete the invasion process (25), and the expression of CAR is significantly elevated in GC, lung cancer and female reproductive tumors (26, 27). Similarly, the herpes virus receptor, herpesvirus-entry mediator (HVEM), is also markedly increased in malignant melanoma, colorectal cancer, GC, and glioblastoma (28). The amplification of these receptors will facilitate an increasing number of virions entering the host cells and increase the basic level of OVs to obviously accelerate the multiplication rate. Moreover, PPRs act as viral sensors and cannot efficaciously activate their downstream signal of viral defense if their expression is reduced or their function is destroyed. In hepatocellular carcinoma (HCC), TLRs are downregulated to protect cancer cells from the apoptosis they trigger, likely linked to the occurrence and poor prognosis of HCC (29). Similarly, recent studies have demonstrated that NLRs function as intrinsic tumor suppressors in intestinal epithelial cells (IECs), by regulating their responses to proliferative signals following intestinal injury, but they are frequently deleted in colorectal cancer (30). Adaptors STING and MAVS are indispensable intermediate transducers of antiviral signals, and the existing data imply that the STING signaling pathway may be recurrently suppressed by multifarious mechanisms in a considerable variety of malignant diseases and may be required for cellular transformation (31). To the best of our knowledge, cancers mainly acquire energy through glycolysis due to their rapid growth rate. Lactate serves as a key metabolite responsible for glycolysis-mediated RLR signaling inhibition by directly binding to the MAVS transmembrane domain and preventing MAVS aggregation, building a barrier to impede type I IFN production upon RLR activation (32). Hypoxia is also a common phenomenon in solid tumors and is strongly linked to hallmarks of cancers. This will lead to an overall downregulation of the type I IFN pathway to block the transcription of ISGs, due to repressed transcription and lower chromatin accessibility in a hypoxia-inducible factor 1/2α-independent manner (33). Cancer cells have a significantly weakened defense capability against OVs through the abovementioned various adaptive changes, which allow OVs to replicate and assemble, safely and quickly. Coupled with the silencing or mutation of genes that mediate apoptosis signals, infected tumor cells will not die immediately under normal circumstances (34, 35). Therefore, OVs can easily reach the critical value of viral load in tumor cells, eventually lysing them and releasing progeny viruses into the TME (34). Overall, OVs can take advantage of the differences in affinity and tolerance between normal and malignant cells for selectively infecting and lysing cancer cells.



2.2 Stimulate the systemic adaptive antitumor immune response

The immunogenicity of oncolysis caused by overloaded OVs significantly exceeds the process of apoptosis, which can stimulate a systemic antitumor immune response to a certain extent (Figure 2) (36). Findings from a phase II, multicenter, open-label study (NCT02366195) of patients with stage IIIB–IVM1c melanoma indicated that T-Vec had a significant therapeutic effect at the injection site of the tumor and it upregulated immune-cell populations in noninjected lesions, such as CD8+ and CD4+ T cells (37). When cancer cells cleaved by OVs undergo immunogenic cell death (ICD), a large number of progeny virions, tumor-associated antigens (TAAs), PAMPs and damage-associated molecular patterns (DAMPs) are released into the TME and blood circulation (18). Therefore, progeny virions will ceaselessly infect the surrounding cancer cells to establish a cascade amplification reaction, ultimately achieving the purpose of eliminating the malignancy. Proinflammatory cytokines produced by activated NF-κB can recruit antigen-presenting cells (APCs), B cells, T cells and natural killer (NK) cells and stimulate the activation of their relevant signaling pathways to perform antitumor functions (38). APCs, as specialized antigen-presenting cells, can take up and process the TAAs, PAMPs, and DAMPs produced by oncolysis and present these peptide antigens to T cells by major histocompatibility complex (MHC) molecules, ultimately activating CD4+ T cells and CD8+ T cells with the participation of costimulating molecules on the membrane surface (39). The sensitized cytotoxic T lymphocytes (CTLs) attack identified cancer cells by releasing perforin and granzyme B (18), and activated T helper (Th) cells offer costimulatory signals to B cells, thereby promoting their activation, causing them to secrete neutralizing antibodies, which can mark malignant cells for antibody-dependent cellular cytotoxicity (ADCC) by NK cells or antibody-dependent cellular phagocytosis (ADCP) by macrophages (40). In the end, immune effector cells, immune effector molecules and progeny virions generated in the TME will travel through the body with the blood and initiate a systemic adaptive antitumor immune response.



2.3 Two major therapeutic strategies of OVTs

The existing therapeutic strategies of OVTs are mainly divided into two categories, one is an oncolytic tool relies on its oncolysis, another is an exogenous gene delivery system relies on its selectivity for various cancers. As mentioned above, natural OVs can preferentially replicate and assemble in human cancer cells and inhibit tumor growth without specific deletion or modification to the genome. Multiple preclinical and clinical studies have demonstrated that OVTs have oncolytic properties and can stimulate antitumor immune responses against various malignancies (41). However, the two most challenging problems of OVTs in the process of application are as follows: (i) a significant reduction in the efficacy because of unsatisfactory oncolysis or the virions are eliminated by the body’s strong immune system and (ii) OVs may infect and damage healthy tissues and cells with the increase of viral titer (42). For these two problems, on the one hand, the curative effects can be enhanced by further modification of their genome, which named armed OVs. Mechanistically, a variety of different armed oncolytic strategies have been explored, with particular success observed in strategies introducing immune-stimulating genes (such as T-Vec has an insertion of human GM-CSF in both copies of the ICP34.5 gene within HSV-1) and tumor-damaging genes (such as the insertion of tumor-suppressor genes or RNA interference to regulate oncogenes) (43–45). Although their efficacy is more favorable, the exogenous genes introduced by armed OVs have more unforeseen effects and potentially dangerous to normal cells than original OVs. On the other hand, the selectivity of the OVs also can be enhanced by further deletion of genes which essential for their proliferation in normal cells (42). For example, the deletion of E3 gene in adenovirus or ICP47 gene in HSV-1 can promote peptide loading of MHC-I molecules to encourage the elimination of virions by the immune system in normal cells (46). However, these changes cannot affect the survival of OVs in cancer cells due to their antiviral immune responses are inherently defective. Nowadays, the third-generation adenovirus vector engineered by gene editing technology, which removes all of genes except inverted terminal repetitions (ITRs) and a packaging gene Ψ, only acts as an exogenous gene delivery system without the ability of self-replication (47, 48). Although the specificity and capacity of exogenous gene insertion are commendably increased, the absent replicative activity and low immunogenicity of virions can’t activate the immune response or very poorly so that OVs lose the abilities of oncolysis and stimulating the systemic adaptive antitumor immune response (49). Therefore, it is indispensable that these engineered OVs treat cancer patients in combination with other antitumor agents, especially ICIs and adoptive immunotherapy.




3 Summary of OVTs for treating GC


3.1 Adenovirus


3.1.1 The internal structure and invasive process of adenovirus

Adenovirus is a nonenveloped double-stranded linear DNA virus with a nucleoprotein core encapsulated by an icosahedral protein capsid from which proteinaceous fibers protrude (50). It mainly initiates infection by high affinity binding of the fiber protein to CAR (Figure 3) or other receptors, such as CD46 and desmoglein (DSG)-2 (51). Upon cell binding, adenovirus typically requires a secondary receptor for endocytic uptake. This is usually mediated by the arginine-glycine-aspartate (RGD) sequence in an exposed loop of the penton base binding to active state αvβ3/αvβ5 integrins, followed by outside-in signals, which are critical for stimulating virion endocytosis to enter lysosomes. Because adenoviruses change the conformation of the protein capsid through a highly controlled process within lysosomes, the viral DNA are released from the lysosomes and transferred to the nucleus through nuclear pore complexes, and a series of complicated but regulated transcription and translation processes are carried out (52).




Figure 3 | The internal structure and invasive process of adenovirus. Infection with adenovirus is mainly initiated by high affinity binding of fiber protein to CAR, with the participation of αvβ3/αvβ5 integrins as secondary receptors. Endocytic virions are released from lysosomes and transferred to the nucleus through nuclear pore complexes for transcription and translation. The adenoviral genome contains two ITRs at both ends, the packaging signal Ψ, and the major functional genes, such as early transcription units E1~E4 and late transcription units L1~L5. CAR, coxsackievirus adenovirus receptor; RGD, arginine-glycine-aspartate; LITR, left inverted terminal repetitions; RITR, right inverted terminal repetitions; Ψ, packaging signal; E1~E4, early transcription units; L1~L5, late transcription units; MLP, major late promoter.



Adenoviruses contain a genome of approximately 36 kb with inverted terminal repetitions (ITRs) of ∼100 bp at both ends, and on the inside of the left ITR (LITR), the signal Ψ is involved in viral packaging. Between the right ITR (RITR) and Ψ, early transcription units E1~E4 encode proteins that are required for viral replication, and all major late proteins are organized in the transcription units L1~L5, related to the assembly of adenovirus (53). E1A is the first gene that is transcribed during adenovirus infection to regulate the metabolism of host cells to make replication easier, and E1A protein can also activate the promoters of other early transcription units (54). Replication requires a complex constructed by three viral proteins encoded by E2 genes: precursor terminal protein (pTP), DNA polymerase (DNA Pol), and the single-stranded DNA binding protein (ssDBP) (55). The E3 protein is a glycoprotein that can be transferred to the endoplasmic reticulum (ER) and then abrogate cell surface transport of MHC class I molecules to avoid the activation of CTLs (56). That, combined with the E4 gene, encodes at least 6 viral proteins that counteract host antiviral proteins during productive adenovirus infection (57). These products not only destroy the intracellular defensive capability of OVs but also block the signals of activating immune cells, ultimately promoting the proliferation of virions in host cells without restriction. When the early preparation for viral amplification is basically completed, the transcription and translation of the early transcription units are shut down, and the common major late promoter (MLP) begins to regulate the expression of late transcription units L1~L5 (58). With the participation of Ψ, mature progeny virions rush out of the tumor cells and enter the next round of lifecycle.



3.1.2 As an oncolytic tool

Oncolytic adenovirus therapy is gaining importance as a novel treatment option for the management of various cancers. As a well-known OV, oncolytic adenovirus has many studies and applications in treating GC, which can replicate in and kill tumor cells selectively (Table 1). Multiple studies have indicated that adenovirus possesses good selectivity and infectivity in GC cells to yield oncolysis (101, 103). According to the interpretation of the invasive process, Lotta Kangasniemi et al. incorporated an RGD-containing peptide into the HI loop of the fiber knob to preferably utilize αvβ-class integrins for binding and internalization, which significantly enhanced the transduction of target cells and oncolysis (59). However, it is worth noting that the modification of ligands also can promote more virions to enter normal cells, causing unwanted off-target and side effects. In addition, adenovirus can also increase the therapeutic effectiveness of peritoneal metastasis for GC patients. Peritoneal metastasis is the most frequent form of distant metastasis and recurrence of GC, and its prognosis is extremely poor due to its resistance to systemic chemotherapy. In an orthotopic human GC peritoneal dissemination mouse model, intraperitoneal administration of adenovirus (OBP-401) enhanced the accelerated autophagy and apoptosis of malignant cells and synergistically suppressed the peritoneal metastasis of GC in combination with paclitaxel (PTX) (61).


Table 1 | Studies of various OVs for the treatment of GC.





3.1.3 As an exogenous gene delivery system

Adenovirus vector is also a targeted, safe, and excellent gene delivery system, enables us to introduce exogenous genes into GC at will due to its selectivity for cancer cells (Table 1). P53 is a suppressor of carcinogenesis that plays a crucial role in a variety of cancers, including GC (114). In vivo studies showed that the growth of subcutaneous tumors of p53 mutant GC cells was significantly inhibited by intratumor injection of recombinant adenovirus encoding wild-type p53 (AdCAp53), but no significant growth inhibition was detected in the growth of p53 wild type GC (44). phosphatase and tensin homolog (PTEN) tumor-suppressor activity in the PI3K/Akt/mTOR pathway is essential to regulate many cellular processes of GC, including proliferation, survival, energy metabolism, and metastasis (115). Zhang, H. et al. revealed that a recombinant adenovirus co-expressing inhibitor of growth 4 (ING4) and PTEN (AdVING4/PTEN) could synergistically induce apoptosis of GC via enhancement of endogenous p53 responses (89). IFN regulatory factor-1 (IRF-1), XIAP-associated factor 1 (XAF1), and cGMP-dependent protein kinase (PKG) II, as tumor suppressor genes, also can inhibit proliferation and promote apoptosis of GC in a similar way (Table 1). Moreover, knocking down and out oncogenes possess the similar antitumor activity in the prolongation of GC patients’ survival. The PI3K-serine/threonine kinase (AKT)-mammalian target of rapamycin (mTOR) pathway is an important cellular pathway involved in cell growth, tumorigenesis, cell invasion, and drug resistance. Bao-Song Zhu et al. constructed a recombinant adenovirus with RNA interference to silence PI3K gene. After the PI3K signaling pathway has been blocked by siRNA, the proliferation of cells was inhibited and the apoptosis of GC cells was enhanced (99). In addition, myeloid cell leukemia-1 (Mcl-1) is an antiapoptotic protein that regulates apoptosis sensitivity in many cancers. When adenovirus-mediated RNAi technology was used to knockdown the expression of Mcl-1 in GC, CD44+ cancer stem cell (CSC)-like cells became sensitized to chemotherapeutic agents such as 5-fluorouracil (5-FU) and cisplatin (CDDP) (95). More interestingly, a green fluorescent protein (GFP)-expressing adenovirus can detect malignant cells from the peritoneal washes of GC patients more sensitively and may thus be useful for both therapy stratification and precision medicine (62).



3.1.4 Relevant clinical trials

Based on previous studies, the Sidney Kimmel Cancer Center at Thomas Jefferson University is investigating the side effects of the Ad5. F35-hGCC-PADRE vaccine and determining how well it works in treating patients with gastrointestinal adenocarcinoma in a phase IIA trial (NCT04111172). The adenovirus 5/F35-human guanylyl cyclase C-PADRE (Ad5.F35-hGCC-PADRE) vaccine may help train the patient’s own immune system to identify and kill tumor cells and prevent them from forming recurrences and metastases. In addition, a phase 1 trial that involves binary oncolytic adenovirus (CAdVEC) in combination with HER2-specific autologous CAR T-cells to treat advanced HER2-positive GC (NCT03740256) and a single arm phase 2 study of the combination of adenoviral p53 (Ad-p53) gene therapy administered intratumorally with approved ICIs in patients with recurrent or metastatic GC (NCT03544723) are underway.




3.2 Herpes simplex virus type 1


3.2.1 The internal structure and invasive process of HSV-1

Herpes virus is a round, enveloped double-stranded linear DNA virus with a core encapsulated by a protein capsid. The most common herpes virus, HSV-1, has a genome of 152 kb, but approximately 30 kb of these genes are not necessary for viral survival, which provides abundant space for the insertion of exogenous genes (116). Similar to most viral infection processes, HSV-1 entry into host cells requires viral binding to specific receptors to trigger membrane fusion, and multiple viral entry glycoproteins (gB, gC, gD, gH, and gL) on the surface of the virion play a coordinating role in this process (117). The direct fusion of HSV-1 with the plasma membrane of host cells involves three phases (Figure 4): (i) Virions attach to the membrane surface. gB and/or gC binds to heparan sulfate (HS) to facilitate viral adsorption to the cells. (ii) The host cell recognizes the virions. One of several entry receptors on the host cell surface, including HVEM, Nectin-1 or -2, and 3-O-sulfated heparan sulfate (3-OS HS), can bind to gD to stabilize the attachment between them and promote the formation of the gH-gL complex. (iii) Initiation of the fusion reaction of the viral envelope with the cytoplasmic membrane occurs. The gD, gB, and gH-gL complexes and their cognate receptors form the core fusion complex, which completes the fusion of the viral envelope with the host cell membrane (118).




Figure 4 | The internal structure and invasive process of HSV-1. HSV-1 requires viral binding to specific receptors to trigger membrane fusion to enter host cells. First, gB and/or gC binding to HS facilitates viral adsorption to the cells. Then, one of several entry receptors, including HVEM, Nectin-1 or -2, and 3-OS HS, can bind to gD to stabilize the attachment and promote the formation of the gH-gL complex. Subsequently, the gH–gL complex activates gB to interact with NMHC-IIA/B, PILRα or MAG. Finally, the gD, gB, and gH-gL complexes and their cognate receptors form the core fusion complex to initiate the fusion reaction of the viral envelope with the cytoplasmic membrane. The genomic DNA of HSV-1 is divided into UL, US, TRL, IRL, TRS, and IRS, which can be segmented into immediate-early (IE), early (E) and late (L) for their respective functions. HSV-1, herpes simplex virus type 1; gB, gC, gD, gH, and gL, viral entry glycoproteins; HS, heparan sulfate; HVEM, herpesvirus-entry mediator; 3-OS HS, 3-O-sulfated heparan sulfate; NMHC-IIA/B, non-muscle myosin heavy chain II A/B; PILRα, paired immunoglobulin-like receptor α; MAG, myelin-associated glycoprotein; UL/US, unique sequence of the long/short region; TRL/IRL, terminal/internal inverted repeat sequence of the long region; TRS/IRS, terminal/internal inverted repeat sequence of the short region; ICP, infected cell protein; TK, thymidine kinase.



Following the process of fusion, the nucleocapsid of HSV-1 is connected with the nuclear membrane to release DNA into the nucleus and activate its transcription and translation. The genomic DNA of HSV-1 is divided into long and short regions of unique sequences termed UL and US, respectively, which are flanked by regions of inverted internal and terminal repeats (119). Their expression of them is rigorous in chronological order and can be segmented into immediate-early (IE), early (E) and late (L) genes (also known as α, β, and γ). ICP0, ICP4 and ICP47 play an irreplaceable role in the early stage of infection as the expression products of IE genes. Among them, ICP0 is a multifunctional nonessential ubiquitin E3 ligase that targets a multitude of cellular proteins for proteasome-mediated degradation and counters intrinsic and IFN-related antiviral responses and epigenetic silencing of the viral genome (120). ICP4 is an essential transactivating factor that represses IE genes and activates E and L genes (120). Similar to the E3 gene in adenovirus, ICP47 can also block peptide loading of MHC-I molecules, encouraging the escape of detection by the immune system (46). The E genes include ICP6 and TK (thymidine kinase), which are mainly involved in viral DNA replication and nucleotide metabolism for amplification of HSV-1 (121). L gene expression occurs with the onset of viral DNA replication, and its products include capsid and DNA packaging proteins, glycoproteins, and tegument proteins (122). ICP34.5, one of the L genes, is the major viral neurovirulence factor, as well as a multifunctional protein that can bind phosphatase 1α (PP1α) to dephosphorylate eukaryotic translation initiation factor 2α (eIF2α) to prevent protein shutoff and bind TBK1 to block type 1 IFN induction to inhibit apoptosis of host cells (123). Thus, similar to adenovirus, we can modify the genetic composition of HSV-1 to make it more suitable for treating cancer in the clinic.



3.2.2 Relevant studies and clinical trials of HSV-1

HSV-1, as an OVT, plays a pioneering role in other cancer therapies, such as T-vec for melanoma or G47Δ for glioblastoma, but its application is relatively limited in GC (Table 1). Firstly, HSV-1 is a wonderful oncolytic tool. The existing results suggest that simply relying on the oncolytic ability of HSV-1 can induce apoptosis of infected GC cells and effectively treat disseminated peritoneal cancers (63, 66). More meaningfully, intratumoral HSV-1 injections markedly decreased M2 macrophages while increasing M1 macrophages and natural killer (NK) cells, which means that the inherent immunosuppressive microenvironment of GC is destroyed by this method (65). Similar to adenovirus, HSV-1 can also be used to deliver exogenous genes. Thrombospondin-1 (TSP-1) suppresses tumor progression via multiple mechanisms, including antiangiogenesis. A novel armed oncolytic HSV-1 combined with TSP-1-mediated function, T-TSP-1, enhanced the therapeutic efficacy of GC by providing a combination of direct viral oncolysis with antiangiogenesis (107). Despite these successes in the laboratory, it is regrettable that few clinical trials using herpes virus for the treatment of GC has been conducted thus far. A phase I/II study (NCT03866525) evaluates the safety and efficacy of OH2 (an engineered recombinant herpes simplex virus) as single agent or in combination with HX008, an anti-PD-1 antibody, in patients with gastrointestinal cancers is underway.




3.3 Other OVs

In addition, others OVs also have corresponding therapeutic effects on GC (Table 1). As an oncolytic tool, Newcastle disease virus (NDV) was an effective antitumor treatment against peritoneal carcinomatosis from human GC in a xenograft model, correlated with viral replication and dosage (70, 111), and it can re-establish antitumor immunity in the suppressive TME (112). As an exogenous gene delivery system, Wang, M. et al. constructed a recombinant vaccinia virus (VACV) strain expressing mutant survivin T34A (SurT34A) and FilC and validated its strong replication and destruction ability in a murine GC model (109). In particular, due to its ability to selectively invade tumor cells, the therapeutic efficacy of a novel genetically engineered VACV carrying the human sodium iodide symporter (hNIS) gene, GLV-1 h153, was investigated in GC along with its potential utility for imaging with (99 m)Tc pertechnetate scintigraphy and 124I positron emission tomography (PET) (110). Furthermore, tumor cell-specific recombinant VACV can accurately detect live metastatic tumor cells in blood samples from mice bearing human tumor xenografts, as well as in blood and cerebrospinal fluid samples from patients with GC (69). These data encourage the continued investigation of OVTs for the diagnosis and staging of GC in clinical settings.




4 Prospects

GC, as a malignant tumor with a poor prognosis, combines a variety of adverse factors, and once it progresses to an advanced stage, almost all existing methods cannot achieve the desired therapeutic effect. Therefore, it is urgent to provide new treatment options for these patients. OVs have attracted much attention since their discovery, and their special abilities, such as selectively lysing tumor cells, remodelling the inhibitory TME, and activating the systemic antitumor immune response, have made many researchers regard OVT as a promising strategy for the treatment of cancer, and several clinical trials have commendably confirmed this hypothesis. However, to date, research on GC is still quite limited, and the few experimental studies and clinical trials cannot promote the development of OVTs for GC. Thus, for better comprehension, we combined previous results in various cancers with our own insights to discuss the prospects of OVT.


4.1 OV is not only a killer but also a carrier

OVs are well known for their capacity for selective oncolysis, and it is almost effortless to obtain satisfactory positive results in vitro. However, during the actual usage process, due to the complex internal environment in the body, the interactions among various factors results in dissatisfactory oncolysis (124). If the dose is increased, adverse phenomena such as off-target infection of normal cells and unnecessary inflammatory responses will also appear (125). After continuous modification and development, their original oncolytic ability has been increasingly marginalized, and increasing attention has been given to selective infection, as an admirable exogenous gene delivery system (126, 127). Most related studies on the introduction of exogenous genes into GC cells have been enumerated (Table 1). However, one important point is that GC is a molecularly and phenotypically highly heterogeneous disease (128), and the previous studies basically selected meaningful genes from other cancers and stuck them into GC, which is unfavorable for further application of the technique in the clinic. The one-size-fits-all approach is one of the key reasons for the huge differences in therapeutic efficacy among patients, and the molecular typing of various tumors can make up for this deficiency to better guide the choice of clinical medication, including for GC (129).

The Asian Cancer Research Group (ACRG) previously performed whole-genome sequencing of GC and divided it into four subtypes: microsatellite instability (MSI); microsatellite stability/epithelial-mesenchymal transition (MSS/EMT); microsatellite stability/TP53 activation (MSS/TP53+) and microsatellite stability/TP53 mutation (MSS/TP53-) (130). For example, compared with MSS/TP53+ GC, the MSS/TP53- subtype is undoubtedly more suitable for introducing the wild-type p53 gene by OVs to remedy the error. The mutated CDH1 gene is one of the indispensable drivers of EMT involved in GC invasion and metastasis (131), and the MSS/EMT subtype has the worst prognosis because of typical CDH1 loss of expression. Thus, recovering the original level of CDH1 by OVs may improve the prognosis of GC subtype patients. Furthermore, The Cancer Genome Atlas (TCGA) project classified GC as Epstein–Barr virus (EBV)-positive (EBV), microsatellite instability (MSI), genomically stable (GS) and chromosomal instability (CIN), by analyzing gastric adenocarcinoma primary tumor tissue from 295 patients not treated with prior chemotherapy or radiotherapy (132). Taking EBV-positive GC as an example, 80% of this subtype has a PIK3CA mutation, which can cause the continuous activation of phosphatidylinositol 3-kinase (PI3K) and enhance the transmission of intracellular signals, promoting the carcinogenesis of gastric epithelial cells (133). We can reverse this process by relying on the function of OV carriers. Currently, our understanding of molecular the classification of GC has substantially changed, and the capacity of OVs to deliver exogenous genes has also been significantly enhanced. Based on both, targeted correction of characteristic abnormally expressed genes of various subtypes by OVTs can overcome the heterogeneity of GC, benefiting each patient and fulfilling the concept of precision medicine.



4.2 Look for more suitable promoters

The dual safety valves constituted by OVs and tumor-specific promoters can preferably avoid the occurrence of “off-target” events, further improving the targeting and safety of OVTs. For some cancers, promoters that regulate the expression of tumor-specific antigens (TSAs) are optimal candidates for OVTs; for example, the alpha-fetoprotein (AFP) promoter for hepatocellular carcinoma (Figure 5A) and the prostate-specific antigen (PSA) promoter for prostate cancer (Figure 5B) (134, 135).




Figure 5 | The expression levels of some genes in various tissues based on the GEPIA online database (http://gepia.cancer-pku.cn/index.html). AFP, alpha-fetoprotein; LIHC; liver hepatocellular carcinoma; PSA, prostate-specific antigen; PRAD, prostate adenocarcinoma; STAD, stomach adenocarcinoma; CEA, carcinoembryonic antigen; COAD, colon adenocarcinoma; READ, rectum adenocarcinoma; LUAD, lung adenocarcinoma; HER2, human epidermal growth factor receptor 2; MUC1, mucin 1; EpCAM, epithelial cell adhesion molecule; CLDN 18.2, claudin 18.2; MSLN, mesothelin; FOLR1, folate receptor 1; PGA, pepsinogen; PGC, gastricsin; CBLIF, cobalamin binding intrinsic factor.



Unfortunately, no appropriate promoter with impressive sensitivity and specificity has been found in GC thus far. Notwithstanding the available biomarkers of CEA, cancer antigen 19-9 (CA19-9) and cancer antigen 72-4 (CA72-4) are frequently used to monitor GC in the clinic (136). Among them, CA19-9 and CA72-4, as carbohydrate antigens, do not require specific promoters to regulate their expression, and CEA is a broad-spectrum tumor antigen mainly associated with carcinoma of the colon, lung, breast, stomach, etc (137). (Figure 5C). Although previous studies have shown that CEA could participate in OVTs for GC (Table 1), its sensitivity is not satisfactory; in fact, it is only 4.3% for early GC and 24% for AGC (138, 139). Additionally, its slight but significant upregulation in GC in the context of some inflammatory diseases suggests that the CEA promoter is not an excellent option (140). In addition, some results also suggested that HER2, mucin 1 (MUC1), epithelial cell adhesion molecule (EpCAM), claudin 18.2 (CLDN 18.2), mesothelin (MSLN), and folate receptor 1 (FOLR1) are important targets in GC (141–143). After analysis, only EpCAM seems to be a candidate tumor-specific promoter for further research, while the other promoters have either low-level expression or poor specificity (Figures 5D-I).

The promoters of stomach-specific proteins are capable of becoming tumor-specific promoters similar to PSA in the prostate gland, such as pepsinogen (PGA), gastricsin (PGC), and cobalamin binding intrinsic factor (CBLIF). However, during the occurrence and development of GC, a large proportion of patients will experience a process of chronic atrophic gastritis, which can decrease the expression of these proteins by damaging the gastric mucosal epithelium, causing less expression in tumors than in normal tissue (Figures 5J-L) (144). In brief, finding a more suitable promoter than CEA to regulate the action of OVs will be a breakthrough in the treatment of GC.



4.3 Overcoming the deficiency of intravenous injection

One of the vital reasons for limiting the development of OVTs is the innate antiviral immune system. Due to a general history of previous infection in the population, such as adenovirus and HSV-1, pre-existing complement, immune cells, and corresponding antibodies will rapidly neutralize and inactivate OVs in the blood circulation (145, 146). Although intratumoral injection can avoid this problem to a certain extent, in the case of systemic multiorgan metastasis, peritoneal implantation and other special circumstances, intravenous injection is still the most appropriate way to obtain a better therapeutic effect. For this reason, it is also an attractive direction to explore how to treat GC by intravenous administration without disabling the OVTs.

The complement system constitutes a complex of heat labile serum proteins and cell surface proteins that act as an innate immune defense against invading pathogens, and intravenous injection of OVs with complement regulators can counteract inactivation mediated by complement to some extent (147). For immunoglobulin, using compound targeted mutagenesis of binding sites that mediate virus-immunoglobulin interactions, the engineered OVs resisted inactivation by the aforementioned factors, avoided sequestration in liver macrophages, and failed to trigger hepatotoxicity after intravenous delivery (15).

In addition to the above two strategies, a method such as the “Trojan horse” is generally recognized as a promising solution for intravenous injection. With the help of carrier cells which have a tropism toward the TME and are susceptible to OV infection, they can remain viable long enough to allow migration and finally release OVs within the tumor bed (148). Due to their unique capability to specifically migrate to tumors, MSCs, MDSCs and tumor-infiltrating leukocytes (TILs) are universally regarded as candidates for carrying OVs, and their efficacy has been verified in glioma, colorectal cancer, and other malignancies (17, 149, 150). Moreover, angiogenesis plays an indispensable role in tumor proliferation, progression, and metastasis to supply sufficient nutrients for malignant tissues. Taking this into account, endothelial progenitor cells (EPCs) have stimulated worldwide interest as possible vehicles to perform autologous cell therapy of tumors because of their tumor-homing properties, and they may be a neotype of carriers for OVs (151).

OV delivery by carrier cells has attracted extensive attention, but there are still few studies on treating GC by this method. Only one study suggested that recombinant adenovirus KGHV500 carried by CIKs, which was equipped with a broad-spectrum anti-p21-Ras single-chain variable fragment antibody (scFv), could significantly infiltrate the TME to inhibit proliferation, migration, and invasiveness and promote cell apoptosis of GC (86). With the continuous innovation of material fabrication technology, the applications of new types of materials in cancer therapy is emerging, which can not only deliver therapeutic drugs efficiently by preventing them from being eliminated by the immune system but also target and transmit them into the tumor location relying on photodynamic therapy (PDT), magnetism, pH and so on (152–155). Therefore, using these emerging materials as carriers of OVs can be regarded as another approach to solving the problem of intravenous injection, but research on GC treatment is still lacking.



4.4 OVs are also diagnostic and staging tools

Diagnosing difficulty at an early stage leads to the poor prognosis of GC patients. The relevant data showed that the 5-year OS rate of patients who accepted radical surgical resection with early-stage localized GC is more than 60%, whereas that of patients with distant metastasis is less than 5% (156). In recent years, although endoscopic screening and pathological biopsy of patients with a high risk have greatly improved the diagnostic efficiency and slightly reduced the mortality of GC (157), it is undeniable that their accuracy is closely related to the technique and experience of the operators, and a number of patients are still missed due to various reasons. In addition, as an invasive operation, endoscopy also places a serious psychological burden on patients.

In summary, developing a technique with simple operation, high accuracy, and excellent patient compliance can become an important supplement to existing diagnostic methods for GC. OVs, as a tumor-targeting vector, can selectively introduce certain tagged protein genes, such as green fluorescent protein (GFP), into GC cells (62), and fluorescent endoscopy has been used in its diagnosis for a long time (158). Their combination may further improve the diagnostic sensitivity and specificity of early GC. It is widely known that therapeutic effects are closely related to the accurate staging of cancer, and patients with AGC in different stages need to receive the most appropriate therapeutic schedule to obtain the maximum benefit (159). Positron emission tomography with computed tomography (PET/CT), while currently the best method for evaluating systemic metastasis of malignant tumors, only had a sensitivity of 33% (95% CI, 17%-53%) for detecting distant metastases of GC in a multicenter prospective cohort study, which suggested it has limited additional value for GC staging (160). Based on the understanding of PET/CT imaging theory and the delivery ability of OVs, incorporating some transporter genes of radioactive substances used in PET/CT into cancer cells, such as human sodium iodide symporter (hNIS), can observably increase tracer uptake to improve the sensitivity of the examination, and this has been verified in pancreatic cancer and colon cancer (161, 162). Certainly, how to combine the advantages of OVs with existing examination methods to facilitate the diagnosis of GC is also a topic that needs additional study.



4.5 Destruction of the inhibitory TME by OVTs

The normal immune system possesses the function of recognizing, killing, and eliminating malignant cells in time to prevent the occurrence of cancers, which is called “immune surveillance”. However, under the selective pressure of immune surveillance, tumor cells undergo continuous remodeling at the genetic and epigenetic levels and develop a series of escape mechanisms; for example, by creating a suitable TME for growth or resisting apoptosis (163). In this long process, named “cancer immunoediting”, the immune system can both constrain and promote tumor development, which proceeds through three phases termed elimination, equilibrium, and escape to edit tumor immunogenicity and acquire immunosuppressive mechanisms (164). However, most existing immunotherapies are designed to damage the cancer cells themselves even though the dynamic and complex cell networks within the TME play a pivotal role in tumor progression and drug resistance, and it is possible to recover antitumor immunity by breaking negative and indulgent TME (165). For GC, the TME houses a variety of immunosuppressive cells, including regulatory T (Treg) cells, tumor-associated macrophages (TAMs), MSCs, MDSCs, and CAFs, which can promote tumor growth by releasing various molecules that directly activate cancer cell growth signals or reshape surrounding areas (166, 167). Accordingly, targeting these “rebellious” cells will be a new concept for treating GC, and it has been verified in many aspects.

CAFs are one of the critical components in the GC mesenchyme and not only directly confer growth advantages to cancer cells via paracrine signaling with chemokines, cytokines, and growth factors, but they also play a critical role in migration through direct physical interactions between CAFs and cancer cells (168). Consequently, proliferation and invasion can be significantly inhibited when the interactions between them are blocked (169). Through study of GC clinical specimens, poor prognosis and resistance to cancer therapies are closely associated with the infiltration of MDSCs, and the higher the number of MDSCs in patients with late-stage III or IV GC, the worse the prognosis (170). Inhibiting the effects of MDSCs is beneficial to GC patients (171), as well as other immunosuppressive cells (172–174). Although OVs were initially known for their ability to lyse tumor cells, they can also invade nontumor cells (150, 175). Similarly, extending their oncolytic function to tumor stromal cells can destroy the inherently inhibitory TME to restore normal immune surveillance. Applying this theory, prostate cancer and glioblastoma have achieved great curative efficacy as expected, but no similar research has been conducted on GC (176, 177).



4.6 Combining OVTs with other cancer therapies

To date, adjuvant therapies such as chemoradiotherapy, targeted therapy and immunotherapy alone cannot achieve revolutionary curative effects in patients with AGC, which is probably closely related to its strong heterogeneity and low immunogenicity, as previously mentioned, and a combination of various methods, including OVT, assuredly maximizes its therapeutic effects and minimizes drug resistance (178, 179). Chemotherapy as the preferred choice for postoperative and AGC patients can indeed prolong survival, and the combination of various chemotherapy regimens with OVTs shows a certain additive effect for GC as well (61, 102). Most chemotherapeutic agents were developed through their direct cytotoxic effects without consideration of their major detrimental effects on the immune system, such as lymphodepletion, an antagonism for OVTs (180). Targeted therapy has no obvious overlap with OVTs in mechanism and leads to the fact that their combination cannot complement each other (181). In addition to direct oncolysis, OVTs possess a unique ability to indirectly induce innate and adaptive antitumor immunity, which can lead to effective infiltration of immune cells, converting a “cold” tumor with few immune cells into a “hot” one with increased immune cells (182). This is extremely meaningful and not available in other immunotherapies, which means the “soldiers” against cancer cells are prepared and then need to be equipped with “weapons” to further enhance their combat capabilities at present. ICIs have revolutionized medical oncology, although currently only a subset of patients have a response to such treatment (183), and the remaining tumors are nonresponsive, in part due to a lack of tumor-infiltrating immune cells (184). Therefore, OVTs can help increase their effectiveness as a supplement to synergistically enhance the antitumor effect of ICIs, and multiple completed or ongoing items have obtained remarkable results in numerous malignancies, but not in GC (185).

Despite the robust successes of ICIs, primary and acquired resistance is common and is attributable to several factors, including insufficient antitumor T cells, inadequate function of these cells, and the impaired formation of memory T cells. CAR T-cell therapy is another form of immunotherapy that havs strong potential to address many of the limitations of ICIs by its ability to augment the number, specificity, and reactivity of T cells against tumor tissue (186). Unlike hematopoietic tumors, a key limitation of CAR T-cell therapy in solid tumors is the immunosuppressive TME, which leads to T-cell hypofunction, restricting CAR T-cells persistence within the tumors (187). Fortunately, this “door” can be opened by the “key” of OVTs. This combinatorial approach improved antitumor efficacy and prolonged survival in mouse models of solid tumors when compared with monotherapies (188). Another important hurdle encountered with CAR T-cells is tumor immune evasion due to antigen loss (187). To overcome this challenge, OVTs can restore or overexpress absent original tumor antigens and provide tumor cells with unprecedented neoantigens and any other genes that can promote the effectiveness and targeting of CAR T-cell therapy, as a target for CAR (189), as well as CAR NK-cell therapy (190). In the same way, incorporating the content of OVs to damage the suppressive TME, a combination of CAR T-cell therapy and OVTs that deliver targets of inhibitory mesenchymal cells for CAR T-cells, can disrupt the TME more favorably and completely (191). In summary, OVTs may become the optimal companion for CAR T-cell therapy to achieve unprecedented progress in treating solid tumors, including GC; nevertheless, few researchers are currently exploring this avenue.




5 Conclusion

OVs have attracted extensive attention and exploration worldwide because of their abilities to selectively infect and lyse tumor cells. However, in the course of decades of research, scientists found that their selectivity is not absolute, which means they can replicate and proliferate inside nontumor cells as well. Furthermore, an increasing number of animal experiments and clinical trials have revealed that not all OVs can exert ideal oncolysis under safe virus titers, limiting the development of OVTs. Nonetheless, with the continuous decryption of relevant functions of the genes in OVs, coupled with the rapid progress of gene editing technologies, artificial and purposeful modification of specific genes is possible. Currently, after varying degrees of transformation, the oncolysis of engineered OVs has been sidelined, and they are instead primarily regarded as excellent carriers of exogenous genes for targeting tumor cells. As a malignant tumor with a poor prognosis, strong heterogeneity, and low immunogenicity, how to effectively treat AGC patients has always been a worldwide problem. According to the characteristics of molecular typing in GC, engineered OVs can change their genetic and epigenetic expression levels by combining the introduction of exogenous genes and specific promoters to precisely destroy the malignancy of each subtype and preferably inform clinical medication choices. In addition, OVs can play a fascinating role in the diagnosis and staging of GC to better guide treatment in the clinic, but this needs further investigation. The TME, complicated but structured, plays an irreplaceable role in the occurrence and development of GC. By shifting the “spearhead” of OVs from tumor parenchymal cells to stromal cells, it is possible to break through this inhibitory mechanism to promote the infiltration of various immune effector cells and rebuild the function of immune surveillance against GC. For monotherapy, the crucial reasons for the poor response of various therapies are heterogeneity and resistance, so combination therapy definitely is the developmental direction of cancer treatment in the future, whether for GC or other malignancies. Specifically, the most meaningful function of OVTs is attracting immune cells into the TME to transform “cold” tumors into “hot” tumors, which will significantly improve the effect of immunotherapies for GC, such as ICIs and CAR T-cell therapy. Overall, OVTs can serve as powerful catalysts to assist other treatments, enabling GC patients to benefit more from cancer therapies.



Author contributions

JW: writing of original manuscript. LD: revision of the manuscript. XC: language modification of the manuscript. All authors contributed to the article and approved the submitted version. All authors contributed to the conception of the study and the preparation and approval of the paper.



Funding

This work was supported by Wenzhou Science & Technology Bureau Foundation (Grant No. Y2020144 to XC) and Zhejiang Provincial Natural Science Foundation (Grant No. LY22H160012 to LD).



Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.



Abbreviations

MDSC, myeloid-derived suppressor cell; CAF, cancer-associated fibroblast; MSC, mesenchymal stem cell; PAMP, pathogen-associated molecular pattern; PRR, pattern-recognition receptor; TLR, Toll-like receptor; NLR, NOD-like receptor; RLR, RIG-I-like receptor; cGAS, cyclic GMP–AMP synthase; cGAMP, cyclic GMP–AMP; TBK1, TANK­binding kinase 1; IRF3, interferon regulatory factor 3; NF-κB, the nuclear factor-κB; IFN, interferon; RIG-I, retinoic acid-inducible gene I; MAVS, mitochondrial antiviral-signaling protein; ISG, interferon-stimulated gene; CAR, coxsackievirus adenovirus receptor; HVEM, herpesvirus-entry mediator; ICD, immunogenic cell death; TAA, tumor-associated antigen; DAMP, damage-associated molecular pattern; APC, antigen-presenting cell; RGD, arginine-glycine-aspartate; ITR, inverted terminal repetition; MHC, major histocompatibility complex; PTEN, phosphatase and tensin homolog; RNAi, RNA interference; CEA, carcinoembryonic antigen; ICP, infected cell protein; EMT, epithelial-mesenchymal transition; TSA, tumor-specific antigen.



References

1. Ansari, S, Gantuya, B, Tuan, VP, and Yamaoka, Y. Diffuse Gastric Cancer: A summary of analogous contributing factors for its molecular pathogenicity. Int J Mol Sci (2018) 19(8):2424. doi: 10.3390/ijms19082424

2. Sung, H, Ferlay, J, Siegel, RL, Laversanne, M, Soerjomataram, I, Jemal, A, et al. Global cancer statistics 2020: Globocan estimates of incidence and mortality worldwide for 36 cancers in 185 countries. CA Cancer J Clin (2021) 71(3):209–49. doi: 10.3322/caac.21660

3. Smyth, EC, Nilsson, M, Grabsch, HI, van Grieken, NC, and Lordick, F. Gastric cancer. Lancet (2020) 396(10251):635–48. doi: 10.1016/s0140-6736(20)31288-5

4. Kang, YK, Chin, K, Chung, HC, Kadowaki, S, Oh, SC, Nakayama, N, et al. S-1 plus leucovorin and oxaliplatin versus s-1 plus cisplatin as first-line therapy in patients with advanced gastric cancer (Solar): A randomised, open-label, phase 3 trial. Lancet Oncol (2020) 21(8):1045–56. doi: 10.1016/s1470-2045(20)30315-6

5. Wiedermann, U, Garner-Spitzer, E, Chao, Y, Maglakelidze, M, Bulat, I, Dechaphunkul, A, et al. Clinical and immunologic responses to a b-cell epitope vaccine in patients with Her2/Neu-overexpressing advanced gastric cancer-results from phase ib trial Imu.Acs.001. Clin Cancer Res (2021) 27(13):3649–60. doi: 10.1158/1078-0432.Ccr-20-3742

6. Shitara, K, Bang, YJ, Iwasa, S, Sugimoto, N, Ryu, MH, Sakai, D, et al. Trastuzumab deruxtecan in previously treated Her2-positive gastric cancer. N Engl J Med (2020) 382(25):2419–30. doi: 10.1056/NEJMoa2004413

7. Zhou, W, He, X, Wang, J, He, S, Xie, C, Fan, Q, et al. Semiconducting polymer nanoparticles for photoactivatable cancer immunotherapy and imaging of immunoactivation. Biomacromolecules (2022) 23(4):1490–504. doi: 10.1021/acs.biomac.2c00065

8. Zhao, Z, Zheng, L, Chen, W, Weng, W, Song, J, and Ji, J. Delivery strategies of cancer immunotherapy: Recent advances and future perspectives. J Hematol Oncol (2019) 12(1):126. doi: 10.1186/s13045-019-0817-3

9. Muscolini, M, Tassone, E, and Hiscott, J. Oncolytic immunotherapy: Can't start a fire without a spark. Cytokine Growth Factor Rev (2020) 56:94–101. doi: 10.1016/j.cytogfr.2020.07.014

10. Challenor, S, and Tucker, D. Sars-Cov-2-Induced remission of Hodgkin lymphoma. Br J Haematol (2021) 192(3):415. doi: 10.1111/bjh.17116

11. Andtbacka, RH, Kaufman, HL, Collichio, F, Amatruda, T, Senzer, N, Chesney, J, et al. Talimogene laherparepvec improves durable response rate in patients with advanced melanoma. J Clin Oncol (2015) 33(25):2780–8. doi: 10.1200/jco.2014.58.3377

12. Zeng, J, Li, X, Sander, M, Zhang, H, Yan, G, and Lin, Y. Oncolytic viro-immunotherapy: An emerging option in the treatment of gliomas. Front Immunol (2021) 12:721830. doi: 10.3389/fimmu.2021.721830

13. Todo, T, Ino, Y, Ohtsu, H, Shibahara, J, and Tanaka, M. A phase I/Ii study of triple-mutated oncolytic herpes virus G47Δ in patients with progressive glioblastoma. Nat Commun (2022) 13(1):4119. doi: 10.1038/s41467-022-31262-y

14. Maloney, BE, Perera, KD, Saunders, DRD, Shadipeni, N, and Fleming, SD. Interactions of viruses and the humoral innate immune response. Clin Immunol (2020) 212:108351. doi: 10.1016/j.clim.2020.108351

15. Atasheva, S, Emerson, CC, Yao, J, Young, C, Stewart, PL, and Shayakhmetov, DM. Systemic cancer therapy with engineered adenovirus that evades innate immunity. Sci Transl Med (2020) 12(571):eabc6659. doi: 10.1126/scitranslmed.abc6659

16. Vähä-Koskela, M, and Hinkkanen, A. Tumor restrictions to oncolytic virus. Biomedicines (2014) 2(2):163–94. doi: 10.3390/biomedicines2020163

17. Osali, A, Zhiani, M, Ghaebi, M, Meymanat, M, and Esmaeilzadeh, A. Multidirectional strategies for targeted delivery of oncolytic viruses by tumor infiltrating immune cells. Pharmacol Res (2020) 161:105094. doi: 10.1016/j.phrs.2020.105094

18. Kaufman, HL, Kohlhapp, FJ, and Zloza, A. Oncolytic viruses: A new class of immunotherapy drugs. Nat Rev Drug Discovery (2015) 14(9):642–62. doi: 10.1038/nrd4663

19. Yan, N, and Chen, ZJ. Intrinsic antiviral immunity. Nat Immunol (2012) 13(3):214–22. doi: 10.1038/ni.2229

20. Motwani, M, Pesiridis, S, and Fitzgerald, KA. DNA Sensing by the cgas-sting pathway in health and disease. Nat Rev Genet (2019) 20(11):657–74. doi: 10.1038/s41576-019-0151-1

21. Nie, Y, and Wang, YY. Innate immune responses to DNA viruses. Protein Cell (2013) 4(1):1–7. doi: 10.1007/s13238-012-2122-6

22. Thoresen, D, Wang, W, Galls, D, Guo, R, Xu, L, and Pyle, AM. The molecular mechanism of rig-I activation and signaling. Immunol Rev (2021) 304(1):154–68. doi: 10.1111/imr.13022

23. Chow, KT, Gale, M Jr., and Loo, YM. Rig-I and other rna sensors in antiviral immunity. Annu Rev Immunol (2018) 36:667–94. doi: 10.1146/annurev-immunol-042617-053309

24. Schneider, WM, Chevillotte, MD, and Rice, CM. Interferon-stimulated genes: A complex web of host defenses. Annu Rev Immunol (2014) 32:513–45. doi: 10.1146/annurev-immunol-032713-120231

25. Burckhardt, CJ, Suomalainen, M, Schoenenberger, P, Boucke, K, Hemmi, S, and Greber, UF. Drifting motions of the adenovirus receptor car and immobile integrins initiate virus uncoating and membrane lytic protein exposure. Cell Host Microbe (2011) 10(2):105–17. doi: 10.1016/j.chom.2011.07.006

26. Owczarek, C, Ortiz-Zapater, E, Kim, J, Papaevangelou, E, Santis, G, and Parsons, M. Car Co-operates with integrins to promote lung cancer cell adhesion and invasion. Front Oncol (2022) 12:829313. doi: 10.3389/fonc.2022.829313

27. Reeh, M, Bockhorn, M, Görgens, D, Vieth, M, Hoffmann, T, Simon, R, et al. Presence of the coxsackievirus and adenovirus receptor (Car) in human neoplasms: A multitumour array analysis. Br J Cancer (2013) 109(7):1848–58. doi: 10.1038/bjc.2013.509

28. Demerlé, C, Gorvel, L, and Olive, D. Btla-hvem couple in health and diseases: Insights for immunotherapy in lung cancer. Front Oncol (2021) 11:682007. doi: 10.3389/fonc.2021.682007

29. Bonnin, M, Fares, N, Testoni, B, Estornes, Y, Weber, K, Vanbervliet, B, et al. Toll-like receptor 3 downregulation is an escape mechanism from apoptosis during hepatocarcinogenesis. J Hepatol (2019) 71(4):763–72. doi: 10.1016/j.jhep.2019.05.031

30. Lei, A, and Maloy, KJ. Colon cancer in the land of nod: Nlrx1 as an intrinsic tumor suppressor. Trends Immunol (2016) 37(9):569–70. doi: 10.1016/j.it.2016.07.004

31. Konno, H, Yamauchi, S, Berglund, A, Putney, RM, Mulé, JJ, and Barber, GN. Suppression of sting signaling through epigenetic silencing and missense mutation impedes DNA damage mediated cytokine production. Oncogene (2018) 37(15):2037–51. doi: 10.1038/s41388-017-0120-0

32. Zhang, W, Wang, G, Xu, ZG, Tu, H, Hu, F, Dai, J, et al. Lactate is a natural suppressor of rlr signaling by targeting mavs. Cell (2019) 178(1):176–89.e15. doi: 10.1016/j.cell.2019.05.003

33. Miar, A, Arnaiz, E, Bridges, E, Beedie, S, Cribbs, AP, Downes, DJ, et al. Hypoxia induces transcriptional and translational downregulation of the type I ifn pathway in multiple cancer cell types. Cancer Res (2020) 80(23):5245–56. doi: 10.1158/0008-5472.Can-19-2306

34. Garg, AD, and Agostinis, P. Cell death and immunity in cancer: From danger signals to mimicry of pathogen defense responses. Immunol Rev (2017) 280(1):126–48. doi: 10.1111/imr.12574

35. Kesavardhana, S, Malireddi, RKS, and Kanneganti, TD. Caspases in cell death, inflammation, and pyroptosis. Annu Rev Immunol (2020) 38:567–95. doi: 10.1146/annurev-immunol-073119-095439

36. Weide, B, Neri, D, and Elia, G. Intralesional treatment of metastatic melanoma: A review of therapeutic options. Cancer Immunol Immunother (2017) 66(5):647–56. doi: 10.1007/s00262-016-1952-0

37. Malvehy, J, Samoylenko, I, Schadendorf, D, Gutzmer, R, Grob, JJ, Sacco, JJ, et al. Talimogene laherparepvec upregulates immune-cell populations in non-injected lesions: Findings from a phase ii, multicenter, open-label study in patients with stage iiib-Ivm1c melanoma. J Immunother Cancer (2021) 9(3):e001621. doi: 10.1136/jitc-2020-001621

38. Oosenbrug, T, van de Graaff, MJ, Ressing, ME, and van Kasteren, SI. Chemical tools for studying tlr signaling dynamics. Cell Chem Biol (2017) 24(7):801–12. doi: 10.1016/j.chembiol.2017.05.022

39. Marelli, G, Howells, A, Lemoine, NR, and Wang, Y. Oncolytic viral therapy and the immune system: A double-edged sword against cancer. Front Immunol (2018) 9:866. doi: 10.3389/fimmu.2018.00866

40. Hemminki, O, Dos Santos, JM, and Hemminki, A. Oncolytic viruses for cancer immunotherapy. J Hematol Oncol (2020) 13(1):84. doi: 10.1186/s13045-020-00922-1

41. Mondal, M, Guo, J, He, P, and Zhou, D. Recent advances of oncolytic virus in cancer therapy. Hum Vaccin Immunother (2020) 16(10):2389–402. doi: 10.1080/21645515.2020.1723363

42. Cao, GD, He, XB, Sun, Q, Chen, S, Wan, K, Xu, X, et al. The oncolytic virus in cancer diagnosis and treatment. Front Oncol (2020) 10:1786. doi: 10.3389/fonc.2020.01786

43. Fukuhara, H, Ino, Y, and Todo, T. Oncolytic virus therapy: A new era of cancer treatment at dawn. Cancer Sci (2016) 107(10):1373–9. doi: 10.1111/cas.13027

44. Ohashi, M, Kanai, F, Ueno, H, Tanaka, T, Tateishi, K, Kawakami, T, et al. Adenovirus mediated P53 tumour suppressor gene therapy for human gastric cancer cells in vitro and in vivo. Gut (1999) 44(3):366–71. doi: 10.1136/gut.44.3.366

45. Shinomiya, N, Gao, CF, Xie, Q, Gustafson, M, Waters, DJ, Zhang, YW, et al. Rna interference reveals that ligand-independent met activity is required for tumor cell signaling and survival. Cancer Res (2004) 64(21):7962–70. doi: 10.1158/0008-5472.Can-04-1043

46. Cheng, JT, Wang, YY, Zhu, LZ, Zhang, Y, Cai, WQ, Han, ZW, et al. Novel transcription regulatory sequences and factors of the immune evasion protein Icp47 (Us12) of herpes simplex viruses. Virol J (2020) 17(1):101. doi: 10.1186/s12985-020-01365-3

47. Liao, J, Xiao, H, Dai, G, He, T, and Huang, W. Recombinant adenovirus (Adeasy system) mediated exogenous expression of long non-coding rna H19 (Lncrna H19) biphasic regulating osteogenic differentiation of mesenchymal stem cells (Mscs). Am J Transl Res (2020) 12(5):1700–13.

48. Wang, TB, Huang, WS, Lin, WH, Shi, HP, and Dong, WG. Inhibition of kit rnai mediated with adenovirus in gastrointestinal stromal tumor xenograft. World J Gastroenterol (2010) 16(40):5122–9. doi: 10.3748/wjg.v16.i40.5122

49. Aoki, K, Barker, C, Danthinne, X, Imperiale, MJ, and Nabel, GJ. Efficient generation of recombinant adenoviral vectors by cre-lox recombination in vitro. Mol Med (1999) 5(4):224–31.

50. Gresele, P, Momi, S, Marcucci, R, Ramundo, F, De Stefano, V, and Tripodi, A. Interactions of adenoviruses with platelets and coagulation and the vaccine-induced immune thrombotic thrombocytopenia syndrome. Haematologica (2021) 106(12):3034–45. doi: 10.3324/haematol.2021.279289

51. Bieri, M, Hendrickx, R, Bauer, M, Yu, B, Jetzer, T, Dreier, B, et al. The rgd-binding integrins Avβ6 and Avβ8 are receptors for mouse adenovirus-1 and -3 infection. PloS Pathog (2021) 17(12):e1010083. doi: 10.1371/journal.ppat.1010083

52. Greber, UF, and Flatt, JW. Adenovirus entry: From infection to immunity. Annu Rev Virol (2019) 6(1):177–97. doi: 10.1146/annurev-virology-092818-015550

53. Chang, J. Adenovirus vectors: Excellent tools for vaccine development. Immune Netw (2021) 21(1):e6. doi: 10.4110/in.2021.21.e6

54. King, CR, Zhang, A, Tessier, TM, Gameiro, SF, and Mymryk, JS. Hacking the cell: Network intrusion and exploitation by adenovirus E1a. mBio (2018) 9(3):e00390–18. doi: 10.1128/mBio.00390-18

55. Hoeben, RC, and Uil, TG. Adenovirus DNA replication. Cold Spring Harb Perspect Biol (2013) 5(3):a013003. doi: 10.1101/cshperspect.a013003

56. Sher, YP, Lin, SI, Chai, KM, Chen, IH, and Liu, SJ. Endoplasmic reticulum-targeting sequence enhanced the cellular immunity of a tumor-associated antigen L6-based DNA vaccine. Am J Cancer Res (2019) 9(9):2028–36.

57. Dybas, JM, Lum, KK, Kulej, K, Reyes, ED, Lauman, R, Charman, M, et al. Adenovirus remodeling of the host proteome and host factors associated with viral genomes. mSystems (2021):e0046821. doi: 10.1128/mSystems.00468-21

58. de Pablo, PJ, and San Martín, C. Seeing and touching adenovirus: Complementary approaches for understanding assembly and disassembly of a complex virion. Curr Opin Virol (2022) 52:112–22. doi: 10.1016/j.coviro.2021.11.006

59. Kangasniemi, L, Kiviluoto, T, Kanerva, A, Raki, M, Ranki, T, Sarkioja, M, et al. Infectivity-enhanced adenoviruses deliver efficacy in clinical samples and orthotopic models of disseminated gastric cancer. Clin Cancer Res (2006) 12(10):3137–44. doi: 10.1158/1078-0432.Ccr-05-2576

60. Tanaka, T, Huang, J, Hirai, S, Kuroki, M, Kuroki, M, Watanabe, N, et al. Carcinoembryonic antigen-targeted selective gene therapy for gastric cancer through Fz33 fiber-modified adenovirus vectors. Clin Cancer Res (2006) 12(12):3803–13. doi: 10.1158/1078-0432.Ccr-06-0024

61. Ishikawa, W, Kikuchi, S, Ogawa, T, Tabuchi, M, Tazawa, H, Kuroda, S, et al. Boosting replication and penetration of oncolytic adenovirus by paclitaxel eradicate peritoneal metastasis of gastric cancer. Mol Ther Oncolytics (2020) 18:262–71. doi: 10.1016/j.omto.2020.06.021

62. Watanabe, M, Kagawa, S, Kuwada, K, Hashimoto, Y, Shigeyasu, K, Ishida, M, et al. Integrated fluorescent cytology with nano-biologics in peritoneally disseminated gastric cancer. Cancer Sci (2018) 109(10):3263–71. doi: 10.1111/cas.13760

63. Stanziale, SF, Petrowsky, H, Adusumilli, PS, Ben-Porat, L, Gonen, M, and Fong, Y. Infection with oncolytic herpes simplex virus-1 induces apoptosis in neighboring human cancer cells: A potential target to increase anticancer activity. Clin Cancer Res (2004) 10(9):3225–32. doi: 10.1158/1078-0432.ccr-1083-3

64. Stanziale, SF, Stiles, BM, Bhargava, A, Kerns, SA, Kalakonda, N, and Fong, Y. Oncolytic herpes simplex virus-1 mutant expressing green fluorescent protein can detect and treat peritoneal cancer. Hum Gene Ther (2004) 15(6):609–18. doi: 10.1089/104303404323142051

65. Sugawara, K, Iwai, M, Yajima, S, Tanaka, M, Yanagihara, K, Seto, Y, et al. Efficacy of a third-generation oncolytic herpes virus G47δ in advanced stage models of human gastric cancer. Mol Ther Oncolytics (2020) 17:205–15. doi: 10.1016/j.omto.2020.03.022

66. Bennett, JJ, Kooby, DA, Delman, K, McAuliffe, P, Halterman, MW, Federoff, H, et al. Antitumor efficacy of regional oncolytic viral therapy for peritoneally disseminated cancer. J Mol Med (Berl) (2000) 78(3):166–74. doi: 10.1007/s001090000092

67. Nakano, K, Todo, T, Zhao, G, Yamaguchi, K, Kuroki, S, Cohen, JB, et al. Enhanced efficacy of conditionally replicating herpes simplex virus (G207) combined with 5-fluorouracil and surgical resection in peritoneal cancer dissemination models. J Gene Med (2005) 7(5):638–48. doi: 10.1002/jgm.700

68. Zeng, D, Zhang, T, Zhou, S, Hu, H, Li, J, Huang, K, et al. Proteomic analyses of gastric cancer cells treated with vesicular stomatitis virus matrix protein. Protein J (2011) 30(5):308–17. doi: 10.1007/s10930-011-9331-3

69. Wang, H, Chen, NG, Minev, BR, Zimmermann, M, Aguilar, RJ, Zhang, Q, et al. Optical detection and virotherapy of live metastatic tumor cells in body fluids with vaccinia strains. PloS One (2013) 8(9):e71105. doi: 10.1371/journal.pone.0071105

70. Song, KY, Wong, J, Gonzalez, L, Sheng, G, Zamarin, D, and Fong, Y. Antitumor efficacy of viral therapy using genetically engineered Newcastle disease virus [Ndv(F3aa)-gfp] for peritoneally disseminated gastric cancer. J Mol Med (Berl) (2010) 88(6):589–96. doi: 10.1007/s00109-010-0605-6

71. Lv, Y, Zhou, D, Hao, XQ, Zhu, MY, Zhang, CD, Zhou, DM, et al. A recombinant measles virus vaccine strain rmv-Hu191 has oncolytic effect against human gastric cancer by inducing apoptotic cell death requiring integrity of lipid raft microdomains. Cancer Lett (2019) 460:108–18. doi: 10.1016/j.canlet.2019.06.010

72. Lv, Y, Zhang, CD, Wang, YL, Zhou, DM, Zhu, MY, Hao, XQ, et al. Synergism of rmv-Hu191 with cisplatin to treat gastric cancer by acid sphingomyelinase-mediated apoptosis requiring integrity of lipid raft microdomains. Gastric Cancer (2021) 24(6):1293–306. doi: 10.1007/s10120-021-01210-8

73. Hamano, S, Mori, Y, Aoyama, M, Kataoka, H, Tanaka, M, Ebi, M, et al. Oncolytic reovirus combined with trastuzumab enhances antitumor efficacy through trail signaling in human Her2-positive gastric cancer cells. Cancer Lett (2015) 356(2Pt B):846–54. doi: 10.1016/j.canlet.2014.10.046

74. Kawaguchi, K, Etoh, T, Suzuki, K, Mitui, MT, Nishizono, A, Shiraishi, N, et al. Efficacy of oncolytic reovirus against human gastric cancer with peritoneal metastasis in experimental animal model. Int J Oncol (2010) 37(6):1433–8. doi: 10.3892/ijo_00000795

75. Min, Y, Adachi, Y, Yamamoto, H, Imsumran, A, Arimura, Y, Endo, T, et al. Insulin-like growth factor I receptor blockade enhances chemotherapy and radiation responses and inhibits tumour growth in human gastric cancer xenografts. Gut (2005) 54(5):591–600. doi: 10.1136/gut.2004.048926

76. Tsunemitsu, Y, Kagawa, S, Tokunaga, N, Otani, S, Umeoka, T, Roth, JA, et al. Molecular therapy for peritoneal dissemination of xenotransplanted human mkn-45 gastric cancer cells with adenovirus mediated bax gene transfer. Gut (2004) 53(4):554–60. doi: 10.1136/gut.2003.021683

77. Gao, J, Senthil, M, Ren, B, Yan, J, Xing, Q, Yu, J, et al. Irf-1 transcriptionally upregulates puma, which mediates the mitochondrial apoptotic pathway in irf-1-Induced apoptosis in cancer cells. Cell Death Differ (2010) 17(4):699–709. doi: 10.1038/cdd.2009.156

78. Sako, A, Kitayama, J, Koyama, H, Ueno, H, Uchida, H, Hamada, H, et al. Transduction of soluble flt-1 gene to peritoneal mesothelial cells can effectively suppress peritoneal metastasis of gastric cancer. Cancer Res (2004) 64(10):3624–8. doi: 10.1158/0008-5472.Can-04-0304

79. Kanai, F, Kawakami, T, Hamada, H, Sadata, A, Yoshida, Y, Tanaka, T, et al. Adenovirus-mediated transduction of escherichia coli uracil phosphoribosyltransferase gene sensitizes cancer cells to low concentrations of 5-fluorouracil. Cancer Res (1998) 58(9):1946–51.

80. Tanaka, H, Yashiro, M, Sunami, T, Sakate, Y, Kosaka, K, and Hirakawa, K. Icam-2 gene therapy for peritoneal dissemination of scirrhous gastric carcinoma. Clin Cancer Res (2004) 10(14):4885–92. doi: 10.1158/1078-0432.Ccr-0393-03

81. Chen, L, Chen, D, Gong, M, Na, M, Li, L, Wu, H, et al. Concomitant use of Ad5/35 chimeric oncolytic adenovirus with trail gene and taxol produces synergistic cytotoxicity in gastric cancer cells. Cancer Lett (2009) 284(2):141–8. doi: 10.1016/j.canlet.2009.04.026

82. Sun, PH, Zhu, LM, Qiao, MM, Zhang, YP, Jiang, SH, Wu, YL, et al. The Xaf1 tumor suppressor induces autophagic cell death Via upregulation of beclin-1 and inhibition of akt pathway. Cancer Lett (2011) 310(2):170–80. doi: 10.1016/j.canlet.2011.06.037

83. Wu, Y, Yuan, M, Su, W, Zhu, M, Yao, X, Wang, Y, et al. The constitutively active pkg ii mutant effectively inhibits gastric cancer development Via a blockade of Egf/Egfr-associated signalling cascades. Ther Adv Med Oncol (2018) 10:1758834017751635. doi: 10.1177/1758834017751635

84. Wang, B, Liu, J, Ma, LN, Xiao, HL, Wang, YZ, Li, Y, et al. Chimeric 5/35 adenovirus-mediated dickkopf-1 overexpression suppressed tumorigenicity of Cd44+ gastric cancer cells Via attenuating wnt signaling. J Gastroenterol (2013) 48(7):798–808. doi: 10.1007/s00535-012-0711-z

85. Lv, Y, Purbey, BK, Huang, Y, Li, S, Radha, G, and Hao, Z. Adenovirus-mediated expression of P33(Ing1b) induces apoptosis and inhibits proliferation in gastric adenocarcinoma cells in vitro. Gastric Cancer (2012) 15(4):355–62. doi: 10.1007/s10120-011-0123-4

86. Wang, M, Hong, Y, Feng, Q, Pan, X, Song, S, Cui, J, et al. Recombinant adenovirus Kghv500 and cik cells codeliver anti-P21-Ras scfv for the treatment of gastric cancer with wild-type ras overexpression. Mol Ther Oncolytics (2018) 11:90–101. doi: 10.1016/j.omto.2018.10.003

87. Ishida, M, Kagawa, S, Shimoyama, K, Takehara, K, Noma, K, Tanabe, S, et al. Trastuzumab-based photoimmunotherapy integrated with viral Her2 transduction inhibits peritoneally disseminated Her2-negative cancer. Mol Cancer Ther (2016) 15(3):402–11. doi: 10.1158/1535-7163.Mct-15-0644

88. Yin, H, Huang, X, Tao, M, Hu, Q, Qiu, J, Chen, W, et al. Adenovirus-mediated Tipe2 overexpression inhibits gastric cancer metastasis Via reversal of epithelial-mesenchymal transition. Cancer Gene Ther (2017) 24(4):180–8. doi: 10.1038/cgt.2017.3

89. Zhang, H, Zhou, X, Xu, C, Yang, J, Xiang, J, Tao, M, et al. Synergistic tumor suppression by adenovirus-mediated Ing4/Pten double gene therapy for gastric cancer. Cancer Gene Ther (2016) 23(1):13–23. doi: 10.1038/cgt.2015.59

90. Fujiwara, H, Kubota, T, Amaike, H, Inada, S, Takashima, K, Atsuji, K, et al. Suppression of peritoneal implantation of gastric cancer cells by adenovirus vector-mediated Nk4 expression. Cancer Gene Ther (2005) 12(2):206–16. doi: 10.1038/sj.cgt.7700782

91. Kawamura, YI, Adachi, Y, Curiel, DT, Kawashima, R, Kannagi, R, Nishimoto, N, et al. Therapeutic adenoviral gene transfer of a glycosyltransferase for prevention of peritoneal dissemination and metastasis of gastric cancer. Cancer Gene Ther (2014) 21(10):427–33. doi: 10.1038/cgt.2014.46

92. Tanaka, F, Tominaga, K, Shiota, M, Ochi, M, Kuwamura, H, Tanigawa, T, et al. Interleukin-10 gene transfer to peritoneal mesothelial cells suppresses peritoneal dissemination of gastric cancer cells due to a persistently high concentration in the peritoneal cavity. Cancer Gene Ther (2008) 15(1):51–9. doi: 10.1038/sj.cgt.7701104

93. Lu, WW, Zhang, H, Li, YM, and Ji, F. Gastric cancer-derived heat shock protein-Gp96 peptide complex enhances dendritic cell activation. World J Gastroenterol (2017) 23(24):4390–8. doi: 10.3748/wjg.v23.i24.4390

94. Zheng, SY, Li, DC, Zhang, ZD, Zhao, J, and Ge, JF. Anti-gastric cancer active immunity induced by Fasl/B7-1 gene-modified tumor cells. World J Gastroenterol (2005) 11(21):3204–11. doi: 10.3748/wjg.v11.i21.3204

95. Akagi, H, Higuchi, H, Sumimoto, H, Igarashi, T, Kabashima, A, Mizuguchi, H, et al. Suppression of myeloid cell leukemia-1 (Mcl-1) enhances chemotherapy-associated apoptosis in gastric cancer cells. Gastric Cancer (2013) 16(1):100–10. doi: 10.1007/s10120-012-0153-6

96. Nishioka, N, Matsuoka, T, Yashiro, M, Hirakawa, K, Olden, K, and Roberts, JD. Plasminogen activator inhibitor 1 rnai suppresses gastric cancer metastasis in vivo. Cancer Sci (2012) 103(2):228–32. doi: 10.1111/j.1349-7006.2011.02155.x

97. Schneider, CC, Archid, R, Fischer, N, Bühler, S, Venturelli, S, Berger, A, et al. Metabolic alteration–overcoming therapy resistance in gastric cancer Via pgk-1 inhibition in a combined therapy with standard chemotherapeutics. Int J Surg (2015) 22:92–8. doi: 10.1016/j.ijsu.2015.08.020

98. Sun, HW, Tong, SL, He, J, Wang, Q, Zou, L, Ma, SJ, et al. Rhoa and rhoc -sirna inhibit the proliferation and invasiveness activity of human gastric carcinoma by Rho/Pi3k/Akt pathway. World J Gastroenterol (2007) 13(25):3517–22. doi: 10.3748/wjg.v13.i25.3517

99. Zhu, BS, Yu, LY, Zhao, K, Wu, YY, Cheng, XL, Wu, Y, et al. Effects of small interfering rna inhibit class I phosphoinositide 3-kinase on human gastric cancer cells. World J Gastroenterol (2013) 19(11):1760–9. doi: 10.3748/wjg.v19.i11.1760

100. Lan, KH, Kanai, F, Shiratori, Y, Okabe, S, Yoshida, Y, Wakimoto, H, et al. Tumor-specific gene expression in carcinoembryonic antigen–producing gastric cancer cells using adenovirus vectors. Gastroenterology (1996) 111(5):1241–51. doi: 10.1053/gast.1996.v111.pm8898638

101. Tanaka, T, Kanai, F, Okabe, S, Yoshida, Y, Wakimoto, H, Hamada, H, et al. Adenovirus-mediated prodrug gene therapy for carcinoembryonic antigen-producing human gastric carcinoma cells in vitro. Cancer Res (1996) 56(6):1341–5.

102. Yano, S, Tazawa, H, Hashimoto, Y, Shirakawa, Y, Kuroda, S, Nishizaki, M, et al. A genetically engineered oncolytic adenovirus decoys and lethally traps quiescent cancer stem-like cells in S/G2/M phases. Clin Cancer Res (2013) 19(23):6495–505. doi: 10.1158/1078-0432.Ccr-13-0742

103. Ono, HA, Davydova, JG, Adachi, Y, Takayama, K, Barker, SD, Reynolds, PN, et al. Promoter-controlled infectivity-enhanced conditionally replicative adenoviral vectors for the treatment of gastric cancer. J Gastroenterol (2005) 40(1):31–42. doi: 10.1007/s00535-004-1490-y

104. Dvory-Sobol, H, Sagiv, E, Liberman, E, Kazanov, D, and Arber, N. Suppression of gastric cancer cell growth by targeting the beta-Catenin/T-Cell factor pathway. Cancer (2007) 109(2):188–97. doi: 10.1002/cncr.22416

105. He, S, Wang, L, Wu, Y, Li, D, and Zhang, Y. Ccl3 and Ccl20-recruited dendritic cells modified by melanoma antigen gene-1 induce anti-tumor immunity against gastric cancer ex vivo and in vivo. J Exp Clin Cancer Res (2010) 29(1):37. doi: 10.1186/1756-9966-29-37

106. You, B, Jin, C, Zhang, J, Xu, M, Xu, W, Sun, Z, et al. Msc-derived extracellular vesicle-delivered l-pgds inhibit gastric cancer progression by suppressing cancer cell stemness and Stat3 phosphorylation. Stem Cells Int (2022) 2022:9668239. doi: 10.1155/2022/9668239

107. Tsuji, T, Nakamori, M, Iwahashi, M, Nakamura, M, Ojima, T, Iida, T, et al. An armed oncolytic herpes simplex virus expressing thrombospondin-1 has an enhanced in vivo antitumor effect against human gastric cancer. Int J Cancer (2013) 132(2):485–94. doi: 10.1002/ijc.27681

108. Kato, T, Nakamori, M, Matsumura, S, Nakamura, M, Ojima, T, Fukuhara, H, et al. Oncolytic virotherapy with human telomerase reverse transcriptase promoter regulation enhances cytotoxic effects against gastric cancer. Oncol Lett (2021) 21(6):490. doi: 10.3892/ol.2021.12751

109. Wang, M, Luo, Y, Sun, T, Mao, C, Jiang, Y, Yu, X, et al. The ectopic expression of Survivint34a and filc can enhance the oncolytic effects of vaccinia virus in murine gastric cancer. Onco Targets Ther (2020) 13:1011–25. doi: 10.2147/ott.S230902

110. Jun, KH, Gholami, S, Song, TJ, Au, J, Haddad, D, Carson, J, 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(1):2. doi: 10.1186/1756-9966-33-2

111. Bu, X, Zhang, A, Chen, Z, Zhang, X, Zhang, R, Yin, C, et al. Migration of gastric cancer is suppressed by recombinant Newcastle disease virus (Rl-rvg) Via regulating A7-nicotinic acetylcholine Receptors/Erk- emt. BMC Cancer (2019) 19(1):976. doi: 10.1186/s12885-019-6225-9

112. Bu, X, Li, M, Zhao, Y, Liu, S, Wang, M, Ge, J, et al. Genetically engineered Newcastle disease virus expressing human interferon-Λ1 induces apoptosis in gastric adenocarcinoma cells and modulates the Th1/Th2 immune response. Oncol Rep (2016) 36(3):1393–402. doi: 10.3892/or.2016.4925

113. Wong, J, Schulman, A, Kelly, K, Zamarin, D, Palese, P, and Fong, Y. Detection of free peritoneal cancer cells in gastric cancer using cancer-specific Newcastle disease virus. J Gastrointest Surg (2010) 14(1):7–14. doi: 10.1007/s11605-009-1071-8

114. Costa, L, Corre, S, Michel, V, Le Luel, K, Fernandes, J, Ziveri, J, et al. Usf1 defect drives P53 degradation during helicobacter pylori infection and accelerates gastric carcinogenesis. Gut (2020) 69(9):1582–91. doi: 10.1136/gutjnl-2019-318640

115. Zhu, CH, Peng, SQ, Cui, LL, Cao, W, Zhang, LS, Zhao, ZM, et al. Synergistic effects of rapamycin and fluorouracil to treat a gastric tumor in a pten conditional deletion mouse model. Gastric Cancer (2022) 25(1):96–106. doi: 10.1007/s10120-021-01229-x

116. Zhu, H, and Zheng, C. The race between host antiviral innate immunity and the immune evasion strategies of herpes simplex virus 1. Microbiol Mol Biol Rev (2020) 84(4):e00099–20. doi: 10.1128/mmbr.00099-20

117. Connolly, SA, Jardetzky, TS, and Longnecker, R. The structural basis of herpesvirus entry. Nat Rev Microbiol (2021) 19(2):110–21. doi: 10.1038/s41579-020-00448-w

118. Huang, Y, Song, Y, Li, J, Lv, C, Chen, ZS, and Liu, Z. Receptors and ligands for herpes simplex viruses: Novel insights for drug targeting. Drug Discovery Today (2022) 27(1):185–95. doi: 10.1016/j.drudis.2021.10.004

119. Whisnant, AW, Jürges, CS, Hennig, T, Wyler, E, Prusty, B, Rutkowski, AJ, et al. Integrative functional genomics decodes herpes simplex virus 1. Nat Commun (2020) 11(1):2038. doi: 10.1038/s41467-020-15992-5

120. Boutell, C, and Everett, RD. Regulation of alphaherpesvirus infections by the Icp0 family of proteins. J Gen Virol (2013) 94(Pt 3):465–81. doi: 10.1099/vir.0.048900-0

121. Guo, H, Gilley, RP, Fisher, A, Lane, R, Landsteiner, VJ, Ragan, KB, et al. Species-independent contribution of Zbp1/Dai/Dlm-1-Triggered necroptosis in host defense against Hsv1. Cell Death Dis (2018) 9(8):816. doi: 10.1038/s41419-018-0868-3

122. Bommareddy, PK, Peters, C, Saha, D, Rabkin, SD, and Kaufman, HL. Oncolytic herpes simplex viruses as a paradigm for the treatment of cancer. Annu Rev Cancer Biol (2018) 2(1):155–73. doi: 10.1146/annurev-cancerbio-030617-050254

123. Manivanh, R, Mehrbach, J, Knipe, DM, and Leib, DA. Role of herpes simplex virus 1 Γ34.5 in the regulation of Irf3 signaling. J Virol (2017) 91(23):e01156–17. doi: 10.1128/jvi.01156-17

124. Jin, KT, Du, WL, Liu, YY, Lan, HR, Si, JX, and Mou, XZ. Oncolytic virotherapy in solid tumors: The challenges and achievements. Cancers (Basel) (2021) 13(4):588. doi: 10.3390/cancers13040588

125. Goradel, NH, Baker, AT, Arashkia, A, Ebrahimi, N, Ghorghanlu, S, and Negahdari, B. Oncolytic virotherapy: Challenges and solutions. Curr Prob Cancer (2021) 45(1):100639. doi: 10.1016/j.currproblcancer.2020.100639

126. Hama, S, Akita, H, Iida, S, Mizuguchi, H, and Harashima, H. Quantitative and mechanism-based investigation of post-nuclear delivery events between adenovirus and lipoplex. Nucleic Acids Res (2007) 35(5):1533–43. doi: 10.1093/nar/gkl1165

127. Zhao, Z, Anselmo, AC, and Mitragotri, S. Viral vector-based gene therapies in the clinic. Bioeng Transl Med (2022) 7(1):e10258. doi: 10.1002/btm2.10258

128. Li, B, Chen, Y, Liang, L, Wang, Y, Huang, W, Zhao, K, et al. Tumor-derived extracellular vesicles shuttle c-myc to promote gastric cancer growth and metastasis Via the Kcnq1ot1/Mir-556-3p/Clic1 axis. Cell Death Dis (2022) 13(3):217. doi: 10.1038/s41419-021-04446-5

129. Wu, P, Liu, JL, Pei, SM, Wu, CP, Yang, K, Wang, SP, et al. Integrated genomic analysis identifies clinically relevant subtypes of renal clear cell carcinoma. BMC Cancer (2018) 18(1):287. doi: 10.1186/s12885-018-4176-1

130. Cristescu, R, Lee, J, Nebozhyn, M, Kim, KM, Ting, JC, Wong, SS, et al. Molecular analysis of gastric cancer identifies subtypes associated with distinct clinical outcomes. Nat Med (2015) 21(5):449–56. doi: 10.1038/nm.3850

131. Li, M, Rao, X, Cui, Y, Zhang, L, Li, X, Wang, B, et al. The keratin 17/Yap/Il6 axis contributes to e-cadherin loss and aggressiveness of diffuse gastric cancer. Oncogene (2022) 41(6):770–81. doi: 10.1038/s41388-021-02119-3

132. The Cancer Genome Atlas Research Network. Comprehensive molecular characterization of gastric adenocarcinoma. Nature (2014) 513(7517):202–9. doi: 10.1038/nature13480

133. Böger, C, Krüger, S, Behrens, HM, Bock, S, Haag, J, Kalthoff, H, et al. Epstein-Barr Virus-associated gastric cancer reveals intratumoral heterogeneity of Pik3ca mutations. Ann Oncol (2017) 28(5):1005–14. doi: 10.1093/annonc/mdx047

134. Yoon, AR, Hong, J, Kim, M, and Yun, CO. Hepatocellular carcinoma-targeting oncolytic adenovirus overcomes hypoxic tumor microenvironment and effectively disperses through both central and peripheral tumor regions. Sci Rep (2018) 8(1):2233. doi: 10.1038/s41598-018-20268-6

135. Wang, L, Dong, J, Wei, M, Wen, W, Gao, J, Zhang, Z, et al. Selective and augmented B-glucuronidase expression combined with dox-Ga3 application elicits the potent suppression of prostate cancer. Oncol Rep (2016) 35(3):1417–24. doi: 10.3892/or.2015.4454

136. Guo, X, Lv, X, Ru, Y, Zhou, F, Wang, N, Xi, H, et al. Circulating exosomal gastric cancer-associated long noncoding Rna1 as a biomarker for early detection and monitoring progression of gastric cancer: A multiphase study. JAMA Surg (2020) 155(7):572–9. doi: 10.1001/jamasurg.2020.1133

137. Das, A, Barik, S, Banerjee, S, Bose, A, Sarkar, K, Biswas, J, et al. A monoclonal antibody against neem leaf glycoprotein recognizes carcinoembryonic antigen (Cea) and restricts cea expressing tumor growth. J Immunother (2014) 37(8):394–406. doi: 10.1097/cji.0000000000000050

138. Feng, F, Tian, Y, Xu, G, Liu, Z, Liu, S, Zheng, G, et al. Diagnostic and prognostic value of cea, Ca19-9, afp and Ca125 for early gastric cancer. BMC Cancer (2017) 17(1):737. doi: 10.1186/s12885-017-3738-y

139. Moriyama, J, Oshima, Y, Nanami, T, Suzuki, T, Yajima, S, Shiratori, F, et al. Prognostic impact of Cea/Ca19-9 at the time of recurrence in patients with gastric cancer. Surg Today (2021) 51(10):1638–48. doi: 10.1007/s00595-021-02248-y

140. Kelleher, M, Singh, R, O'Driscoll, CM, and Melgar, S. Carcinoembryonic antigen (Ceacam) family members and inflammatory bowel disease. Cytokine Growth Factor Rev (2019) 47:21–31. doi: 10.1016/j.cytogfr.2019.05.008

141. Bębnowska, D, Grywalska, E, Niedźwiedzka-Rystwej, P, Sosnowska-Pasiarska, B, Smok-Kalwat, J, Pasiarski, M, et al. Car-T cell therapy-an overview of targets in gastric cancer. J Clin Med (2020) 9(6):1894. doi: 10.3390/jcm9061894

142. Cruz, RGB, Madden, SF, Brennan, K, and Hopkins, AM. A transcriptional link between Her2, jam-a and Foxa1 in breast cancer. Cells (2022) 11(4):735. doi: 10.3390/cells11040735

143. Zhou, PH, Zheng, JB, Wei, GB, Wang, XL, Wang, W, Chen, NZ, et al. Lentivirus-mediated Rassf1a expression suppresses aggressive phenotypes of gastric cancer cells in vitro and in vivo. Gene Ther (2015) 22(10):793–801. doi: 10.1038/gt.2015.49

144. Bockerstett, KA, Lewis, SA, Noto, CN, Ford, EL, Saenz, JB, Jackson, NM, et al. Single-cell transcriptional analyses identify lineage-specific epithelial responses to inflammation and metaplastic development in the gastric corpus. Gastroenterology (2020) 159(6):2116–29.e4. doi: 10.1053/j.gastro.2020.08.027

145. Qiu, Q, Xu, Z, Tian, J, Moitra, R, Gunti, S, Notkins, AL, et al. Impact of natural igm concentration on gene therapy with adenovirus type 5 vectors. J Virol (2015) 89(6):3412–6. doi: 10.1128/jvi.03217-14

146. Raftery, MJ, Wolter, E, Fillatreau, S, Meisel, H, Kaufmann, SH, and Schönrich, G. Nkt cells determine titer and subtype profile of virus-specific igg antibodies during herpes simplex virus infection. J Immunol (2014) 192(9):4294–302. doi: 10.4049/jimmunol.1300148

147. Rangaswamy, US, Cotter, CR, Cheng, X, Jin, H, and Chen, Z. Cd55 is a key complement regulatory protein that counteracts complement-mediated inactivation of Newcastle disease virus. J Gen Virol (2016) 97(8):1765–70. doi: 10.1099/jgv.0.000498

148. Reale, A, Calistri, A, and Altomonte, J. Giving oncolytic viruses a free ride: Carrier cells for oncolytic virotherapy. Pharmaceutics (2021) 13(12):2192. doi: 10.3390/pharmaceutics13122192

149. Chastkofsky, MI, Pituch, KC, Katagi, H, Zannikou, M, Ilut, L, Xiao, T, et al. Mesenchymal stem cells successfully deliver oncolytic virotherapy to diffuse intrinsic pontine glioma. Clin Cancer Res (2021) 27(6):1766–77. doi: 10.1158/1078-0432.Ccr-20-1499

150. Eisenstein, S, Coakley, BA, Briley-Saebo, K, Ma, G, Chen, HM, Meseck, M, et al. Myeloid-derived suppressor cells as a vehicle for tumor-specific oncolytic viral therapy. Cancer Res (2013) 73(16):5003–15. doi: 10.1158/0008-5472.Can-12-1597

151. Laurenzana, A, Margheri, F, Chillà, A, Biagioni, A, Margheri, G, Calorini, L, et al. Endothelial progenitor cells as shuttle of anticancer agents. Hum Gene Ther (2016) 27(10):784–91. doi: 10.1089/hum.2016.066

152. Zhang, Y, Wu, J, Zhang, H, Wei, J, and Wu, J. Extracellular vesicles-mimetic encapsulation improves oncolytic viro-immunotherapy in tumors with low coxsackie and adenovirus receptor. Front Bioeng Biotechnol (2020) 8:574007. doi: 10.3389/fbioe.2020.574007

153. Doswald, S, Stark, WJ, and Beck-Schimmer, B. Biochemical functionality of magnetic particles as nanosensors: How far away are we to implement them into clinical practice? J Nanobiotech (2019) 17(1):73. doi: 10.1186/s12951-019-0506-y

154. Lin, D, Feng, X, Mai, B, Li, X, Wang, F, Liu, J, et al. Bacterial-based cancer therapy: An emerging toolbox for targeted Drug/Gene delivery. Biomaterials (2021) 277:121124. doi: 10.1016/j.biomaterials.2021.121124

155. Liu, Z, Xie, Z, Li, W, Wu, X, Jiang, X, Li, G, et al. Photodynamic immunotherapy of cancers based on nanotechnology: Recent advances and future challenges. J Nanobiotech (2021) 19(1):160. doi: 10.1186/s12951-021-00903-7

156. Yuan, L, Xu, ZY, Ruan, SM, Mo, S, Qin, JJ, and Cheng, XD. Long non-coding rnas towards precision medicine in gastric cancer: Early diagnosis, treatment, and drug resistance. Mol Cancer (2020) 19(1):96. doi: 10.1186/s12943-020-01219-0

157. Li, WQ, Qin, XX, Li, ZX, Wang, LH, Liu, ZC, Fan, XH, et al. Beneficial effects of endoscopic screening on gastric cancer and optimal screening interval: A population-based study. Endoscopy (2022) 54(9):848–58. doi: 10.1055/a-1728-5673

158. Nagaya, T, Okuyama, S, Ogata, F, Maruoka, Y, Choyke, PL, and Kobayashi, H. Near infrared photoimmunotherapy using a fiber optic diffuser for treating peritoneal gastric cancer dissemination. Gastric Cancer (2019) 22(3):463–72. doi: 10.1007/s10120-018-0871-5

159. Badgwell, B, Das, P, and Ajani, J. Treatment of localized gastric and gastroesophageal adenocarcinoma: The role of accurate staging and preoperative therapy. J Hematol Oncol (2017) 10(1):149. doi: 10.1186/s13045-017-0517-9

160. Gertsen, EC, Brenkman, HJF, van Hillegersberg, R, van Sandick, JW, van Berge Henegouwen, MI, Gisbertz, SS, et al. 18f-Fludeoxyglucose-Positron emission Tomography/Computed tomography and laparoscopy for staging of locally advanced gastric cancer: A multicenter prospective Dutch cohort study (Plastic). JAMA Surg (2021) 156(12):e215340. doi: 10.1001/jamasurg.2021.5340

161. Zhang, Z, Yang, A, Chaurasiya, S, Park, AK, Kim, SI, Lu, J, et al. Pet imaging and treatment of pancreatic cancer peritoneal carcinomatosis after subcutaneous intratumoral administration of a novel oncolytic virus, Cf33-Hnis-Antipdl1. Mol Ther Oncolytics (2022) 24:331–9. doi: 10.1016/j.omto.2021.12.022

162. Wang, J, Arulanandam, R, Wassenaar, R, Falls, T, Petryk, J, Paget, J, et al. Enhancing expression of functional human sodium iodide symporter and somatostatin receptor in recombinant oncolytic vaccinia virus for in vivo imaging of tumors. J Nucl Med (2017) 58(2):221–7. doi: 10.2967/jnumed.116.180463

163. Zhang, Z, Huang, Q, Yu, L, Zhu, D, Li, Y, Xue, Z, et al. The role of mirna in tumor immune escape and mirna-based therapeutic strategies. Front Immunol (2021) 12:807895. doi: 10.3389/fimmu.2021.807895

164. O'Donnell, JS, Teng, MWL, and Smyth, MJ. Cancer immunoediting and resistance to T cell-based immunotherapy. Nat Rev Clin Oncol (2019) 16(3):151–67. doi: 10.1038/s41571-018-0142-8

165. Kubli, SP, Berger, T, Araujo, DV, Siu, LL, and Mak, TW. Beyond immune checkpoint blockade: Emerging immunological strategies. Nat Rev Drug Discovery (2021) 20(12):899–919. doi: 10.1038/s41573-021-00155-y

166. Zhao, L, Liu, Y, Zhang, S, Wei, L, Cheng, H, Wang, J, et al. Impacts and mechanisms of metabolic reprogramming of tumor microenvironment for immunotherapy in gastric cancer. Cell Death Dis (2022) 13(4):378. doi: 10.1038/s41419-022-04821-w

167. Anderson, NM, and Simon, MC. The tumor microenvironment. Curr Biol (2020) 30(16):R921–r5. doi: 10.1016/j.cub.2020.06.081

168. Kobayashi, H, Enomoto, A, Woods, SL, Burt, AD, Takahashi, M, and Worthley, DL. Cancer-associated fibroblasts in gastrointestinal cancer. Nat Rev Gastroenterol Hepatol (2019) 16(5):282–95. doi: 10.1038/s41575-019-0115-0

169. Bae, CA, Ham, IH, Oh, HJ, Lee, D, Woo, J, Son, SY, et al. Inhibiting the Gas6/Axl axis suppresses tumor progression by blocking the interaction between cancer-associated fibroblasts and cancer cells in gastric carcinoma. Gastric Cancer (2020) 23(5):824–36. doi: 10.1007/s10120-020-01066-4

170. Hsu, HP, Wang, CY, Hsieh, PY, Fang, JH, and Chen, YL. Knockdown of Serine/Threonine-protein kinase 24 promotes tumorigenesis and myeloid-derived suppressor cell expansion in an orthotopic immunocompetent gastric cancer animal model. J Cancer (2020) 11(1):213–28. doi: 10.7150/jca.35821

171. Tu, SP, Jin, H, Shi, JD, Zhu, LM, Suo, Y, Lu, G, et al. Curcumin induces the differentiation of myeloid-derived suppressor cells and inhibits their interaction with cancer cells and related tumor growth. Cancer Prev Res (Phila) (2012) 5(2):205–15. doi: 10.1158/1940-6207.Capr-11-0247

172. Qu, Y, Wang, X, Bai, S, Niu, L, Zhao, G, Yao, Y, et al. The effects of tnf-A/Tnfr2 in regulatory T cells on the microenvironment and progression of gastric cancer. Int J Cancer (2022) 150(8):1373–91. doi: 10.1002/ijc.33873

173. Zhang, H, Li, R, Cao, Y, Gu, Y, Lin, C, Liu, X, et al. Poor clinical outcomes and immunoevasive contexture in intratumoral il-10-Producing macrophages enriched gastric cancer patients. Ann Surg (2022) 275(4):e626–e35. doi: 10.1097/sla.0000000000004037

174. Zhu, T, Hu, Z, Wang, Z, Ding, H, Li, R, Wang, J, et al. Microrna-301b-3p from mesenchymal stem cells-derived extracellular vesicles inhibits txnip to promote multidrug resistance of gastric cancer cells. Cell Biol Toxicol (2022). doi: 10.1007/s10565-021-09675-0

175. Seyed-Khorrami, SM, Soleimanjahi, H, Soudi, S, and Habibian, A. Mscs loaded with oncolytic reovirus: Migration and in vivo virus delivery potential for evaluating anti-cancer effect in tumor-bearing C57bl/6 mice. Cancer Cell Int (2021) 21(1):244. doi: 10.1186/s12935-021-01848-5

176. Freedman, JD, Duffy, MR, Lei-Rossmann, J, Muntzer, A, Scott, EM, Hagel, J, et al. An oncolytic virus expressing a T-cell engager simultaneously targets cancer and immunosuppressive stromal cells. Cancer Res (2018) 78(24):6852–65. doi: 10.1158/0008-5472.Can-18-1750

177. Li, M, Li, G, Kiyokawa, J, Tirmizi, Z, Richardson, LG, Ning, J, et al. Characterization and oncolytic virus targeting of fap-expressing tumor-associated pericytes in glioblastoma. Acta Neuropathol Commun (2020) 8(1):221. doi: 10.1186/s40478-020-01096-0

178. Martin, NT, and Bell, JC. Oncolytic virus combination therapy: Killing one bird with two stones. Mol Ther (2018) 26(6):1414–22. doi: 10.1016/j.ymthe.2018.04.001

179. Shi, T, Song, X, Wang, Y, Liu, F, and Wei, J. Combining oncolytic viruses with cancer immunotherapy: Establishing a new generation of cancer treatment. Front Immunol (2020) 11:683. doi: 10.3389/fimmu.2020.00683

180. Zhu, S, Zhang, T, Zheng, L, Liu, H, Song, W, Liu, D, et al. Combination strategies to maximize the benefits of cancer immunotherapy. J Hematol Oncol (2021) 14(1):156. doi: 10.1186/s13045-021-01164-5

181. Witt, RG, Erstad, DJ, and Wargo, JA. Neoadjuvant therapy for melanoma: Rationale for neoadjuvant therapy and pivotal clinical trials. Ther Adv Med Oncol (2022) 14:17588359221083052. doi: 10.1177/17588359221083052

182. Zuo, S, Wei, M, He, B, Chen, A, Wang, S, Kong, L, et al. Enhanced antitumor efficacy of a novel oncolytic vaccinia virus encoding a fully monoclonal antibody against T-cell immunoglobulin and itim domain (Tigit). EBioMedicine (2021) 64:103240. doi: 10.1016/j.ebiom.2021.103240

183. Huinen, ZR, Huijbers, EJM, van Beijnum, JR, Nowak-Sliwinska, P, and Griffioen, AW. Anti-angiogenic agents - overcoming tumour endothelial cell anergy and improving immunotherapy outcomes. Nat Rev Clin Oncol (2021) 18(8):527–40. doi: 10.1038/s41571-021-00496-y

184. Rosenbaum, SR, Wilski, NA, and Aplin, AE. Fueling the fire: Inflammatory forms of cell death and implications for cancer immunotherapy. Cancer Discovery (2021) 11(2):266–81. doi: 10.1158/2159-8290.Cd-20-0805

185. Sivanandam, V, LaRocca, CJ, Chen, NG, Fong, Y, and Warner, SG. Oncolytic viruses and immune checkpoint inhibition: The best of both worlds. Mol Ther Oncolytics (2019) 13:93–106. doi: 10.1016/j.omto.2019.04.003

186. Kirtane, K, and Elmariah, H. Chung CH, abate-daga d. adoptive cellular therapy in solid tumor malignancies: Review of the literature and challenges ahead. J Immunother Cancer (2021) 9(7):e002723. doi: 10.1136/jitc-2021-002723

187. Wing, A, Fajardo, CA, Posey, AD Jr., Shaw, C, Da, T, Young, RM, et al. Improving cart-cell therapy of solid tumors with oncolytic virus-driven production of a bispecific T-cell engager. Cancer Immunol Res (2018) 6(5):605–16. doi: 10.1158/2326-6066.Cir-17-0314

188. Evgin, L, Kottke, T, Tonne, J, Thompson, J, Huff, AL, van Vloten, J, et al. Oncolytic virus-mediated expansion of dual-specific car T cells improves efficacy against solid tumors in mice. Sci Transl Med (2022) 14(640):eabn2231. doi: 10.1126/scitranslmed.abn2231

189. Aalipour, A, Le Boeuf, F, Tang, M, Murty, S, Simonetta, F, Lozano, AX, et al. Viral delivery of car targets to solid tumors enables effective cell therapy. Mol Ther Oncolytics (2020) 17:232–40. doi: 10.1016/j.omto.2020.03.018

190. Ma, R, Lu, T, Li, Z, Teng, KY, Mansour, AG, Yu, M, et al. An oncolytic virus expressing Il15/Il15rα combined with off-the-Shelf egfr-car nk cells targets glioblastoma. Cancer Res (2021) 81(13):3635–48. doi: 10.1158/0008-5472.Can-21-0035

191. Sakemura, R, Hefazi, M, Siegler, EL, Cox, MJ, Larson, DP, Hansen, MJ, et al. Targeting cancer-associated fibroblasts in the bone marrow prevents resistance to cart-cell therapy in multiple myeloma. Blood (2022) 139(26):3708–21. doi: 10.1182/blood.2021012811



Publisher’s note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2022 Wang, Du and Chen. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/fonc-12-1017692-g005.jpg
—a k. o 1ELL]
CIEEPFITOFEEE 9IS

PIPPLTSEEE TP SIS FIETIPIILLSS

-~

.

SESESIPLIELHS

CEPFFIIPOETEES

EPS I EELIIES

!
i

CIPIEPIPEICEEF LIPS FISSIILELLSS

2.

px=re

EESEES

-
R SIS P EEE

FROFRIITIEOEES RS S PSP POATS

VIPEFSIEOEIEEF ISP SFFEFH PP L

e

PIPPRPIESESEEFIEF S T FF P

FIPFFFIP OO ETIF,

R,

PEEERF P






OEBPS/Images/fonc-12-1017692-g002.jpg
progeny virions

O  pro-inflammatory cytokinesa‘

I3 PAmPs
i‘vt{: DAMPs

Y cytokine receptors

A antigen

O perforin and granzyme B
ﬁf antibody

. tumor

N G
- capillary

oncolysis
. .

\ I} 3% o ADCP  ADCC
o

- &

BCR [ -

TCR'”' &eutralize

— Th Y

| =7 | y
@0y 00,7 ¢ O @ \Pe o -






OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Oncolytic virus: A catalyst for the treatment of gastric cancer

      

        		

          1 Introduction

        



        		

          2 Mechanism of OVTs

        

          		

            2.1 Selectively infect and lyse the malignant cells locally

          



          		

            2.2 Stimulate the systemic adaptive antitumor immune response

          



          		

            2.3 Two major therapeutic strategies of OVTs

          



        



        



        		

          3 Summary of OVTs for treating GC

        

          		

            3.1 Adenovirus

          

            		

              3.1.1 The internal structure and invasive process of adenovirus

            



            		

              3.1.2 As an oncolytic tool

            



            		

              3.1.3 As an exogenous gene delivery system

            



            		

              3.1.4 Relevant clinical trials

            



          



          



          		

            3.2 Herpes simplex virus type 1

          

            		

              3.2.1 The internal structure and invasive process of HSV-1

            



            		

              3.2.2 Relevant studies and clinical trials of HSV-1

            



          



          



          		

            3.3 Other OVs

          



        



        



        		

          4 Prospects

        

          		

            4.1 OV is not only a killer but also a carrier

          



          		

            4.2 Look for more suitable promoters

          



          		

            4.3 Overcoming the deficiency of intravenous injection

          



          		

            4.4 OVs are also diagnostic and staging tools

          



          		

            4.5 Destruction of the inhibitory TME by OVTs

          



          		

            4.6 Combining OVTs with other cancer therapies

          



        



        



        		

          5 Conclusion

        



        		

          Author contributions

        



        		

          Funding

        



        		

          Conflict of interest

        



        		

          Abbreviations

        



        		

          References

        



      



      



    



  



OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fonc.2022.1017692_cover.jpg
& frontiers | Frontiers in Oncology

Oncolytic virus: A catalyst for
the treatment of gastric cancer





OEBPS/Images/fonc-12-1017692-g004.jpg
@ Binding

— «-— 4—/
- o— / @ @ @
/‘ \ gD gH-gL gB I oC

NMHC-IIA/B, HVEM, 3-0S HS e
PILRa, and MAG HS, and ytoplasm
Nectin-1 or -2

= ==
/ Transcription\ \

and translation

ICP47
<=
o[-
ol

- <4
ICP34.5 ICP4 ICP4

<=
/ ICP6

HSV-1 DNA Nuzlaus





OEBPS/Images/logo.jpg
& frontiers | Frontiers in Oncology





OEBPS/Images/fonc-12-1017692-g001.jpg
Normal @@ Cancer

proliferam S >
og O PAMPs
/ , PPRs

aGeD
| ,,

type | IFN

i
@ % Qb

TNF-a, IL-6
1] il

e. Golgi O ﬁ %

@ mitochondrion Q
=R w o

X malfunction oncolysis
nucleic acid

PAMPs

DAMPs

type | IFN

pro-inflammatory cytokines






OEBPS/Images/fonc-12-1017692-g003.jpg
Endosome
encapsulation

Endosomal
escape

Adenovirus

Integrins CAR Cytoplasm
avpB3/avpBs

Transcription
and translation

/ Nucleus
E3
R —

Adenoviral DNA g & &

I I
) ) . - -
/4 L1 L2 L3 L4 LS






OEBPS/Images/table1.jpg
Role Virus
As an Adenovirus
oncolytic tool
HSV-1
vsv
VACV
NDV
Measles
virus
Reovirus
As an Adenovirus
exogenous
gene delivery
system
HSV-1
VACV
NDV

Modification

Increase
infection
efficiency

Engineered

Engineered

Original
Engineered
Engineered

Engineered

Original

Insert exogenous
genes

Knock down
endogenous
genes

Replace
promoters

others

Insert exogenous
genes

Replace
promoters

Insert exogenous
genes

Insert exogenous
genes

Detail

the fiber is modified with an
integrin-targeted motif

the fiber is modified with an
1gG Fe-binding motif from the
Staphylococcus protein A

OBP-401
OBP-401

NV1066

G47A

G207
G207

VsV
GLV-1h254
NDV(F3aa)
rMV-Hul91

reovirus

reovirus

WT p53

dominant negative IGF-Ir

Bax

IRF-1
Flt-1

UPRT

ICAM-2

TRAIL
XAF1
c¢GMP-dependent PKG 1T

DKK1

p33

anti-p21-Ras scFv
HER2-ECD
TIPE2

ING4 and PTEN
NK4
B4GALNT2
1L-10

HSP-gp96

FasL and B7-1
Met

Mcl-1

PAI-1
PGK1

RhoA and RhoC
PI3K

CEA promoter

CEA promoter

hTERT promoter

MK promoter and Cox-2

promoter

a B-catenin/T-cell factor-
responsive promoter
induce MAGE-1 into DC
vaccine

induce L-PGDS into MSCs
TSP-1

hTERT promoter

survivin T34A and FilC

hNIS

rL-RVG

IFN-A1

GFP

The route of
administration

ip.

ip.
no animal research

ip.

ip.
ip.

no animal research
no animal research
ip.
it.

no animal research

ip.

it

no animal research

ip.
iv.

ip.

no animal research

no animal research

ip.

no animal research

it

no animal research

no animal research

no animal research

no animal research

no animal research

it

no animal research

no animal research

no animal research

Combination

None

human anti-
CEA monoclonal
antibody

paclitaxel

None

None

None

None

5-fluorouracil
and surgical
resection

None
None
None

cisplatin

trastuzumab

None

None

None

None

None

None

5-fluorouracil

None

paclitaxel
None

None

None

None

CIK cells
Trastuzumab
None

None

None

None

None

None

None

None

5-fluorouracil
and cisplatin

None

5-fluorouracil
and mitomycin

None

None

5-fluorocytosine

ganciclovir

None

None

None

None

None

None

None

None

None

None

None

None

Effect

benefit gene transfer efficiency
and cell killing

offer a therapeutic modality
against CEA-producing GC

synergistic antitumor effect

detect GC cells from the
peritoneal washes

induce apoptosis and inhibit
metastasis

decrease M2 macrophages
while increasing M1
macrophages and NK cells in
TME

inhibit peritoneal metastasis

synergistic antitumor effect

induce apoptosis
detect circulating tumor cells
inhibit peritoneal metastasis

synergistic antitumor effect

augment trastuzumab-induced
cytotoxicity
inhibit peritoneal metastasis

selective growth inhibition in
mutated p53 GC

suppress tumorigenicity and
induce apoptosis

inhibit growth and induce
apoptosis

induce apoptosis

suppress peritoneal
dissemination

enhance the sensitivity of 5-
fluorouracil

enhance the adhesion and
activation of NK cells

synergistic antitumor effect
induce autophagy

delay growth, induce
apoptosis, and inhibit
metastasis and angiogenesis

suppress tumorigenicity of
cancer stem cell via
attenuating Wnt signaling

inhibit growth and induce
apoptosis

synergistically kill tumor cells
inhibit peritoneal metastasis

inhibit migration, invasion,
and metastasis via reversal of
EMT

synergistically suppress tumor
and induce apoptosis

prevent peritoneal
dissemination

prevent peritoneal
dissemination

prevent peritoneal
dissemination

promote T cell and DC
response

promote the activity of CTLs

inhibit growth

overcome chemotherapy
resistance

inhibit peritoneal metastasis

synergistically kill tumor cells

inhibit growth and invasion

inhibit proliferation and
enhance apoptosis

enhance the sensitivity of 5-
fluorocytosine

confer sensitivity to
ganciclovir

eliminate quiescent cancer
stem-like cells

show good selectivity and
infectivity in GC

improve efficacy and reduce
toxicity

stimulate anti-tumor
immunity specific to GC
MSC-derived EVs to deliver
L-PGDS to treat GC
enhance viral oncolysis with
antiangiogenesis

inhibit proliferation and

enhance apoptosis

synergistic antitumor effect

image with (99m)Tc
pertechnetate scintigraphy
and PET/CT

suppress migration

change Th1/Th2 response of
TME

specifically detect the spread
of intraperitoneal cancer

Reference

(59)

(60)

(61)

(62)

(63, 64)

(66)
(67)

(68)

(69)

(70)
(71,72)

(73)

(74)
(44)

(75)

(76)

(77)
(78)

(79)

(80)

(81)
(82)
(83)

(84)

(86)

87)

(88)

(89)

(90)

o1

2)

96)
7)

98)
99)

(100)

(101)

(102)

(103)

(104)

(105)

(106)

(107)

(108)

(109)

(110)

(111)

(112)

(113)

ip., intraperitoneal injection; i.t., intratumoral injection; i.v., intravenous injection; IGF-Ir, insulin-like growth factor I receptor; IRF-1, interferon regulatory factor-1; Flt-1, a soluble form of
VEGEF receptor; UPRT, uracil phosphoribosyltransferase; h\TERT, human telomerase reverse transcriptase; ICAM-2, intercellular adhesion molecule-2; MAGE-1, melanoma antigen gene-1;
TRAIL, TNF-related apoptosis-inducing ligand; XAF1, XIAP-associated factor 1; cGMP, cyclic guanosine monophosphate; PKG, protein kinase; DKK1, Dickkopf-1; MK, midkine; Cox-2,
cyclooxygenase-2; Mcl-1, myeloid cell leukemia-1; scEv, single-chain fragment variable; CIK; cytokine-induced killer; PAI-1, plasminogen activator inhibitor-1; HER2-ECD, HER2-
extracellular domain; PGK1, phosphoglycerate kinase 1; TIPE2, tumor necrosis factor-alpha-induced protein 8-like 2; EMT, epithelial-mesenchymal transition; ING4, inhibitor of growth 4;
PTEN, phosphatase and tensin homolog; BIGALNT2, B1,4N-acetylgalactosaminyltransferase 2; HSP-gp96, heat shock protein-glycoprotein96; Rho, Ras homolog gene family; PI3K,
phosphoinositide 3-kinase; L-PGDS, lipocalin-type prostaglandin D2 synthase; EV extracellular vesicle; TSP-1, thrombospondin-1; VSV, vesicular stomatitis virus; hNIS, human sodium
iodide symporter; IFN-A1, interferon-A1; GFP, green fluorescent protein.





