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As a neuroendocrine tumor derived from the neural crest, neuroblastoma (NB) is the most common extracranial solid tumor in children. The prognosis in patients with low- and intermediate-risk NB is favorable while that in high-risk patients is often detrimental. However, the management of the considerably large proportion of high-risk patients remains challenging in clinical practice. Among various new approaches, oncolytic virus (OV) therapy offers great advantages in tumor treatment, especially for high-risk NB. Genetic modified OVs can target NB specifically without affecting normal tissue and avoid the widespread drug resistance issue in anticancer monotherapy. Meanwhile, its safety profile provides great potential in combination therapy with chemo-, radio-, and immunotherapy. The therapeutic efficacy of OV for NB is impressive from bench to bedside. The effectiveness and safety of OVs have been demonstrated and reported in studies on children with NB. Furthermore, clinical trials on some OVs (Celyvir, Pexa-Vec (JX-594) and Seneca Valley Virus (NTX-010)) have reported great results. This review summarizes the latest evidence in the therapeutic application of OVs in NB, including those generated in cell lines, animal models and clinical trials.
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Introduction

As a neuroendocrine tumor originating from the neural crest, neuroblastoma (NB) can occur anywhere along with the sympathetic nervous system, with the adrenal gland being the most common primary site (1). As the most common extracranial solid tumor in children, NB is the most commonly diagnosed (about 36%) oncological disease in patients under one year old. It's usually diagnosed at a very young age with a median age of 17 months, and nearly 75%–90% of cases are found in children younger than 5 years old (2, 3). Interestingly, NB often regresses spontaneously, and it's regarded as one of the tumors with the highest rate of spontaneous and complete regression (3–5). With recent development in treatment modalities such as surgical resection, chemotherapy, radiation therapy, stem cell transplantation, targeted therapy and immunotherapy, the 5-year survival of NB has been significantly improved, especially among children diagnosed at the age of 1 to 4 years (1, 6). However, these treatment modalities come with side effects and increasing likelihood of drug resistance. Although cure rates among low-risk patients are acceptable, recurrence and metastasis occur in about 60%–70% of high-risk NB patients, which are often refractory to current therapies and associated with dismal prognosis (7). Improving the prognosis in high-risk NB remains a major unmet clinical need currently. However, new insights into the role of oncolytic virus (OV) treatment may provide new hope.

Using OVs as therapeutic strategies for malignant tumors, including NB, has drawn substantial attention from various studies. OVs can be divided into two categories: natural oncolytic viruses and genetically modified ones. The commonly used wildtype oncolytic viruses are reovirus, Newcastle disease virus, parvovirus, etc, which recognize tumor cells based on their highly expressed tumor-specific receptors or abnormal intracellular signaling pathways and metabolic status, such as a defect in interferon (IFN) signaling pathway or activated Ras pathway (8–10). Most available are genetically modified OVs in which tumor tropism is attenuated to reduce virulence for non-neoplastic host cells (11, 12). Genetically modified OVs can be obtained through many ways, most commonly by deleting virulence genes to improve safety and inserting foreign genes to improve tumor targeting ability or antitumor efficacy (9). Inserting targeting peptides or specific envelope glycoproteins can endow common virus tumor tropism, such as the protein transduction domain (PTD) of the HIV-1 Tat protein (Tat-PTD) (13). Besides, targeting abnormal pathways or products in tumor cells, such as inserting tumor-specific promoters or microRNA-targeting sequences, can also be a helpful way to improve tumor targeting capabilities of viruses (9, 14). Some tumors may share similar genetic alterations, for example, rearrangement of the human telomerase reverse transcriptase (hTERT) is one of the common characteristics of many tumors including NB. This indicates that driving viruses by hTERT promoter can help tumor targeting (15, 16). Apart from hTERT rearrangement, other genetic lesions of NB such as MYCN amplification, ALK mutation, chromosomal loss (1p, 3p, 11q) or gain (17q), and p53 inactivation can also be promising targets in designing OVs (17). Genetically-modified OV bears the advantages of good targeting capability, high killing rate, less adverse reactions and lower cost. Since OVs are less dependent on specific receptor expression patterns so as to avoid the resultant mutational or transcriptional resistance that may accompany, they are less prone to develop drug resistant issues compared with conventional oncological therapies (11). Due to the high safety and multi-pathway oncolytic mechanisms, OVs have shown great potential in the field of combination therapy. When used in combination with chemotherapy and radiotherapy, OVs may assert synergistic effect and significantly enhance the anti-tumor effect, especially when combined with immunotherapy such as immune checkpoint inhibitors like anti-CTLA-4 (cytotoxic T lymphocyte-associated antigen-4) antibody and anti-PD-L1/PD-1 antibody (18). OVs infection stimulates anti-cancer immune responses that augment the efficacy of checkpoint inhibition (19).

Currently, progress in OV research is expected to bring new insight into novel therapy against oncologic diseases including NB. Studies on OV therapy for NB have developed rapidly in number and depth. Some oncolytic viruses have shown good therapeutic effects in clinical trials currently, however, OV therapy in general remains to be premature and many challenges remain to be overcome. We hereby review the current status of oncolytic virotherapies for the treatment of NB (Figure 1), with focuses on preclinical studies (Table 1) and clinical trials (Table 2) on different OVs for NB.
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FIGURE 1
Oncolytic virotherapy for neuroblastoma. (A) The in situ injected or intravenously administrated OVs reach the NB site and cause oncolysis by cytopathic effect, causing cell lysis, cell apoptosis and necrosis. (B) The released PAMPs, DAMPs and TAAs activate CD8 + T cells after presentation by dendritic cells, and the released immune cell-attracting chemokines recruit NK cells, CD8 + cells and dendritic cells, changing the suppressive TME into an active one and contributing to the immune-infiltrated neuroblastoma. (C) Delivering OVs with carrier cells can overcome antiviral immunity effectively and improve the efficacy of OVs.



TABLE 1 Preclinical studies of oncolytic virotherapy for neuroblastoma.
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TABLE 2 Clinical trials/ case reports of oncolytic virotherapy for neuroblastoma.
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The mechanism of OV's oncolytic action

OVs exert anti-tumor effect by inducing selective tumor cell cytopathological effect and establishing antitumor immunity. Besides, some engineered OVs can express therapeutic genes to significantly augment their efficacy. It has been proved that oncolytic virus can disrupt tumor angiogenesis and thereby cutting nutritional and oxygen supply to tumor cells and inhibiting tumor growth (20, 21).


Lysis of tumor cells

OVs can lyse tumor cells directly through oncolysis and the released progeny viruses would continue to infect tumor cells, thereby achieving the cascade amplification effect of oncolysis. The highly expressed specific receptors on tumor cells are the molecular mechanism for OVs to target and lysis tumor cells, while the high metabolic state of tumor cells would facilitate viral replication (8). As we will describe elaborately in section 2.3, in addition to the natural ability of OVs in tumor cell lysis, further modifications can increase their lytic ability and target capability.



Changes of tumor microenvironment

Another important mechanism of OVs' action is to trigger antitumor immunity and subsequently change tumor microenvironment (TME). Interestingly, OVs can induce two types of overlapping but distinct immunity: anti-tumoral and anti-viral immunities (22). These two seems contradictory in the action of OVs, and there have been debates about whether the immune system is a friend or foe to OVs. Tumor cells may have evolved to evade immune-mediated recognition and destruction while acquire the defects via cellular anti-viral pathways such as those mediated by the interferons (IFNs) and thereby become more susceptible to OVs (22, 23). The lysed tumor cells release viral particles, pathogen-associated molecular patterns, tumor associated or specific antigens, tumor cell debris and danger signals, which may activate the corresponding lymphocytes after being presented by dendritic cells, leading to changes of the type, number and activation status of tumor-infiltrating lymphocytes and subsequently drive innate and adaptive anti-cancer immune responses (18, 23). Besides, type I IFN secreted by lymphocytes in the classical anti-viral response can also stimulate immune cells within the TME, such as NK cells and CD8+ T cells, thus promoting the anti-tumor immune reactions (22, 24). The immune-suppressive TME is transformed into an immune-stimulating state, allowing effector T cells to enter the tumor bed and kill tumor cells (25). Meanwhile, NK cells and other immune components also play important roles in enhancing the therapeutic efficacy of OVs (26–30). In addition, the “antibody-mediated complement-dependent cancer cell lysis” is also an important mechanism of OV therapy (31). Nevertheless, the pre-existing neutralizing anti-viral antibodies, as well as the innate and adaptive anti-viral immunity, will reduce the viral load at the tumor site and the antitumor efficacy would thus be impaired (26). As a double-edged sword, immune components such as NK cells and INF may kill OVs while activating TME. As we will discuss later, this is still a hurdle for oncolytic therapy, and the real challenge is to achieve the ideal balance to maximize the therapeutic effect.



Expression of therapeutic genes

Furthermore, the modified OVs could express cytokines to boost tumor immunity, pro-apoptotic proteins or toxin proteins coded by suicide genes to directly kill tumor cells, extracellular matrix (ECM)-degrading enzymes to increase the intra-tumoral spread of OVs, and factors to inhibit tumor angiogenesis (9, 32). Arming OVs with cytokine genes is one of the most commonly used approaches. The expression of cytokines like granulocyte macrophage-colony stimulating factor (GM-CSF), IL-2, IL-12, and tumor necrosis factor, etc. could recruit corresponding lymphocytes and thereby enhancing immune responses (32, 33). As a type of engineered HSV expressing IL-12, M002 is demonstrated to replicate in NB cells conditionally. The expressed IL-12 would induce a helper T cell subset type 1 response, thus inducing more durable antitumor effects (34, 35). Besides, OVs can also be designed to encode tumor-associated antigens expressing T cell co-stimulatory molecules or T cell checkpoint molecules that block T cell suppression (32). The combination with immune checkpoint inhibitors may induce tumor inflammation and lead to lymphocytic infiltration and migration to distant sites, and exert antitumor effect in distant (non-virally injected) tumors without distant virus spread (36). Relevant studies have shown that CD8 + and CD4 + cells can infiltrate distal lesions independent of NK cells and IFN I, and even influence distal tumor cells with similar molecular structure, thereby achieving systemic anti-tumor immunity. Although OVs armed with therapeutic genes are not widely available at present, they could be promising in future treatment of NB.




Preclinical evidence on OVs in NB treatment

Preclinical evidence is the basis in the development of a novel treatment modality. NB cell line is an economical and practical model for preclinical research, which can be divided into different groups according to genetic lesions such as MYCN copy number amplification, ALK activation mutations, chromosome loss or increase, and TERT rearrangement (17, 37). Besides, organoids which can recapitulate the intrinsic heterogeneity of primary NB as in vitro models are useful to test OVs for personalized treatments (38).

Because cell lines and organoids cannot provide systematic information of interaction between body cells and OVs, establishing preclinical animal models is the key step to link laboratory finding with clinical trials (39). The commonly used humanized mouse models are cell-derived xenograft (CDX) and patient-derived tumor xenograft (PDX) models. Compared with the traditional CDX model, PDX model can reflect the original features of patient tumors and genetic diversity accurately, which is a great advantage and would vastly improve both basic and clinical study outcomes (40, 41). Furthermore, the TME of neuroblastoma PDXs contains many components that are critical for cancer progression and metastasis, including tumor-associated macrophages, fibroblasts, pericytes, endothelial cells and extracellular matrix components (40). However, the humanized mouse models also have inevitable limitations: abnormal immune system of the host mice could lead to ignorance of the body's antiviral immune response and the role of immune system in assisting OVs. Therefore, taking immunological factors into consideration, the genetically engineered mouse models (GEMMs) can also be an alternative approach. Weiss et al. developed transgenic mouse in which MYCN were overexpressed in neuroectodermal cells and neuroblastoma was induced under the control of tyrosine hydroxylase (Th) promoter (42). The Th-MYCN transgenic mouse model is generally considered as the most widely used and the best characterized neuroblastoma GEMMs. Besides, neuroblastoma GEMMs of ALK-mutant (ALKR1275 (43%) and ALKF1174 (30%)) and LIN28B overexpression (or LIN28B amplification) have also been reported (43). A major advantage of GEMMs is the adoption of immune-competent host that allows assessment of immunotherapies that stimulate tumor-specific immune responses. But owing to its genetic uniformity, GEMM cannot fully represent the diversity of neuroblastoma.

Different neuroblastoma modeling approaches have their strengths and weaknesses in various applications. Currently cell lines and CDX models remain to be the most widely used models in the study of oncolytic therapies for neuroblastoma. Hereby we introduce the following modified OVs via various mechanisms based on the genetic characteristics of NB, which are extremely promising in the treatment of NB based on preclinical data (Table 1).


Adenovirus

Adenovirus (Ad) is a double-stranded DNA virus without envelope and the most commonly used viral vector for gene delivery at present (44) due to its fully knowable virus genetic elements and the possibility of manipulating them (45). At least 70 serotypes of human adenovirus exist, of which 57 have been found in humans and serotype 5 is the most commonly used due to its favorable safety and stability properties, as well as accessibility of the genome for genetic modifications (45, 46). Ad cell entry is mediated by binding with the chimeric antigen receptor (CAR) on the cell surface. Cell tropism of human adenoviruses differs among serotypes, but CAR is usually ubiquitously expressed in healthily differentiated tissue instead of tumor cells (47–49). Therefore, genetic modification by editing E1A, E1B or E3 gene might be necessary to endow adenovirus with tumor tropism.

As a member of the proto-oncogene myc family, MYCN plays a significant role in differentiation, apoptosis, cell proliferation, angiogenesis and metastasis of NB. MYCN amplification is found in 18%–38% of cases, which could increase the risk of cell migration and invasion and empower the tumor with an aggressive clinical behavior and poor survival prognosis (50). ZD55-shMYCN is an oncolytic adenovirus ZD55 carrying short hairpin RNA (shRNA) targeting the MYCN gene, which could inhibit the proliferation of LA1–55N, a p53-null and MYCN-amplified neuroblastoma cell line and suppress tumor growth in the CDX model (51). Furthermore, studies have shown that ZD55-shMYCN can induce apoptosis by upregulating RKIP in NB (52) and down-regulate the muti-drug resistance-associated protein (MRP) expression by down-regulating MYCN, thus being effective in doxorubicin-resistant NB (53). Besides MYCN amplification, human telomerase reverse transcriptase (hTERT) rearrangement can contribute to hTERT activation and poor clinical outcome, exerting a potential prognostic role in high-risk NB tumors (54, 55). OBP-301 and OBP-702 are two kinds of tumor-specific replicating adenoviruses driven by the hTERT promoter exhibiting strong therapeutic potential in four human MYCN amplified NB cell lines (IMR-32, CHP-134, NB-1, LA-N-5) and subcutaneous CHP-134 xenograft tumor model (16). The study also demonstrated that hTERT-driven oncolytic adenoviruses can downregulate MYCN expression and contribute to virus-mediated activation of E2F1 protein (16).

In addition to NB-specific genes, another major direction of Ad modification is to modify CAR-related ligands. As ligand of coxsackie and adenovirus receptor (CAR), adenoviral fiber knob is a major determinant of Ad5 for targeting. However, it's challenging to replace adenoviral fiber knobs by ligands that enable tumor specific targeting of oncolytic adenovirus because the fiber knob contributes to virus assembly (56). In a proof-of-concept study, researchers targeted high malignant tumors of neuroendocrine origin by replacing fiber knob by endosialidase NF (endoNF), i.e., the tailspike protein of bacteriophage K1F, and found that an intramolecular chaperone contained in endoNF warranted folding and compensates for the knob function in virus assembly (56). In a therapeutic mouse model of subcutaneous NB, the obtained recombinant viruses demonstrated a strong potential to inhibit tumor growth.

However, as we mentioned before, the anti-viral immunity may reduce the viral load at the tumor site and the antitumor efficacy would thus be impaired. Mesenchymal stem cells (MSCs) are ideal for protecting oncolytic virus from being killed by immune components in the blood, which enables the virus to reach the metastatic tumors and achieve tumor-targeting effect (57–59). Celyvir are autologous marrow-derived MSCs carrying ICOVIR-5, a new AdΔ24RGD-derivative oncolytic adenovirus controlled by E2F promoter which can selectively replicate in cancer cells via activating Rb/E2F pathway (60). It's demonstrated that Ad infection could induces toll-like receptor 9 overexpression and activation of the NFB pathway in menstrual blood–derived MSCs, leading to a specific cytokine secretion profile. In vitro study showed that a proinflammatory environment would be generated when Ad-loaded MSCs were cocultured with allogeneic peripheral blood mononuclear cells, and it's mainly mediated by monocyte activation, leading to the activation of both T cells and NK cells (61). Moreover, it's demonstrated that Celyvir induced systemic immune response and intratumoral leukocyte infiltration in mice after intraperitoneal injection, and Celyvir-treated groups presented higher infiltration of CD45± cells in the core of the tumor in C57BL/6 murine adenocarcinoma models (58). Furthermore, as we will discuss later, Celyvir are being investigated in clinical trials and have shown a promising result in NB patients.



Herpes simplex virus

Herpes simplex virus (HSV) is an enveloped double-stranded DNA virus, considered to be a therapeutic viral vector with good safety profile. Based on different antigenicity, HSV is divided into two serotypes (HSV-1 and HSV-2), and the DNA of the two virus types is 50% homologous. HSV-1 is one of the first viruses to be developed as recombinant oncolytic virus therapeutic vectors (62). HSV is a neurotropic virus whose efficacy has been widely proven by studies on brain tumors (63). Engineered HSV is also a research focus of oncolytic virus therapy for NB. All conditionally replicating HSVs currently in use contain one or more mutations within the viral genome, including thymidine kinase (64), ribonucleotide reductase (65), UTPase (66) or γ134.5 (67). Specifically, deleting γ134.5 genes which encodes the protein 34.5 (ICP34.5) can reduce neurotoxicity and ensure replication in actively dividing cells instead of growth arrested or terminally differentiated cells (68, 69). Furthermore, the primary entry protein for oncolytic HSV (oHSV), CD111 [poliovirus receptor-related protein 1 (PRR1, nectin-1)], is expressed by numerous NB cell lines and in human NB specimens, helping oHSV to target NB (35).

G207 is one of the earliest studied oHSVs in NB treatment. It's a conditionally replicating HSV vector created by deleting both copies of the γ134.5 locus and inserting Escherichia coli lacZ gene which inactivates ribonucleotide reductase, an enzyme required for efficient viral DNA replication in nondividing cells but not in dividing cells (70). Its therapeutic efficacy has been demonstrated in the CDX model constructed using N18 neuroblastoma cells (70). Besides, G207 is sensitive to ganciclovir because of the retainment of an intact viral thymidine kinase (HSV-tk) gene and thereby ensuring the safety of G207 (71). NV1066 is an attenuated-engineered HSV mutant derived from strain F that has only one γ134.5 loci deleted, with insertions of the gene encoding enhanced green fluorescent protein (eGFP) and the promoter from cytomegalovirus, making cells infected by NV1066 visible. By infecting eight NB cell lines and two different xenograft models (LAN-5 and CHLA-20) at multiple doses and time points, NV1066 has been demonstrated to be safe and very effective in lysing all the eight NB cell lines and inhibiting tumor growth (72). Furthermore, NB cell lines and tumor models are more sensitive to NV1066 than oncolytic wild type adenoviruses, making NV1066 capable to treat NB resistant to oncolytic adenovirus (72). The HCMV/HSV-1 chimeric virus, C130 and C134, are γ134.5 deleted recombinants encoding a PKR-evasion gene (TRS1 or IRS1) from human cytomegalovirus (HCMV) (73). It ensures the virus' reductive neurovirulent and meanwhile avoids the limits of late viral protein synthesis and efficient replication in many tumors, which has been demonstrated to be superior to the parent strains (73). As one of the most studied oHSVs, HSV1716's anti-tumor efficiency has been demonstrated in many malignant tumors, including metastatic melanoma (74), oral squamous cell carcinoma (75), high-grade glioma (76) and neuroblastoma (77). P-y Wang et al. demonstrated the therapeutic effect of HSV1716 on NB, but the sensitivity of different NB cell lines varied widely, which was not necessarily correlated to the expression of virus entry receptors like nectin-1 but correlated to the cell-autonomous anti-viral responses (78). Besides, a recent study showed that small molecule Aurora A kinase inhibitor, alisertib, could enhance the therapeutic action of HSV1716 through cytotoxic synergy and innate cellular immune modulation, which has been demonstrated in two xenograft models of MPNST and neuroblastoma (77).

Expressing foreign genes could enhance the antitumor effect of engineered HSV-1, such as the case of cytokine-expressing viruses R8306 (IL4) (79) and R8308 (IL-10) (80) and M002 (IL-12) (34). M002 is a type of γ134.5-negative oHSV carrying two copies of the murine interleukin-12 (IL-12) gene which expresses IL-12, a cytokine with potent antitumor properties (34, 81). It has been demonstrated that M002 infected, replicated, and decreased survival in neuroblastoma cell lines and significantly decreased tumor growth in corresponding CDX models (35, 82). Compared with the non-cytokine-expressing parent virus R3659, survival of immunocompetent A/J mice implanted with the syngeneic Neuro-2a clone of C1300 neuroblastoma tumor cells was significantly longer under the treatment of M002. Meanwhile, immunohistochemical analysis of brain tissue identified significantly more immune-related inflammatory infiltration by CD4+ T cells, macrophages, and CD8+ T cells in M002-treated tumors than that in R3659-treated tumors (34, 82). Further in vivo studies selected vvD54-M002 after serial passage of M002 in D54-MG tumors, which improves survival in two independent murine brain tumor models (human D54-MG intracranial xenografts in SCID mice and murine Neuro-2a neuroblastoma syngeneic tumors in A/J mice) compared to the parent (unpassaged) M002 cells (83). Besides, in vitro and in vivo studies might reveal different results, which suggests that in vivo tumor environment is important in selecting novel oncolytic HSV strains (83).

In addition to cytokines, expression of other therapeutic genes can also increase the oncolytic effect of oHSV. M012 is also a γ134.5-negative oHSV with R3659 as parent mutant, which can express bacterial cytosine deaminase under the control of the cellular promoter Egr-1 (84). The expressed cytosine deaminase converts non-toxic 5-fluorocytosine (5-FC) to highly toxic, chemotherapeutic agent 5-fluorouracil (5-FU), enhancing the cytotoxicity of adjacent uninfected cells. Compared to R3659 combined with 5-FC or M012 alone, intratumoral injection of M012 in combination with 5-FC significantly reduced tumor growth (84). rQT3 is an engineered γ134.5-negative oHSV with human Timp3 gene inserted into the UL39 locus, thus expressing human tissue inhibitor of metalloproteinases 3 (TIMP3), a factor that inhibits the proteolytic activity of all known matrix metalloproteinases (MMPs) within tissues (85). In many malignancies including NB, decreased expression of TIMPs often cause increased MMP expression, which could promote tumorigenesis by direct effects upon tumor cells and indirect effects upon the tumor microenvironment (86, 87). The study on rQT3 in neuroblastoma cell lines and xenograft model of NB (LA-N-5) shows that rQT3 enhanced antitumor efficacy through multiple mechanisms, including direct cytotoxicity, elevated virus titer, and reduced tumor neovascularization (85).

Although HSV-1 is much more frequently used, HSV-2 also plays a vital role in OV therapy against NB. FusOn-H2 is a mutant HSV-2 constructed by replacing the serine/threonine protein kinase domain of ICP10 with the gene encoding the green fluorescent protein, thus enabling it to selectively replicate in and lyse tumor cells under an activated Ras signaling pathway (88). The anti-tumor effects accomplished by FusOn-H2 induced syncytia formation, tumor-specific CTL responses and antitumor immunity have been demonstrated in neuro-2A murine NB cell lines and the corresponding CDX models (89).



Poliovirus

Poliovirus, the pathogen of paralytic poliomyelitis, is a nonenveloped positive-stranded RNA virus which rarely invades the central nervous system but targets predominantly motor neurons, causing flaccid paralysis and even death. It's considered a promising novel virus in oncolytic therapies (90). But the potential neurovirulence and the high coverage of vaccine against polio in early childhood are challenging. Therefore, reducing the neurovirulence of poliovirus is a prerequisite for its application. Hidemi Toyoda et al. tested the effects of live-attenuated poliovirus vaccine, Sabin 1, 2 and 3 strains (Japan Poliomyelitis Research Institute), in 29 established NB cell lines and an animal model established using athymic mice transplanted with SJ-N-JF NB cells (91). A total of 27 of 29 established neuroblastoma cell lines were killed and tumors on both the inoculated and contralateral flank regressed completely and dramatically (91). Thus, the curative effect of Poliovirus on NB was preliminarily demonstrated.

A133Gmono-crePV is a novel and stable poliovirus attenuated by introducing a point mutation (A103G) in a “spacer region” between the cloverleaf and IRES in the 5′-NTR (92). The attenuating mutation A103G in the spacer region was unstable on replication. Nevertheless, the introduced cre element, a stem-loop structure mapping to the coding region of viral protein2CATPase, interrupts the spacer region, making A133Gmono-crePV a stable attenuation phenotype that replicates in NB cells (93). The mouse NB cells (Neuro-2aCD155) expressing CD155, the poliovirus receptor, are subcutaneously implanted into the CD155 tgA/J mice which is immunized against poliovirus to build a relatively perfect model. Despite the pre-existing high titers of anti-poliovirus antibodies, it has been demonstrated that A133Gmono-crePV eliminated the Neuro2aCD155 tumors in CD155 tgA/J mice (93). Furthermore, the in vivo destruction of neuroblastoma cells by A133Gmono-crePV can lead to a robust antitumor immune response mediated by cytotoxic CD8+ T cells, because no tumor growth was observed after reinoculation of Neuro-2aCD155 in the cured mice and the adoptive transfer of splenocytes obtained from cured mice markedly delayed the growth of previously established NB tumors (94).



Measles virus

Measles virus (MV) is an enveloped virion that contains a non-segmented, negative-stranded RNA genome, belonging to the Mononegavirales order and Paramyxoviridae family. MV enters cells through the interaction of the H-glycoprotein with the MV receptors, including CD150 (signaling lymphocyte-activation molecule, SLAM), CD46 and nectin-4 (95). Furthermore, MV has neuronal tropism and can infect cells via the possible SLAM negative and CD46-independent pathway, causing various types of neurological disease (96). MVEdm is attenuated Edmonston vaccine strain of the measles virus which has been proven to be safe and effective as oncolytic therapy for many tumors (97–99). Compared to wildtype MV that enters cells mainly through the SLAM receptor, MVEdm enters cells through CD46 receptor, which is frequently overexpressed on tumors (100, 101). Besides, the nectin-4 receptor may also be helpful for the entrance of MVEdm (102). The characteristics mentioned above make MV, especially MVEdm, potentially useful in treating NB.

Shucheng Zhang et al. investigated the capability of the recombinant MV-Edm that expresses the carcinoembryonic antigen (MV-CEA) against NB. MV-CEA is a kind of trackable oncolytic measles viruses expressing inert (nonimmunogenic, nonfunctional and accurately measurable) soluble human carcinoembryonic antigen (hCEA), which didn't compromise virus replication (103). Expression of the recombinant genes in viruses was easily monitored by measuring the concentrations of hCEA in tissue culture supernatant or in the serum. Studies found that despite the low expression of CD46 and nectin-4, MV-CEA can successfully replicate in the human NB cell lines and xenografts. Intratumoral administration of MV-CEA can induce significant apoptosis in NB xenografts and prolong the survival of tumor-laiden animals (104).



Parvovirus

Some rodent parvoviruses are found with natural oncolytic and onco-suppressive activities, and H-1PV is one of them. H-1PV is a nonenveloped rat parvovirus with viral capsid containing a linear single-stranded DNA molecule of about 5 kb. It has been proven to be safe and tolerable in vitro and in vivo in the treatment of a variety of tumors such as glioma, pancreatic carcinoma, breast cancer and colorectal cancer (105). As the first naturally occurring wild-type virus applied to NB that doesn't need genetical modification to acquire tumor tropism, H-1PV was demonstrated to be non-toxic for nontransformed cells and selectively lyse NB cells in 11 NB cell lines with different MYCN status (106). Moreover, the lytic effect of H-1PV was observed to be associated with G2-arrest and induction of apoptosis, independent of MYCN oncogene amplification or differentiation status (106). The anti-neuroblastoma effect of H-1PV was promising, but still need in vivo evaluation in appropriate animal models and further clinical trials.



Vesicular stomatitis virus

Vesicular stomatitis virus (VSV) is an enveloped negative-stranded RNA virus with therapeutic potential in a variety of tumors, including those with aberrant p53, Ras or Myc function such as glioblastomas, breast cancer, and NB (107). The tumors that are unable to activate immune responses including the interferon (IFN) response pathways make VSV able to specifically replicate in tumor cells. The artificial VSV23 expressing the pro-inflammatory cytokine interleukin-23 (IL-23) is significantly attenuated to avoid the possible fatal encephalitis (108). VSV23 has been demonstrated to maintain oncolytic capacity in vitro in multiple cell lines including NB41A3 (107). Furthermore, studies have shown that N-myc amplification in NB cell lines could augment the susceptibility to the mutant VSVΔM51 by downregulating IFN-stimulated genes (109).



Vaccinia virus

Vaccinia virus (VV) is an enveloped, double-stranded DNA virus with unique advantages as an oncolytic therapy for NB. It has been tested to be safe in different kinds of adult tumors and has undergone phase 1 and 2 trials. It has also been proven to be safe for pediatric tumors experimentally and clinically (110). Besides, effective antivirals are available to prevent the possible toxicity. Most importantly, VV was demonstrated amenable for intravenous delivery to distant tumors, making it an outstanding choice in treating metastatic tumors (111). Photodynamic therapy (PDT) could augment the efficacy of oncolytic VV against primary and metastatic tumors in mice (112). The double-deleted VV (vvDD) was engineered from Western Reserve (WR) strain by deleting the thymidine kinase and vaccinia growth factor genes to further enhance the safety profile (113). vvDD showed successful antitumor effects in several pediatric solid tumor cell lines including NB cell lines, and intravenous administration of a single dose of vvDD significantly inhibited the growth of tumors as well as metastatic tumors in xenograft models (114). The phase 1 study of Pexa-Vec (JX-594), a vaccinia virus derived from the commonly used Wyeth vaccine strain by deleting a thymidine kinase gene and inserting GM-CSF gene and lac-Z gene, showed that intratumoral injection of Pexa-Vec in pediatric patients with NB was relatively safe, but may cause transient flu-like symptoms and pustules (110).

The oncolytic VV could also be an excellent vector intravenously, such as the designed oncolytic VV(OVV-CXCR4-A-Fc) which could deliver a CXCR4 antagonist expressed in the context of the murine Fc fragment of IgG2a (115). CXCR4 was expressed in NB cell lines and the binding of CXCR4 with its ligand C-X-C motif chemokine 12 (CXCL12) may induce NB tumor cell metastasis and augment the immunosuppressive network (115). It has been demonstrated that intravenous injection of OVV-CXCR4-A-Fc could inhibit the growth of subcutaneous NXS2 NB more efficiently than oncolysis alone, which is associated with decreases in the immunosuppressive networks in the tumor microenvironment (115). A recent study showed that the constructed VV-GD2m-NAP with insertion of disialoganglioside mimotope (GD2m) and neutrophil-activating protein (NAP) genes into Western Reserve (WR) strain could significantly control subcutaneous NB (NXS2) tumor growth and prolong the survival of NXS2-tumor-bearing mice (116). Interestingly, VV-GD2m, which only expressed GD2m (a mimotope of neuroblastoma-associated glycolipid antigen), did not improve the anti-tumor capacity while VV-GD2m-NAP, which co-expresses NAP (a chemoattractant of immune cells and antigenic activator of weak immunogens), can significantly improve its therapeutic efficacy (116).



Sindbis virus

Sindbis virus (SINV) is an RNA virus belonging to the alphavirus genus of the togaviridae family. Compared to normal cells, neoplastic cells often overexpress the 67 kDa, high-affinity laminin receptor (LR) which could enhance SINV infection as an attachment factor, promoting tumor-selective binding of SINV (117, 118). The SINV AR339 strain is relatively non-virulent and can induce the remarkable cytopathic effect in NB cell lines (SK-NSH, IMR-32, LAN-5, GOTO, and RT-BM-1) (117). The in vivo antitumor potential of SINV AR339 strain was also significant as intratumoral and intravenous SINV inoculations can lead to regression of NB xenograft tumors (117). As a blood-borne virus, SINV AR339 strain also has the advantage in treating metastatic tumors, making it hopeful as a novel therapy for NB.



Zika virus

Zika virus is a neurotropic, mosquito-borne single-stranded RNA virus belonging to the flavivirus genus and the flaviviridae family (119). Zika virus infections could cause congenital microcephaly and other fetal brain defects in infants born to infected mothers (120). Nevertheless, in children and non-pregnant adults, eighty percent of Zika virus infections are asymptomatic (120). The minimal pathogenic effects of natural Zika virus infection in children ensure its safety as oncolytic therapy on NB (121). Joseph Mazar et al. confirmed that Zika virus strain PRVABC59 could infect both MYCN-amplified [IMR32, SMS-KAN, and SK-N-Be(1)] and non-MYCN-amplified NB cells (SK-N-AS, LA-N-6, and CHLA-42), which was directly correlated with the expression of the cell surface glycoprotein CD24 (121). The result suggests its potential targeting therapeutic role in NB treatment.



Seneca valley virus

Seneca Valley virus (SVV) is an oncolytic RNA virus belonging to the Senecavirus genus of the Picornaviridae family, which can selectively infect and lyse tumor cells with neuroendocrine features. As a relatively small virion (25–30 nm), SVV allows greater distribution to tumor which is not inhibited by human blood components and systemic delivery to treat metastatic diseases (122). Tumor cell lines possessing neuroendocrine properties, including multidrug-resistant NB cell lines which express neuroendocrine markers, were sensitive to Seneca Valley Virus-001 (SVV-001) (123), also known as Seneca Valley virus (NTX-010) (124). The in vitro testing result showed that 3 of 4 neuroblastoma cell lines (NB-1643, NB-EBd, CHLA-136, but not CHLA-90) were sensitive to NTX-010, and anti-tumor effect in the NB xenografts models kicked in after intravenous injection of viral particles (124).




Clinical trials of OVs on neuroblastoma

Clinical trials on several OVs, including vaccinia virus, adenovirus, reovirus, herpes simplex virus, and measles virus have been conducted in adults for different kinds of tumors. Combining with chemotherapy, radiotherapy and immunotherapy, especially immune checkpoint inhibitors, OV is an effective therapy in improving the therapeutic effect of cancer treatments (125). However, clinical trials in pediatric tumors remains insufficient, with only a few sporadic cases using OVs to treat children with NB being reported.

The earliest case reports of oncolytic adenovirus used in children with refractory NB were published in 2010. It reported a six-year-old boy with high risk non-4S stage 4 disease metastasized to the lymph nodes and bone marrow who has undergone a series of failed treatments including three different chemotherapy regimens and a high-dose intensive regimen with an autologous stem cell transplant (126). The patient was treated with an ultrasound-guided injection of 10e11 viral particles of Ad5/3-Cox2LD24, an engineered oncolytic adenovirus which acquired tumor tropism by the cyclo-oxygenase 2 (Cox2) promoter driving E1A gene and a 24-bp deletion in Rb binding site of E1A, into the primary tumor site near the left kidney, adjacent lymph nodes and intravenously. One month after the treatment, the primary tumor had regressed by 71% while after three months of treatment, the bone marrow biopsy showed a minimal number of tumor cells. Ad5/3-Cox2LD24 effectively replicated and disseminated within the tumor despite the rapid induction of neutralizing antibodies. Moreover, CD3+/CD8 + cytotoxic lymphocytes increased after the treatment, which indicated the induction of antitumor immunity (126). Importantly, after 14 months of treatment by Ad5/3-Cox2LD24, the patient remained alive in good health status (Table 2).

As a promising systemically delivered OV, Celyvir showed great potential in clinical studies because the use of MSCs could increase the amount of ICOVIR-5 administered to patients, minimize toxicities and avoid direct tumor injections (127). The earliest case of Celyvir use in NB was reported in four children with stage IV neuroblastoma refractory to front-line therapies, in which all patients received at least two doses of Celyvir infusions (128). The tolerance to the treatment was excellent. The peripheral presence of ICOVIR-5 was verified in all patients, and it was detected in marrow aspirate in one patient 5 days after the second Celyvir infusion, suggesting that Celyvir carried ICOVIR-5 to areas with metastasis. Importantly, thirty-six months after the first Celyvir treatment and more than 4 years after diagnosis, this patient was in complete remission. Due to the significant therapeutic effect of Celyvir in the first case report, researchers compassionately used Celyvir in treating 12 children diagnosed with advanced metastatic neuroblastoma (129). The tolerance was excellent, with very mild and self-limited viral-related symptoms. After receiving weekly multidose of Celyvir without any concomitant treatment, the clinical outcomes varied among these patients (8 had disease progression, 1 remained stable, 3 had partial response and 1 had complete response), and it's associated with the difference of patients' MSCs. The biopsies on the patient who received the maximum doses of Celyvir infusions showed that the primary tumor site had more infiltrated immune cells and stronger immunogenicity 4 months after initiating Celyvir therapy (130). Recently, the Celyvir researchers presented the results of the first-in-human, first-in child trial of Celyvir (NCT01844661) (127). They recruited 15 pediatric and 19 adult patients initially but only 9 pediatric (4 diagnosed with NB) and 7 adult patients received treatment with Celyvir eventually mainly because rapid disease progression before Celyvir was available. Adenoviral replication detected by PCR was found in all but 2 pediatric patient and in none of the adult ones. Two patients with NB showed disease stabilization after the treatment. The result of this trial suggests that Celyvir is safe and warrants further evaluation in a phase 2 setting.

Another OV that have gone through clinical trials in treating NB is Pexa-Vec (JX-594), an engineered vaccinia virus described above (110). In a phase I clinical trial (NCT01169584) 6 patients were enrolled, of which 2 were diagnosed with NB and had previously received high-dose chemotherapy with autologous stem cell rescue. All the recruited patients were greater than 1 year of age and less than 22 years of age with recurrent or refractory non–central nervous system solid tumors with no known curative pathway. The tolerance was excellent, with all toxicities ≤ grade 3. Twenty-two days after intratumoral injection of Pexa-Vec, the tumor of one 4-year-old NB patient was stable while that of another 20-year-old NB patient had progressed. However, differed from the adult Pexa-Vec trials in which antitumor immunity was measured by detecting complement-dependent antitumor antibodies in serum, this pediatric trial did not show any changes in noninjected lesions that might have resulted from an immunologic effect possibly. This might be due to the relatively short time frame that the patients were observed in this study prior to seeking other treatments. Overall, this study suggests that Pexa-Vec is safe in pediatric patients via intratumoral injection and further studies are warranted (Table 2).

Furthermore, the Seneca Valley Virus NTX-010 has also undergone phase I trial (NCT01048892) in children (131). Patients (≥3 to ≤21 years) with neuroblastoma, rhabdomyosarcoma, or rare tumors with neuroendocrine features were eligible. Thirteen patients (9 with NB) enrolled in one arm received treatment of s single-dose NTX-010 while 9 patients (3 with NB) enrolled another arm received treatment of two doses of NTX-010 in combination with cyclophosphamide (CTX) orally and intravenously. The result showed that NTX-010 was feasible and well tolerated and no dose-limiting toxicity (DLT) was observed. The main adverse effects included tumor-related pain and lymphopenia. Despite the combination with CTX, the neutralizing antibodies were still generated and viruses in both the blood circulation and the stool were cleared after NTX-010 infusion. Therefore, the use of NTX-010 by intravenous injection may play a potential role in NB treatment which needs further validations (Table 2).



Challenges and future perspectives

Although the therapeutic role of OVs in the treatment of NB is promising, there are also multiple challenges need to be addressed. As case reports and clinical trials have shown, there are some adverse effects of OVs during NB treatment such as fever, diarrhea, stomach pain, and liver enzyme elevations, which are usually self-limited and milder than those reported in other existing therapies (57–60, 126–131). There are also risks of uncontrolled virus replication in vivo and possible transmission to patients' contacts (132). But in general, oncolytic virotherapy is currently safe without presented potential safety issues that cannot be eliminated (132). However, there are still many challenges to be solved. For instance, the presence of intracellular junctions and extracellular matrix may be the barriers for OVs to spread and penetrate the tumor bulk. Pre-treatment with collagenase or co-administration of hyaluronidase with oncolytic adenoviruses may facilitate the spread of OVs (20, 133, 134). But the insurmountable hurdles of OVs remain to be anti-viral immune responses, off-target infection and uncertain efficacy (20).

One of the biggest challenges is the elimination of OVs by the immune system. Compared to intraperitoneal, intracranial, intrapleural, and limb perfusion, systemic delivery is the most feasible and simplified administration route to deliver OVs to the distant sites in systemic diseases (135). However, systemic delivery is associated with anti-viral immune responses, potential off-target effects and the need for much higher doses (135). The systemically delivered OVs may be neutralized by the pre-existing or therapy-induced neutralizing antibodies and removed by the reticuloendothelial system (136). Due to the prevalent existence of antibodies against adenovirus, HSV, measles virus, poliovirus, and vaccinia virus in people, OVs are mainly injected intratumorally to achieve the effective therapeutic concentration, which sometimes limits the use of OVs to tumors close to the body surface. Thus, the treatment of metastatic diseases with OVs is challenging (125). However, the most common primary site of NB is the adrenal gland, which is deep inside the body cavity. In addition, NB is one of the tumors with the highest recurrence and metastasis rates, making it necessary to deliver OVs systemically. Several studies have shown that the prevalence of HSV-1 seropositivity rises with age, and that under 20% in children aged 1–4 in the United States have HSV premunition (63). This suggests that younger children may be better candidates for systemic therapies. As described above, there are many new types of OVs discovered that can be delivered systemically. One clinical trial of oncolytic poxvirus JX-594 showed that it could infect, replicate, and expresse transgene products in the cancer tissue in a dose-related fashion after intravenous infusion (111). Sindbis virus (117) and Seneca Valley virus (123) mentioned above are also promising in treating metastatic tumors due to the low prevalence of pre-existing antibodies in the human blood. Besides, MSCs was found to be an ideal delivery vehicle to protect OVs from being attenuated by components in the blood, as well as recruited T cells (137). Consistently, clinical studies on Celyvir, an MSC-delivered adenovirus, have reported good results, which is a significant step forward for OVs in the clinical treatment of NB.

Furthermore, due to the heterogeneity of NB and different mechanisms of action among various OV types, the response to NB also vary according to the limited clinical data (110, 127, 129, 130). Considering the high price of oncolytic drugs, it's necessary to screen whether specific OVs are suitable for specific NB patients. However, there's no robust predictive biomarkers yet to forecast patients' response to oncolytic virotherapy (20). But the developing of NB organoid is a promising model for personalized oncolytic viruses testing in vitro due to its efficiency and sensitivity (138).

Although challenge and hurdles remain, the development of oncolytic therapeutics is gaining momentum, especially in combination therapies with chemotherapy, radiation and immunotherapy against NB. ZD55-shMYCN (described above) was demonstrated to be able to re-sensitize the doxorubicin-resistant neuroblastoma by down-regulating MYCN and thus down-regulating the multi-drug resistance-associated protein (MRP) expression (53). Therefore, the combination of ZD55-shMYCN with doxorubicin provides a novel therapeutic strategy for treating doxorubicin-resistant NB, which is a clinically significant progress. The combination of immune checkpoint inhibitors (ICIs) with OVs for cancer therapy is a hot area. OVs can transform the “cold” tumor microenvironment with few immune effector cells into a “hot” one with increased immune cell and cytokine infiltration, which will help to increase the effectiveness of ICIs (19). Many ongoing clinical trials combining OVs with ICIs like CTLA-4, PD-1 and other ICIs have been reported, but none of them are studying their effect in NB treatment (19). Besides, synergizing with chimeric antigen receptor (CAR)-modified T cells can significantly augment the therapeutic efficacy of OV, overcome multiple challenges, and attract more CAR-T cells by altering the immune suppressive TME (139).



Conclusion

Overall, OV has brought new hope to NB as a cancer that is difficult to cure. Various types of genetically modified OVs have shown good therapeutic effects in NB cell lines. However, further studies are still needed in NB organoids and PDX models which can better character the original NB and more accurately predict its clinical effects. At present, studies on OVs have been reported in many sporadic NB cases, and some have also entered phase I clinical trial stage with good results despite some mild side effects. The effect of oncolytic therapy for NB is generally favorable from bench to bedside, but further high-quality clinical trials with more pediatric NB subjects are still in demand to evaluate the safety and effectiveness of OVs. Besides, some severe challenges remain, and further studies should focus on identifying effective delivery methods, exploring the mechanism of OV on positive regulation of the immune system, and promoting the combination of OVs with ICIs and CAR-T therapy. It is imperative to adopt multiple strategies to overcome the myriad obstacles in translating these findings into clinic practice. With these obstacles to be solved one day, oncolytic virotherapy is expected to be an adjunctive therapy for NB that can be combined with gene therapy, immunotherapy, radiotherapy and chemotherapy.
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a new Ad/A24RGD-derivative oncolytic adenovirus adenocarcinoma models intratumoral leukocyte infiltration in mice after
controlled by E2F promoter which can selectively intraperitoneal injection.
replicate in cancer cells via activating Rb/E2F
pathway.
HSV-1 G207 7345 loci deletion (both copies), Escherichia coli lacZ N18 cell line N18 sc. xenografis in A/J  Killed N18 cells, inhibited subcutaneous N18 tumor (70)
gene insertion in the ICP6 gene. mice growth in A/J mice.
NV1066 713425 loci deletion (one copy), eGFP expression under IMR-32, SKNBE (2), LAN-5, CHLA-20 and LAN-5 sc.  Induced apoptosis in NB cells, inhibited tumor (72)
a promoter from cytomegalovirus. SHSY5Y, SMS-SAN, SKNSH, xenografts in nude mice growth in vivo and prolonged survival.
CHLA-20, CHLA-79
HCMV/HSV-1 1345 loci deletion (both copies), HCMV TRS1 (C130)  Neuro-2a Neuro-2a sc. xenografts i Improved survival in syngeneic murine Neuro-2a (73)
chimeric virus or IRS1 (C134) expression under an HCMY AJJ mice model
(C130 and C134)  immediate early promoter.
HSV1716 7134.5 loci deletion (both copies). ‘CHLA-20, CHLA-90, CHLA-119, CHLA-20, CHP-134, SK-N- Sensitivity of different NB cells varied widely both in (78)
CHLA-136, CHP-134, IMR- ASand SK-N-BE (2) sc.  vitro and in vivo, which was not necessarily
32, SK-N-SH, NB-1643, NB- xenografts in nude mice correlated to the expression of virus entry
EBcl, SK-N-AS, SK-N-BE (2), receptors but the cell-autonomous anti-viral
SH-SY5Y responses.
M002 and WD54- 7,345 loci deletion (both copies), IL-12 expression.  Neuro-2a, SK-N-SH, SK-N-AS,  Neuro-2a xenografts in the  Expressed IL-12, decreased survival of NB cells, (34), (35), (82),
Moo2 SK-N-BE (2), SH-SY5Y, SHEP  right cerebral hemisphere  inhibited tumor growth in vivo and prolonged (83)
(MYCN-), WAC2 (MYCN+)  in A/J mice survival.
Mo12 71345 loci deletion (both copies), bacterial cytosine  Neuro-2a Neuro-2a s.c. xenografts in  Expressed cytosine deaminase, converted 5-FC to 5- (84)
deaminase expression under Egr-1 promoter. AlJ mice FU, inhibited tumor in vitro and in vivo.
QT3 1345 loci deletion (both copies), Timp3 gene insertion LA-N-5, IMR-32, SKNBE (2),  LA-N-5 s.c. xenografis in  Expressed TIMP3, reduced MMP activity, inhibited (85)
into the UL39 locus. CHP-134, SHSY5Y, SKNSH, nude mice vasculogenesis, delayed tumor growth.
CHLA-20, CHLA-79
HSV-2 FusOn-H2 Protein kinase domain deletion of the ICP10 gene, ~ Neuro-2A Neuro-2a sc. xenografts in  Induced tumor-specific CTL responses, inhibited (88), (89)
green fluorescent protein gene insertion. A/] mice tumor growth in virto and in vivo.
Poliovirus A133Gmono-crePV A point mutation (A103G) introduction into a “spacer Neuro-2a°>'>* Neuro-2a"'% s.c. No signs of paralysis, elimination of tumors in CD155  (93), (94)
region” between the cloverleaf and IRES in the 5'- xenografts in CDI55 tgA/  tgA/] mice, construction of antitumor immunity.
NTR, a cre element introduction into the 5'- ] mice.
nontranslated genomic region.
Measles virus  MV-CEA CEA expression in MVEdm, an attenuated Edmonston SK-N-SH, SMS-KCNR, primary ~ SK-N-SH s.c. xenografts in  Expressed soluble human CEA, induced cell lysis and (104)
vaccine strain, NB cells nude mice apoptosis, induced regression of xenografts.
Parvovirus  H-1PV wild-type BE (2)-C, IMR-32, Kelly, SH-EP, N/A H-1PV was nontoxic for normal cells, induced lytic (106)
SH-SY5Y, SK-N-AS, SK-N- and apoptosis in NB cells.
DZ, SK-N-FI, SK-N-MC, SK-
N-SH, WAC2
Vesicular  VSV23 Insertion of IL-23 gene. NB41A3 N/A Expressed IL-23, induced cytopathic effect in 107)
stomatitis NB41A3 cells.
virus VSVAMS1 Deletion of methionine 51 in the M protein, insertion IMR-5, IMR-32, LAN-1, SK-N-  N/A N-myc amplification augmented susceptibility to (109)
of an extra cistron encoding green fluorescent SH, SK-N-AS, SH-EP, TET- VSVAMS1 by downregulating ISGs.
protein between the G and L sequences. 21N
Vaccinia virus DD Deletions of the thymidine kinase and vaccinia growth SKNAS, SKNBE2, IMR5, IMR32  SKNAS s.c. xenografts in ~ SKNAS and IMRS cells are sensitive while IMR32 (14)

Sindbis virus

Zika virus

OVV-CXCR4-A-Fe

VV-GD2m-NAP

AR339

PRVABC59

factor genes.
Deletions of the thymidine kinase and vaccinia growth
factor genes. Insertion of lac-Z gene, éGFP and the

CXCR4-A Fe.
Insertions of GD2m gene and NAP gene.

wild type

A Puerto Rican strain isolated from a human in 2015.

NXS2

NXS2

SK-NSH, IMR-32, LAN-5,
GOTO, RT-BM-1

IMR32, SMS-KAN, SK-N-Be (1),
SK-N-AS, LA-N-6, CHLA-42

nude mice

NXS2 s.c. xenograts in A/J
mice

NXS2 s.c. xenografts in A/J
mice

SK-N-SH and IMR-32 s.c.
Xenografts in A/] mice

N/A

cells appear to be resistant. Inhibited growth of
tumors in situ and metastatic in mice.

Induced apoptosis of NXS2 cells. Inhibited growth of
NXS2 tumors.

Inhibited tumor growth and prolonged survival
Induced cytopathic effect in NB cells. Induced

regression tumors in vivo.

Induced cytopathic effects in NB cells.
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