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Tumor control by cytomegalovirus, a door open for oncolytic virotherapy?

Belonging to the Herpesviridae family, human cytomegalovirus (HCMV) is a well-known ubiquitous pathogen that establishes a lifelong infection in humans. Recently, a beneficial tumorcytoreductive role of CMV infection has been defined in human and animal models. Described as a potential anti-tumoral activity, HCMV modulates the tumor microenvironment mainly by inducing cell death through apoptosis and prompting a robust stimulatory effect on the immune cells infiltrating the tumor tissue. However, major current limitations embrace transient protective effect and a viral dissemination potential in immunosuppressed hots. The latter could be counteracted through direct viral intratumoral delivery, use of non-human strains or even defective CMV vectors to ascertain transformed cells-selective tropism. This potential oncolytic activity could be complemented by tackling further platforms, namely combination with immune checkpoint inhibitors or epigenetic therapy, as well as the use of second-generation chimeric oncovirus, for instance HCMV/HSV-1 oncolytic virus. Overall, preliminary data support the use of CMV in viral oncolytic therapy as a viable option, establishing thus a potential new modality, where further assessment through extensive basic research armed by molecular biotechnology is compulsory.

Introduction

Human cytomegalovirus (HCMV) or human herpesvirus-5 (HHV-5) is a ubiquitous opportunistic species-specific herpesvirus that infects a large proportion of the population worldwide. Even though HCMV infection often results in an asymptomatic latent infection in healthy individuals, it largely engenders significant mortality and morbidity in immunosuppressed patients. [START_REF] Rafailidis | Severe cytomegalovirus infection in apparently immunocompetent patients: a systematic review[END_REF][START_REF] Coaquette | Mixed cytomegalovirus glycoprotein B genotypes in immunocompromised patients[END_REF] Alongside, HCMV establishes a latent reservoir in the CD34+ hematopoietic progenitor cells resident in the bone marrow, as well as in peripheral monocytes. [START_REF] Meyer-König | Infection of Blood and Bone Marrow Cells with the Human Cytomegalovirus in Vivo[END_REF][START_REF] Sinclair | The intimate relationship between human cytomegalovirus and the dendritic cell lineage[END_REF] In contrast to the described "oncomodulatory" effect of HCMV in favor of cancer progression, the potential of CMV to counteract tumor growth in both humans and animal models has been recently highlighted. [START_REF] Michaelis | The Story of Human Cytomegalovirus and Cancer: Increasing Evidence and Open Questions[END_REF][START_REF] Lepiller | Cytomegalovirus and tumors: two players for one goal-immune escape[END_REF][START_REF] Rahbar | Low levels of Human Cytomegalovirus Infection in Glioblastoma multiforme associates with patient survival; -a casecontrol study[END_REF][START_REF] Herbein | The Human Cytomegalovirus, from Oncomodulation to Oncogenesis[END_REF] For instance, early HCMV reactivation reduced the relapse rate of acute myeloid leukemia (AML) and non-Hodgkin lymphoma in patients enduring allogeneic stem cell transplantation. [START_REF] Elmaagacli | Early human cytomegalovirus replication after transplantation is associated with a decreased relapse risk: evidence for a putative virus-versus-leukemia effect in acute myeloid leukemia patients[END_REF][START_REF] Green | CMV reactivation after allogeneic HCT and relapse risk: evidence for early protection in acute myeloid leukemia[END_REF][START_REF] Koldehoff | Early CMV-replication after allogeneic stem cell transplantation is associated with a reduced relapse risk in lymphoma[END_REF][START_REF] Ito | CMV reactivation is associated with a lower incidence of relapse after allo-SCT for CML[END_REF][START_REF] Manjappa | Protective effect of cytomegalovirus reactivation on relapse after allogeneic hematopoietic cell transplantation in acute myeloid leukemia patients is influenced by conditioning regimen[END_REF][START_REF] Inagaki | Effect of Cytomegalovirus Reactivation on Relapse after Allogeneic Hematopoietic Stem Cell Transplantation in Pediatric Acute Leukemia[END_REF][START_REF] Fujiwara | The Significance of Cytomegalovirus Infection over the Clinical Course of Adult T-Cell Leukemia/Lymphoma[END_REF][START_REF] Fujiwara | Cytomegalovirus infection is not necessarily a poor prognostic factor in adult T-cell leukemia/lymphoma[END_REF] In line with this, viral reactivation after kidney transplantation has been linked to a reduced risk of skin cancer. [START_REF] Couzi | Gamma-delta T cell expansion is closely associated with cytomegalovirus infection in all solid organ transplant recipients[END_REF] Furthermore, murine cytomegalovirus (MCMV) has shown tumor control in a model of bone marrow transplantation and acute liver-infiltrating B-cell lymphoma, [START_REF] Erlach | Tumor Control in a Model of Bone Marrow Transplantation and Acute Liver-Infiltrating B-Cell Lymphoma: an Unpredicted Novel Function of Cytomegalovirus[END_REF][START_REF] Erlach | Lymphoma cell apoptosis in the liver induced by distant murine cytomegalovirus infection[END_REF] as well as after intratumoral injection of MCMV in context of melanoma. [START_REF] Erkes | Intratumoral Infection with Murine Cytomegalovirus Synergizes with PD-L1 Blockade to Clear Melanoma Lesions and Induce Long-term Immunity[END_REF][START_REF] Erkes | Intratumoral infection by CMV may change the tumor environment by directly interacting with tumor-associated macrophages to promote cancer immunity[END_REF][START_REF] Erkes | Virus-Specific CD8+ T Cells Infiltrate Melanoma Lesions and Retain Function Independently of PD-1 Expression[END_REF] Likewise, systemic MCMV infection not only inhibited the growth of murine carcinomas, but also decreased human colon carcinoma development in vivo. [START_REF] Massara | Uncovering the Anticancer Potential of Murine Cytomegalovirus against Human Colon Cancer Cells[END_REF] This reported antitumor activity could be actively exploited to shed the light on CMV as a potential oncolytic virus against a wide variety of tumors. This is encouraged by the rapid expansion of numerous oncolytic viruses as a promising therapeutic modalities in cancer treatment. [START_REF] Fukuhara | Oncolytic virus therapy: A new era of cancer treatment at dawn[END_REF] Those encompass naturally occurring non-human pathogenic viruses exemplified by parvoviruses, myxoma virus, Newcastle disease virus, reovirus and Seneca valley virus, in addition to the genetically-manipulated vaccine vectors comprising measles virus, poliovirus and vaccinia virus, with a special emphasis on the genetically-engineered adenovirus, herpes simplex virus, vesicular stomatitis virus and poxvirus. [START_REF] Russell | The emerging role of oncolytic virus therapy against cancer[END_REF][START_REF] Chiocca | Oncolytic viruses and their application to cancer immunotherapy[END_REF][START_REF] Warner | A Novel Chimeric Poxvirus Encoding hNIS Is Tumor-Tropic, Imageable, and Synergistic with Radioiodine to Sustain Colon Cancer Regression[END_REF] It is worthy to mention that a wide array of oncolytic viruses are currently in different stages of preclinical testing and in clinical trials with the most prominent example the FDA approved T-VEC, a recombinant human herpes simplex virus (HSV) type 1 for the local treatment of unresectable lesions in patients with recurrent melanoma. [START_REF] Eissa | The Current Status and Future Prospects of Oncolytic Viruses in Clinical Trials against Melanoma, Glioma, Pancreatic, and Breast Cancers[END_REF][START_REF] Raedler | Talimogene Laherparepvec): First Oncolytic Viral Therapy for the Treatment of Patients with Recurrent Melanoma[END_REF] 

CMV and tumor micro-environment modulation: different mechanisms, one outcome

Several pathophysiological mechanisms could explain the role of CMV in modulating the tumor micro-environment in favor of tumor remission or ablation, including among others cytopathogenic infection of tumor cells, induction of cell death, stimulation of inhibitory cytokines, interference with tumor cell extravasation or tumor vascularization, or bystander stimulation of an antitumoral immune response. Those multi-modal mechanisms are reviewed in figure 1, where CMV is approached as a potential oncolytic virus. First, CMV might directly kill the infected tumor cells.

In fact, it has been demonstrated that clearance of well-established tumors in a mouse melanoma model was obtained after injecting CMV into the growing tumor. [START_REF] Erkes | Intratumoral infection by CMV may change the tumor environment by directly interacting with tumor-associated macrophages to promote cancer immunity[END_REF][START_REF] Erkes | Virus-Specific CD8+ T Cells Infiltrate Melanoma Lesions and Retain Function Independently of PD-1 Expression[END_REF] A direct pro-apoptotic effect of HCMV on acute myeloid leukemia (AML) cell lines Kasumi-1 and SD-1 (BCR-ABL-positive acute lymphoblastic leukemia (ALL)) has been shown. This caspase-dependent anti-leukemic effect could explain, at least in part, the decreased leukemic relapse rate in AML patients with HCMV reactivation. [START_REF] Koldehoff | Cytomegalovirus induces apoptosis in acute leukemia cells as a virus-versus-leukemia function[END_REF] Correspondingly, a cytoreductive potential of HCMV infection in a murine model of human hepatocellular carcinoma (HCC) was observed, where viral infection delayed the development of HCC tumors due to restricted cellular proliferation and increased caspasedependent apoptosis of tumoral cells. [START_REF] Kumar | Tumor control by human cytomegalovirus in a murine model of hepatocellular carcinoma[END_REF] In line with this, HCMV infection of Kasumi-1 cells and the promyeloid leukemia cell line NB4 not only inhibited cellular proliferation, but also induced apoptosis in those AML cells. This was correlated with a substantial up-regulation of HLA-class-II-molecules, accompanied by an increase granzyme B, perforin and IFN-γ secretion upon coculture with peripheral blood mononuclear cells (PBMCs). This implies that alloreactivity of PBMCs against cancer cells could be enhanced by HCMV infection possibly through a synergy between CMV-specific T cells from one side, and natural killer (NK) cells and NKG2 epitopes considered as potential alternative costimulatory molecules from the other side, widening thus the spectrum of cellular immunity to be assessed in order to prevent leukemic relapse in patients after allogenic hematopoietic stem cell transplantation (alloHCT). [START_REF] Koldehoff | Cytomegalovirus induces HLA-class-IIrestricted alloreactivity in an acute myeloid leukemia cell line[END_REF] Second, recent reports pinpoint towards the ability of the virus to revert the transformation process in cancer cells. For instance, HCMV induced a mesenchymal-to-epithelial transition (MET) with inhibition of the migratory capacity of the mesenchymal breast cancer lines MDA-MB-231 and SUM1315, establishing thus an epithelium-like cellular environment upon expression of early viral gene. [START_REF] Oberstein | Cellular responses to human cytomegalovirus infection: Induction of a mesenchymal-to-epithelial transition (MET) phenotype[END_REF] Third, CMV could increase the antitumoral effect of immune cells present in the tumor microenvironment. The mechanism underpinning this beneficial HCMV effect was suggested to rely on the reported recognition of cancer cells by donor derived HCMV-stimulated Vδ2 neg γ9 T cells [START_REF] Halary | Shared reactivity of V{delta}2(neg) {gamma}{delta} T cells against cytomegalovirus-infected cells and tumor intestinal epithelial cells[END_REF][START_REF] Willcox | Cytomegalovirus and tumor stress surveillance by binding of a human γδ T cell antigen receptor to endothelial protein C receptor[END_REF][START_REF] Guerville | TCR-dependent sensitization of human γδ T cells to non-myeloid IL-18 in cytomegalovirus and tumor stress surveillance[END_REF][START_REF] Marlin | Sensing of cell stress by human γδ TCR-dependent recognition of annexin A2[END_REF][START_REF] Scheper | γδT cells elicited by CMV reactivation after allo-SCT cross-recognize CMV and leukemia[END_REF] and NKG2C pos natural killer (NK) cytotoxic effectors (for reviews see. [START_REF] Litjens | Potential Beneficial Effects of Cytomegalovirus Infection after Transplantation[END_REF][START_REF] Bigley | Cytomegalovirus: an unlikely ally in the fight against blood cancers?[END_REF] ) Vδ2 neg γδ T cell expansion has been reported in CMV infection and has demonstrated its ability to kill both CMV-infected cells and carcinoma cells in vitro due to shared reactivity of Vδ2 neg γδ T cells against CMVinfected cells and tumor intestinal epithelial cells. [START_REF] Halary | Shared reactivity of V{delta}2(neg) {gamma}{delta} T cells against cytomegalovirus-infected cells and tumor intestinal epithelial cells[END_REF] In agreement with their in vitro antitumoral activity, Vδ2 neg γδ T cells are associated with reduced cancer risk in CMV-infected kidney transplant recipients. [START_REF] Couzi | Cytomegalovirus-induced gammadelta T cells associate with reduced cancer risk after kidney transplantation[END_REF] Worth emphasizing is the influence of the polymorphism of the major histocompatibility complex class I chain-related gene A (MICA), a ligand of the natural killer receptor NKG2D on CMV infection and CMV-induced disease in the setting of alloHCT, where the weak NKG2D receptor binding affinity genotype MICA-129 V/V was linked to a higher risk of CMV infection and disease. [START_REF] Patel | Influence of major histocompatibility complex class I chain-related gene A polymorphisms on cytomegalovirus disease after allogeneic hematopoietic cell transplantation[END_REF] In addition, tumor infiltrating lymphocytes (TIL), especially tumor infiltrating B lymphocytes (TIB) respond to CMV peptides, as well as TIB-derived CMV-specific IgG. This could be considered as an indicative of 'cross-reacting' antibodies recognizing tumorassociated targets as suggested by the improved survival of patients with pancreatic cancer or glioblastoma. [START_REF] Balachandran | Identification of unique neoantigen qualities in long-term survivors of pancreatic cancer[END_REF][START_REF] Meng | CMV and EBV targets recognized by tumor-infiltrating B lymphocytes in pancreatic cancer and brain tumors[END_REF] Attractively, transfer of enriched IFN-γ-secreting CMV-specific T cells induced CMV-specific responses of both CD4+ and CD8+ T lymphocytes in the setting of peripheral blood stem cell transplantation (PBSCT), [START_REF] Lindemann | Adoptive transfer of cellular immunity against cytomegalovirus by virus-specific lymphocytes from a third-party family donor[END_REF] pinpointing towards a possible combination between adoptive T-cell therapy and virotherapy. Beside adoptive T-cell therapy, another cancer immunotherapy perspective highlighting the role of CD8+ T cells is the use of tumor-targeting antibody conjugated to CMV-derived epitopes to retarget CMV-specific CD8+ T cells against tumors by viral antigen presentation by HLA-I. Taking advantage from the CMV memory inflation and the abundance of circulating CMV-CTLs in the peripheral blood, this approach demonstrated a redirection of the preexisting CMV immunity in tumor models both in vitro and in vivo. [START_REF] Millar | Antibody-mediated delivery of viral epitopes to tumors harnesses CMV-specific T cells for cancer therapy[END_REF] To further emphasize on the role of NK cells, it has been shown that the expansion of a specialized subset of adaptive human NK cells with a CD56 dim CD57 + NKG2C + phenotype in response to CMV reactivation is linked to a reduced leukemia relapse in patients undergoing allogeneic hematopoietic cell transplantation. [START_REF] Lucar | A Natural Impact: NK Cells at the Intersection of Cancer and HIV Disease[END_REF] Not limited to the previously mentioned immune players, the observed CMV-induced immune modulating effects could be also mediated by the activity of tumor-associated macrophages (TAMs). This is reinforced by the fact that in a mouse model of melanoma, and following injection of MCMV into the tumor, the only infected cells were the macrophages. [START_REF] Erkes | Virus-Specific CD8+ T Cells Infiltrate Melanoma Lesions and Retain Function Independently of PD-1 Expression[END_REF] Indeed, intratumoral delivery of MCMV alters TAMs in such a way as to boost CD8 T cells responses, [START_REF] Erkes | Intratumoral infection by CMV may change the tumor environment by directly interacting with tumor-associated macrophages to promote cancer immunity[END_REF][START_REF] Erkes | Virus-Specific CD8+ T Cells Infiltrate Melanoma Lesions and Retain Function Independently of PD-1 Expression[END_REF] suggesting that beside the direct antitumoral CMV effect, viral infection might be considered as an adjuvant approach to precipitate an anti-tumoral immune infiltration into the immunologically "cold" tumors by recruiting and polarizing TAMs. [START_REF] Wilski | From Vaccine Vector to Oncomodulation: Understanding the Complex Interplay between CMV and Cancer[END_REF] Parallel to this, intratumoral injection of MCMV in the setting of a B16 -F0 melanoma model modulated the tumor microenvironment by recruiting macrophages to the tumor via the virus-encoded 41 chemokine MCK2, inducing a transient increase in the inflammatory cytokines iNOS, TNF -α and IL -1β production and resulting in the emergence of a distinct F4/80 hi Ly6C int activated macrophage population expressing high levels of PD -439 L1 and MHC -II. [START_REF] Wilski | Murine Cytomegalovirus Infection of Melanoma Lesions Delays Tumor Growth by Recruiting and Repolarizing Monocytic Phagocytes in the Tumor[END_REF] In fact, beside antitumoral cellular response, cytokines and chemokines elicited by CMV infection could be actively involved in tumor clearance. Interferon-beta, produced after infection of human foreskin fibroblasts (HFF) with HCMV showed a potent antiproliferative activity against most human tumor cells in vitro, inhibited tumor growth and favored tumor regression in immunodeficient mice. This was probably mediated through several mechanisms including the induction of caspase-dependent apoptosis, blockage in the transition into G2/M phase of the cell cycle and an expressed anti-angiogenic activity. [START_REF] Qin | Interferon-beta gene therapy inhibits tumor formation and causes regression of established tumors in immune-deficient mice[END_REF][START_REF] Lee | Stimulation of interferon-beta gene expression by human cytomegalovirus via nuclear factor kappa B and phosphatidylinositol 3-kinase pathway[END_REF] On the other hand, injection of Vδ2 neg γδ T-cell clones in a generated hypodermal human colon adenocarcinoma HT29 tumors in immunodeficient mice resulted in the expression of chemokine C-C motif receptor 3 (CCR3) by those clones that migrated in vitro in response to chemokines secreted by HT29 cells, the latter including CCR3 ligands macrophage inflammatory protein-1 delta and monocyte chemoattractant protein-4. [START_REF] Devaud | Antitumor activity of gammadelta T cells reactive against cytomegalovirus-infected cells in a mouse xenograft tumor model[END_REF] As an emphasis of the critical role for chemokines in tumor control, the in vivo anti-tumoral activity observed following γδ T-cell passive immunotherapy can be regressed by addition of a blocking anti-CCR3 antibody. [START_REF] Devaud | Antitumor activity of gammadelta T cells reactive against cytomegalovirus-infected cells in a mouse xenograft tumor model[END_REF] Thus, by way of conclusion, several physiopathological mechanisms could explain tumor control following viral infection (summarized in Table 1). A profounder conception of this multi-modal activity of CMV is indispensable to advantageously translate this anti-tumoral activity into a potentially promising oncolytic virotherapy. [START_REF] Sivanandam | Oncolytic Viruses and Immune Checkpoint Inhibition: The Best of Both Worlds[END_REF] The antitumoral activity of CMV, a long stride towards oncolytic virotherapy Although the antitumoral effect of CMV infection has been demonstrated in several malignancies and diseases, with the most striking example being the delayed relapse in leukemia and lymphoma, potential use of oncolytic CMV-therapy is currently limited by several restrictions that should be taken into account (Table 1). First, the reduced leukemic relapse after CMV reactivation is transient and not sustained for a long period of time. [START_REF] Green | CMV reactivation after allogeneic HCT and relapse risk: evidence for early protection in acute myeloid leukemia[END_REF] This is in line with the transient anti-tumor effect of intratumoral MCMV injection in the context of poorly immunogenic B16 melanomas where a positive correlation was reported between tumor regrowth and loss of viral activity in the tumor. [START_REF] Wilski | Murine Cytomegalovirus Infection of Melanoma Lesions Delays Tumor Growth by Recruiting and Repolarizing Monocytic Phagocytes in the Tumor[END_REF] Second, it is of high importance to limit viral dissemination in immunosuppressed patients treated with oncolytic CMV-therapy, as active infection in this population subset could have deleterious outcomes. Interestingly, CMV replication was described as limited and/or abortive in cancer cells, suggesting the use of CMV intratumoral injection as a potential safe therapeutic approach. In fact, infection of HepG2 cells with HCMV results in restricted viral growth, [START_REF] Lepiller | HCMV activates the IL-6-JAK-STAT3 axis in HepG2 cells and primary human hepatocytes[END_REF] similar to the stalled HCMV replication cycle reported in infected MDA-MB-231 and SUM1315 breast cancer cells. [START_REF] Oberstein | Cellular responses to human cytomegalovirus infection: Induction of a mesenchymal-to-epithelial transition (MET) phenotype[END_REF] Indeed, the virus cannot productively infect cancer cell lines, a limitation elucidated by the presence of multiple restrictions to HCMV replication in cells expressing oncogenic alleles. This was demonstrated by the restrictive effect of the expression of the oncogenic alleles simian virus 40 (SV40) T antigen (TAg) and H-Ras on the viral entry, DNA replication and expression of immediate early genes upon infection with the laboratory strains TB40E and BADwt, a strain derived from a clone of AD169. [START_REF] Xu | Expression of Oncogenic Alleles Induces Multiple Blocks to Human Cytomegalovirus Infection[END_REF] In agreement with the intracellular viral block in cancer cells, HCMV genome was undetectable in tumor tissue of mice xenografted with HCMV-infected HepG2 cells several weeks post-infection. [START_REF] Kumar | Tumor control by human cytomegalovirus in a murine model of hepatocellular carcinoma[END_REF] This was also reported by a previous study where undetectable HCMV level was noted few weeks postinfection in a murine model. [START_REF] Bidanset | Replication of human cytomegalovirus in severe combined immunodeficient mice implanted with human retinal tissue[END_REF] Thus, although HCMV replicates efficiently in non-cancerous cells, its replication is very limited in transformed cells, suggesting that intratumoral delivery of HCMV might be used as a potentially safe therapeutic strategy. Another approach to avoid the potential dissemination risk following viral intratumoral injection is the use of CMV strains from non-human species, such as MCMV. This might allow not only the control of tumor growth, but also the containment of viral replication due to the CMV inter-species block. [START_REF] Jurak | Induction of apoptosis limits cytomegalovirus cross-species infection[END_REF] This is based on the fact that a strict host restriction for MCMV has been demonstrated with several human cell lines. [START_REF] Kim | Growth of Murine Cytomegalovirus in Various Cell Lines[END_REF][START_REF] Lafemina | Differences in cell-type-specific blocks to immediate early gene expression and DNA replication of human, simian and murine cytomegalovirus[END_REF] While typical cytopathic effects were observed following infection of human diploid cells WI-38 with MCMV, no efficient synthesis of infectious virions was detected. [START_REF] Kim | Abortive infection of human diploid cells by murine cytomegalovirus[END_REF] Even though MCMV transcription, translation, DNA replication, or virus production, along with the expression of immediate-early (IE1), early (E1), early-late (M44) and late (gB) gene can be detected in infected human cells, [START_REF] Jurak | Induction of apoptosis limits cytomegalovirus cross-species infection[END_REF][START_REF] Tang | Mouse Cytomegalovirus Crosses the Species Barrier with Help from a Few Human Cytomegalovirus Proteins[END_REF] the probability of MCMV production by infected cells of reinfection of neighboring cells is low. This is due to a significant degradation of newly replicated MCMV DNA [START_REF] Tang | Mouse Cytomegalovirus Crosses the Species Barrier with Help from a Few Human Cytomegalovirus Proteins[END_REF] or due to the activation of caspase-9, triggering thus the intrinsic apoptosis pathway and activating the innate immune defense. [START_REF] Jurak | Induction of apoptosis limits cytomegalovirus cross-species infection[END_REF] Hence, an advantage of a potential MCMV therapy (versus HCMV therapy) is the restriction of viral dissemination especially in high-risk patients. This was reinforced in a recent report where MCMV was able to infect human MC38 colon cancer cells, reduce carcinoma development in vivo and mount the expression of IFN-β and ND10, an effect exclusively seen for MCMV compared with HCMV, [START_REF] Massara | Uncovering the Anticancer Potential of Murine Cytomegalovirus against Human Colon Cancer Cells[END_REF] highlighting the selective advantage of MCMV over HCMV to control human colon cancer. Interestingly, and in the context of CMV-based vaccine vectors, the use of defective CMV vectors could enhance the safety margin of such preparations. In fact, it has been recently reported that the lack of the M94 gene limited the spread of MCMV beyond the first cells infected. [START_REF] Mohr | A spread-deficient cytomegalovirus for assessment of first-target cells in vaccination[END_REF] This was in line with the MCMV vector lacking glycoprotein L, which rendered it safe in a mouse model of severe combined immune deficiency (SCID). [START_REF] Snyder | Sustained CD8+ T cell memory inflation after infection with a single-cycle cytomegalovirus[END_REF][START_REF] Snyder | Cross-presentation of a spread-defective MCMV is sufficient to prime the majority of virus-specific CD8+ T cells[END_REF] Another approach is the attachment of the degradation domain of FK506 binding protein to the murine M79 protein, resulting in the restriction of viral replication to a single cycle. [START_REF] Wilski | From Vaccine Vector to Oncomodulation: Understanding the Complex Interplay between CMV and Cancer[END_REF] This highlights the possibility of improving the safety profile while maintaining or even enhancing efficacy.

Oncolytic CMV therapy, possible combinations and future perspectives

The combination of oncolytic CMV-therapy with other anti-cancer drugs could further enhance the control of tumor growth. For instance, intratumoral delivery of MCMV synergized with PD-1/PD-L1 checkpoint inhibitor lead to the clearance of melanoma lesions and long-term protection in 60% of mice, [START_REF] Erkes | Intratumoral Infection with Murine Cytomegalovirus Synergizes with PD-L1 Blockade to Clear Melanoma Lesions and Induce Long-term Immunity[END_REF] which further consolidates the fact that the use intratumoral CMV injection along with treatments targeting the oncogenesis pathways could be highly efficient. In a general sense, oncolytic immunotherapy consists of combining immune checkpoint inhibitors (ICI) (anti-CTLA4, anti-PD-1…) along with oncolytic viruses. Whether those viruses are naturally replicating such as parvoviruses, or genetically manipulated for use as vaccines or vectors, like vaccinia virus (VACV) and herpes simplex virus (HSV), they increase the immunogenicity of the local tumor microenvironment, optimizing thus the function of ICI. It is worthy to note that multiple clinical trials are currently ongoing to assess this sort of combination therapy. [START_REF] Sivanandam | Oncolytic Viruses and Immune Checkpoint Inhibition: The Best of Both Worlds[END_REF] Another strategy could be coupling oncolytic CMV-therapy with epigenetic therapy. In support of such hypothesis, histone deacetylase (HDAC) inhibitors recently emerged as enhancers of oncolytic virotherapy, as exemplified with the oncolytic herpes simplex virus (HSV), adenovirus, and measles virus, raising the concept of "epi-virotherapeutic treatment". [START_REF] Nakashima | Combining HDAC inhibitors with oncolytic virotherapy for cancer therapy[END_REF][START_REF] Otsuki | Histone deacetylase inhibitors augment antitumor efficacy of herpes-based oncolytic viruses[END_REF][START_REF] Kitazono | Enhanced adenovirus transgene expression in malignant cells treated with the histone deacetylase inhibitor FR901228[END_REF][START_REF] Cody | Histone deacetylase inhibitors improve the replication of oncolytic herpes simplex virus in breast cancer cells[END_REF] By way of illustration, combining resminostat, an orally bioavailable HDACs inhibitor, with the oncolytic measles vaccine virus effectively killed human hepatocellular carcinoma in vitro. [START_REF] Ruf | Combination of the oral histone deacetylase inhibitor resminostat with oncolytic measles vaccine virus as a new option for epi-virotherapeutic treatment of hepatocellular carcinoma[END_REF] This approach could be of prodigious interest in the context of CMV as the use of HDAC inhibitors enhances CMV replication and activation. [START_REF] Herbein | Histone deacetylases in viral infections[END_REF][START_REF] Grassi | Inhibitors of DNA methylation and histone deacetylation activate cytomegalovirus promoter-controlled reporter gene expression in human glioblastoma cell line U87[END_REF] By way of illustration, Trichostatin A (TSA), a specific inhibitor of class I and II HDACs, significantly enhanced viral replication. [START_REF] Huang | Histone deacetylase 3, not histone deacetylase 2, interacts with the major immediate early locus of human cytomegalovirus[END_REF] Additionally, treatment with the Class II-specific HDAC inhibitor MC1568 induced a robust induction of IE lytic gene expression without full virus reactivation, indicating that this endorsed expression of IE antigens could be prime targets for the wellestablished immunodominant IE-specific cytotoxic T cells. [START_REF] Krishna | Transient activation of human cytomegalovirus lytic gene expression during latency allows cytotoxic T cell killing of latently infected cells[END_REF] Other epigenetic modifiers such as demethylating drugs could be of use in conjunction with oncolytic therapy, given the fact that most viral promoters including the major immediate early promoter (MIEP) of CMV are potential sites for silencing through methylation. [START_REF] Herbein | The oncogenic potential of human cytomegalovirus and breast cancer[END_REF] As a proof of concept, the use of 5-Aza and decitabine in glioma models enhanced HSV gene expression and replication in vitro in addition to increasing the survival of mice bearing orthotropic human gliomas in vivo upon treatment with oncolytic HSV. [START_REF] Okemoto | DNA demethylating agents synergize with oncolytic HSV1 against malignant gliomas[END_REF] Correspondingly, the use of demethylating agents enhances CMV replication, where treatment with 5-Aza activated CMV promoter-controlled reporter gene expression in human neuroblastoma cell line U87 [START_REF] Grassi | Inhibitors of DNA methylation and histone deacetylation activate cytomegalovirus promoter-controlled reporter gene expression in human glioblastoma cell line U87[END_REF] and significantly increased the gene transcription and protein expression of HCMV-IE and HCMV-gB in human medulloblastoma cell line D342 [START_REF] Estekizadeh | Increased cytomegalovirus replication by 5-Azacytidine and viral-induced cytoplasmic expression of DNMT-1 in medulloblastoma and endothelial cells[END_REF] which could potentially optimize oncolytic CMV therapy. On the other hand, a HCMV/HSV-1 oncolytic virus has been produced with disruption of the HSV γ134.5 neurovirulence gene to eliminate its ability to cause encephalitis, along with human CMV protein kinase R (PKR) evasion gene IRS1 under control of the HCMV IE promoter in the UL3/UL4 intergenic region to enhance anti-tumor activity. [START_REF] Shah | Enhanced antiglioma activity of chimeric HCMV/HSV-1 oncolytic viruses[END_REF][START_REF] Cassady | Human cytomegalovirus TRS1 and IRS1 gene products block the double-stranded-RNA-activated host protein shutoff response induced by herpes simplex virus type 1 infection[END_REF][START_REF] Ghonime | Chimeric HCMV/HSV-1 and Δγ134.5 oncolytic herpes simplex virus elicit immune mediated antigliomal effect and antitumor memory[END_REF] In concept, HSV-1 γ134.5-encoded protein is a multifunctional protein implicated in neurovirulence due to viral replication in post mitotic neuronal cells [START_REF] Chou | Mapping of herpes simplex virus-1 neurovirulence to gamma 134.5, a gene nonessential for growth in culture[END_REF] and in conserving late viral protein synthesis in infected cells. This later function is conserved through inhibiting PKR-mediated phosphorylation a subunit of eukaryotic initiation factor (eIF-2a), opening the door towards continued viral protein synthesis. [START_REF] He | The gamma(1)34.5 protein of herpes simplex virus 1 complexes with protein phosphatase 1alpha to dephosphorylate the alpha subunit of the eukaryotic translation initiation factor 2 and preclude the shutoff of protein synthesis by double-stranded RNA-activated protein kinase[END_REF] Although recombinant HSV-1 viruses lacking the γ134.5 gene do not precipitate encephalitis and were deemed safe, they exhibited reduced viral replication, which resulted in reduction in efficacy and tumor lysis. [START_REF] Bolovan | ICP34.5 mutants of herpes simplex virus type 1 strain 17syn+ are attenuated for neurovirulence in mice and for replication in confluent primary mouse embryo cell cultures[END_REF][START_REF] Markert | Conditionally replicating herpes simplex virus mutant, G207 for the treatment of malignant glioma: results of a phase I trial[END_REF][START_REF] Rampling | Toxicity evaluation of replication-competent herpes simplex virus (ICP 34.5 null mutant 1716) in patients with recurrent malignant glioma[END_REF] Advantageously, CMV PKR-evasion gene IRS1 could complement HSV-1 viruses lacking the γ134.5 gene by restoring late viral protein synthesis through PKR disruption without reinstating neurovirulence. [START_REF] Cassady | Human cytomegalovirus TRS1 and IRS1 gene products block the double-stranded-RNA-activated host protein shutoff response induced by herpes simplex virus type 1 infection[END_REF] Besides, HCMV IRS1 restore an additional γ134.5 gene function characterized by evasion of interferon-inducible PKR, which further enhances late viral protein synthesis. [START_REF] Cassady | Δγ134.5 Herpes Simplex Viruses Encoding Human Cytomegalovirus IRS1 or TRS1 Induce Interferon Regulatory Factor 3 Phosphorylation and an Interferon-Stimulated Gene Response[END_REF] Added to the direct anti-tumor activity caused by viral replication and lysis in infected cells, HCMV/HSV-1 oncolytic virotherapy elicited an immune response that contributed further to its anti-tumor activity in glioblastoma multiform in vivo. This was illustrated by significant induction CD8 T lymphocytes, but not CD4 T cells. Interestingly, this model revealed that a circulating memory immune response against tumors was established in long-term survivors and that repeated administration of the HCMV/HSV-1 oncolytic virus could extend its anti-tumor effects. [START_REF] Ghonime | Chimeric HCMV/HSV-1 and Δγ134.5 oncolytic herpes simplex virus elicit immune mediated antigliomal effect and antitumor memory[END_REF] Another advantage for the HCMV/HSV-1 virus over the γ134.5-deleted viruses is their ability to induce infectivity and cytotoxicity in adult and pediatric patient-derived glioblastoma xenografts under hypoxia, [START_REF] Friedman | γ₁34.5-deleted HSV-1-expressing human cytomegalovirus IRS1 gene kills human glioblastoma cells as efficiently as wild-type HSV-1 in normoxia or hypoxia[END_REF] a pathophysiological marker of high-grade gliomas, positively correlated with tumor development, angiogenesis and therapy resistance. [START_REF] Jensen | Brain tumor hypoxia: tumorigenesis, angiogenesis, imaging, pseudoprogression, and as a therapeutic target[END_REF] Altogether, the use of oncolytic CMV-therapy in combination with anti-cancer drugs, epigenetics therapy or as HCMV/HSV-1 oncolytic virus could constitute a promising approach as those elucidate direct and indirect mechanisms of antitumoral activity.

Taken together, it is indeed obvious that CMV can modulate the tumor microenvironment towards an anti-tumoral state. Despite the previously discussed limitations, CMV offers several advantages that makes it an attractive exploitable platform. [START_REF] Liu | Promising Cytomegalovirus-Based Vaccine Vector Induces Robust CD8+ T-Cell Response[END_REF] First, it was shown that CMV can induce a strong, long-lasting CD8 + T-cell response despite the presence of preexisting anti-CMV immunity, suggesting its use as a therapeutic as well as a prophylactic agent in the context of melanoma, even proving superior to the commonly used vesicular stomatitis virus vector. [START_REF] Qiu | Cytomegalovirus-Based Vaccine Expressing a Modified Tumor Antigen Induces Potent Tumor-Specific CD8(+) T-cell Response and Protects Mice from Melanoma[END_REF] This is favored by a well-known CMV property termed as memory inflation, a state characterized by a longitudinal expansion of stable CD8 + T memory pools that constitute approximately 5-10 % of the total CD8 + T cells in healthy individuals, pinpointing towards a continued host immunity boost. [START_REF] Klenerman | The (gradual) rise of memory inflation[END_REF] This is enhanced by occasional viral reactivation from latency or even superinfection. [START_REF] Oberstein | Cellular responses to human cytomegalovirus infection: Induction of a mesenchymal-to-epithelial transition (MET) phenotype[END_REF] Second, HCMV has the largest genome among all human herpesvirus family, thus offering a large podium to improve safety and/or efficacy through genetic engineering without affecting viral replication. [START_REF] Oberstein | Cellular responses to human cytomegalovirus infection: Induction of a mesenchymal-to-epithelial transition (MET) phenotype[END_REF][START_REF] Britt | Rapid genetic engineering of human cytomegalovirus by using a lambda phage linear recombination system: demonstration that pp28 (UL99) is essential for production of infectious virus[END_REF] In addition, several CMV genomes have been propagated in bacterial artificial chromosomes which further permits complex and precise genetic manipulation. [START_REF] Close | Generation of a novel human cytomegalovirus bacterial artificial chromosome tailored for transduction of exogenous sequences[END_REF] However, although controversial, it is ultimately crucial to mention the potential tumorigenic ability of CMV. [START_REF] Cobbs | Cytomegalovirus is a tumor-associated virus: armed and dangerous[END_REF] Although not recognized as an oncogenic virus, CMV could favor the progression and the spread of the tumor, a paradigm termed oncomodulation. [START_REF] Herbein | The Human Cytomegalovirus, from Oncomodulation to Oncogenesis[END_REF] This is supported by the activation of various pro-oncogenic pathways by CMV proteins, illustrated by tumor suppressor evasion, genome instability induction, cell survival enhancement, cellular migration promotion and others. [START_REF] Michaelis | The Story of Human Cytomegalovirus and Cancer: Increasing Evidence and Open Questions[END_REF][START_REF] Herbein | The Human Cytomegalovirus, from Oncomodulation to Oncogenesis[END_REF] Hence, it is indispensable to experimentally exploit the interplay between the triad of CMV, the tumor, and the tumor microenvironment. Besides, important questions in the stride of CMV towards virotherapy are still unanswered, some of which are the ideal route of introducing such virus into the tumors or the preferences of selecting laboratory Figure legend Figure 1. Physiopathological mechanisms illustrating tumor control following cytomegalovirus (CMV) infection and its potential consideration as an oncolytic virus. A magnitude of multi-modal mechanism of action can explain the modulation of tumor microenvironment by CMV in favor of remission or ablation, while sparing normal healthy cells. In addition to targeting cancer cells through the induction of caspase-dependent apoptosis, CMV was shown to stimulate mesenchymal-to-epithelial transition, reverting thus the transformation process. In addition, CMV could induce an up-regulation of HLA-class-II-molecules on tumor cells and augment the host antitumor immune response through the viral-stimulated Vδ2 neg γ9 T cells and NKG2C pos natural killer (NK) cytotoxic effectors and the release of perforin and granzyme B, as well as the tumor infiltrating B lymphocytes (TIB), the tumor associated macrophages and activated macrophage population expressing high levels of PD -439 L1 and MHC -II. Lastly, cytokines such as interferon-beta, interferon-gamma and chemokines, namely the macrophage inflammatory protein-1 and monocyte chemoattractant protein-4 are also shown to be actively involved in tumor clearance. -Use of CMV strains from nonhuman species, for instance MCMV [START_REF] Jurak | Induction of apoptosis limits cytomegalovirus cross-species infection[END_REF] -Use of defective CMV vectors [START_REF] Wilski | From Vaccine Vector to Oncomodulation: Understanding the Complex Interplay between CMV and Cancer[END_REF] Human MC38 colon cancer cells Reduction of carcinoma development in vivo and induction of IFN-β and ND10 expression [START_REF] Massara | Uncovering the Anticancer Potential of Murine Cytomegalovirus against Human Colon Cancer Cells[END_REF] Acute leukemia cell lines (Kasumi-1 and SD-1)

Anti-leukemic pro-apoptotic effect [START_REF] Koldehoff | Cytomegalovirus induces apoptosis in acute leukemia cells as a virus-versus-leukemia function[END_REF] Mouse model of human hepatocellular carcinoma (HCC)

Absence of tumor or limited tumor growth [START_REF] Kumar | Tumor control by human cytomegalovirus in a murine model of hepatocellular carcinoma[END_REF] Acute leukemia cell line (Kasumi-1) and promyeloid leukemia cell line (NB4)

Inhibition of cellular proliferation and induction of apoptosis [START_REF] Koldehoff | Cytomegalovirus induces HLA-class-IIrestricted alloreactivity in an acute myeloid leukemia cell line[END_REF] Mesenchymal breast cancer lines (MDA-MB-231 and SUM1315)

Induction of a mesenchymal-toepithelial transition [START_REF] Oberstein | Cellular responses to human cytomegalovirus infection: Induction of a mesenchymal-to-epithelial transition (MET) phenotype[END_REF] Astrocytoma cells, primary foreskin fibroblasts and tumor intestinal epithelial cells Expansion of Vδ2 neg γδ T cell capable of killing CMV-infected cells and inhibit viral propagation in vitro [START_REF] Halary | Shared reactivity of V{delta}2(neg) {gamma}{delta} T cells against cytomegalovirus-infected cells and tumor intestinal epithelial cells[END_REF] -Transient and no sustained reduction in leukemic relapse after CMV reactivation [START_REF] Green | CMV reactivation after allogeneic HCT and relapse risk: evidence for early protection in acute myeloid leukemia[END_REF] -Combination with anti-PD-L1 therapy, which promoted tumor clearance and long-term protection [START_REF] Erkes | Intratumoral Infection with Murine Cytomegalovirus Synergizes with PD-L1 Blockade to Clear Melanoma Lesions and Induce Long-term Immunity[END_REF] -Combination with adoptive transfer of enriched IFN-γsecreting CMV-specific T cells, which induced CMV-specific responses of both CD4+ and CD8+ T lymphocytes [START_REF] Lindemann | Adoptive transfer of cellular immunity against cytomegalovirus by virus-specific lymphocytes from a third-party family donor[END_REF] -Use of chimeric HCMV/HSV-1 oncolytic virus to improve intratumoral viral replication without restoring the neurovirulence, which resulted in enhanced tumor reduction and prolonged survival [START_REF] Shah | Enhanced antiglioma activity of chimeric HCMV/HSV-1 oncolytic viruses[END_REF][START_REF] Cassady | Human cytomegalovirus TRS1 and IRS1 gene products block the double-stranded-RNA-activated host protein shutoff response induced by herpes simplex virus type 1 infection[END_REF][START_REF] Ghonime | Chimeric HCMV/HSV-1 and Δγ134.5 oncolytic herpes simplex virus elicit immune mediated antigliomal effect and antitumor memory[END_REF] Mouse melanoma model Boosting CD8 T cells responses by tumor associated macrophages [START_REF] Erkes | Virus-Specific CD8+ T Cells Infiltrate Melanoma Lesions and Retain Function Independently of PD-1 Expression[END_REF] Human recipients after hematopoietic cell transplantation Expansion of a specialized subset of adaptive human NK cells with a CD56 dim CD57 + NKG2C + phenotype and reduction in leukemia relapse 47 B16 -F0 melanoma model Recruitment of of a distinct F4/80 hi Ly6C int activated macrophage and induction of iNOS, TNF-α and IL -1β production 49 Human foreskin fibroblasts, immunodeficient mouse model Potent antiproliferative activity in vitro, inhibition of Tumor growth and favoring tumor regression in immunodeficient mice [START_REF] Qin | Interferon-beta gene therapy inhibits tumor formation and causes regression of established tumors in immune-deficient mice[END_REF][START_REF] Lee | Stimulation of interferon-beta gene expression by human cytomegalovirus via nuclear factor kappa B and phosphatidylinositol 3-kinase pathway[END_REF] Mouse xenograft tumor model Expression of chemokine C-C motif receptor 3 [START_REF] Devaud | Antitumor activity of gammadelta T cells reactive against cytomegalovirus-infected cells in a mouse xenograft tumor model[END_REF] 

Table 1 . Use of CMV as a potential oncolytic virus Oncolytic virus Cellular/animal model Outcome Limitation Solution

 1 

	Mouse melanoma model	Induction of virus-specific CD8 + T
		cells slowing tumor growth 21,22
		-Intratumoral delivery of
		CMV 21,54
		-Potential viral
		dissemination in
		immunosuppressed
		patients treated with
		oncolytic CMV-
		therapy
	CMV	

strains versus clinical strains in such preparations. Acknowledging those points could pave the road towards the establishment of new innovative therapeutic platform against various types of cancers, a success conditioned by further assessment and continued exploration.