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Abstract

:

Simple Summary


Novel therapeutic approaches combining oncolytic virus (OV) therapy and radiotherapy are being investigated to improve treatment for glioblastoma (GBM). However, following radiotherapy cellular senescence is induced in a portion of GBM cells and it is unknown how the radiation-induced senescent state may impact the therapeutic potential of OVs. The aim of this study was to evaluate oncolytic properties of a vaccinia virus (VACV) mutant, ∆F4LΔJ2R, as well as wild-type VACV in radiation-induced senescent GBM cells. We find that both viruses exhibited attenuated phenotypes towards GBM cells under irradiated senescence-enriched conditions relative to non-irradiated controls, suggesting senescence-associated antiviral activity and underscoring the important considerations for treatment strategies combining VACV-based OVs with radiotherapy.




Abstract


Glioblastoma (GBM) is a malignant brain cancer refractory to the current standard of care, prompting an extensive search for novel strategies to improve outcomes. One approach under investigation is oncolytic virus (OV) therapy in combination with radiotherapy. In addition to the direct cytocidal effects of radiotherapy, radiation induces cellular senescence in GBM cells. Senescent cells cease proliferation but remain viable and are implicated in promoting tumor progression. The interaction of viruses with senescent cells is nuanced; some viruses exploit the senescent state to their benefit, while others are hampered, indicating senescence-associated antiviral activity. It is unknown how radiation-induced cellular senescence may impact the oncolytic properties of OVs based on the vaccinia virus (VACV) that are used in combination with radiotherapy. To better understand this, we induced cellular senescence by treating GBM cells with radiation, and then evaluated the growth kinetics, infectivity, and cytotoxicity of an oncolytic VACV, ∆F4LΔJ2R, as well as wild-type VACV in irradiated senescence-enriched and non-irradiated human GBM cell lines. Our results show that both viruses display attenuated oncolytic activities in irradiated senescence-enriched GBM cell populations compared to non-irradiated controls. These findings indicate that radiation-induced cellular senescence is associated with antiviral activity and highlight important considerations for the combination of VACV-based oncolytic therapies with senescence-inducing agents such as radiotherapy.
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1. Introduction


Glioblastoma, previously called glioblastoma multiforme (GBM), is a malignant and incurable brain cancer with a dismal prognosis despite an aggressive standard of care involving surgery, radiotherapy, and temozolomide (TMZ) administration [1]—thus, the development of novel strategies is required to treat this disease. Oncolytic virus (OV) therapy is one such developing anticancer strategy being explored clinically to improve GBM outcomes [2]. OVs infect and spread throughout tumors, eliminating cancer cells both directly via oncolysis, and indirectly through the activation of anticancer immune responses [3]. Despite its promise for GBM treatment in the clinic, OV therapy as a single modality is unable to achieve complete disease clearance [2], and therefore is increasingly being explored in combination with other established anticancer modalities [4].



Many approved therapies induce cellular senescence in cancer cells [5]. Cellular senescence is a state in which cells cease to proliferate but remain viable and metabolically active [6]. Several features that characterize senescent cells in vitro include an altered morphology (enlarged size), senescence-associated-β-galactosidase (SA-β-gal) activity, upregulation of negative regulators of the cell-cycle, such as p21CIP1 and p16INK4a, and the senescence-associated secretory phenotype (SASP; a phenotype in which senescent cells secrete a variety of defined factors that can have pro-tumorigenic downstream effects) [6,7]. Both TMZ [8] and radiation [9]—staple parts of GBM standard of care—as well as GBM salvage therapies such as lomustine [10], can induce the cellular senescence of GBM cells. Further, radiation is often investigated in combination with OV therapy to improve therapeutic outcomes [11]; therefore, we focused our investigations on radiation-induced senescence. Previous studies have demonstrated that the interaction of viruses with senescent cells is nuanced and complex [12]. Some lines of evidence suggest that cellular senescence can benefit or be exploited by viruses [13,14], whereas other reports indicate that cellular senescence is associated with antiviral activity [15,16,17]. Thus, we were interested in evaluating how OV activity may be impacted by the radiation-induced senescence of GBM cells.



Several oncolytic agents are based on vaccinia virus (VACV), a large DNA virus used to vaccinate against smallpox [18]. VACV-based oncolytic therapies have been investigated in human clinical trials [19,20] and have demonstrated efficacy in treating a variety of preclinical cancer models reviewed in [21], including several GBM models [22,23,24]. Further, radiation combined with VACV-based oncolytic therapies has been studied in a broad range of preclinical cancer models [25,26,27,28,29,30], and several preclinical GBM models [31,32,33,34]; however, VACV interaction with radiation-induced senescent cancer cells has not been evaluated.



The OV VACV used here, ΔF4LΔJ2R, is rendered dependent on host cell production of dNTPS via two viral nucleotide biosynthesis gene deletions, F4L (i.e., viral R2—the small subunit of viral ribonucleotide reductase), and J2R (i.e., viral thymidine kinase [TK]) [35]. This oncolytic ΔF4LΔJ2R VACV previously demonstrated anticancer efficacy in treating bladder cancer models [36] and an aggressive GBM model when used in combination with radiotherapy [34].



Using oncolytic ΔF4LΔJ2R VACV, as well as wild-type (WT) VACV for comparison, we investigated the growth kinetics, infectivity, and cytotoxicity of these viruses following the infection of radiation-induced senescent GBM cell populations and non-irradiated controls in vitro. We show that both oncolytic ΔF4LΔJ2R VACV and WT VACV display attenuated phenotypes in irradiated senescence-enriched GBM cell populations—indicating that, at least in vitro, radiation-induced cellular senescence impairs VACV. These findings underscore important considerations for the combination of VACV-based oncolytic therapies with senescence-inducing agents and provide evidence that cellular senescence induces antiviral properties.




2. Materials and Methods


2.1. Cell Lines and Culture Conditions


Human GBM cell lines U87 (obtained from Jorgen Fogh, Sloane Kettering Institute, Rye, NY, USA), U118 (American Type Cell Culture Collection (ATCC); HTB-15), and T98 (obtained from Walter Nelson-Rees, Naval Biomedical Research Station, Oakland, CA, USA) were maintained in high glucose Dulbecco’s modified Eagle’s medium (HG-DMEM) supplemented with 5% fetal bovine serum (FBS), 2 mM L-glutamine, 100 U/mL penicillin, and 100 μg/mL streptomycin (Gibco, Billings, MT, USA). The African green monkey kidney (AGMK) cell line BSC-40 (CRL-2761) was maintained in a minimal essential medium (MEM) supplemented as above. Vero (CCL-81), another AGMK cell line, was cultured in HG-DMEM supplemented with 10% FBS, plus glutamine, penicillin, and streptomycin as above. L929 mouse fibroblast cells (kindly provided by M. Shmulevitz, University of Alberta) were maintained in MEM supplemented with 1× nonessential amino acids (Millipore Sigma, Burlington, MA, USA) and 1 mM sodium pyruvate (Millipore Sigma). The patient-derived GBM cell line ED501 (established by Hua Chen [37], University of Alberta) was maintained in serum-free DMEM/F12 medium supplemented with 20 ng/mL recombinant human epidermal growth factor (Gibco), 10 ng/mL human basic fibroblast growth factor (Cedarlane, Burlington, Canada), 0.2% heparin (Sigma-Aldrich, St. Louis, MO, USA), and 1× B-27® Supplement (Gibco). The consent for patient GBM tissue was obtained prior to surgery under the Health Research Ethics Board of Alberta Cancer Committee Protocol #HREBA CC-14-0070. The ED501 cell line was passaged using Accutase (Gibco); all other cell lines were passaged using trypsin (Gibco). Cells were cultured at 37 °C in a humidified 5% CO2 environment. Cells were tested for mycoplasma contamination using either DAPI (Sigma-Aldrich) staining and fluorescence microscopy [38], or a Mycoplasma PCR Detection Kit (Applied Biological Materials, Richmond, Canada).




2.2. Viruses


The WT VACV Western Reserve strain was initially obtained from the ATCC. Homologous recombination techniques were used to construct the oncolytic ΔF4LΔJ2R VACV from a clonal isolate of WT VACV as described elsewhere [36]. VACV stocks were produced as previously described [39]. Serotype 3 Dearing (T3DPL) reovirus kindly provided by M. Shmulevitz (University of Alberta, Edmonton, AB, Canada) was originally from P. Lee (Dalhousie University, Halifax, Nova Scotia, Canada). Reovirus stocks were produced as previously described [40]. VSVΔM51-GFP (Indiana strain) was engineered as described by Stojdl et al. (2003) [41] and was kindly provided by Doug Mahoney (University of Calgary, Calgary, AB, Canada). VSVΔM51-GFP was propagated in monolayer cultures of Vero cells and purified using standard protocols [42].




2.3. In Vitro Irradiation and Induction of Senescence-Enriched Cell Cultures


GBM cells, including parallel cultures for later use in cell counting, were treated with a radiation dose of 10 Gy using a MultiRad 160 X-ray irradiator (Faxitron, Tucson, AZ, USA) or non-irradiated (0 Gy control cells). Cells were then cultured in a growth medium appropriate for the cell line in a humidified 5% CO2 environment at 37 °C for 7 days.




2.4. Cell Proliferation Assays


For proliferation assays, duplicate wells in 6-well plates were seeded with 1 × 104 cells. Then 24 h later, GBM cells were either irradiated or not irradiated. At the indicated time points post-irradiation, the cells were washed with 1× phosphate buffered saline (PBS), detached by trypsinization, and diluted 1:1 in trypan blue (Lonza, Rockland, ME, USA). The total cells per well were counted using a hemacytometer (Hausser Scientific, Horsham, PA, USA). For assays to assess the proliferation of serum-starved cells, duplicate wells in 12-well plates were seeded with 4 × 104 cells into medium containing either 0.1% FBS or 5% FBS. At the indicated time points post-seeding, the total cells per well were calculated as described above.




2.5. Reverse Transcription Quantitative Polymerase Chain Reaction (RT-qPCR)


Total RNA was isolated from non-irradiated and irradiated GBM cells 7 days post-irradiation using the illustra™ RNAspin Mini Kit (GE Healthcare, Chicago, IL, USA) according to the manufacturer’s instructions. Isolated RNA (2 µg) was used as a template to synthesize complementary DNA (cDNA) using the High-Capacity cDNA Reverse Transcription Kit (Applied Biosystems, Waltham, MA, USA) according to the manufacturer’s instructions. RT-qPCR analysis was performed using diluted cDNA (1:30) and Fast SYBR™ Green Master Mix (Applied Biosystems) in Optical 96-Well Fast Thermal Cycling Plates (Applied Biosystems). Target gene expression levels were normalized to 18S rRNA. The primer sequences are listed in Table S1.




2.6. Senescence-Associated β-Galactosidase Activity


Non-irradiated and irradiated GBM cells were assessed for SA-β-gal activity 7 days post-irradiation using the Senescence Beta-Galactosidase Staining Kit (Cell Signaling) according to the manufacturer’s instructions. Briefly, the cells were washed with 1× PBS, incubated at room temperature for 15 min in fixative solution, washed twice with 1× PBS, then incubated at 37 °C in a dry incubator (no CO2) in a β-galactosidase staining solution for 12–30 h as needed for sufficient color development. Next, the cells were washed twice with 1× PBS, overlaid with 70% glycerol, and imaged using an Olympus IX70 microscope (Olympus Life Sciences, Center Valley, PA, USA). SA–β-gal positive (blue-colored) cells were quantified manually using ImageJ software (Version 1.51w) to view the images.




2.7. Immunoblotting


Whole cell lysates were prepared from non-irradiated and irradiated GBM cells 7 days post-irradiation using RIPA lysis buffer (150 mM sodium chloride, 1% Triton X-100, BioRad, 0.5% sodium deoxycholate, 0.1% sodium dodecyl sulfate, 50 mM Tris-HCl (pH 8.0), 0.1 mg/mL phenylmethylsulfonyl fluoride, 1× Halt™ protease inhibitor cocktail, Thermo Fisher, Waltham, MA, USA). The protein concentration was quantified using the Pierce™ BCA Protein Assay Kit (Thermo Fisher) according to the manufacturer’s instructions. Next, the protein was resolved by SDS-PAGE and transferred to Immobilon-FL polyvinylidene difluoride (PVDF) membranes (EMD Millipore, Burlington, MA, USA). The PVDF membranes were blocked using Odyssey blocking buffer (Li-COR Biosciences, Lincoln, NE, USA), washed, then incubated overnight at 4 °C with the following primary antibodies diluted at the indicated concentrations in blocking buffer containing 0.2% Tween 20 (Fisher Scientific): anti-p21 (1:1000; ab109520, Abcam, Cambridge, UK), anti-TK1 (1:500; ab59271, Abcam), anti-RRM2 (1:500; ab57653, Abcam), anti-p53R2 (1:1000; ab8105 [Abcam]), anti-β-tubulin (1:1000; 2146, Cell Signaling Technologies, Danvers, MA, USA), or anti-β-actin (1:1000; 926-42210, Li-COR Biosciences). Next, the PVDF membranes were washed and then incubated at room temperature for 1 h with the following fluorescent-dye conjugated secondary antibodies diluted at the indicated concentrations in blocking buffer containing 0.2% Tween 20 (Fisher Scientific) and 0.01% sodium dodecyl sulfate: IRDye® 680RD Goat anti-Mouse (1:20,000; 926-68,070, Li-COR Biosciences) or IRDye® 800CW Donkey anti-Rabbit (1:20,000; 926-32,213, Li-COR Biosciences). The PVDF membranes were washed and then scanned using an Odyssey Infrared Imaging System (Li-COR Biosciences) and analyzed using Image Studio version 2.0 software (Li-COR Biosciences).




2.8. Virus Growth Curves


Non-irradiated and irradiated GBM cells were cultured for 7 days to allow the induction of senescence. Using cultures prepared in parallel to experimental cultures, the cells were counted using trypan blue as described in Section 2.4 to confirm viability, to ensure that equal numbers of cells had been plated in 12-well plates, and for the multiplicity of infection (MOI) calculations. The cells were then infected with the virus at an MOI of 0.03 plaque-forming units (PFU) or 3.0 PFU per cell, as indicated, in 12-well plates. Lysates were collected at the indicated times, frozen, and thawed three times, then titered in duplicate on BSC-40 cells as previously described [36], except without carboxymethylcellulose. The reovirus growth experiments were performed similarly and titered on L929 cells as previously described [40]. VSVΔM51-GFP growth experiments were performed similarly and titered as described for VACV, except using Vero cells overlaid with DMEM supplemented with 5% FBS and 1% carboxymethyl cellulose.




2.9. Quantification of Virus Infection and Cellular Senescence


The retention of the fluorescent dye, CellTrace™ Violet (CTV), was used as a surrogate marker for cellular senescence. The cells were stained using the fluorescent CellTrace™ Violet Cell Proliferation Kit (Invitrogen, Waltham, MA, USA) according to the manufacturer’s instructions. Mock-stained cells (with or without VACV-infection) were used as controls for the background CTV fluorescence. Briefly, a single-cell suspension of 1 × 106 cells in 0.5 mL of 5–10 µM CTV staining solution was incubated for 20 min at 37 °C. A volume of culture medium (HG-DMEM supplemented as described above) that was 5–6 times the staining solution volume was added, and the cell solution was incubated for 5 min at room temperature to quench the free CTV. The cells were pelleted, resuspended in cell line specific culture medium, and treated with the indicated radiation doses (0 or 10 Gy). Then 7 days post-irradiation, cells in duplicate wells of black 96-well plates (Greiner, Kremsmünster, Austria) were infected with the indicated VACVs at 3.0 PFU per cell. Then 24 h post-infection, the cell monolayers were analyzed for the expression of the late VACV protein, A27, as a marker for the productive infection. Mock-infected cells (with or without CTV staining) were used as controls for the background antibody fluorescence. Briefly, the cell monolayers were fixed for 20 min at room temperature using 4% paraformaldehyde, washed thrice with 1× PBS, blocked/permeabilized for 30 min using Odyssey blocking buffer (Li-COR Biosciences) containing 0.1% Triton-X100 (BioRad, Hercules, CA, USA), and then incubated for 1 h at room temperature with primary anti-A27 VACV antibody (ab117453, Abcam) diluted 1:500 in blocking buffer. The cells were washed thrice with 1× PBS and then incubated for 30 min at room temperature with fluorescent-dye conjugated secondary Goat anti-Rabbit antibody (ab150077, Abcam) diluted 1:2000 in a blocking buffer. Next, the cells were washed thrice with 1× PBS and the plates were imaged for both CTV fluorescence and anti-A27 VACV antibody fluorescence using an ImageXpress® Micro High-Content System (Molecular Devices, San Jose, CA, USA). MetaXpress 6.5.5.559 software (Molecular Devices) was used to analyze and create overlays of the fluorescent images. The fluorescence intensity of images displaying non-irradiated CTV-stained cells (with or without VACV-infection) was used as a reference for low CTV intensity values; the fluorescence intensities above this reference were deemed high CTV intensity. An example of CTV-stained cells that are non-irradiated (mostly low CTV intensity—grey cells) and irradiated (mostly high CTV intensity—blue cells) is shown in Figure S1. The cells were quantified manually using GIMP 2.10.18 software to view the images. Whenever feasible, the cells were protected from light.




2.10. Cytotoxicity Assays


GBM cells were either irradiated or non-irradiated, then 7 days post-irradiation triplicate wells of GBM cells on 48-well plates were infected with VACV at the indicated MOIs and incubated for a total of 72 h at 37 °C. Neutral red uptake assays were performed to assess cell viability as previously outlined [43]. Briefly, the medium was replaced with culture medium containing 40 µg/mL of neutral red (Sigma-Aldrich) during the last 1–2 h of incubation. Next, the neutral red medium was removed, the cells were washed with 1× PBS, neutral red destain solution (50% ethanol, 49% deionized water, 1% glacial acetic acid) was added, and the plates were incubated/shaken for 10 min at room temperature. The fluorescence was measured using a FLUOstar plate reader (BMG Labtech, Ortenberg, Germany) with 544 nm excitation/620 nm emission filters. The cell viability was calculated from the fluorescence of the treated samples minus the background fluorescence of completely non-viable cells (treatment with 2% Triton X-100, BioRad), and is reported as a percent value relative to the fluorescence of mock infected cells (100% cell viability).




2.11. Conditioned Medium Experiments


GBM cells were either irradiated or non-irradiated. At 7 days post-irradiation, the medium was exchanged with fresh culture medium, and irradiated or non-irradiated cells were incubated for 48 h under normal growth parameters to condition the medium. The conditioned medium was collected, filtered using the 0.22 µm Steriflip® Vacuum-driven Filtration System (Millipore, Burlington, MA, USA), and used to culture fresh radiation-naïve GBM cells for 24 h in 12-well plates. Next, the virus growth curves were generated by infecting the cells with VACVs at 0.03 PFU per cell, allowing virus growth in the presence of conditioned medium, collecting lysates at the indicated times, and titering lysates in duplicate on BSC-40 cells as above.




2.12. Statistics and Analysis


Data were analyzed using GraphPad Prism 9.4.1 software. To compare two groups, an unpaired t-test was used. Two-way analysis of variance (ANOVA) was used to compare the growth curves. A non-linear regression was used to fit curves to the cytotoxicity data and the curves were compared using extra sum-of-square F test.





3. Results


3.1. Radiation Induces Senescence in Glioblastoma Cells


The established U87 GBM cell line, as well as a patient-derived GBM cell line, ED501, were employed to assess a panel of different markers evaluating the induction of cellular senescence following ionizing radiation exposure. Cellular senescence typically takes 3–7 days to develop in GBM cells after radiation exposure, with increased numbers of radiation-induced senescent GBM cells present at late relative to early time points (5–14 days versus 1–3 days) [9,44,45,46,47]. Thus, we chose to perform our analyses 7 days post-irradiation.



Cell proliferation ceased in irradiated U87 and ED501 cell lines while non-irradiated controls continued to proliferate over a 7-day period based on trypan blue assays (Figure 1A). Additionally, 7 days after radiation treatments, the transcription of SASP-associated genes was significantly increased in irradiated GBM cells compared to non-irradiated controls (Figure 1B). At this same 7-day time point, irradiated GBM cells were larger in size (Figure 1C; left panels) and had significantly increased SA–β-gal activity compared to non-irradiated controls, with the vast majority of irradiated U87 and ED501 cells staining positive for SA–β-gal activity (~80%) (Figure 1C; right panels). The same trends were observed using two additional human GBM cells lines, T98 and U118 (Figure S2). There was a trend towards increased levels of p21, a negative regulator of the cell-cycle, in irradiated U87 and ED501 cells relative to non-irradiated controls 7 days after treatments (Figure 1D), and no increase was observed in irradiated T98 and U118 cells (Figure S2D). Collectively, these data indicate that radiation-induced senescent GBM cells are reliably generated 7 days following ionizing radiation exposure.




3.2. Vaccinia Virus Growth Is Attenuated in Irradiated Senescence-Enriched Glioblastoma Cell Populations


We next investigated the growth kinetics of oncolytic ΔF4LΔJ2R VACV and WT VACV in U87 and ED501 cell lines under the same treatment conditions as above. Virus growth was assessed as outlined in Figure 2A. Briefly, GBM cells were irradiated to induce cellular senescence (or not), then infected 7 days later with virus at a low MOI (0.03 PFU per cell) and the virus yields were determined over a 72-h growth period. The virus growth curves indicated that the amplification of oncolytic ΔF4LΔJ2R VACV and WT VACV was significantly reduced in irradiated senescence-enriched U87 and ED501 cell lines compared to non-irradiated controls (Figure 2B; left panels). This effect was most pronounced with the patient-derived ED501 cell line, with no virus growth observed under the irradiated senescence-enriched conditions (Figure 2B; left panels). Additionally, attenuated growth of oncolytic ΔF4LΔJ2R VACV and WT VACV was observed using T98 and U118 GBM cell lines treated the same way (Figure S4A,B). We extended our analysis of virus growth kinetics by treating GBM cells as above, except using a 100-fold higher MOI (3.0 PFU per cell) to ensure that all cells were infected at t = 0 h. Again, oncolytic ΔF4LΔJ2R VACV was attenuated in both irradiated senescence-enriched U87 and ED501 cell lines versus non-irradiated controls; however, WT VACV was only attenuated in the ED501 cell line, not the U87 cell line (Figure 2B; right panels). These data suggest that at a high MOI, the attenuation of WT VACV growth is cell-line dependent.



Next, we cultured U87 cells under low-serum conditions to restrict cellular proliferation. Serum-starved U87 cells did not proliferate over 72 h but did under normal-serum conditions (Figure S5A). Using low-serum culture conditions, we assessed the growth of oncolytic ΔF4LΔJ2R VACV and WT VACV in irradiated and non-irradiated U87 cells infected 7 days post-irradiation with a low MOI (0.03 PFU per cell). Again, the growth of oncolytic ΔF4LΔJ2R VACV was significantly attenuated in the irradiated senescence-enriched condition compared to non-irradiated (non-proliferating) controls (Figure S5). The growth of WT VACV was also reduced by ~45% 72 h post-infection in the irradiated senescence-enriched condition versus non-irradiated (non-proliferating) controls, although non-significantly (Figure S5). These data indicate that the decreased VACV growth observed in irradiated senescence-enriched conditions compared to non-irradiated controls is not solely due to the increased proliferation of non-irradiated control cells.



Lastly, to better understand whether this attenuated virus growth was specific to VACV or applicable to other viruses used for OV therapy, we performed additional experiments using a reovirus and the vesicular stomatitis virus (VSV) mutant, VSVΔM51-GFP. The reovirus growth was also attenuated in irradiated senescence-enriched U87 cells relative to non-irradiated controls (Figure S6). Of note, the growth of the reovirus was blocked in both irradiated and non-irradiated patient-derived ED501 cells, suggesting that the pathways other than those implicated in senescence must restrict the reovirus infection of these cells (Figure S6). Interestingly, unlike VACV, the growth of VSVΔM51-GFP was unchanged between the irradiated senescence-enriched ED501 cells and non-irradiated controls in both low MOI (0.03 PFU per cell) and high MOI (3.0 PFU per cell) conditions (Figure S7). VSVΔM51-GFP growth was also unchanged between irradiated senescence-enriched cells and non-irradiated controls with the U87 cell line infected using a high MOI (3.0 PFU per cell); however, using a low MOI (0.03 PFU per cell), the growth of VSVΔM51-GFP was slightly, but statistically, attenuated in the irradiated senescence-enriched condition (Figure S7).



Overall, these data indicate that VACV growth is attenuated in irradiated senescence-enriched GBM cell lines. Further, the virus growth attenuation in irradiated senescence-enriched conditions is virus dependent.




3.3. Infectivity of Vaccinia Virus Is Reduced in Irradiated Senescence-Enriched Glioblastoma Cell Populations


To better understand the attenuated phenotype of VACV in irradiated senescence-enriched cells, we stained U87 and ED501 cells with a fluorescent proliferation marker (CellTrace™ Violet; CTV) to label radiation-induced senescent cells. Non-proliferating cells retain high fluorescence intensities whereas proliferating cells lose fluorescence intensity at each division. As outlined in Figure 3A, 7 days following radiation treatments and CTV staining, we infected GBM cells with oncolytic ∆F4L∆J2R VACV or WT VACV and evaluated the number of VACV+ infected cells by staining with an antibody against the late A27 VACV protein 24 h post-infection.



In comparison to non-irradiated controls, the percentage of VACV+ cells 24 h post-infection with oncolytic ∆F4L∆J2R VACV and WT VACV was significantly reduced in irradiated senescence-enriched conditions (Figure 3B; left panels). These data indicate that VACV is less infectious in GBM cell populations that are enriched with senescent cells post-irradiation. To better understand the interaction of VACV with radiation-induced senescent cells, we analyzed 10 Gy-VACV+ cells to determine whether these cells displayed a high CTV intensity (CTVhi) or a low CTV intensity (CTVlo). The majority (~85–95%) of 10 Gy-VACV+ cells were CTVhi (Figure 3B; right panels), suggesting that VACV is indeed capable of productively infecting radiation-induced senescent cells, as opposed to being restricted to irradiated CTVlo cells.



In agreement with our senescence marker analysis in Figure 1, the majority (~80–95%) of irradiated GBM cells were CTVhi compared to non-irradiated controls (Figure 3C), indicating enrichment for senescent cells post-irradiation, but also a sparse population of CTVlo cells (~5–20%; Figure 3D; left panels). We analyzed the population of virus-treated irradiated cells to determine the percentage of VACV+ cells within CTVhi and CTVlo categories. Interestingly, there was no significant difference between the percentage of VACV+ cells within the CTVhi category and that in the CTVlo category (Figure 3D; right panels). Put another way, following a 10 Gy dose of radiation, both radiation-induced senescent GBM cells (CTVhi) and a sparse population of proliferating GBM cells (CTVlo) are equally likely to be infected, albeit both at lower percentages than non-irradiated controls.



All together, these data indicate that in the irradiated senescence-enriched condition, both the radiation-induced senescent GBM cells and a sparse proliferating population of GBM cells are resistant to VACV infection relative to non-irradiated controls.




3.4. Reduced Vaccinia Virus Cytotoxicity in Irradiated Senescence-Enriched Glioblastoma Cell Populations


We next evaluated the cytotoxicity of oncolytic ∆F4L∆J2R VACV and WT VACV towards irradiated senescence-enriched U87 and ED501 cell lines using the neutral red viability assay. As depicted in Figure 4A, the GBM cells were irradiated to induced cellular senescence (or left untreated), then infected 7 days later with increasing concentrations of virus and assessed for cell viability 72 h post-infection.



The dose-response curves evaluating the cell viability indicated that both oncolytic ∆F4L∆J2R VACV and WT VACV were significantly less cytotoxic towards irradiated senescence-enriched U87 and ED501 cell lines compared to the non-irradiated controls (Figure 4B). These data indicate that irradiated senescence-enriched GBM cell populations are less susceptible to VACV-mediated cell killing, consistent with our data on virus growth in these cells.




3.5. Oncolytic ∆F4L∆J2R Vaccinia Virus Attenuation Is Not Explained by Reduced Cellular Nucleotide Biosynthesis Machinery


VACV requires the production of dNTPs to construct new virus genomes during the viral replication process. To this end, VACV triggers host cells to accumulate in the S-phase [48,49], a point in the cell-cycle in which the cellular proteins involved in nucleotide biosynthesis are upregulated, such as cellular TK and cellular ribonucleotide reductase small subunit R2 (RRM2) [50,51,52]. Additionally, VACV encodes a plethora of its own viral nucleotide biosynthesis machinery to ensure dNTP production [53].



A possible explanation for the attenuated phenotype of oncolytic ∆F4L∆J2R VACV in irradiated cells is that irradiated cells are deficient in the cellular nucleotide biosynthesis enzymes necessary to compensate for the deleted viral genes J2R (viral TK) and F4L (viral R2). Previous studies have demonstrated that the downregulation of cellular TK reduces J2R-deleted VACV growth [54], and the downregulation of cellular R2 reduces F4L-deleted VACV and ∆F4L∆J2R VACV growth (but not J2R-deleted growth) [36]. Furthermore, cellular p53R2 is an R2-related enzyme that is upregulated following radiation exposure [55]. Thus, to better understand the attenuated phenotype of ∆F4L∆J2R VACV, we used immunoblotting to evaluate the protein levels of cellular TK1, RRM2, and p53R2 in irradiated senescence-enriched GBM cell lines and non-irradiated controls, expecting that a decrease in levels of these proteins might explain the attenuation of the virus in senescence cells.



TK1 levels were significantly reduced in irradiated senescence-enriched U87 cells compared to non-irradiated controls, but significantly increased in the ED501 cell line (Figure 5A). U87 and ED501 cell lines displayed either slightly, but significantly, increased RRM2 levels (U87), a trend towards increased p53R2 levels (U87), or unchanged RRM2 and p53R2 levels (ED501) in the irradiated senescence-enriched condition compared to non-irradiated controls (Figure 5B,C). Overall, TK1 in U87 cells was the only cellular nucleotide biosynthesis enzyme downregulated by radiation treatment.



As further evidence that nucleotide biosynthesis was not a determining factor for the growth of ∆F4L∆J2R VACV in irradiated senescence-enriched conditions, we examined the growth of singly mutated VACVs under this condition. One might predict that a J2R-deleted VACV would display attenuated growth in irradiated senescence-enriched U87 cells and that an F4L-deleted VACV would not (given cellular TK1, but not cellular RRM2, downregulation following radiation treatment). However, both J2R-deleted VACV and F4L-deleted VACV displayed attenuated growth post-infection of irradiated senescence-enriched U87 cells compared to non-irradiated controls (Figure S8). Of note, J2R-deleted VACV, F4L-deleted VACV, ∆F4L∆J2R VACV, and WT VACV (Figure S8 and Figure 2B,C) all displayed growth attenuation following the radiation-induced senescence of the ED501 cell line compared to non-irradiated controls, yet no downregulation of cellular nucleotide biosynthesis enzymes following radiation treatment was observed with the ED501 cell line. In summary, decreased levels of the cellular nucleotide biosynthesis enzymes does not explain the attenuated phenotype of ∆F4L∆J2R VACV.




3.6. Radiation-Induced Senescence of Human Glioblastoma Cells Increases Expression of NF-κB-Associated Genes, but Not Type I Interferon Related Genes


The type I interferon (IFN) system and the NF-κB pathway are established antiviral players [56,57]. Further, radiation-induced DNA damage is implicated in activating the type I IFN system [58], and activation of the NF-κB pathway promotes cellular senescence [59,60]. Thus, we hypothesized that these antiviral-associated pathways could be active in irradiated senescence-enriched GBM cell populations and potentially responsible for VACV attenuation.



To elucidate whether these pathways were active, we assessed the expression of several genes associated with the type I IFN system (IFNβ, MX1, and ISG15) and the NF-κB pathway (IκBα, IL1β, and TNFα) in irradiated senescence-enriched GBM cell populations and non-irradiated controls 7 days following radiation treatments. IFNβ is a prototypical type I IFN that activates a plethora of IFN-stimulated genes (ISGs) [61,62]. MX1 and ISG15 are well-characterized ISGs [63,64]. IκBα is a cytoplasmic inhibitor of NF-κB that participates in a negative feedback loop to suppress NF-κB activity; its gene expression is activated by NF-κB [65]. As well, NF-κB induces the expression of genes encoding the proinflammatory factors IL1β and TNFα [66].



Expression of IFNβ, MX1, and ISG15 was not significantly different between the irradiated and non-irradiated controls (Figure 6A). These data suggest that the type I IFN system is not upregulated in irradiated senescence-enriched GBM cell populations. However, the expression of IκBα and IL1β was significantly upregulated in irradiated senescence-enriched U87 and ED501 cell lines compared to non-irradiated controls (Figure 6B). Further, with the U87 cell line, the expression of TNFα was upregulated in the irradiated senescence-enriched condition compared to the non-irradiated controls (Figure 6B). Collectively, these data suggest that the NF-κB pathway may be activated in irradiated senescence-enriched GBM cell populations, but not the type I IFN system.




3.7. Irradiated Senescence-Enriched Human Glioblastoma Cell Populations Secrete Factors That Can Attenuate Vaccinia Virus in Non-Irradiated Bystander Cells


The SASP is a unique characteristic of senescent cells in which a variety of factors including cytokines, chemokines, mitogens, and proteases are secreted and can cause various downstream effects [67]. The secreted factors from radiation-induced senescent cells generate bystander effects in nearby non-senescent cells [68,69,70]. These reports coupled with the observation that, 7 days following irradiation the senescent cell population in the culture was equally resistant to VACV infection as the proliferating population in the same culture (Figure 3E), led us to hypothesize that radiation exposure may induce the secretion of antiviral factors that might affect virus replication in nearby non-senescent cells. To assess the induction of potential antiviral bystander effects, we performed conditioned medium (CM) experiments as outlined in Figure 7A. Briefly, cellular senescence was induced by irradiating U87 and ED501 cell lines and incubating for 7 days (non-irradiated cells were used as controls), then the cell culture medium was replaced with fresh medium and conditioned for 48 h. Virus growth assays were performed with fresh radiation-naïve GBM cells using CM from irradiated and non-irradiated cells. The growth of oncolytic ∆F4L∆J2R VACV and WT VACV was assessed 72 h post-infection.



To varying extents, decreases in the virus yield were observed in radiation-naïve U87 and ED501 cells cultured using CM from irradiated senescence-enriched sources compared with cells cultured using CM from non-irradiated controls (Figure 7B). A decreased virus yield was particularly apparent with the ED501 cell line. The mean yield of oncolytic ∆F4L∆J2R VACV and WT VACV was reduced by ~86% and ~71%, respectively, in radiation-naïve cells cultured using CM from irradiated senescence-enriched sources compared with radiation-naïve cells cultured using CM from non-irradiated controls (Figure 7B), though, only the reduction in WT VACV was significant. With the U87 cell line, the mean yield of oncolytic ∆F4L∆J2R VACV and WT VACV was reduced by ~21% and ~33%, respectively, in radiation-naïve cells cultured using CM from irradiated senescence-enriched sources compared to radiation-naïve cells cultured using CM from non-irradiated controls (Figure 7B), although reductions in the virus yield were non-significant. These data indicate that irradiated senescence-enriched GBM cell populations may secrete factors that induce bystander cells to impair VACV amplification.





4. Discussion


Senescence is a stable growth-arrested cellular state that exhibits unique secretory characteristics. Cellular senescence is not only induced by ionizing radiation, but by a broad range of stimuli including telomere attrition from repeated replicative cycles, upregulated oncogenes, hypoxia, dysfunctional mitochondria, oxidative stress, and genotoxic agents (among others) [71]. Further, senescent cells are implicated in a spectrum of biological processes including developmental activities [72], tissue repair [73,74], inflammation and alerting host immunological systems [75,76,77], age-related pathology [78,79], and cancer [80].



In the context of cancer, the effects of cellular senescence are nuanced, inducing both desirable tumor-suppressive effects [81,82,83] and undesirable tumor progression in a plethora of ways, such as by facilitating cancer relapse [84], enhancing invasiveness [85], contributing to tumor growth [86,87], inducing de novo cancer stem cells [88], and inducing heightened aggressiveness in a subset of cancer cells that escape the senescent state [88,89]. Specific to GBM and radiotherapy, several studies have demonstrated detrimental tumor-promoting effects of GBM cells induced to senesce by ionizing radiation [9,90], and the removal of senescent GBM cells was shown to improve outcomes in preclinical GBM models [91]. Hence, the eradication of radiation-induced senescent cancer cells may optimize therapeutic outcomes, although it is unclear whether or how OV therapy may contribute to the destruction of senescent tumor cells. Despite myriad studies on cellular senescence, reports on virus interactions with senescent cells are limited and the data are conflicting. Some studies indicate that viruses exploit cellular senescence to their benefit [13,14], while others indicate that cellular senescence is associated with antiviral properties [15,16,17,92]. Further, some evidence that OV therapy may offer enhanced killing of senescent cancer cells exists, such as that reported in a study of an oncolytic measles vaccine virus [93]. It is unknown how VACV-based OVs interact with radiation-induced senescent cancer cells. Given that OV therapy is being investigated in combination with radiotherapy (a senescence-inducing agent) to advance the treatment of GBM [4], in conjunction with inconsistent and limited reports regarding VACV interactions with senescent cells, we were interested in better understanding how a VACV-based OV interacts with radiation-induced senescent GBM cells.



We observed that both a VACV-based OV, ΔF4LΔJ2R, and WT VACV displayed an attenuated phenotype towards irradiated senescence-enriched GBM cell populations. Both viruses exhibited impaired growth kinetics (Figure 2), were less infectious (Figure 3), and showed decreased cytotoxic capabilities (Figure 4) towards irradiated senescence-enriched GBM cell populations compared to non-irradiated GBM cells in vitro. The attenuation of ΔF4LΔJ2R VACV in irradiated senescence-enriched conditions is not explained by a lack of cellular nucleotide biosynthesis proteins required to compensate the viral gene deletions of F4L and J2R (Figure 5 and Figure S8). Further, attenuation was also observed with WT VACV, which encodes these genes that are deleted in the mutant. These findings indicate that the senescent state is associated with VACV attenuation and not simply changes in cellular nucleotide biosynthesis levels. Primarily, these data are consistent with the idea that cellular senescence is associated with antiviral activity and highlight an important consideration for optimizing treatment plans that combine VACV-based OVs with radiation. Perhaps treating first with VACV-based OVs—before ionizing radiation induces cellular senescence—may optimize the therapeutic potential of the OV treatment because the OV is able to infect more tumor cells and replicate more effectively, enabling greater amounts of viral progeny to infect/spread through the adjacent tumor cells than there would otherwise be in senescence-enriched conditions. Further investigation of this concept is an obvious next step. Of note, treating GBM mouse models with 10 Gy of radiation followed by ΔF4LΔJ2R VACV 48 h later produced vastly superior tumor control relative to either modality alone while also inducing immune protection [34]. Therefore, it may also be the case that using OV therapy shortly after radiotherapy (also before radiation induces senescence) avoids senescence-associated antiviral activity.



Our data also indicate that WT VACV is more efficient at producing infectious virions than mutant ΔF4LΔJ2R VACV as WT VACV yields were higher throughout virus growth assays (Figure 2 and Figure 7). This observation likely reflects the inherent deficiencies of ΔF4LΔJ2R VACV relative to WT VACV due to the deletion of virus-encoded nucleotide biosynthesis machinery. Interestingly, the percentage of VACV-infected cells was similar between WT VACV and ΔF4LΔJ2R VACV at 24 h, suggesting that the uptake of the two viruses is similar (Figure 3). It should be emphasized that WT VACV is not suitable as an anti-GBM therapeutic due to toxicities—the LD50 in mice is a mere 10 PFU [94]—whereas ΔF4LΔJ2R VACV was safe and effective at a dose of 10,000,000 PFU when used to treat GBM mouse models [34].



Although our studies with VACV/reovirus reinforce the hypothesis that cellular senescence is associated with antiviral activity, this is not an absolute and likely depends on the virus in question. We observed that reovirus, which is a naturally tumor-selective OV, also displayed attenuated growth kinetics in irradiated senescence-enriched U87 cells compared to non-irradiated controls (Figure S6)—corroborating the notion of senescence-associated antiviral activity. In contrast, we did not see attenuation of VSVΔM51-GFP growth in irradiated senescence-enriched GBM cell populations, except marginally, at a low MOI infection with U87 cells (Figure S7)—indicating that radiation-induced senescence had little to no impact on the growth of VSVΔM51-GFP. Of note, the deletion of methionine 51 in the M protein of VSVΔM51-GFP prevents this mutant virus from blocking IFN responses, therefore this virus is attenuated in normal IFN-responsive cells and not in malignant cells (which often have compromised IFN signaling) [41]. Therefore, the fact that VSVΔM51-GFP grew similarly in irradiated and non-irradiated GBM cells is consistent with our data indicating that the type I IFN system is not upregulated in irradiated senescence-enriched GBM cell populations (Figure 6). Further, cellular senescence can promote virus activities. The viral replication of influenza virus and varicella zoster virus was enhanced, respectively, in senescent human bronchial epithelial cells and senescent human dermal cells versus non-senescent cells due to a decreased IFN response in senescent cells relative to non-senescent cells following virus infections [13]. The infectivity of dengue virus was enhanced in senescent human monocytic THP-1 cells relative to non-senescent cells due to increased levels of the viral entry receptor, DC-SIGN, on senescent cells relative to non-senescent cells [14]. Lastly, an oncolytic measles vaccine virus displayed enhanced killing of chemotherapy-induced cancer cells—interestingly, although the mechanism was not elucidated, it was determined to not involve a senescence-associated decrease in IFN responsiveness following virus infection or a senescence-associated upregulation of a virus entry receptor [93]. In conjunction with our data, these studies highlight the nuances of virus interactions with senescent cells and underscore another important consideration for optimizing the combination of OVs with senescence inducers such as radiation: the choice of virus may matter.



Importantly, although VSV was not the focus of our studies, it should be mentioned that some of our data with VSVΔM51-GFP conflict with previous studies investigating WT VSV. Other studies showed that WT VSV was attenuated towards replication-induced, chemotherapy-induced, and oncogene-induced senescent human tumor cells and/or primary mouse cells [17], whereas we observed little to no attenuation of VSVΔM51-GFP in radiation-induced senescence conditions. The contradiction between our study and that conducted by Baz-Martinez et al. (2016) [17], indicates that different senescence-inducing stimuli may induce different types of senescence-associated antiviral activity. The protein contents of the SASP secretome exhibit large variations depending on the stimuli used to induce senescence [95] and factors associated with the SASP have been implicated in partially inducing antiviral properties in exposed cells [17]. It is tempting to speculate that different senescence-inducing stimuli may induce senescence-associated antiviral activity to varying extents due to differing SASP secretomes, depending on the senescence inducer.



We observed an increased expression of NF-κB associated genes but not genes associated with the type I IFN system in irradiated senescence-enriched GBM cell populations compared to non-irradiated controls (Figure 6). NF-κB is a master regulator of the SASP, and SASP factors can reinforce senescence in an autocrine manner while also inducing the senescence of adjacent cells in a paracrine manner [59,96,97]. Given the relevance of NF-κB signaling with senescence, it is not surprising that radiation-induced senescent GBM cells exhibited an increased expression of NF-κB-associated genes. Further, the activation of NF-κB is a well-established antiviral signaling system [57] and VACV encodes a plethora of viral inhibitors to thwart host NF-κB activation in order to operate optimally [98,99,100,101]. Given the role NF-κB plays in antiviral signaling, our findings suggest that the activation of NF-κB pathways may have contributed to the decreased susceptibility of radiation-induced senescent GB cells to VACV.



Lastly, CM experiments revealed the suppression of ΔF4LΔJ2R VACV and WT VACV growth in non-irradiated GBM cells cultured in media taken from irradiated senescence-enriched GBM cell populations versus media from non-irradiated controls (Figure 7). This finding indicates that factors secreted by irradiated senescence-enriched GBM cell populations induce an antiviral bystander effect in non-irradiated GBM cells. At least one other study using WT VSV corroborates the notion of a senescence-associated antiviral bystander effect. The cytotoxicity of WT VSV towards A549 lung cancer cells and primary mouse embryo fibroblast cells was impaired when cultured using CM from senescent versus non-senescent cells [17]. Our data also suggest that the SASP is implicated in bystander paracrine antiviral activation. Further investigation should include cytokine arrays to identify the specific SASP components that may be involved in this senescence-associated antiviral activity.




5. Conclusions


In conclusion, we show that both oncolytic ΔF4LΔJ2R VACV and WT VACV display less productive infectivity, attenuated growth, and decreased cytotoxic capabilities in irradiated senescence-enriched GBM cell populations. The resistance of radiation-induced senescent GBM cells to VACV may be in part mediated by NF-κB signaling and SASP-associated bystander effects. This research implicates radiation-induced cellular senescence as an antiviral state that impairs VACV. Further, our findings underscore important treatment planning considerations for the combination of VACV-based oncolytic therapies with senescence-inducing agents such as radiotherapy.








Supplementary Materials


The following supporting information can be downloaded at: https://www.mdpi.com/article/10.3390/cancers15133341/s1, Figure S1: Representative images of non-irradiated and irradiated CellTrace™ Violet stained U87 human glioblastoma cells (also treated with wild-type vaccinia virus in this case); Figure S2: Verification of radiation-induced senescence in irradiated glioblastoma cells; Figure S3: ΔCt values used to calculate significant differences of SASP gene expression between non-irradiated and irradiated human glioblastoma cell lines; Figure S4: Growth attenuation of vaccinia virus occurs in additional irradiated senescence-enriched human glioblastoma cell lines; Figure S5: Growth of vaccinia virus is attenuated in irradiated senescence-enriched U87 human glioblastoma cells cultured in normal-serum or low-serum conditions; Figure S6: Reovirus growth is absent or attenuated in irradiated senescence-enriched human glioblastoma cell lines; Figure S7: Oncolytic vesicular stomatitis virus growth in irradiated senescence-enriched human glioblastoma cell lines and non-irradiated controls; Figure S8: J2R- and F4L-deleted vaccinia viruses display attenuated growth in irradiated senescence-enriched human glioblastoma cell lines; Figure S9: ΔCt values used to calculate significant differences of IFN- and NF-κB-associated gene expression between non-irradiated and irradiated human glioblastoma cell lines; File S1: Uncropped immunoblots. Table S1. Primers used in RT-qPCR studies.





Author Contributions


Q.T.S. designed and performed experiments, analyzed the data, prepared the figures, and wrote the original manuscript. X.H., S.K. and K.C.A. contributed to executing the experiments and data analysis. K.G.P. provided guidance in experimental design. A.M.G. and R.G. provided guidance in experimental design, data interpretation, and manuscript preparation. D.H.E. and M.M.H. provided guidance in experimental design, data interpretation, manuscript preparation, and funding. All authors have read and agreed to the published version of the manuscript.




Funding


This work was supported by a Li Ka Shing Institute of Virology Translational Research Grant (to M.M. Hitt) and a Canadian Institutes for Health Research (CIHR) Operating Grant (to D.H. Evans). A.M. Gamper is supported by a CIHR Operating Grant. R. Godbout is supported by a Terry Fox Research Institute (TFRI) Prairie Cancer Research Consortium—Pilot project (Edmonton). Q.T. Storozynsky’s stipend was also funded by the Alberta Cancer Foundation’s “Antoine Noujaim Graduate Entrance Scholarship”, CIHR’s “Frederick Banting and Charles Best Canada Graduate Scholarship”, the University of Alberta’s “Walter H. Johns Graduate Fellowship”, “Queen Elizabeth II Graduate Scholarship”, “Doctoral Recruitment Award”, and the “Faculty of Medicine and Dentistry Dean’s Doctoral Award”, the Government of Alberta’s “Alberta Graduate Excellence Scholarship”, the Li Ka Shing Institute of Virology’s “Doctoral Student Award”, and the Terry Fox Research Institute’s/Cancer Institute of Northern Alberta’s “Marathon of Hope Graduate Studentship in Glioblastoma Research”.




Institutional Review Board Statement


Consent for patient GBM tissue was obtained prior to surgery under Health Research Ethics Board of Alberta Cancer Committee Protocol #HREBA CC-14-0070.




Informed Consent Statement


Informed consent was obtained from all subjects involved in the study.




Data Availability Statement


All data supporting the findings of this study are available within the article, Supplementary Material files, and from the corresponding author upon reasonable request.




Acknowledgments


We thank Hua Chen (University of Alberta) for establishing the patient-derived ED501 cell line, M. Shmulevitz (University of Alberta) for providing reovirus and the L929 cell line, and D. Mahoney (University of Calgary) for providing the VSV mutant. Imaging was performed at the University of Alberta, Department of Oncology Cell Imaging Facility with assistance from Xuejun Sun. Lastly, we thank Powel Crosley for helpful discussions.




Conflicts of Interest


D.H.E. has been awarded U.S. and other patents as a co-inventor of related oncolytic virus technologies. Other authors declare they have no conflicts of interest.




References


	



Omuro, A.; DeAngelis, L.M. Glioblastoma and Other Malignant Gliomas: A Clinical Review. JAMA 2013, 310, 1842–1850. [Google Scholar] [CrossRef] [PubMed]

	



Lu, V.M.; Shah, A.H.; Vallejo, F.A.; Eichberg, D.G.; Luther, E.M.; Shah, S.S.; Komotar, R.J.; Ivan, M.E. Clinical Trials Using Oncolytic Viral Therapy to Treat Adult Glioblastoma: A Progress Report. Neurosurg. Focus FOC 2021, 50, E3. [Google Scholar] [CrossRef] [PubMed]

	



Fukuhara, H.; Ino, Y.; Todo, T. Oncolytic Virus Therapy: A New Era of Cancer Treatment at Dawn. Cancer Sci. 2016, 107, 1373–1379. [Google Scholar] [CrossRef]

	



Shoaf, M.L.; Peters, K.B. Clinical Trials of Oncolytic Viruses in Glioblastoma. Adv. Oncol. 2022, 2, 139–158. [Google Scholar] [CrossRef]

	



Prasanna, P.G.; Citrin, D.E.; Hildesheim, J.; Ahmed, M.M.; Venkatachalam, S.; Riscuta, G.; Xi, D.; Zheng, G.; van Deursen, J.; Goronzy, J.; et al. Therapy-Induced Senescence: Opportunities to Improve Anticancer Therapy. JNCI J. Natl. Cancer Inst. 2021, 113, 1285–1298. [Google Scholar] [CrossRef]

	



Rodier, F.; Campisi, J. Four Faces of Cellular Senescence. J. Cell Biol. 2011, 192, 547–556. [Google Scholar] [CrossRef] [PubMed]

	



Hooten, N.N.; Evans, M.K. Techniques to Induce and Quantify Cellular Senescence. JoVE 2017, 123, e55533. [Google Scholar] [CrossRef]

	



Beltzig, L.; Schwarzenbach, C.; Leukel, P.; Frauenknecht, K.B.M.; Sommer, C.; Tancredi, A.; Hegi, M.E.; Christmann, M.; Kaina, B. Senescence Is the Main Trait Induced by Temozolomide in Glioblastoma Cells. Cancers 2022, 14, 2233. [Google Scholar] [CrossRef]

	



Jeon, H.-Y.; Kim, J.-K.; Ham, S.W.; Oh, S.-Y.; Kim, J.; Park, J.-B.; Lee, J.-Y.; Kim, S.-C.; Kim, H. Irradiation Induces Glioblastoma Cell Senescence and Senescence-Associated Secretory Phenotype. Tumor Biol. 2016, 37, 5857–5867. [Google Scholar] [CrossRef]

	



Sundar, S.J.; Shakya, S.; Barnett, A.; Wallace, L.C.; Jeon, H.; Sloan, A.; Recinos, V.; Hubert, C.G. Three-Dimensional Organoid Culture Unveils Resistance to Clinical Therapies in Adult and Pediatric Glioblastoma. Transl. Oncol. 2022, 15, 101251. [Google Scholar] [CrossRef]

	



Touchefeu, Y.; Vassaux, G.; Harrington, K.J. Oncolytic Viruses in Radiation Oncology. Radiother. Oncol. 2011, 99, 262–270. [Google Scholar] [CrossRef]

	



Seoane, R.; Vidal, S.; Bouzaher, Y.H.; El Motiam, A.; Rivas, C. The Interaction of Viruses with the Cellular Senescence Response. Biology 2020, 9, 455. [Google Scholar] [CrossRef] [PubMed]

	



Kim, J.-A.; Seong, R.-K.; Shin, O.S. Enhanced Viral Replication by Cellular Replicative Senescence. Immune Netw. 2016, 16, 286–295. [Google Scholar] [CrossRef] [PubMed]

	



Hsieh, T.-H.; Tsai, T.-T.; Chen, C.-L.; Shen, T.-J.; Jhan, M.-K.; Tseng, P.-C.; Lin, C.-F. Senescence in Monocytes Facilitates Dengue Virus Infection by Increasing Infectivity. Front. Cell. Infect. Microbiol. 2020, 10, 375. [Google Scholar] [CrossRef]

	



Siebels Svenja; Czech-Sioli Manja; Spohn Michael; Schmidt Claudia; Theiss Juliane; Indenbirken Daniela; Günther Thomas; Grundhoff Adam; Fischer Nicole Merkel Cell Polyomavirus DNA Replication Induces Senescence in Human Dermal Fibroblasts in a Kap1/Trim28-Dependent Manner. mBio 2020, 11, e00142-20. [CrossRef]

	



AbuBakar, S.; Shu, M.-H.; Johari, J.; Wong, P.-F. Senescence Affects Endothelial Cells Susceptibility to Dengue Virus Infection. Int. J. Med. Sci. 2014, 11, 538–544. [Google Scholar] [CrossRef]

	



Baz-Martínez, M.; Da Silva-Álvarez, S.; Rodríguez, E.; Guerra, J.; El Motiam, A.; Vidal, A.; García-Caballero, T.; González-Barcia, M.; Sánchez, L.; Muñoz-Fontela, C.; et al. Cell Senescence Is an Antiviral Defense Mechanism. Sci. Rep. 2016, 6, 37007. [Google Scholar] [CrossRef]

	



Jacobs, B.L.; Langland, J.O.; Kibler, K.V.; Denzler, K.L.; White, S.D.; Holechek, S.A.; Wong, S.; Huynh, T.; Baskin, C.R. Vaccinia Virus Vaccines: Past, Present and Future. Antivir. Res. 2009, 84, 1–13. [Google Scholar] [CrossRef]

	



Breitbach, C.J.; Bell, J.C.; Hwang, T.-H.; Kirn, D.H.; Burke, J. The Emerging Therapeutic Potential of the Oncolytic Immunotherapeutic Pexa-Vec (JX-594). Oncolytic. Virother. 2015, 4, 25–31. [Google Scholar] [CrossRef] [PubMed]

	



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

	



Guo, Z.S.; Lu, B.; Guo, Z.; Giehl, E.; Feist, M.; Dai, E.; Liu, W.; Storkus, W.J.; He, Y.; Liu, Z.; et al. Vaccinia Virus-Mediated Cancer Immunotherapy: Cancer Vaccines and Oncolytics. J. Immunother. Cancer 2019, 7, 6. [Google Scholar] [CrossRef] [PubMed]

	



Lun, X.Q.; Jang, J.-H.; Tang, N.; Deng, H.; Head, R.; Bell, J.C.; Stojdl, D.F.; Nutt, C.L.; Senger, D.L.; Forsyth, P.A.; et al. Efficacy of Systemically Administered Oncolytic Vaccinia Virotherapy for Malignant Gliomas Is Enhanced by Combination Therapy with Rapamycin or Cyclophosphamide. Clin. Cancer Res. 2009, 15, 2777–2788. [Google Scholar] [CrossRef]

	



Lun, X.; Chan, J.; Zhou, H.; Sun, B.; Kelly, J.J.; Stechishin, O.O.; Bell, J.C.; Parato, K.; Hu, K.; Vaillant, D.; et al. Efficacy and Safety/Toxicity Study of Recombinant Vaccinia Virus JX-594 in Two Immunocompetent Animal Models of Glioma. Mol. Ther. 2010, 18, 1927–1936. [Google Scholar] [CrossRef] [PubMed]

	



Tkacheva, A.V.; Sivolobova, G.F.; Grazhdantseva, A.A.; Shevelev, O.B.; Razumov, I.A.; Zavjalov, E.L.; Loktev, V.B.; Kochneva, G.V. Targeted Therapy of Human Glioblastoma Combining the Oncolytic Properties of Parvovirus H-1 and Attenuated Strains of the Vaccinia Virus. Mol. Genet. Microbiol. Virol. 2019, 34, 140–147. [Google Scholar] [CrossRef]

	



Mansfield, D.; Pencavel, T.; Kyula, J.N.; Zaidi, S.; Roulstone, V.; Thway, K.; Karapanagiotou, L.; Khan, A.A.; McLaughlin, M.; Touchefeu, Y.; et al. Oncolytic Vaccinia Virus and Radiotherapy in Head and Neck Cancer. Oral Oncol. 2013, 49, 108–118. [Google Scholar] [CrossRef] [PubMed]

	



Dai, M.H.; Liu, S.L.; Chen, N.G.; Zhang, T.P.; You, L.; Zhang, F.Q.; Chou, T.C.; Szalay, A.A.; Fong, Y.; Zhao, Y.P. Oncolytic Vaccinia Virus in Combination with Radiation Shows Synergistic Antitumor Efficacy in Pancreatic Cancer. Cancer Lett. 2014, 344, 282–290. [Google Scholar] [CrossRef]

	



Wilkinson, M.J.; Smith, H.G.; McEntee, G.; Kyula-Currie, J.; Pencavel, T.D.; Mansfield, D.C.; Khan, A.A.; Roulstone, V.; Hayes, A.J.; Harrington, K.J. Oncolytic Vaccinia Virus Combined with Radiotherapy Induces Apoptotic Cell Death in Sarcoma Cells by Down-Regulating the Inhibitors of Apoptosis. Oncotarget 2016, 7, 81208–81222. [Google Scholar] [CrossRef]

	



Wilkinson, M.J.; Smith, H.G.; Pencavel, T.D.; Mansfield, D.C.; Kyula-Currie, J.; Khan, A.A.; McEntee, G.; Roulstone, V.; Hayes, A.J.; Harrington, K.J. Isolated Limb Perfusion with Biochemotherapy and Oncolytic Virotherapy Combines with Radiotherapy and Surgery to Overcome Treatment Resistance in an Animal Model of Extremity Soft Tissue Sarcoma. Int. J. Cancer 2016, 139, 1414–1422. [Google Scholar] [CrossRef]

	



Kyula, J.N.; Khan, A.A.; Mansfield, D.; Karapanagiotou, E.M.; McLaughlin, M.; Roulstone, V.; Zaidi, S.; Pencavel, T.; Touchefeu, Y.; Seth, R.; et al. Synergistic Cytotoxicity of Radiation and Oncolytic Lister Strain Vaccinia in V600D/EBRAF Mutant Melanoma Depends on JNK and TNF-α Signaling. Oncogene 2014, 33, 1700–1712. [Google Scholar] [CrossRef]

	



Chen, W.-Y.; Chen, Y.-L.; Lin, H.-W.; Chang, C.-F.; Huang, B.-S.; Sun, W.-Z.; Cheng, W.-F. Stereotactic Body Radiation Combined with Oncolytic Vaccinia Virus Induces Potent Anti-Tumor Effect by Triggering Tumor Cell Necroptosis and DAMPs. Cancer Lett. 2021, 523, 149–161. [Google Scholar] [CrossRef]

	



Advani, S.J.; Buckel, L.; Chen, N.G.; Scanderbeg, D.J.; Geissinger, U.; Zhang, Q.; Yu, Y.A.; Aguilar, R.J.; Mundt, A.J.; Szalay, A.A. Preferential Replication of Systemically Delivered Oncolytic Vaccinia Virus in Focally Irradiated Glioma Xenografts. Clin. Cancer Res. 2012, 18, 2579–2590. [Google Scholar] [CrossRef] [PubMed]

	



Buckel, L.; Advani, S.J.; Frentzen, A.; Zhang, Q.; Yu, Y.A.; Chen, N.G.; Ehrig, K.; Stritzker, J.; Mundt, A.J.; Szalay, A.A. Combination of Fractionated Irradiation with Anti-VEGF Expressing Vaccinia Virus Therapy Enhances Tumor Control by Simultaneous Radiosensitization of Tumor Associated Endothelium. Int. J. Cancer 2013, 133, 2989–2999. [Google Scholar] [CrossRef] [PubMed]

	



Timiryasova, T.M.; Gridley, D.S.; Chen, B.; Andres, M.L.; Dutta-Roy, R.; Miller, G.; Bayeta, E.J.M.; Fodor, I. Radiation Enhances the Anti-Tumor Effects of Vaccinia-P53 Gene Therapy in Glioma. Technol. Cancer Res. Treat. 2003, 2, 223–235. [Google Scholar] [CrossRef] [PubMed]

	



Storozynsky, Q.T.; Agopsowicz, K.C.; Noyce, R.S.; Bukhari, A.B.; Han, X.; Snyder, N.; Umer, B.A.; Gamper, A.M.; Godbout, R.; Evans, D.H.; et al. Radiation Combined with Oncolytic Vaccinia Virus Provides Pronounced Antitumor Efficacy and Induces Immune Protection in an Aggressive Glioblastoma Model. Cancer Lett. 2023, 562, 216169. [Google Scholar] [CrossRef]

	



Gammon, D.B.; Gowrishankar, B.; Duraffour, S.; Andrei, G.; Upton, C.; Evans, D.H. Vaccinia Virus–Encoded Ribonucleotide Reductase Subunits Are Differentially Required for Replication and Pathogenesis. PLoS Pathog. 2010, 6, e1000984. [Google Scholar] [CrossRef]

	



Potts, K.G.; Irwin, C.R.; Favis, N.A.; Pink, D.B.; Vincent, K.M.; Lewis, J.D.; Moore, R.B.; Hitt, M.M.; Evans, D.H. Deletion of F4L (Ribonucleotide Reductase) in Vaccinia Virus Produces a Selective Oncolytic Virus and Promotes Anti-Tumor Immunity with Superior Safety in Bladder Cancer Models. EMBO Mol. Med. 2017, 9, 638–654. [Google Scholar] [CrossRef]

	



Elsherbiny, M.E.; Chen, H.; Emara, M.; Godbout, R. ω-3 and ω-6 Fatty Acids Modulate Conventional and Atypical Protein Kinase C Activities in a Brain Fatty Acid Binding Protein Dependent Manner in Glioblastoma Multiforme. Nutrients 2018, 10, 454. [Google Scholar] [CrossRef]

	



Jung, H.; Wang, S.-Y.; Yang, I.-W.; Hsueh, D.-W.; Yang, W.-J.; Wang, T.-H.; Wang, H.-S. Detection and Treatment of Mycoplasma Contamination in Cultured Cells. Chang. Gung. Med. J. 2003, 26, 250–258. [Google Scholar]

	



Umer, B.A.; Noyce, R.S.; Franczak, B.C.; Shenouda, M.M.; Kelly, R.G.; Favis, N.A.; Desaulniers, M.; Baldwin, T.A.; Hitt, M.M.; Evans, D.H. Deciphering the Immunomodulatory Capacity of Oncolytic Vaccinia Virus to Enhance the Immune Response to Breast Cancer. Cancer Immunol. Res. 2020, 8, 618–631. [Google Scholar] [CrossRef]

	



Mohamed, A.; Clements, D.R.; Gujar, S.A.; Lee, P.W.; Smiley, J.R.; Shmulevitz, M. Single Amino Acid Differences between Closely Related Reovirus T3D Lab Strains Alter Oncolytic Potency In Vitro and In Vivo. J. Virol. 2020, 94, 4. [Google Scholar] [CrossRef]

	



Stojdl, D.F.; Lichty, B.D.; tenOever, B.R.; Paterson, J.M.; Power, A.T.; Knowles, S.; Marius, R.; Reynard, J.; Poliquin, L.; Atkins, H.; et al. VSV Strains with Defects in Their Ability to Shutdown Innate Immunity Are Potent Systemic Anti-Cancer Agents. Cancer Cell 2003, 4, 263–275. [Google Scholar] [CrossRef] [PubMed]

	



Diallo, J.-S.; Vähä-Koskela, M.; Le Boeuf, F.; Bell, J. Propagation, Purification, and In Vivo Testing of Oncolytic Vesicular Stomatitis Virus Strains. In Oncolytic Viruses: Methods and Protocols; Kirn, D.H., Liu, T.-C., Thorne, S.H., Eds.; Humana Press: Totowa, NJ, USA, 2012; pp. 127–140. ISBN 978-1-61779-340-0. [Google Scholar]

	



Repetto, G.; del Peso, A.; Zurita, J.L. Neutral Red Uptake Assay for the Estimation of Cell Viability/Cytotoxicity. Nat. Protoc. 2008, 3, 1125–1131. [Google Scholar] [CrossRef]

	



Quick, Q.A.; Gewirtz, D.A. An Accelerated Senescence Response to Radiation in Wild-Type P53 Glioblastoma Multiforme Cells. J. Neurosurg. JNS 2006, 105, 111–118. [Google Scholar] [CrossRef] [PubMed]

	



Zanoni, M.; Sarti, A.C.; Zamagni, A.; Cortesi, M.; Pignatta, S.; Arienti, C.; Tebaldi, M.; Sarnelli, A.; Romeo, A.; Bartolini, D.; et al. Irradiation Causes Senescence, ATP Release, and P2X7 Receptor Isoform Switch in Glioblastoma. Cell Death Dis. 2022, 13, 80. [Google Scholar] [CrossRef]

	



Zhang, X.; Ye, C.; Sun, F.; Wei, W.; Hu, B.; Wang, J. Both Complexity and Location of DNA Damage Contribute to Cellular Senescence Induced by Ionizing Radiation. PLoS ONE 2016, 11, e0155725. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, L.; Cheng, F.; Wei, Y.; Zhang, L.; Guo, D.; Wang, B.; Li, W. Inhibition of TAZ Contributes Radiation-Induced Senescence and Growth Arrest in Glioma Cells. Oncogene 2019, 38, 2788–2799. [Google Scholar] [CrossRef]

	



Wali, A.; Strayer, D.S. Infection with Vaccinia Virus Alters Regulation of Cell Cycle Progression. DNA Cell Biol. 1999, 18, 837–843. [Google Scholar] [CrossRef]

	



Yoo, N.-K.; Pyo, C.-W.; Kim, Y.; Ahn, B.-Y.; Choi, S.-Y. Vaccinia Virus-Mediated Cell Cycle Alteration Involves Inactivation of Tumour Suppressors Associated with Brf1 and TBP. Cell. Microbiol. 2008, 10, 583–592. [Google Scholar] [CrossRef]

	



Sherley, J.L.; Kelly, T.J. Regulation of Human Thymidine Kinase during the Cell Cycle. J. Biol. Chem. 1988, 263, 8350–8358. [Google Scholar] [CrossRef]

	



Bjoerklund, S.; Skog, S.; Tribukait, B.; Thelander, L. S-Phase-Specific Expression of Mammalian Ribonucleotide Reductase R1 and R2 Subunit MRNAs. Biochemistry 1990, 29, 5452–5458. [Google Scholar] [CrossRef]

	



Chabes, A.; Thelander, L. Controlled Protein Degradation Regulates Ribonucleotide Reductase Activity in Proliferating Mammalian Cells during the Normal Cell Cycle and in Response to DNA Damage and Replication Blocks*. J. Biol. Chem. 2000, 275, 17747–17753. [Google Scholar] [CrossRef] [PubMed]

	



Irwin, C.R.; Hitt, M.M.; Evans, D.H. Targeting Nucleotide Biosynthesis: A Strategy for Improving the Oncolytic Potential of DNA Viruses. Front. Oncol. 2017, 7, 229. [Google Scholar] [CrossRef] [PubMed]

	



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

	



Tanaka, H.; Arakawa, H.; Yamaguchi, T.; Shiraishi, K.; Fukuda, S.; Matsui, K.; Takei, Y.; Nakamura, Y. A Ribonucleotide Reductase Gene Involved in a P53-Dependent Cell-Cycle Checkpoint for DNA Damage. Nature 2000, 404, 42–49. [Google Scholar] [CrossRef]

	



Basler, C.F.; García-Sastre, A. Viruses And The Type I Interferon Antiviral System: Induction and Evasion. Int. Rev. Immunol. 2002, 21, 305–337. [Google Scholar] [CrossRef]

	



Deng, L.; Zeng, Q.; Wang, M.; Cheng, A.; Jia, R.; Chen, S.; Zhu, D.; Liu, M.; Yang, Q.; Wu, Y.; et al. Suppression of NF-ΚB Activity: A Viral Immune Evasion Mechanism. Viruses 2018, 10, 409. [Google Scholar] [CrossRef]

	



Storozynsky, Q.; Hitt, M.M. The Impact of Radiation-Induced DNA Damage on CGAS-STING-Mediated Immune Responses to Cancer. Int. J. Mol. Sci. 2020, 21, 8877. [Google Scholar] [CrossRef]

	



Chien, Y.; Scuoppo, C.; Wang, X.; Fang, X.; Balgley, B.; Bolden, J.E.; Premsrirut, P.; Luo, W.; Chicas, A.; Lee, C.S.; et al. Control of the Senescence-Associated Secretory Phenotype by NF-ΚB Promotes Senescence and Enhances Chemosensitivity. Genes Dev. 2011, 25, 2125–2136. [Google Scholar] [CrossRef]

	



Rovillain, E.; Mansfield, L.; Caetano, C.; Alvarez-Fernandez, M.; Caballero, O.L.; Medema, R.H.; Hummerich, H.; Jat, P.S. Activation of Nuclear Factor-Kappa B Signalling Promotes Cellular Senescence. Oncogene 2011, 30, 2356–2366. [Google Scholar] [CrossRef]

	



Platanias, L.C. Mechanisms of Type-I- and Type-II-Interferon-Mediated Signalling. Nat. Rev. Immunol. 2005, 5, 375–386. [Google Scholar] [CrossRef]

	



Schoggins, J.W.; Wilson, S.J.; Panis, M.; Murphy, M.Y.; Jones, C.T.; Bieniasz, P.; Rice, C.M. A Diverse Range of Gene Products Are Effectors of the Type I Interferon Antiviral Response. Nature 2011, 472, 481–485. [Google Scholar] [CrossRef] [PubMed]

	



Haller, O.; Stertz, S.; Kochs, G. The Mx GTPase Family of Interferon-Induced Antiviral Proteins. Microbes Infect. 2007, 9, 1636–1643. [Google Scholar] [CrossRef]

	



Perng, Y.-C.; Lenschow, D.J. ISG15 in Antiviral Immunity and Beyond. Nat. Rev. Microbiol. 2018, 16, 423–439. [Google Scholar] [CrossRef] [PubMed]

	



Sun, S.-C.; Ganchi, P.A.; Ballard, D.W.; Greene, W.C. NF-ΚB Controls Expression of Inhibitor IκBα: Evidence for an Inducible Autoregulatory Pathway. Science 1993, 259, 1912–1915. [Google Scholar] [CrossRef] [PubMed]

	



Liu, T.; Zhang, L.; Joo, D.; Sun, S.-C. NF-ΚB Signaling in Inflammation. Signal Transduct. Target. Ther. 2017, 2, 17023. [Google Scholar] [CrossRef] [PubMed]

	



Coppé, J.-P.; Patil, C.K.; Rodier, F.; Sun, Y.; Muñoz, D.P.; Goldstein, J.; Nelson, P.S.; Desprez, P.-Y.; Campisi, J. Senescence-Associated Secretory Phenotypes Reveal Cell-Nonautonomous Functions of Oncogenic RAS and the P53 Tumor Suppressor. PLoS Biol. 2008, 6, e301. [Google Scholar] [CrossRef] [PubMed]

	



Liao, E.-C.; Hsu, Y.-T.; Chuah, Q.-Y.; Lee, Y.-J.; Hu, J.-Y.; Huang, T.-C.; Yang, P.-M.; Chiu, S.-J. Radiation Induces Senescence and a Bystander Effect through Metabolic Alterations. Cell Death Dis. 2014, 5, e1255. [Google Scholar] [CrossRef]

	



Elbakrawy, E.; Kaur Bains, S.; Bright, S.; AL-Abedi, R.; Mayah, A.; Goodwin, E.; Kadhim, M. Radiation-Induced Senescence Bystander Effect: The Role of Exosomes. Biology 2020, 9, 191. [Google Scholar] [CrossRef]

	



Leu, J.-D.; Wang, C.-Y.; Lo, C.-C.; Lin, M.-Y.; Chang, C.-Y.; Hung, W.-C.; Lin, S.-T.; Wang, B.-S.; Lee, Y.-J. Involvement of C-Myc in Low Dose Radiation-Induced Senescence Enhanced Migration and Invasion of Unirradiated Cancer Cells. Aging 2021, 13, 22208–22231. [Google Scholar] [CrossRef]

	



Gorgoulis, V.; Adams, P.D.; Alimonti, A.; Bennett, D.C.; Bischof, O.; Bishop, C.; Campisi, J.; Collado, M.; Evangelou, K.; Ferbeyre, G.; et al. Cellular Senescence: Defining a Path Forward. Cell 2019, 179, 813–827. [Google Scholar] [CrossRef] [PubMed]

	



Storer, M.; Mas, A.; Robert-Moreno, A.; Pecoraro, M.; Ortells, M.C.; Di Giacomo, V.; Yosef, R.; Pilpel, N.; Krizhanovsky, V.; Sharpe, J.; et al. Senescence Is a Developmental Mechanism That Contributes to Embryonic Growth and Patterning. Cell 2013, 155, 1119–1130. [Google Scholar] [CrossRef]

	



Demaria, M.; Ohtani, N.; Youssef, S.A.; Rodier, F.; Toussaint, W.; Mitchell, J.R.; Laberge, R.-M.; Vijg, J.; Van Steeg, H.; Dollé, M.E.T.; et al. An Essential Role for Senescent Cells in Optimal Wound Healing through Secretion of PDGF-AA. Dev. Cell 2014, 31, 722–733. [Google Scholar] [CrossRef] [PubMed]

	



Antelo-Iglesias, L.; Picallos-Rabina, P.; Estévez-Souto, V.; Da Silva-Álvarez, S.; Collado, M. The Role of Cellular Senescence in Tissue Repair and Regeneration. Mech. Ageing Dev. 2021, 198, 111528. [Google Scholar] [CrossRef]

	



Freund, A.; Orjalo, A.V.; Desprez, P.-Y.; Campisi, J. Inflammatory Networks during Cellular Senescence: Causes and Consequences. Trends Mol. Med. 2010, 16, 238–246. [Google Scholar] [CrossRef]

	



Xue, W.; Zender, L.; Miething, C.; Dickins, R.A.; Hernando, E.; Krizhanovsky, V.; Cordon-Cardo, C.; Lowe, S.W. Senescence and Tumour Clearance Is Triggered by P53 Restoration in Murine Liver Carcinomas. Nature 2007, 445, 656–660. [Google Scholar] [CrossRef]

	



Kang, T.-W.; Yevsa, T.; Woller, N.; Hoenicke, L.; Wuestefeld, T.; Dauch, D.; Hohmeyer, A.; Gereke, M.; Rudalska, R.; Potapova, A.; et al. Senescence Surveillance of Pre-Malignant Hepatocytes Limits Liver Cancer Development. Nature 2011, 479, 547–551. [Google Scholar] [CrossRef] [PubMed]

	



Baker, D.J.; Perez-Terzic, C.; Jin, F.; Pitel, K.S.; Niederländer, N.J.; Jeganathan, K.; Yamada, S.; Reyes, S.; Rowe, L.; Hiddinga, H.J.; et al. Opposing Roles for P16Ink4a and P19Arf in Senescence and Ageing Caused by BubR1 Insufficiency. Nat. Cell Biol. 2008, 10, 825–836. [Google Scholar] [CrossRef] [PubMed]

	



Baker, D.J.; Wijshake, T.; Tchkonia, T.; LeBrasseur, N.K.; Childs, B.G.; van de Sluis, B.; Kirkland, J.L.; van Deursen, J.M. Clearance of P16Ink4a-Positive Senescent Cells Delays Ageing-Associated Disorders. Nature 2011, 479, 232–236. [Google Scholar] [CrossRef]

	



Mavrogonatou, E.; Pratsinis, H.; Kletsas, D. The Role of Senescence in Cancer Development. Semin. Cancer Biol. 2020, 62, 182–191. [Google Scholar] [CrossRef]

	



Braig, M.; Lee, S.; Loddenkemper, C.; Rudolph, C.; Peters, A.H.F.M.; Schlegelberger, B.; Stein, H.; Dörken, B.; Jenuwein, T.; Schmitt, C.A. Oncogene-Induced Senescence as an Initial Barrier in Lymphoma Development. Nature 2005, 436, 660–665. [Google Scholar] [CrossRef]

	



Chen, Z.; Trotman, L.C.; Shaffer, D.; Lin, H.-K.; Dotan, Z.A.; Niki, M.; Koutcher, J.A.; Scher, H.I.; Ludwig, T.; Gerald, W.; et al. Crucial Role of P53-Dependent Cellular Senescence in Suppression of Pten-Deficient Tumorigenesis. Nature 2005, 436, 725–730. [Google Scholar] [CrossRef]

	



Bartkova, J.; Rezaei, N.; Liontos, M.; Karakaidos, P.; Kletsas, D.; Issaeva, N.; Vassiliou, L.-V.F.; Kolettas, E.; Niforou, K.; Zoumpourlis, V.C.; et al. Oncogene-Induced Senescence Is Part of the Tumorigenesis Barrier Imposed by DNA Damage Checkpoints. Nature 2006, 444, 633–637. [Google Scholar] [CrossRef] [PubMed]

	



Demaria, M.; O’Leary, M.N.; Chang, J.; Shao, L.; Liu, S.; Alimirah, F.; Koenig, K.; Le, C.; Mitin, N.; Deal, A.M.; et al. Cellular Senescence Promotes Adverse Effects of Chemotherapy and Cancer Relapse. Cancer Discov. 2017, 7, 165–176. [Google Scholar] [CrossRef] [PubMed]

	



Kim, Y.H.; Choi, Y.W.; Lee, J.; Soh, E.Y.; Kim, J.-H.; Park, T.J. Senescent Tumor Cells Lead the Collective Invasion in Thyroid Cancer. Nat. Commun. 2017, 8, 15208. [Google Scholar] [CrossRef] [PubMed]

	



Alimirah, F.; Pulido, T.; Valdovinos, A.; Alptekin, S.; Chang, E.; Jones, E.; Diaz, D.A.; Flores, J.; Velarde, M.C.; Demaria, M.; et al. Cellular Senescence Promotes Skin Carcinogenesis through P38MAPK and P44/42MAPK Signaling. Cancer Res. 2020, 80, 3606–3619. [Google Scholar] [CrossRef]

	



Davalos, A.R.; Coppe, J.-P.; Campisi, J.; Desprez, P.-Y. Senescent Cells as a Source of Inflammatory Factors for Tumor Progression. Cancer Metastasis Rev. 2010, 29, 273–283. [Google Scholar] [CrossRef]

	



Milanovic, M.; Fan, D.N.Y.; Belenki, D.; Däbritz, J.H.M.; Zhao, Z.; Yu, Y.; Dörr, J.R.; Dimitrova, L.; Lenze, D.; Monteiro Barbosa, I.A.; et al. Senescence-Associated Reprogramming Promotes Cancer Stemness. Nature 2018, 553, 96–100. [Google Scholar] [CrossRef]

	



Yang, L.; Fang, J.; Chen, J. Tumor Cell Senescence Response Produces Aggressive Variants. Cell Death Discov. 2017, 3, 17049. [Google Scholar] [CrossRef]

	



Jeon, H.-Y.; Ham, S.W.; Kim, J.-K.; Jin, X.; Lee, S.Y.; Shin, Y.J.; Choi, C.-Y.; Sa, J.K.; Kim, S.H.; Chun, T.; et al. Ly6G+ Inflammatory Cells Enable the Conversion of Cancer Cells to Cancer Stem Cells in an Irradiated Glioblastoma Model. Cell Death Differ. 2019, 26, 2139–2156. [Google Scholar] [CrossRef]

	



Salam, R.; Saliou, A.; Bielle, F.; Bertrand, M.; Antoniewski, C.; Carpentier, C.; Alentorn, A.; Capelle, L.; Sanson, M.; Huillard, E.; et al. Cellular Senescence in Malignant Cells Promotes Tumor Progression in Mouse and Patient Glioblastoma. Nat. Commun. 2023, 14, 441. [Google Scholar] [CrossRef]

	



Reddel, R.R. Senescence: An Antiviral Defense That Is Tumor Suppressive? Carcinogenesis 2010, 31, 19–26. [Google Scholar] [CrossRef]

	



Weiland, T.; Lampe, J.; Essmann, F.; Venturelli, S.; Berger, A.; Bossow, S.; Berchtold, S.; Schulze-Osthoff, K.; Lauer, U.M.; Bitzer, M. Enhanced Killing of Therapy-Induced Senescent Tumor Cells by Oncolytic Measles Vaccine Viruses. Int. J. Cancer 2014, 134, 235–243. [Google Scholar] [CrossRef] [PubMed]

	



Buller, R.M.L.; Smith, G.L.; Cremer, K.; Notkins, A.L.; Moss, B. Decreased Virulence of Recombinant Vaccinia Virus Expression Vectors Is Associated with a Thymidine Kinase-Negative Phenotype. Nature 1985, 317, 813–815. [Google Scholar] [CrossRef] [PubMed]

	



Basisty, N.; Kale, A.; Jeon, O.H.; Kuehnemann, C.; Payne, T.; Rao, C.; Holtz, A.; Shah, S.; Sharma, V.; Ferrucci, L.; et al. A Proteomic Atlas of Senescence-Associated Secretomes for Aging Biomarker Development. PLoS Biol. 2020, 18, e3000599. [Google Scholar] [CrossRef] [PubMed]

	



Acosta, J.C.; O’Loghlen, A.; Banito, A.; Guijarro, M.V.; Augert, A.; Raguz, S.; Fumagalli, M.; Da Costa, M.; Brown, C.; Popov, N.; et al. Chemokine Signaling via the CXCR2 Receptor Reinforces Senescence. Cell 2008, 133, 1006–1018. [Google Scholar] [CrossRef]

	



Acosta, J.C.; Banito, A.; Wuestefeld, T.; Georgilis, A.; Janich, P.; Morton, J.P.; Athineos, D.; Kang, T.-W.; Lasitschka, F.; Andrulis, M.; et al. A Complex Secretory Program Orchestrated by the Inflammasome Controls Paracrine Senescence. Nat. Cell Biol. 2013, 15, 978–990. [Google Scholar] [CrossRef]

	



Shisler, J.L.; Jin, X.-L. The Vaccinia Virus K1L Gene Product Inhibits Host NF-ΚB Activation by Preventing IκBα Degradation. J. Virol. 2004, 78, 3553–3560. [Google Scholar] [CrossRef] [PubMed]

	



Ember, S.W.J.; Ren, H.; Ferguson, B.J.; Smith, G.L. Vaccinia Virus Protein C4 Inhibits NF-ΚB Activation and Promotes Virus Virulence. J. Gen. Virol. 2012, 93, 2098–2108. [Google Scholar] [CrossRef] [PubMed]

	



Neidel, S.; Ren, H.; Torres, A.A.; Smith, G.L. NF-ΚB Activation Is a Turn on for Vaccinia Virus Phosphoprotein A49 to Turn off NF-ΚB Activation. Proc. Natl. Acad. Sci. USA 2019, 116, 5699–5704. [Google Scholar] [CrossRef]

	



Sumner, R.P.; Maluquer de Motes, C.; Veyer, D.L.; Smith, G.L. Vaccinia Virus Inhibits NF-ΚB-Dependent Gene Expression Downstream of P65 Translocation. J. Virol. 2014, 88, 3092–3102. [Google Scholar] [CrossRef]








[image: Cancers 15 03341 g001 550] 





Figure 1. Verification of radiation-induced senescence in irradiated glioblastoma cells. Human U87 and ED501 glioblastoma cell lines were either non-irradiated (0 Gy) or treated with a radiation dose of 10 Gy then evaluated for the markers of cellular senescence. (A) Cellular growth curves showing the change in cell number over time following the indicated radiation treatments. Trypan blue assays were performed to quantify total live cells at the indicated time points. (B) Fold change in the expression of senescence-associated secretory phenotype (SASP) genes in 10 Gy treated cells relative to 0 Gy treated cells 7 days following radiation treatments, based on RT-qPCR analysis. The 18S rRNA levels were used for normalization. (C) Representative images of cells assessed for senescence-associated-β-galactosidase activity (left panels) and quantification of cells positive for senescence-associated-β-galactosidase activity (right panels) 7 days following the indicated radiation treatments. (D) Representative immunoblots showing p21 protein levels (left panels) and quantification of band signals (arbitrary units; A.U.) normalized to β-tubulin loading controls (right panels) 7 days following radiation treatments. Data information: data represent three independent experiments, mean ± SEM is shown. For (A), significance was determined by two-way ANOVA. For (B), asterisks indicate significance of unpaired t-test comparing ΔCt values (Figure S3). For (C), unpaired t-test was used to determine significance and scale bar = 100 µm. (* = p < 0.05; ** = p < 0.01; *** = p < 0.001; **** = p < 0.0001). For (D), the uncropped immunoblots are shown in Supplementary Material File S1. 
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Figure 2. Vaccinia virus replication is attenuated in irradiated senescence-enriched human glioblastoma cell lines. (A) Experimental outline: human U87 and ED501 glioblastoma cell lines were either non-irradiated (0 Gy) or treated with a radiation dose of 10 Gy. Then, 7 days later, cells were infected with the indicated vaccinia viruses. Lysates were harvested at the indicated times and titered by plaque assay to assess virus yield. (B) Amplification of oncolytic ∆F4L∆J2R and wild-type (WT) vaccinia viruses in 0 Gy (non-irradiated; solid red lines) and 10 Gy (dashed blue lines) treated human U87 and ED501 glioblastoma cell lines. Cells were infected with 0.03 PFU per cell (left panels) or 3.0 PFU per cell (right panels). Data information: data represent three independent lysates titered in duplicate, mean ± SEM is shown. Graphs show fold change relative to lysates taken at t = 0. Significance determined by two-way ANOVA analysis (** = p < 0.01; *** = p < 0.001; **** = p < 0.0001). 
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Figure 3. Vaccinia virus infectivity is reduced in irradiated senescence-enriched human glioblastoma cell lines. (A) Experimental outline: human U87 and ED501 glioblastoma cell lines were stained with a fluorescent cell proliferation marker (CellTrace™ Violet; CTV) then were either non-irradiated (0 Gy) or treated with a radiation dose of 10 Gy. Then 7 days later, cells were infected with 3.0 PFU per cell of oncolytic ΔF4L∆J2R or wild-type (WT) vaccinia viruses. At 24 h post-infection, cells were fixed then immunostained with an antibody against the late A27 VACV protein and imaged the next day using fluorescence microscopy. (B) Left panels: percent VACV+ cells 24 h post-infection of 0 Gy or 10 Gy treated cells (note: all cells were also treated with CTV). Right panels: proportion of VACV+ irradiated cells that were CTVhi vs. those that were CTVlo. (C) Percent of cells scored as high CTV fluorescence (CTVhi, indicating few or no cell divisions) 8 days following CTV staining and treatment with 0 Gy or 10 Gy (note: all cells were treated with virus as indicated). (D) Left panels: proportion of irradiated cells that were CTVhi vs. those that were CTVlo 8 days following CTV staining (note: all cells were treated with virus as indicated). Right panels: percentage of irradiated cells that were VACV+ in the CTVhi population and in the CTVlo population from the same cultures. Data information: data represent three independent experiments, mean ± SEM is shown for (B—left panels), (C), and (D—right panels). For (B—right panels, and D—left panels), the mean value from three independent experiments is shown. For (B—left panels), (C), and (D—right panels), significance determined using unpaired t-test (* = p < 0.05; ** = p < 0.01; **** = p < 0.0001). 
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Figure 4. Vaccinia virus is less cytotoxic to irradiated senescence-enriched human glioblastoma cell lines than to non-irradiated cell lines. (A) Experimental outline: human U87 and ED501 glioblastoma cell lines were either non-irradiated (0 Gy) or treated with a radiation dose of 10 Gy. Then 7 days later, cells were infected with the indicated vaccinia viruses. At 72 h post-infection, neutral red cell viability assays were performed to assess cytotoxicity. (B) Dose-response curves showing cell viability 72 h post-infection with the indicated vaccinia viruses in 0 Gy (non-irradiated; solid red lines) and 10 Gy (dashed blue lines) treated glioblastoma cell lines. Data information: data represent three independent experiments. Mean ± SEM is shown for data points. For (B), data are normalized to mock-infected control (0 PFU per cell = 100% cell viability) and curves fit to data points using nonlinear regression and analyzed by extra sum-of-square F test (* = p < 0.05; **** = p < 0.0001). 
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Figure 5. Protein levels of cellular nucleotide biosynthesis enzymes in irradiated senescence-enriched human glioblastoma cell lines and non-irradiated controls. Human U87 and ED501 glioblastoma cell lines were either non-irradiated (0 Gy) or treated with a radiation dose of 10 Gy. Then 7 days later, whole cellular lysates were isolated and analyzed by immunoblotting. Representative images of immunoblots (left panels) and quantified band signals (arbitrary units, A.U.; right panels) show expression of nucleotide biosynthesis enzymes: (A) thymidine kinase 1 (TK1); (B) ribonucleotide reductase regulatory subunit M2 (RRM2); (C) p53 inducible small subunit of ribonucleotide reductase (p53R2). β-actin or β-tubulin were used as loading controls. Data information: data represent three independent experiments. The quantified band signal was determined by normalizing the probed signal with a loading control signal. For (A-C; right panels), mean ± SEM is shown, and unpaired t-test was used to determine significance (* p < 0.05; ** p < 0.01). The uncropped immunoblots are shown in Supplementary Material File S1. 
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Figure 6. Radiation-induced senescence of human glioblastoma cells increases expression of NF-κB-associated genes, but not type I interferon related genes. Human U87 and ED501 glioblastoma cell lines were either non-irradiated (0 Gy) or treated with a radiation dose of 10 Gy. Then 7 days later, RNA was isolated and gene expression analyzed by RT-qPCR with 18S rRNA used for normalization. Shown is the increase in expression in 10 Gy treated relative to non-irradiated (0 Gy) glioblastoma cells of the following gene panels: (A) Type I interferon (IFN) related genes; (B) NF-κB-associated genes. Data information: data represent three independent experiments, mean ± SEM is shown. Asterisks indicate unpaired t-test comparing ΔCt values (* = p < 0.05; ** = p < 0.01; *** = p < 0.001; ΔCt values are shown in Figure S9). 
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Figure 7. Irradiated senescence-enriched human glioblastoma cell populations secrete factors that can attenuate vaccinia virus growth. (A) Experimental outline: human U87 and ED501 glioblastoma cell lines were either non-irradiated (0 Gy) or treated with a radiation dose of 10 Gy. Then 7 days later, culture medium was replaced, and conditioned for 48 h. Fresh radiation-naïve glioblastoma cell lines were cultured in this conditioned medium during subsequent virus growth assays. Lysates were harvested immediately after infection (0 h) and 72 h post-infection, then titered in duplicate by plaque assay to assess virus yield. (B) Graphs showing fold change in virus yield of oncolytic ∆F4L∆J2R or wild-type (WT) vaccinia viruses 72 h post-infection in fresh radiation-naïve glioblastoma cells cultured using conditioned medium from either non-irradiated (0 Gy) or 10 Gy treated glioblastoma cells (the cell type infected was matched to the cell type used to condition the media). Cells were infected with 0.03 PFU per cell. Data information: data represent three independent experiments, mean ± SEM is shown. Graphs show fold change relative to lysates taken at t = 0. Significance determined by unpaired t-test (* = p < 0.05). 
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