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Ad-VT (Ad-Apoptin-hTERTp-E1a) is a type of oncolytic adenovirus with dual specific tumor cell death ability. It can effectively induce cell death of breast cancer cells and has better effect when used in combination with chemotherapy drugs. However, it has not been reported whether Ad-VT reduces the resistance of breast cancer cells to chemotherapy drugs. The purpose of this study is to investigate the effect of Ad-VT on drug resistance of Adriamycin-resistant breast cancer cells. For this, the effects of different doses of Ad-VT on the resistance of breast cancer cells to Adriamycin were analyzed using qualitative and quantitative experiments in vitro and in vivo. The Ad-VT can reduce the resistance of MCF-7/ADR to adriamycin, which is caused by the reduction of MRP1 protein level in MCF-7/ADR cells after treatment with Ad-VT, and MRP1 can be interfered with by autophagy inhibitors. Subsequently, the upstream signal of autophagy was analyzed and it was found that Ad-VT reduced the resistance of cells to doxorubicin by reducing the level of mTOR, and then the analysis of the upstream and downstream proteins of mTOR found that Ad-VT increased the sensitivity of MCF-7/ADR cells to adriamycin by activating AMPK-mTOR-eIF4F signaling axis. Ad-VT can not only significantly induce cell death in MCF-7/ADR cells, but also improved their sensitivity to Adriamycin. Therefore, the combination of Ad-VT and chemotherapy drugs may become a new strategy for the treatment of breast cancer in overcoming Adriamycin resistance.
Keywords: adriamycin resistance, oncolytic adenovirus, breast cancer, toxicity, autophagy
INTRODUCTION
Cancer is one of the main causes of human death. In 2020, there will be 19.3 million cancer patients diagnosed worldwide, and 10 million people will die from cancer (Sung et al., 2021). The number of new cases of breast cancer (BC) is 2.26 million, surpassing lung cancer highest incidence rate. The mortality rate of breast cancer also ranks first among women. At present, the main treatment for breast cancer is a combination of surgery, radiotherapy, and chemotherapy. However, these mainstream therapies have serious side effects, are ineffective for metastatic patients, and have a post-therapeutic risk of recurrence. One of the most important reasons of recurrence is the development of resistance to chemotherapy drugs. Therefore, identifying the molecular mechanisms of drug resistance will have a great research significance and clinical value for the treatment of recurrent breast cancer.
At present, several studies showed that the overexpression of some ABC transporters is one of the important causes of tumor multidrug resistance (MDR) that represents the main obstacle for successful chemotherapies (Pluchino et al., 2012; Finlay et al., 2015). MDR does not only refer to drug resistance associated with one chemotherapeutic drug, but also implies drug resistance to other chemotherapeutic drugs with different functions, physical and chemical properties, and action targets. The multi-drug resistance that is mediated by the ABC family of transporters is the most important and crucial pathway that is used by tumor cells to resist chemotherapy. The representative MDR members of the ABC family include multidrug resistance gene 1 (MDR1), multidrug resistance associated protein (MRP1), and breast cancer resistance protein (BCRP) that is also known as ABCG2 (ABC transporter subfamily G) (Srinivasan et al., 2009). The common feature of these proteins is their capacity to provide energy through ATP hydrolysis, which helps tumor cells pump out a variety of anticancer drugs by reverse concentration gradient, leading to the decrease in the concentration of intracellular chemotherapeutic and the development of tumor cells’ drug resistance (Gottesman et al., 2002). Many studies have shown the presence of high expression levels of MDR 1, MPR 1, and BCRP in breast and lung cancers and leukemia, that were associated with poor chemotherapeutic responses (Coley, 2008; Corich et al., 2009; Li et al., 2010a). A clinical follow-up study showed that high expression levels of MDR1, MPR1, and BCRP were closely related to the prognosis of cancer patients (Li et al., 2009).
With the advances in molecular and cellular biology, and virology, gene therapy has become a new approach in cancer treatment. Oncolytic virus therapy shows great advantages and is expected to be a reliable method for breast cancer treatment. In a previous study, our team constructed a bispecific oncolytic adenovirus Ad-VT (Ad-Apoptin-hTERTp-E1a), which could specifically replicate and express the Apoptin gene in tumor cells (Li et al., 2010b). Apoptin is a type of apoptosis-inducing protein that is derived from chicken anemia virus (CAV). The oncolytic adenovirus Ad-VT has no cytotoxicity in normal cells, with the advantage of specifically inducing tumor cell apoptosis (Liu et al., 2012; Zhang et al., 2013; Qi et al., 2014; Yang et al., 2015).
The length and activity of human telomerase reverse transcriptase (hTERT) are related to cell senescence and immortalization. Most normal human cells lack telomerase activity due to the rate limitation of telomerase reverse transcriptase (hTERT) gene and the tight transcriptional inhibition of catalytic components. However, the expression of hTERT and the activation of telomerase are observed in up to 90% of human malignant tumors, resulting in unlimited proliferation (Shay and Bacchetti, 1997). Therefore, Ad-VT can only replicate and specifically kill a variety of tumor cells. Ad-VT showed excellent killing effects in a variety of tumor cells, including breast cancer cells (Chen et al., 2019; Wang et al., 2020). Meanwhile, when used in combination with different chemotherapy drugs, the anti-tumoral effect is improved. Therefore, we speculate that the combination of Ad-VT and chemotherapy drugs can result in synergistic effects, indicating that the oncolytic virus can reduce tumor cells’ drug resistance.
In this study, we analyzed the changes in different drug-resistant proteins in Adriamycin (ADR)-resistant MCF-7/ADR cells that were infected by Ad-VT to explore the effect of Ad-VT on Adriamycin-mediated resistance in breast cancer cells and the cellular pathways involved. The results of the study provide a new theoretical basis for the treatment of breast cancer using a treatment combination of oncolytic adenovirus and chemotherapy.
MATERIALS AND METHODS
Reagent
All antibodies were purchased from CST and all inhibitors were acquired from MCE.
Viruses, Cells, and Transfection
The BC cell line MCF-7 cell was purchased from the Chinese Academy of Sciences (cat. SCSP-669) and MCF-7/ADR cell was purchased from Beijing Beina Chuanglian Institute of Biotechnology (cat. BNCC340584). MCF-7 cells were cultured in DMEM medium, and MCF-7/ADR cells in RPMI 1640 medium with 500 ng/ml Adriamycin. The media were supplemented with 10% fetal bovine serum (FBS), 50 U/mL penicillin, and 50 U/mL streptomycin and cultured in an incubator at 37°C containing 5% carbon dioxide. The cell culture reagents were purchased from HyClone, GE Healthcare, and life sciences. The recombinant adenoviruses Ad-Apoptin-hTRETp-E1a (Ad-VT) and Ad-Mock were constructed and preserved in our laboratory (Li et al., 2010).
We purchased the control, AKT, eIF4E, and AMPK siRNAs from RIBOBIO (China). According to the efficacy of their knockdown effect, si-AKT, si-eIF4E, and si-AMPK were used in this study. The sequence of si-eIF4E, si-AKT and si-AMPK were 5′-AAG​CAA​ACC​TGC​GGC​TGA​TCT-3′, 5′-TTC​ATC​ATC​GAA​GTA​CCT-3′ and 5′-GAG​GAG​AGC​TAT​TTG​ATT​A-3′. The cells were transfected with 30 nM siRNA using Lipofectamine 3000 (Invitrogen) according to the manufacturer’s instructions.
The human MRP1, mTOR, and eIF4E cDNA were purchased form (You Biosciences, Hunan, China) and cloned into the pCDNA 3.1 plasmid. The mTOR, eIF4E plasmids and the corresponding empty vector were transfected into MCF-7/ADR cells using Lipofectamine 3000 reagent (Invitrogen) following the manufacturer’s protocol.
Experimental Animals
Female BALB/c nude mice (4–5 weeks old) were purchased from Beijing vital River Laboratory Animal Technology Co., Ltd., and the animal experiment protocols were approved by the Institutional Animal Care and Use Committee (IACUC) of the Changchun University of Chinese Medicine. All surgeries were performed under anesthesia using sodium pentobarbital, and all efforts were made to minimize animal suffering. After the experiment, the remaining mice were euthanized. The applied method of euthanasia was an intraperitoneal injection of three times the anesthetic dose of sodium pentobarbital (150 mg/kg) and for 2–3 min. The euthanasia method was performed following the AVMA Guidelines for the Euthanasia of Animals.
Colony Formation Assay
The cells were seeded in a 12-well plate and cultured for 24 h. Ad-VT and different reagents were added according to the different groups. After 48 h, the cell supernatants were discarded, and the cells washed 3 times with PBS. A total of 600 μL 0.4% crystal violet staining solution was added to each well. After 10 min incubation at room temperature, the staining solution was discarded, and the cells washed 3 times with PBS and placed in a dry environment prior taking photos for analysis the formation of cell colonies. (Jabir et al., 2020).
Annexin V-FITC/PI Flow Detection Assay
The cells were seeded in a 12-well plate and cultured for 24 h. Ad-VT and different reagents were added according to the different groups. After 48 h, the cells were collected and resuspended in 500 ul staining solution (containing 5 μL FITC and 5 μL PI). The samples were stained in the dark for 20 min, at room temperature then transferred to the flow tube and properly labeled before flow cytometry (Ibrahim et al., 2021).
CCK-8 Assay
The cells were seeded into 96-well plates and cultured for 24 h. Ad-VT and different reagents were added according to the different groups. After 48 h, each medium in the wells was replaced by a 100 μL culture solution containing the CCK-8 staining solution that was prepared at a ratio of 1:9 in a dark environment. The plate was then incubated at 37°C in a 5% CO2 incubator for 2 h. After incubation, a microplate reader was used to detect the OD value in each well at a wavelength of 450 nm (Hao et al., 2021). The detection of the inhibition rate of breast cancer cells was performed according to the following calculation formula:
[image: image]
Western Blot
The whole cell protein extract was prepared using RIPA cell lysate containing protease inhibitors. The same amount of protein samples was separated on a 10% SDS polyacrylamide gel and transferred to a PVDF membrane. The membranes were blocked with 5% skim milk for 1–2 h, then incubated overnight at 4°C with primary antibodies followed by incubations with 2 h incubations with secondary antibodies at room temperature. Finally, enzyme-linked chemiluminescence (ECL) was used for the detection. The results were quantitatively analyzed with chemiluminescence and fluorescence imaging systems. The detailed steps were performed as previously described (Chen et al., 2019).
Immunofluorescence
The cells were seeded in a 12-well plate (with sterile cell slides) and cultures for 24 h. Ad-VT and different reagents were added according to the different groups. After 48 h, the wells were fixed with 4% paraformaldehyde for 15 min, permeabilized with 0.5% Triton X-100, blocked with 1% bovine serum albumin (BSA) for 2 h, incubated with the primary antibody overnight at 4°C, and wash 3 times with PBS. Secondary antibodies labeled with FITC or CY3 were incubated for 2 h, and the cell slides analyzed by Zeiss confocal microscope (Jabir et al., 2021).
Animal Assay
The MCF-7/ADR cells (3×106) were inoculated into the chest subcutaneously of 5-week-old BALB/c nude mice to establish a tumor model (n = 6). The tumors’ size was measured, and survival checked every week. After 28 days of treatment, the animals were euthanized, and each tumor was fixed with formalin and subjected to immunohistochemical staining. The growth curve was drawn, and the tumor volume calculated as follows:
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The inhibition rate was calculated using the formula:
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Immunochemistry
The tissue sections were deparaffinized, rehydrated, and incubated in 3% H2O2 methanol for 15 min to eliminate endogenous peroxidase activity. The slides were put in 0.01M sodium citrate buffer (pH 6.0) and incubated at 95°C for 20 min to perform antigen retrieval. Following this step, the slides were incubated with the primary antibody overnight at 4°C. After the incubation, another incubation was performed with the secondary antibody for 1 h at room temperature, followed by DAB staining, and the sections were counterstained with hematoxylin. The mean density analysis method was used for the evaluation of the immunostaining: The Image-Pro Plus 6.0 software was used to select the same yellow brown as a unified standard for judging positivity of the immunostaining in all photos, and analyze each photo to obtain the cumulative light of each photo, the density value (IOD) and the pixel area of the tissue (AREA). This step was followed by the calculation of the average optical density value IOD/AREA (Mean Density).
Statistical Analysis
The data were presented as mean ± standard error of the mean (SEM). GraphPad Prism 6.0 software was used to perform the statistical analyses of unpaired two-tailed Student’s t-tests or analysis of variance (ANOVA). p < 0.05 was considered statistically significant. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
RESULTS
Gemcitabine and Taxol Sensitivity
MCF-7 and MCF-7/ADR cell lines were treated with different concentrations of adriamycin, respectively. The results showed that the IC50 of MCF-7 and MCF-7/ADR cells to adriamycin was 347 ± 68.5 and 5644 ± 341.8 nM (Table 1). The resistance index of MCF-7/ADR cells to adriamycin was 16. It is suggested that MCF-7/ADR is not sensitive to adriamycin.
TABLE 1 | The resistance index (RI) of adriamycin in MCF-7/ADR cells (mean ± SD, n = 3).
[image: Table 1]Ad-VT Induces Cell Death in MCF-7 Cells and MCF-7/ADR Cells
Ad-VT can specifically replicate and express apoptin protein in tumor cells. It can induce specific apoptosis of tumor cells. In this experiment, colony formation assay, and the CCK-8 assay showed that Ad-VT significantly indues cell death in MCF-7 and MCF-7/ADR cells, and this effect was higher in MCF-7/ADR cells compared to that in MCF-7 cells (Figures 1A–D). Ad-VT had also a stronger effect with a MOI of 40, reaching approximatively 40% in MCF-7/ADR cells and 30% in MCF-7 cells. These results demonstrate that Ad-VT induces a significant cell death in MCF-7 cells, which is not associated with MCF-7 cells’ resistance to Adriamycin.
[image: Figure 1]FIGURE 1 | Synergistic effect of Ad-VT and ADR. The colony formation and CCK-8 assay analyzes the cell viability of MCF-7 (A,B) and MCF-7/ADR (C,D) cells after infection with Ad-VT. The colony formation and CCK-8 assay analyzes the cell viability of MCF-7 (E,F) and MCF-7/ADR (G,H) cells after adding with adriamycin (ADR). (I–K) CCK-8 and western blot assay analyzes the effect of Ad-VT on ADR resistance in MCF-7/ADR cells. Data were representative of three independent experiments (n = 3). The unpaired Student’s test-test was used. #p < 0.05, ##p < 0.01, ###p < 0.001. (*p <0.05, **p <0.01, ***p <0.001) when compared with 10 MOI Ad-VT. (△p < 0.05, △△p < 0.01, △△△p < 0.001) when compared with MCF-7/ADR.
Ad-VT Reduces the Resistance of MCF-7/ADR Cells to Adriamycin
Our results indicated that MCF-7/ADR cells do not respond to Adriamycin when used at concentrations of 500–2000 nM and in combination with Ad-VT (Figures 1E–H). To further investigate a potential relationship between Ad-VT and Adriamycin resistance, the ad-VT treatment dose was increased, and we found that after increasing the dose to 60 MOI, the treatment concentration of 500 nM Adriamycin could induce cell death in MCF-7/ADR cells (Figure 1I). Therefore, it is suggested that 60 MOI Ad-VT can reduce the resistance of MCF-7/ADR cells to Adriamycin.
We also analyzed the expression of multidrug resistance-related proteins in MCF-7 and MCF-7/ADR cells and found that MRP1 and P-gp were not expressed in MCF-7 but were highly expressed in MCF-7/ADR cells. After adding Ad-VT, we found that Ad-VT significantly reduces the expression of MRP1 in MCF-7/ADR cells. A decrease in the level of P-gp protein was also observed; however, the difference was not significant (Figures 1J,K). Similar results were obtained at the transcriptional level, where the addition of Ad-VT significantly reduced the MRP1 gene expression level. These results indicate that Ad-VT can reduce the drug resistance of MCF7/ADR cells to Adriamycin, which may be caused by the reduction of MRP 1 protein.
Ad-VT Induced Apoptosis and Autophagy in MCF-7/ADR and MCF7 Cells
In our previous studies, we found that Ad-VT induces apoptosis of tumor cells and also causes autophagy (Chen et al., 2019). In this study, we performed an Annexin V experiment and show that treatment with 60 MOI Ad-VT induces more apoptosis in MCF-7/ADR cells compared to that in MCF-7 cells (Figures 2A,B). After detection of the protein expression levels of PARP and caspase-3, we found that the cleavage levels of the two proteins in MCF-7/ADR cells were higher than that in MCF-7 cells after treatment with Ad-VT (Figure 2C).
[image: Figure 2]FIGURE 2 | Detection of the levels of Ad-VT-induced autophagy and apoptosis in MCF-7/ADR cells. (A,B) The apoptotic levels of MCF-7 and MCF-7/ADR cells were detected by flow cytometry after Annexin V-FITC/PI staining. (C) Western blot analyzes of the protein expression levels of autophagy and apoptosis-related proteins. (D) Analyze of changes in autophagic flux using a LC3-GFP plasmid. (E,F) Analyze of MRP expression level using inhibitors of apoptosis and autophagy. (G) Analysis of autophagy effects on the resistance of Ad-VT-treated MCF-7/ADR cells to ADR by immunofluorescence staining. (H) Using autophagy inhibitors to analyze whether autophagy affects the resistance of Ad-VT-treated MCF-7/ADR cells to ADR. (I) Analysis of the change in the resistance of Ad-VT-treated MCF-7/ADR cells to ADR after MRP1 overexpression in MCF-7/ADR cells. The scale bar equals 20 µm. Data were representative of three independent experiments (n = 3). The unpaired Student’s test-test was used. #p < 0.05, ##p < 0.01. (*p <0.05, **p <0.01, ***p <0.001) when compared with MCF-7/ADR.
Then we analyzed the expression levels of autophagy-related proteins and found that the expression of LC3-II in MCF-7/ADR cells that were infected with 60 MOI Ad-VT was significantly higher than that in MCF-7 cells (Figure 2C). We also carried out an GFP-LC3 transfection test and found that the number of MCF-7/ADR cells with an LC3 green fluorescence was significantly higher than that in MCF-7 cells (Figure 2D). These results suggest that Ad-VT can induce strong apoptosis and autophagy in MCF-7/ADR cells, which may be related to an Ad-VT-mediated reduction of drug resistance in MCF-7/ADR cells.
Ad-VT Causes Changes in the Resistance of MCF-7/ADR Cells to Adriamycin Through Changes in Autophagy
As Ad-VT induces autophagy and apoptosis, we analyzed whether these two types of programmed cell death are related to drug resistance. Therefore, we analyzed the expression of drug resistant proteins in MCF-7/ADR cells that were treated with 60 MOI Ad-VT in the presence of different inhibitors of autophagy and apoptosis. The results showed that the inhibition of autophagy in these cells increases MRP1 level of expression and that the inhibitory effect of 3-MA was higher than that of CQ. However, the inhibition of apoptosis had no effect on MRP1 level of expression (Figures 2E–G). Next, a CCK-8 test was performed on MCF-7/ADR cells that were treated with 60 MOI Ad-VT, transfected with MRP1 expression plasmid, and treated with autophagy inhibitors. The results showed that the killing effect of Ad-VT-induced adriamycin on MCF-7/ADR cells was inhibited after inhibiting autophagy and MRP1 overexpression, and the effect of 3-MA was higher than that of CQ (Figures 2H,I). These results indicate that Ad-VT influences the resistance of MCF-7/ADR cells to Adriamycin by inducing autophagy.
Ad-VT Causes Changes in the Resistance of MCF-7/ADR Cells to Adriamycin Through Changes of mTOR
mTOR activation is frequently reported in many human cancers, including lung, pancreatic, gastric, and breast cancers. In addition, mTOR seems to play an important role in cancer occurrence, development, and chemotherapy. Therefore, we studied whether the activation of mTOR was related to the change in Ad-VT induction of MCF-7/ADR cells’ resistance to Adriamycin. The results of western blot showed that mTOR is activated in MCF-7/ADR cells, but not in MCF-7 cells, and that the activity of mTOR in MCF-7/ADR cells is also inhibited after adding 60 MOI Ad-VT (Figure 3A). It is suggested that Ad-VT may induce a change in the resistance of MCF-7/ADR cells to Adriamycin through inhibiting the activation of mTOR. We also analyzed mTOR protein expression after adding an autophagy inhibitor and found that the inhibition of autophagy significantly increases the activation of mTOR, and that treatment of these cells with 60 MOI Ad-VT treatment reverses the effects caused by the autophagy inhibitors (Figure 3B). Then we overexpressed mTOR in these cells and found mTOR increased the expression of MRP1 and also decreased the level of the autophagy (Figures 3C–E). The results of CCK-8 also showed that killing effect of Adriamycin on MCF-7/ADR cells is inhibited after mTOR overexpression (Figure 3F). The combination of the above results with the results of autophagy inhibition shows that Ad-VT causes a change in MCF-7/ADR cells’ resistance to Adriamycin through mTOR.
[image: Figure 3]FIGURE 3 | Detection of mTOR role in ADR resistance. (A) Western blot analyzes of the changes of mTOR protein level in MCF-7 and MCF-7/ADR cells after infection with Ad-VT. (B) Western blot analysis of the changes in mTOR protein level in MCF-7/ADR cells after inhibiting autophagy. (C) Analysis of the changes in autophagic flux with LC3-GFP plasmid after mTOR overexpression. (D,E) Western blot and immunofluorescence staining analyses of the changes in MRP1 protein level after mTOR overexpression. (F) Analysis of the change in the resistance of Ad-VT-treated MCF-7/ADR cells to ADR after mTOR overexpression in MCF-7/ADR cells. The scale bar equals 20 µm. Data were representative of three independent experiments (n = 3). The unpaired Student’s test-test was used. #p < 0.05. (*p <0.05, **p <0.01) when compared with MCF-7/ADR. (△p < 0.05) when compared with MCF-7/ADR + Ad-VT.
Ad-VT Changes the Resistance of MCF-7/ADR Cells to Adriamycin via AMPK Pathway
After analyzing the role of mTOR in drug resistance, we analyzed the upstream protein of mTOR. Through the detection of protein level, it was found that Ad-VT activated AMPK and inhibited AKT, ERK1/2 and p53 in MCF-7/ADR cells. Studies showed that the activation of AMPK and the inhibition of AKT and ERK 1/2 could inhibit the activation of mTOR (Figure 4A). So we silenced and overexpressed these three proteins. The results showed that the expression of MRP1 after silencing AMPK with the addition of 60 MOI Ad-VT was higher than that after overexpression of AKT and ERK1/2, which may indicate that AMPK is the key protein that causes Ad-VT to reduce adriamycin resistance (Figures 4B,C,E). This result was also confirmed in the subsequent analysis of transcription level. We also conducted the CCK-8 test, and found that the killing effect of Ad-VT-induced adriamycin on MCF-7/ADR cells was significantly inhibited after AMPK was silenced, but there was no significant change after overexpression of AKT and ERK1/2 (Figure 4D). Subsequently, we also analyzed the reticulum-related proteins Bcl-2 and Bcl-XL downstream of ERK1/2. It was found that overexpression of ERK1/2 did not significantly affect the downstream BCL-XL and BCL-2 expression levels (Figure 4C). The above results suggest that the change of Ad-VT mainly leads to in mTOR expression through a change in AMPK expression, which leads to a change in MCF-7/ADR cells’ Adriamycin resistance.
[image: Figure 4]FIGURE 4 | Detection of the role of proteins acting upstream of mTOR in ADR resistance. (A) Western blot analysis of the changes in expression levels of proteins acting upstream of mTOR in MCF-7 and MCF-7/ADR cells after adding Ad-VT. (B,C) Western blot and qPCR analyses of the changes in MRP1 protein levels after AKT/ERK1/2 overexpression and AMPK silencing. (D) Analyze of the change in the resistance of Ad-VT-treated MCF-7/ADR cells to ADR after AKT/ERK1/2 overexpression and AMPK silencing in MCF-7/ADR cells. (E) Immunofluorescence staining analysis of the changes in MRP1 protein level after AKT/ERK1/2 overexpression and AMPK silencing. The scale bar equals 20 µm. Data were representative of three independent experiments (n = 3). The unpaired Student’s test-test was used. #p < 0.05. (*p <0.05, **p <0.01, ***p <0.001) when compared with MCF-7/ADR. (△p < 0.05, △△p < 0.01) when compared with MCF-7/ADR + Ad-VT.
Ad-VT Causes Changes in MCF-7/ADR Cells’ Resistance to Adriamycin Through the AMPK-mTOR-eIF4F Signaling Axis
Following the analysis of the upstream signaling pathway of mTOR, we also investigated downstream mTOR proteins. Among the reported proteins involved in mTOR-induced drug resistance, S6K and eIF4E play the most important roles (Tee and Blenis, 2005). The results showed that in MCF-7 and MCF-7/ADR cells, S6K was not activated, but it was activated after adding 60 MOI Ad-VT (Figure 5A). However, previous reports showed that the activation of S6K leads to an increase in drug resistance; thus, we silenced the S6K in MCF-7/ADR cells found that its silencing reduces MRP1 expression level and Adriamycin resistance in MCF-7/ADR cells. However, we also found that treatment of the cells with 60 MOI Ad-VT activates S6K. These results were contradictory and suggest that Ad-VT does not cause a change in Adriamycin resistance in MCF-7/ADR cells through in S6K expression (Figures 5B,F). Then, we overexpressed eIF4E in MCF-7/ADR cells that were also treated with 60 MOI Ad-VT and found that MRP1 level increased significantly in these cells, indicating that eIF4E is a key protein involved in Ad-VT-mediated reduction in Adriamycin resistance (Figures 5B,F). This result was also confirmed in the subsequent transcriptional analysis. The CCK-8 test showed that the apoptotic effect of Ad-VT on eIF4E expressing cells was decreased, and that the apoptotic effect of Adriamycin on MCF-7/ADR cells was suppressed. We also analyzed eIF4E protein expression following AMPK silencing and found that its level was significantly decreased; however, after treatment of cells with 60 MOI Ad-VT, its level significantly increased (Figures 5C,D). It was reported that mTOR regulates the eIF4E signal axis downstream of 4EBP1, leading to a change in eIF4E expression (Sarbassov et al., 2005; Hsieh et al., 2012). Therefore, we also analyzed 4EBP1 protein expression and found that its expression level was opposite to that of eIF4E protein expression. After silencing 4EBP1 in MCF-7/ADR cells, the expression of eIF4E and MRP1 increased, and the resistance of MCF-7/ADR cells to Adriamycin after Ad-VT infection increased (Figures 5E,F). The above results suggest that Ad-VT can change the resistance of MCF-7/ADR cells to Adriamycin through the AMPK-mTOR-eIF4F signal axis.
[image: Figure 5]FIGURE 5 | Detection of the role of proteins acting downstream of mTOR in ADR resistance. (A) Western blot assay analysis of the changes in the expression of proteins acting downstream of mTOR in MCF-7 and MCF-7/ADR cells after infection with Ad-VT. (B,D) Western blot and qPCR analyses of the changes in MRP1 protein level after eIF4E overexpression and S6K/4EBP1 silencing. (C) Western blot analysis of the changes of proteins acting downstream of mTOR in MCF-7/ADR cells after AMPK silencing. (E) Analysis of the change in the resistance of Ad-VT-treated MCF-7/ADR cells to ADR after eIF4E overexpression and S6K/4EBP1 silencing in MCF-7/ADR cells. (F) Immunofluorescence staining analysis of the changes in MRP1 protein level after eIF4E overexpression and S6K/4EBP1 silencing. The scale bar equals 20 µm. Data were representative of three independent experiments (n = 3). The unpaired Student’s t-test was used. #p < 0.05. (*p <0.05, **p <0.01, ***p <0.001) when compared with MCF-7/ADR. (△p < 0.05, △△p < 0.01) when compared with MCF-7/ADR + Ad-VT.
Ad-VT Induces the Changes of Adriamycin Resistance in MCF-7/ADR Cells In-vivo
We constructed a subcutaneous tumor-bearing model of MCF-7/ADR cells in nude mice. The results showed no obvious change in the tumor volume in ADR group compared with that in the control group, but the tumors’ volume significantly decreased after adding Ad-VT, and there was a significant difference compared with that in the Ad-VT group. After adding an autophagy inhibitor, the tumors’ volume reduction in the ADR + Ad-VT group was significantly reduced (Figures 6A–C). On the contrary, after the addition of the autophagy promoter, rapamycin (RAPA), the reduction of the tumors’ volume in the ADR + Ad-VT group was the most significant (Figures 6A–C). We also found that the addition of an autophagy inhibitor increases the toxicity of Adriamycin, resulting in the death of mice, but no death was found after the addition of autophagy enhancers (Figures 6D,E). The immunohistochemistry results showed that adding Ad-VT can inhibit the expression of MRP1, eIF4E and p-mTOR, and increase the expression of p-AMPK (Figure 6F). Opposite results were obtained by adding an autophagy inhibitor. These results are consistent with the results obtained in vitro. These results indicate that Ad-VT can also cause changes in the resistance of MCF-7/ADR cells to adriamycin in vivo, and that the regulation of autophagy can significantly affect the effect of Ad-VT.
[image: Figure 6]FIGURE 6 | Detection of the effect of Ad-VT on Adriamycin resistance in vivo. (A,B,C) Length and width of xenograft tumors that were weekly measured for 5 weeks using Vernier calipers. The average tumor inhibition was calculated using the formula: (1—treatment group tumor volume/control tumor volume) × 100%. (D,E) The survival rate of tumor-bearing mice was daily recorded for 5 weeks. (F) Expression of LC3, p-AMPK, p-mTOR, eIF4E, MRP1, and Ki67 in the xenograft tumors tissues were detected by IHC. The scale bar equals 50 µm. Data were representative of three independent experiments (n = 3).
DISCUSSION
The ATP binding cassette family of transporters (ATP-binding cassette transporter, ABC) is a large group of ATP driven pumps, which consists of two transmembrane domains and two cytoplasmic ATP binding domains. According to the homology of amino acid sequence and domain sequence of the conserved region, it was found that there are 49 members of human ABC superfamily belonging to 7 subfamilies of ABCA-ABCG (Higgins, 1992; Sarbassov et al., 2005). Under physiological conditions, ABC transporters are widely distributed in various tissues and organs of the human body, where they transport ions, amino acids, nucleic acid, polysaccharides, polydermis, proteins, drugs, and other substances, and participate in the absorption, distribution, and excretion of these substances in the human body. Therefore, they play an important role in stabilizing the internal environment. Recent studies have found that some ABC transporters are abnormally expressed in human malignant tumors, which correlate with the occurrence and development of tumors, the emergence of chemotherapy multidrug resistance, and poor prognosis in cancer patients (Szakacs et al., 2006).
To investigate whether Ad-VT induces drug resistance to Adriamycin in the breast cancer cell line, MCF-7/ADR cells, we performed an apoptotic test following treatment of the cells with a combination of Ad-VT and Adriamycin at different concentrations. The results showed that increasing the dose of Ad-VT to 60 MOI can induce Adriamycin-mediated apoptosis (500 nM) of MCF-7/ADR cells, through reducing their drug resistance to Adriamycin.
In breast cancer cells, there are many types of drug-resistant proteins such as BCRP, P-gp, and MRP1. MDR1 is one of the earliest and most widely researched multidrug resistance gene. It was first identified in Chinese hamster ovary cells and is a member of the ABC transporter superfamily, also known as ABCB1. The membrane glycoprotein that is encoded by ABCB1 is named P-glycoprotein (P-gp). Its structure is mainly composed of two transmembrane regions and two nucleotide binding regions (Locher, 2009; Iakusheva et al., 2014). It has been found that P-gp can utilize the energy obtained from ATP hydrolysis to discharge toxic metabolites or exogenous substances out of the cells appositively to concentration gradient; thus, protecting the body cells from toxic substances (Iakusheva et al., 2014). MRP1 is a drug-resistant protein that was identified in the Adriamycin-resistant small cell lung cancer cell line, H69/AR, in 1992. It also belongs to the superfamily of ABC transporters and is called ABCC1. MRP1 is mainly located on the plasma membrane of cytoplasmic organelles, such as endoplasmic reticulum, Golgi apparatus and vesicles that are involved in cytoplasmic transport. It is also expressed on the cell membrane of normal cells and on the cell membranes and in the cytoplasm of tumor cells. Under physiological conditions, MRP 1 is expressed at a low level in most human tissues, and is involved in oxidative stress, detoxification and defense against exogenous poisons (Cole et al., 1992; Cole, 2014). According to previous reports, the MRP1-mediated drug resistance in tumor cells is mainly due to the isolation of chemotherapy drugs in cytoplasm vesicles, which makes chemotherapy drugs unable to reach nuclear targets, resulting in drug resistance. Apart from its inability to transport paclitaxel, the drug resistance spectrum of MRP1 is similar to that of MDR1 (Cole, 2014). BCRP (ABCG 2) is also a member of the ABC transporter superfamily and the first Adriamycin-resistant protein that was identified in the breast cancer resistant cell line, MCF-7/AdrVP, and therefore, was named as breast cancer resistant protein (Oostendorp et al., 2009; Drozdzik et al., 2014). Like MDR 1 and MRP 1, it can transport substances out of cells using the energy obtained from ATP hydrolysis, but the monomer ABCG 2 has no transport function, and requires the formation of a homodimer or homopolymer to complete substrates’ transport.
We detected these 3 types of drug-resistant proteins and found that the addition of Ad-VT significantly reduces the expression of MRP1, but there was no decrease in the expression of BCRP and P-gp. At the transcription level, we also found that the addition of Ad-VT only reduces the copy number of MRP1 but had no effect on BCRP and P-gp. This suggests that the Ad-VT-mediated decrease in drug resistance to Adriamycin was caused by the decrease in MRP1 protein expression.
It was reported that autophagy is closely related to drug resistance and that it regulates the survival and death of cancer cells (Hanahan and Weinberg, 2011). Traditionally, the relationship between autophagy and drug resistance has been divided into two distinct mechanisms and their related effects: One is associated with its protective mechanism against tumor drug resistance, and the other is related to autophagy-induced cell death, which increases tumor sensitivity to apoptosis (Li et al., 2012; Schwartz-Roberts et al., 2013; Li et al., 2017).
Ad-VT has been shown to promote the apoptosis and autophagy of MCF-7 cells (Chen et al., 2019), and therefore, we first detected the changes in apoptosis and autophagy in MCF-7 and MCF-7/ADR cells by investigating the expression of related key proteins. We found that autophagy and apoptosis in MCF-7/ADR cells were higher compared to those in MCF-7 cells following infection with Ad-VT. Therefore, we speculated that the aggravation of autophagy and apoptosis by the Ad-VT infection may have caused the change in cell death resistance. Then we analyzed different inhibitors of apoptosis and autophagy and found that the inhibition of apoptosis does not cause changes in the expression of drug-resistant proteins after adding Ad-VT, while the inhibition of autophagy increases their expression levels. These results indicate that our speculation may be correct and suggest that autophagy plays a key role in causing the change in drug resistance. They also indicate that autophagy my be mediating the Ad-VT induced cell death in MCF 7/ADR cells. The addition of an autophagy inhibitor and the CCK-8 test confirmed these observations.
When using autophagy inhibitors to analyze the changes of drug-resistant proteins, we found that the effect of 3-MA was higher than that of CQ, and thus, we anchored the research direction to the early stage of autophagy, in which the mTOR protein plays an important role in various cellular activities and in drug resistance. Then, we analyzed whether the activation of mTOR was related to the change in MCF-7/ADR cells’ resistance to Adriamycin that is induced by Ad-VT. The results showed that mTOR was activated in MCF-7/ADR cells, but not in MCF-7 cells, and that the activity of mTOR in MCF-7/ADR cells was inhibited infection with Ad-VT. The overexpression of MTOR also increased the expression of MRP 1, which inhibited the apoptotic effect of Adriamycin on MCF-7/ADR cells. These results indicate that Ad-VT causes a change MCF-7/ADR cells’ drug resistance to Adriamycin through mTOR.
After analyzing the role of mTOR in drug resistance, we analyzed the expression of mTOR upstream proteins. The results showed that after silencing AMPK and the addition of Ad-VT to the cells, the expression of MRP1was higher than that of cells with AKT and ERK1/2 overexpression, indicating that AMPK protein is the key protein that leads Ad-VT infected MCF-7/ADR cells to decrease their resistance to Adriamycin. The CCK-8 test also showed that the cell death effect of Ad-VT on AMPK knockdown MCF-7/ADR cells was lower than that of MCF-7/ADR cells overexpressing AKT and ERK 1/2.
After analyzing the expression of mTOR upstream proteins, we also analyzed the expression of mTOR downstream proteins. The activation of S6K and eIF4E can increase the drug resistance of tumor cells to chemotherapy drugs (Tee and Blenis, 2005). Therefore, we have analyzed their protein expression levels in this experimental setting. The results showed that S6K is not activated in MCF-7 and MCF-7/ADR cells; however, Ad-VT infection of the cells activated its expression. Subsequently, the silencing of S6K did reduce the expression level of MRP1 and Adriamycin resistance in MCF-7/ADR cells, but the infection with Ad-VT activated S6K. These results were contradictory and suggested that Ad-VT did not cause the change of Adriamycin resistance in MCF-7/ADR cells through S6K.
However, the expression of eIF4E was significantly decreased after infection with Ad-VT, and the level of MRP1 significantly increased after eIF4E overexpression and infection of the cells with Ad-VT. In the subsequent CCK-8 test, we found that in the cells overexpressing eIF4E, the cell death effect of Ad-VT decreases and the apoptotic effect of Adriamycin on MCF-7/ADR cells was inhibited. After addition of an autophagy inhibitor and the silencing AMPK, we found that the level of eIF4E protein, which was significantly decreased after adding Ad-VT, significantly increased. Studies have shown that mTOR regulates the eIF4E signaling axis downstream 4EBP1, which leads to a change in eIF4E expression (Sarbassov et al., 2005; Hsieh et al., 2012), and therefore, we also analyzed the expression of 4EBP1. Indeed, its expression level was opposite to that of the eIF4E protein, and the expression of eIF4E and MRP1 increased after 4EBP1 silencing. The resistance of MCF-7/ADR cells to adriamycin after Ad-VT infection was also increased.
Although extensive experiments were performed in this study to reveal the potential of Ad-VT in MCF-7/ADR cells in reducing the resistance of cells to adriamycin, there are still limitations here. In this study, we only analyzed the drug resistance of MCF-7 cells. In future studies, different types of breast cancer cells should be added, and other tumor cells should be added to perform a more in-depth study on the role of Ad-VT in reducing drug resistance.
In summary, Ad-VT can not only induce the cell death of MCF-7/ADR cells, but also reduce drug resistance to Adriamycin by increasing autophagy, which is caused by the AMPK-mTOR-4EBP1-eIF4F signaling axis. We suggest that the oncolytic adenovirus Ad-VT plays an important role in the combination of chemotherapy drugs and could be used as a drug to cell death in breast cancer cells.
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Melanoma is the deadliest type of skin cancer with steadily increasing incidence worldwide during the last few decades. In addition to its tumor associated antigens (TAAs), melanoma has a high mutation rate compared to other tumors, which promotes the appearance of tumor specific antigens (TSAs) as well as increased lymphocytic infiltration, inviting the use of therapeutic tools that evoke new or restore pre-existing immune responses. Innovative therapeutic proposals, such as immune checkpoint inhibitors (ICIs), have emerged as effective options for melanoma. However, a significant portion of these patients relapse and become refractory to treatment. Likewise, strategies using viral vectors, replicative or not, have garnered confidence and approval by different regulatory agencies around the world. It is possible that further success of immune therapies against melanoma will come from synergistic combinations of different approaches. In this review we outline molecular features inherent to melanoma and how this supports the use of viral oncolysis and immunotherapies when used as monotherapies or in combination.
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INTRODUCTION
Immunotherapy has revolutionized cancer treatment in unprecedented ways (Mellman et al., 2011). It consists of mobilizing the immune system’s own defenses to recognize and eliminate neoplastic cells, thus reinstating cancer immunosurveillance (Zitvogel et al., 2013). The promising early results generated high expectations and gave hope to many patients to reach long-term remission (Cable et al., 2021). However, only a minority of patients with advanced cancer undergoing this therapeutic modality increase survival in a lasting way (Hegde and Chen, 2020). In this scenario, the use of rational combinations of immunotherapies has been increasing and may link different approaches and technologies in order to improve patient benefit of the treatment (Finck et al., 2020). Oncolytic viruses (OV) are therapeutic tools with the property of not only selectively inducing oncolysis, but also attracting cells of the immune system, activating them and thus mobilizing innate and adaptive antitumor responses (Vähä-Koskela et al., 2007; Russell et al., 2012). This property is suitable for combination with therapies aimed at cell-mediated cytotoxic effect, whether adoptive or naturally intrinsic to the immune system, acting synergistically at different stages of the cancer-immunity cycle (Chen and Mellman, 2013). Here we provide a historical and biological perspective regarding the advent and clinical implementation of immunotherapies, including oncolytic viruses, for the treatment of melanoma and we explore the possible combinations of oncolytic viruses with additional immunotherapy strategies.
MOLECULAR ALTERATIONS IN MELANOMA THAT MAY SERVE AS THERAPEUTIC TARGETS
Cancer is a multifactorial disease characterized by heterogeneous subpopulations of cells with different phenotypes and genetic properties leading to uncontrolled proliferation, migration, invasion as well as metastasis and drug resistance. Skin cancer can be classified as basal cell carcinoma, squamous carcinoma and melanoma. Non-melanoma skin cancers account for nearly 98% of skin cancer in the United States (Force et al., 2018). Although melanoma is the least frequent type of skin cancer, it is the deadliest with steadily increasing incidence worldwide during the last few decades, especially in Caucasian populations (Siegel et al., 2020). The latest data released by Global Cancer Observatory (GLOBOCAN) estimated more than 280,000 new cases of skin melanoma (1.6% of all cancers) with nearly 60,000 deaths in 2020 (Global Cancer Observatory–https://gco.iarc.fr/). Melanoma arises from malignant transformation of melanocytes, melanin-producing cells found in the epidermal skin layer, due to mutagenic damage that activates many oncogenes and inactivates tumor suppressor genes (Kobayashi et al., 1998; Cancer Genome Atlas, 2015; Hayward et al., 2017). Some studies demonstrated that incidence of skin cancer (non-melanoma and melanoma) is inversely related to skin pigmentation, with higher risk and incidence in individuals with fair skin along with the presence of nevi and freckles. Furthermore, a family history of melanoma, immunosuppression related to organ transplantation, and HIV or HPV infection also increase the predisposition to this neoplasm (Veierod et al., 2010; Force et al., 2018).
One of the main risk factors for the development of melanoma is intermittent excessive exposure to solar ultraviolet (UV) radiation, being particularly harmful when it occurs in childhood. In addition, there is growing evidence that exposure to artificial UV radiation through the use of artificial tanning chambers increases the propensity to develop melanomas (Veierod et al., 2010; Sun et al., 2020). UV radiation induces DNA damage directly (DNA photoproducts) or through ROS production that indirectly causes oxidative DNA damage, leading to DNA mutations and alterations in the transcriptional profile, resulting in dysregulation of several tumor suppressor genes and oncogenes (Kvam and Tyrrell, 1997; Anna et al., 2007). Moreover, UV radiation can also downregulate cutaneous immunity by apoptosis of epidermal immune cells (Langerhans cells) and inhibition of antigen presentation together with release of immunosuppressive cytokines, favoring tumor development and progression (Fisher and Kripke, 1982; Shreedhar et al., 1998). The UV-induced DNA damage response is modulated by the tumor suppressor gene TP53 that can be found downregulated, contributing to UV-mediated mutagenesis in non-melanoma and melanoma skin cancer (Smith et al., 2000; Decraene et al., 2001). In addition, UV exposure can alter TP53, resulting in cooperation with BRAF mutations to induce melanoma (Viros et al., 2014).
Sequencing studies revealed the genetic landscape of cutaneous melanoma and classified them into four subgroups: mutant BRAF, mutant NRAS, mutant NF1 and triple-wild type (Cancer Genome Atlas, 2015; Hayward et al., 2017; Zhou et al., 2019). In another study, the whole genome sequence analysis of melanoma samples also found mutations in other genes, such as TERT, TP53, CDKN2A and CDKN2B. Some of these mutations as BRAF, NRAS and TERT are also found in benign lesions whereas CDKN2A, TP73 and PTEN are observed only in invasive melanoma (Amaral et al., 2017; Consortium, 2020). Other mutations less frequently found, especially in melanomas missing heritability, are BPA1, POT1, ACD and TERF2IP (Potjer et al., 2019).
BRAF mutations are highly prevalent in melanoma and found in 40–60% of cultured primary melanoma cells but are not sufficient for melanoma progression and development since they are found in benign nevi (Pollock et al., 2003; Tschandl et al., 2013). The most frequent oncogenic mutation for BRAF in melanomas is the substitution of amino acid valine for glutamic acid at position 600 (V600 E), representing 70–90% of BRAF mutations. Other BRAF mutations, although less frequent, can be found in melanoma, including V600K, V600R, V600D for example (Rubinstein et al., 2010; Long et al., 2011; Lovly et al., 2012). Mutations in BRAF are not related to UV radiation exposition as 30–60% of patients without chronic sun-induced damage have been identified with somatic BRAF mutation (Curtin et al., 2005; Brash, 2015). These mutations have important clinical significance since mutated BRAF protein is active as a monomer instead of dimer and the monomer conformation is the target for the binding of BRAF inhibitors, such as vemurafenib, dabrafenib and encorafenib, used in melanoma therapy (Czarnecka et al., 2020). Moreover, the presence of BRAF mutations (BRAF (+)), despite not impacting recurrence-free survival from diagnosis of primary melanoma (stage I/II) to metastases development (stage IV) compared to BRAF WT patients, they do have a negative impact on median overall survival (OS) of patients who are newly diagnosed, untreated and with metastatic disease, since in BRAF (+) patients the OS is 5.7 months and for BRAF WT it is 8.5 months (Long et al., 2011). BRAFV600 E mutation resulted in altered BRAF protein conformation, increasing its kinase activity, leading to constitutive MAPK pathway activation, resulting in uncontrolled proliferation, cell survival and immune evasion which contribute to melanoma growth (Yang et al., 2019). The MAPK pathway is also activated by NRAS mutations that are frequently found in several tumor types and in 15–20% of melanoma patients but not concomitant with BRAF mutations (Wan et al., 2004; Chiappetta et al., 2015). Moreover, 15% of melanomas have NF1 mutations with loss of function that also result in MAPK hyperactivation (Wan et al., 2004; Krauthammer et al., 2015). Deregulation of RAS/MAPK/ERK pathway is found in nearly all melanomas (Hayward et al., 2017). The signaling pathway RAS/MAPK/ERK impacts more than 50 transcription factors involved in the regulation of genes that control cell growth, division, proliferation and differentiation (Molina and Adjei, 2006). The pathway is activated by cytokines, growth factors and hormones which interact with a membrane tyrosine kinase receptor, inducing its phosphorylation and leading to signal transduction by subsequent phosphorylation of a series of proteins from RAS, RAF (ARF, BRAF, CRAF), MEK (MEK1 and MEK2) and MAPK/ERK family. The activated ERK goes to the nucleus where it activates transcription factors such as cMyc and CREB by phosphorylation (Molina and Adjei, 2006). The activated MAPK pathway also has an immunosuppressive effect due to downregulation of tumor antigens and decreased recognition by immune cells together with upregulation and infiltration of immunosuppressive cells after cytokine secretion (Ott and Bhardwaj, 2013; Yang et al., 2019).
Another important pathway commonly upregulated in melanomas is that of PI3K/AKT/mTOR which regulates cell proliferation, cellular response during stress and quiescence, contributing to tumor growth, metastasis and angiogenesis induction in melanomas (Porta et al., 2014). The most common mutations contributing to this activation are found as upregulation of the oncogene NRAS (15–20%) and loss of function or expression of the tumor suppressor PTEN (20–30%), yet these are largely mutually exclusive events (Hocker and Tsao, 2007; Aguissa-Toure and Li, 2012). On the other hand, PTEN loss can occur concomitantly with BRAF mutations, resulting in activation of RAS/RAF/MAPK and PI3K/AKT pathways (Tsao et al., 2004; Goel et al., 2006). Activated AKT phosphorylates several proteins, including antiapoptotic proteins (XIAP, BAD, BIM), MDM2, p21 and many others, allowing survival and progression of melanoma cells together with apoptosis inhibition (Madhunapantula et al., 2011). Interestingly, PTEN loss is also related to immunosuppressive properties such as lower sensitivity to T cell mediated cell death and reduced infiltrations of T cell infiltration in the tumor site, contributing to melanoma immune resistance (Peng et al., 2016).
Melanomas bearing BRAFV600 E mutations commonly also have altered MITF expression and activity (Levy et al., 2006). The MITF gene encodes a central regulator of melanocyte differentiation, development and function, besides several biological processes such as DNA repair, senescence, cell metabolism, survival, differentiation, proliferation and metastases formation (Goding and Arnheiter, 2019). MITF can be employed as a diagnostic marker for tumors from melanocytic origin, however, with different levels of expression correlating with distinct behavior of malignant cells (Levy et al., 2006). High MITF expression is associated with highly proliferative and poorly invasive phenotype while low MITF expression correlates with a slowly proliferative and highly invasive profile. In vivo studies demonstrated that although different in MITF expression, both phenotypes can establish tumors when inoculated into nude mice but with the invasive phenotype requiring a longer period to develop palpable tumors (Hoek et al., 2008; Vachtenheim and Ondrusova, 2015). However, both invasive and proliferative phenotypes can be present simultaneously since melanoma progression is not associated just with differential gene expression (Harbst et al., 2012; Cancer Genome Atlas, 2015), but also with dynamic transcription signature plasticity which contributes to tumor metastization due to the adaptive response to the tumor microenvironment (Roesch et al., 2016) (Figure 1A) Also reported for melanoma is the P29 S mutation in the RAC1 gene that is found in approximately 3% of melanomas but in almost 20% of patients resistant to BRAF inhibitors (Watson et al., 2014). RAC1 is involved in cellular adhesion, motility and differentiation, and the consequences of mutation in this gene are melanocytic to mesenchymal phenotype, increased tumor size and presence of metastasis (Lionarons et al., 2019).
[image: Figure 1]FIGURE 1 | Representation of a melanoma tumor during invasion and metastasis. Tumor cells with epithelial and mesenchymal-like morphology are shown, along with other components of the tumor microenvironment, such as the extracellular matrix, immune cells and fibroblasts. The communication between these components, with lymph vessels, blood vessels and tumor cells may allow the tumor to spread. (A) Metastatic disease is found in patients with clinically identified proliferating melanoma, (B) but also in patients with an undetected source of tumor cells or evident primary lesion. DC, Dendritic cell; NK, Natural killer; Treg, Regulatory T cell. Adapted from “Melanoma Staging”, by BioRender.com (2021). Retrieved from https://app.biorender.com/biorender-templates.
The expression of immune-related genes also correlates with prognosis and response to melanoma immunotherapy as demonstrated after analysis of 45 patients submitted to anti-CTLA-4 therapy that had tumors with increased expression of genes related to immune signature (Ji et al., 2012). The interferon pathway is one of the key players in the response to immunotherapy and the type I and II interferons are mainly responsible for antitumor response due to increased immune recognition and apoptosis induction in tumor cells (Benci et al., 2016; Gao et al., 2016; Sharma et al., 2017). Many tumors have impaired interferon signaling resultant from alterations in regulatory genes such as loss of IFNGR1, IRF1, JAK2 and amplification of SOCS1 and PIAS4 (Gao et al., 2016). Analysis of the TCGA dataset and studies in vitro and in vivo showed that nearly 30% of melanoma samples present mutations in the interferon signaling pathway, which is associated with shorter overall survival (Gao et al., 2016). Moreover, increased expression of interferon-related genes (e.g., CXCL4, CXCL5, CXCL10, ID O 1, IRF1, STAT1 and others) was associated with benefit from anti-PD-1 and anti-CTLA-4 immunotherapy in melanoma patients (Ji et al., 2012; Gide et al., 2019). On the other hand, the suppression of the interferon pathway is associated with poor response to immunotherapy protocols due to immune evasion (Jerby-Arnon et al., 2018).
Melanoma patients’ deaths are mostly associated with distant metastasis development, showing a 5-years survival rate of around just 20% (Bomar et al., 2019). However, some melanoma patients have metastatic disease without evident primary lesion (Figure 1B) and in this case, the disease development is associated with immunoediting mechanisms together with loss of immunohistochemical melanocytic markers like S100 protein, HMB-45, Melan-A, SOX10 and MITF (Gyorki et al., 2013; Bankar et al., 2015). The exhaustion of the immune system and immune evasion are among the key factors that enable melanoma growth and metastasis formation (Passarelli et al., 2017; Motofei, 2019). Moreover, BRAF mutations are present in about 50–60% of metastatic melanoma cases (Zaman et al., 2019). Indeed, studies have revealed that cutaneous melanoma has a high mutation rate compared to other common tumors, with a mean tumor mutation burden (TMB) of over 20 mutations per megabase, one of the highest TMB among solid tumors (Cancer Genome Atlas, 2015; Zhang et al., 2016). Malignant melanoma is highly genetically heterogeneous, with prevalence of somatic mutations in primary tumors and metastatic lesions that also acquire numerous mutations during their formation (Hoek et al., 2006; Swick et al., 2012).
MELANOMA ANTIGENS AND IMMUNOGENICITY
The immune system has the inherent property to distinguish self from non-self-antigens (Yarchoan et al., 2017). Despite the fact that tumor cells arise from healthy tissues, hence self, the ability of the immune system to recognize them is based on an important concept: neoantigens (also referred to as neoepitopes), which arise from tumor-specific mutations (Alexandrov et al., 2013). Since melanomas have a high mutational burden, which is reflected in the higher levels of neoantigens, they are more likely to promote immune response and be recognized by the immune system (Maleki Vareki, 2018). Described immunologically as “hot”, these tumors offer a huge repertoire of potential targets for T cells that, in principle, reflect a greater inflammatory infiltrate (Maleki Vareki, 2018). This point has been extensively explored in several approaches in cancer treatment, such as cancer vaccines against neoantigens and adoptive T cell transfer, which can be combined with immunotherapy targeting T cell inhibitory receptors, including cytotoxic T-lymphocyte associated antigen (CTLA)-4 and programmed cell death (PD)-1 (Peng et al., 2019). The clinical benefits of immune checkpoint inhibitors are often observed in high mutational load tumors, which may be related to the presence of tumor associated antigen-specific T cells (Banchereau and Palucka, 2018).
The antitumor immune response is mainly mediated by the adaptive immune system, especially the tumor-infiltrating lymphocytes (TILs) (Lugowska et al., 2018) that can recognize through the T cell receptors (TCRs) antigenic peptides presented via major histocompatibility complex molecules (Durgeau et al., 2018). In the case of human melanomas, the high degree of TILs and, more specifically, cytotoxic T cell infiltration, together with elevated expression of checkpoint receptors make melanoma patients more likely to respond successfully to immunotherapy (Galon and Bruni, 2019).
Antigen targets of immunotherapy can be divided into tumor associated antigens (TAAs), which include the cancer testis antigens (CTAs), and tumor specific antigens (TSAs) (Aurisicchio et al., 2018). TAAs include proteins encoded in the normal genome, usually expressed at low levels, and might be over-expressed in malignant cells. CTAs are normally expressed in testis, fetal ovaries, and trophoblasts, but can also be expressed in cancer cells. Because TAAs and CTAs are found in normal cells, their antigenicity depends on abnormal expression levels and, frequently, their presence in the tumor microenvironment can lead to immunological tolerance. The third class comprises antigens that are not encoded in the normal host genome and are originated by somatic mutations in the coding sequence, creating a unique peptide sequence (Gubin et al., 2015), or by insertion of oncogenic viral genes, such as E6 and E7 encoded by human papillomavirus type 16 that drive oral and cervical tumors (Walboomers et al., 1999).
Many TAAs have been used for years to assist clinical practice. For example, the human epidermal growth factor receptor (HER2) is routinely used for breast cancer prediction and prognosis (Patani et al., 2013). Melanoma TAAs include the type 1 melanoma antigen recognized by T cells (MART-1, also known as Melan-A) and the melanoma-associated antigen (MAGE). In a phase 1/2 clinical trial, a three-dose vaccine strategy using autologous DCs transduced with an adenoviral vector encoding the MART-1 antigen for metastatic melanoma patients showed that at least half of the treated patients had significant MART-1–specific T cell responses (Butterfield et al., 2008). Similarly, in a phase II study DCs were pulsed with a cocktail of melanoma-associated antigens, including MART-1 or MAGE-A1, MAGE-A2, MAGE-A3, gp100 and tyrosinase, and were subcutaneously injected in metastatic melanoma patients, for which 75% had an antigen-specific CTL response. Notably, patients in the vaccinated group with two or more peptide-specific responses had a significantly longer mean survival time (21.9 months) compared to treated patients who had less than two peptide-specific responses (8.1 months) (Oshita et al., 2012). Recently identified potential melanoma biomarkers, in addition to the more than 45 already studied (Belter et al., 2017), include metabolic components, for instance aminomalonic acid and phosphatidylinositol (PI) (Kim et al., 2017), as well as immune-related genes and TCRs (Charles et al., 2020; Huang et al., 2020). Although the clinical trials using TAA have shown initial immune response, most of them have failed to demonstrate durable beneficial effects. The main reasons are the lower TCR affinity to TAA and peripheral tolerance of TAA-reactive T cells (Melero et al., 2014).
Beyond TAAs, TSAs are attractive targets for immunotherapy. These neoantigens are expressed only in cancer cells and can be recognized by TCR with high affinity. Neoantigen-specific T cells are not subject to central and peripheral tolerance and, consequently, their activation leads to a lower induction of autoimmunity (Yarchoan et al., 2017). As a result, the antitumor immune responses to TSAs are more robust as compared to TAAs. An important advance in the understanding of TSAs and immune response was published in 2005 by Wölfel and colleagues. The authors found that the T cells of a patient were reactive against five mutated epitopes and the immunoreactivity against melanoma neoantigens predominated over the response to TAAs (Lennerz et al., 2005). In addition, Rosenberg’s group showed that the adoptive transfer of ex vivo–expanded TILs reactive against two neoantigens into a melanoma patient promoted complete tumor regression. All these studies support the role of neoantigens in the natural antitumoral T cell response (Zhou et al., 2005).
Besides its high TMB (Lawrence et al., 2013) and despite most human melanomas having a mutational load above 10 somatic mutations per megabase of coding DNA, which are generally sufficient to lead to the formation of neoantigens, T cell reactivity is not always observed (Linnemann et al., 2015). Recent studies revealed that both TMB and PD-L1 are not effective biomarkers for identifying patients who will have clinical benefit from checkpoint inhibitor therapy. An important point that may be considered is the clonality of neoantigens. Some evidence suggested that a minimum quantity of cells is required to generate T cell-mediated immune rejection (Gejman and Chang, 2018) and subclonal neoantigens are not presented by every cancer cell, so they are less effective in immune control of disease (Mcgranahan and Swanton, 2019). Furthermore, the majority of neoantigens are considered passenger events and, usually, their loss during tumor progression may be tolerated. However, when the mutations occur in genes required for tumor cell survival (such as cancer driver genes and genes required for cancer cell viability) and these genes are retained despite the events of copy number loss or transcriptional repression through methylation, the neoantigens are considered as essential neoantigens. Due to positive selection, these high-quality neoantigens cannot be repressed or deleted during tumor progression. Thus, both the quantity and the quality of neoantigens, more emphatically the quality, may explain why some patients are good responders to immunotherapy and others are not (Mcgranahan and Swanton, 2019).
However, the study of neoantigens has encountered barriers due to the lack of effective tools for their identification. In 2012, using a combination of next generation sequencing and algorithms for predicting the binding of peptides to MHC class I and class II molecules, Castle and coworkers identified TSAs in B16-F10 mouse melanoma cells (Castle et al., 2012). In parallel, exome sequencing and high-throughput MHC tetramer screening showed higher expansion of pre-existing T cells specific for tumor neoantigens in a human melanoma patient after treatment with checkpoint blockade immunotherapy (Van Rooij et al., 2013). To improve the adoptive transfer of T cells, Lu et al. genetically engineered autologous T cells to have neoantigen-specific TCRs. Isolated TILs were cultured and screened for the identification of neoantigen-reactive T cells to be further co-cultured with peptide-pulsed APCs. The single-cell RNA-sequencing allowed the identification of different neoantigen-specific TCRs, for instance a mutated KRAS-specific TCR, which could be successfully transduced into autologous T cells and recognize the specific neoantigens presented by the donor APCs (Lu and Robbins, 2016). The use of genomics and bioinformatics approaches in both mouse and human studies supported the rapid identification of mutant proteins expressed exclusively in cancer cells that act as neoantigens compared to conventional antigen-cloning approaches (Gubin et al., 2015) and highlight the potential of personalized cancer vaccines targeting neoantigens.
In a phase I study, 10 patients with stage IIIB/C or IVM1a/b melanoma were vaccinated with 13–20 personalized neoantigens peptides synthesized from sequencing of the tumors. After 20–32 months from vaccination, four patients with stage III disease were recurrence-free. Two patients with lung metastases had a complete response with the anti-PD-1 antibody, indicating the expansion of neoantigens specific T cells (Ott et al., 2017). Similar results were found by Sahin and colleagues who used personalized RNA-based ‘poly-epitope’ vaccine in 13 patients with stage III or IV melanoma. Each patient developed an immune response against at least three mutations. One patient with relapse and progressive disease at the time of vaccination presented a complete response after administration of anti-PD-1 antibody and eight continued disease-free 12–23 months later (Sahin et al., 2017). Both studies revealed that immune response was generated by CD4+ T cells and the vaccination provided the expansion of the neoantigen-specific T cells (Li L. et al., 2017). These studies confirm the potential of the immunogenic melanoma neoantigens and open novel possibilities for approaches using neoantigens as vaccinogenic agents associated with diverse delivery vehicles such as synthetic and biological nanoparticles and adenoviral vectors.
Although neoantigens are a promising strategy, the non-synonymous mutations that will originate the mutated protein depend on several factors that need to be present; the sequence with the mutation must be translated into protein, the mutated protein must be processed, and the peptides must be presented by MHC molecules. At the end of the process, the affinity between the mutated peptide and the patient’s MHC molecules will determine recognition by the TCR (Schumacher and Schreiber, 2015). All of these processes are susceptible to complications that can alter the TCR-MHC binding, contributing to tumor escape from the immune system and also confounding in silico approaches for the prediction of the most effective neoantigens.
CURRENT IMMUNOTHERAPEUTIC STRATEGIES AND CHALLENGES
More than 10 different drug types have been approved by the FDA for the treatment of melanoma, including dacarbazine chemotherapy, BRAF and MEK-targeted therapy, recombinant interferon alpha-2b and IL-2, immune checkpoint inhibitors (ICIs), and oncolytic viral therapy (T-VEC). These strategies, together with radiation therapy and surgery comprise the clinical arsenal against primary and metastatic melanoma (Garbe et al., 2020; Jenkins and Fisher, 2020). During the past 20 years, ICIs (commonly referred to as immunotherapy) have taken on a leading role and occupied center stage in the melanoma treatment scene. Extraordinary results were achieved with anti-CTLA-4, anti-PD-1 and anti-PD-L1 in a time when targeted therapy only offered reasonable short-term, but poor long-term, overall survival (Ribas et al., 2012; Spagnolo et al., 2016; Li X. et al., 2017; Karlsson and Saleh, 2017). Their success turned ICIs into the standard of care for advanced melanoma, after surgery, demonstrating that when the immune system is activated properly, it may lead to durable long-term responses.
In terms of improved efficacy and reduced toxicity, studies have found that anti-PD-1 (Nivolumab or Pembrolizumab) is superior to anti-CTLA-4 (Ipilimumab) (Li X. et al., 2017; Karlsson and Saleh, 2017). No statistically significant differences have been found between Nivolumab and Pembrolizumab, although Nivolumab presents a slight improvement in terms of median overall survival (Moser et al., 2020). Attempts to reduce toxicity through the combination of Nivolumab and Ipilimumab in reduced doses resulted in greater efficacy, but less tolerability than monotherapy (Karlsson and Saleh, 2017; Turajlic et al., 2018; Moser et al., 2020). Nevertheless, most patients still fall in the non-responder-to-ICIs category and many experience immune-related adverse events (irAE), suggesting that despite their potential, resistance and toxicity continue to be their major hurdles.
The lack of ICI response in melanoma patients may be due to different immunological reasons, such as the absence or exclusion of T cells within the tumor microenvironment (TME) or insufficient antigen presentation and priming. Combinations of strategies that turn ICI resistant tumors into responders are being pursued, but, in addition to immunotherapies that directly aim to activate the immune system, all therapeutic strategies would potentially offer some degree of immune activation as well, either by inducing immunogenic cell death of tumor cells and providing antigenic supplies to antigen-presenting cells (APCs), or by triggering inflammatory pathways that will set the tone of the microenvironment towards a possible antitumor response (Chen and Mellman, 2013). Thus, the most obvious way to tackle resistance and perhaps reduce toxicity is through the combination of currently approved therapies.
Recently, studies in melanoma have focused on combining targeted therapies such as BRAF and MEK inhibitors with ICIs, aiming to increase efficacy by tackling resistance; the biology behind this strategy is to promote immune changes within the TME, particularly the release of cancer cell antigens and antigen-presentation by APCs to T cells in a context of checkpoint inhibition, which in turn lead to the activation of effector, tumor-specific T cell clones (Chen and Mellman, 2013). The idea of the strategy is to combine the rapid and deep response of targeted therapy with the durable response of ICIs (Kim et al., 2014; Dummer et al., 2020). In vivo melanoma models have shown tumor growth delay, reduced tumor size and prolonged overall survival with the combination of anti-PD-1/anti-PD-L1 and BRAF and MEK inhibitors (Dummer et al., 2020). Currently, there are two studies in clinical phase III, IMspire150 to assess the combination of Atezolimumab (anti-PD-L1) and vemurafenib (BRAF inhibitor), and COMBI-I part 3, assessing the combination of Spartalizaumab (anti-PD-1) plus dabrafenib (BRAF inhibitor) and trametinib (MEK inhibitor); both studies are ongoing. Still, in terms of timing of administration, it is debatable if targeted therapy should be administered before, at the same time or after ICIs; although, the changes induced in the microenvironment by BRAF inhibitors including reducing immunosuppressive cytokines, increasing availability of tumor antigens and infiltration of tumors by immune cells may sensitize tumors to ICIs (Dummer et al., 2020).
Due to the important role that checkpoint molecules play in the homeostasis of the immune system, the intravenous administration and systemic action of ICIs are known to induce undesired irAE. A variety of inflammatory and autoimmune events, ranging from grade 1 to 4 toxicities, have been observed as a result of ICI usage; the most prevalent are the dermatologic toxicities (from grade 1 to 2 rash, pruritus, vitiligo, dermatitis to grade 3 to 4 Stevens-Johnsons syndrome and epidermal necrolysis), present in 50% of melanoma patients treated with anti-CTLA-4 and up to 40% for anti-PD-1 and anti-PD-L1. Other less frequent, but not less relevant, irAEs include gastrointestinal toxicities, from diarrhea to severe colitis, hepatitis with or without elevation of transaminases or bilirubin and fulminant hepatitis; endocrinopathies that include a range of thyroid and pituitary toxicities, adrenal insufficiency and type I diabetes; neurologic toxicities such as autoimmune encephalitis, myasthenia gravis and Guillain-Barré syndrome; renal toxicities include hematuria and acute interstitial nephritis and lupus-like nephritis; ocular toxicity such as uveitis, ulcerative keratitis and retinopathy; cardiac toxicities such as myocarditis, pericarditis, fibrosis, arrhythmias and heart failure and finally, hematological toxicities including hemolytic anemia, thrombocytopenia and eosinophilia (El Osta et al., 2017; Calvo, 2019; Kennedy and Salama, 2019). Despite the increased efficacy, the occurrence of irAEs is indeed more frequent with combinations of different ICIs (Li X. et al., 2017; El Osta et al., 2017; Karlsson and Saleh, 2017; Turajlic et al., 2018). As expected, irAE clinical manifestations are mostly managed with steroids or immunosuppressants, that when used carefully, ameliorate irAE without compromising ICIs efficacy (Karlsson and Saleh, 2017; Calvo, 2019). Even though the possibility of the occurrence of a grade 3 to 4 or chronic irAE is rare, future studies must consider the importance of segregating, through biomarkers, which patients will actually benefit from ICI therapy. Unfortunately, to date, the ideal biomarker for the indication of immunotherapy has not yet been identified (Jessurun et al., 2017). Recent studies in murine melanoma models have suggested a pivotal role of the gut microbiome for ICI efficacy, showing that the presence of some bacterial populations may be associated with increased response to ICIs, while others may be associated with the lack of response (Sivan et al., 2015; Vétizou et al., 2015). Theoretically, through the modulation of microbial populations, non-responders could be turned into responders and perhaps even become less susceptible to ICI toxic effects. In addition, microbial populations may comprise potential biomarkers of ICIs response (Vetizou and Trinchieri, 2018).
Still, there is a clear need for more effective and less toxic strategies. Other checkpoint molecules such as LAG-3, TIM-3, TIGIT, VISTA and B7-H3 and other TME molecules such as IDO have been demonstrated to be promising targets for melanoma and other advanced solid tumors in preclinical studies, granting their passage into clinical trials, although all of them are currently ongoing (Kwiatkowska et al., 2019; Qin et al., 2019). The most studied target, with more than 60 open clinical trials, is the LAG-3 molecule; after binding MHC-II molecules or fibrinogen-like protein 1 (FGL1), LAG-3 restrains the activation, proliferation and cytokine production capacity of Th1 cells while contributing to the suppression activity of Tregs (Qin et al., 2019; Murciano-Goroff and Warner, 2020). In an ongoing phase 1/2 study, anti-LAG-3 antibody (Relatlimab) as monotherapy or in combination with anti-PD-1 is being tested for melanoma patients who were resistant to classical ICIs; early results suggest that the combination is safe and can even increase the antitumor activity of anti-PD-1 alone in ICI-resistant melanoma patients (Kwiatkowska et al., 2019).
Stage IV metastatic melanomas have also been subjected to a personalized strategy developed by Steven Rosenberg at the NIH, resulting in outstanding outcomes and durable complete responses in a few melanoma patients (Prickett et al., 2016). From the lessons learned with IL-2 immunotherapy, Dr. Rosenberg recognized the potential of expanding functional T cells while circumventing the toxicity induced by IL-2 systemic administration, through the ex vivo activation with IL-2 of tumor infiltrating lymphocytes which, upon reinfusion, can then target tumor neoantigens (Rosenberg, 2011; Lu et al., 2014; Rosenberg, 2014; Prickett et al., 2016). Despite the great potential of this kind of strategy, known as adoptive cell therapy (ACT), the sophisticated methods required could hamper their inclusion in the clinical routine.
Other strategies that trigger important pathways of the innate immune response have been recognized in preclinical models for their importance in setting the tone of tumors for antitumor responses. Different agonists that trigger innate receptors and sensors such as TLR, STING, RIG-1 and NLR are currently being developed and some, such as STING agonists, have been considered in clinical trials as ICI adjuvants for advanced melanoma and other solid tumors (Hu and Li, 2020); the activation of these receptors is intended to mimic the immune response against viruses, that ultimately trigger cytokines and chemokines that will break the suppressive TME and allow the infiltration of immune cells inside tumors (Clavijo-Salomon et al., 2017). Consistent with the idea of harnessing innate receptor agonists and antiviral responses to fight tumors, oncolytic viruses have demonstrated tremendous potential for the treatment of melanoma, since in addition to awakening antiviral immunity, they can also directly kill tumor cells.
USING ENGINEERED VIRUSES FOR CANCER IMMUNOTHERAPY
The continued study of viruses has brought countless advances not only to the understanding of the molecular basis of diseases, such as cancer itself, but also perspectives for its use as a genetic and therapeutic tool (see Figure 2 and Supplementary Table S1 for key publications in the development of gene therapy), including in Brazil, the first Latin American country with a defined regulatory process for the registration of advanced therapy products. Intriguingly, on one hand viruses that trigger cancer have been discovered (Rous, 1910), yet on the other it has been suggested that some viral infections could improve clinical outcomes for some patients with different types of cancer (Hoster et al., 1949; Newman and Southam, 1954). Though unthinkable today, in 1949 Herman A. Hoster and coworkers used, deliberately, wild type hepatitis B virus in clinical trials of patients with Hodgkin’s disease. In this study, 21 patients were intentionally exposed to the hepatitis virus and 4 of them had improvement in the clinical course, at least with regard to Hodgkin’s. (Hoster et al., 1949). This study was one of the first to intentionally use viral activity to alter the progression of cancer. As presented below, current approaches use a deeper understanding of viral properties, the molecular basis of cancer as well as recombinant DNA techniques in order to use viruses as anti-cancer agents, an approach known as virotherapy or oncolytic viruses (Figure 3). The term “oncolytic viruses” (OV) is typically used to describe genetically modified viruses that selectively infect cancer cells inducing their death, theoretically, without affecting non-malignant tissues (Vähä-Koskela et al., 2007; Russell et al., 2012). Some viruses offer oncolytic properties naturally and do not require modification, for example, Vesicular stomatitis virus, Myxoma, Reovirus, and Newcastle disease virus (Roberts et al., 2006; Kelly and Russell, 2007; Jhawar et al., 2017). Although oncolytic viruses may enter normal cells, progression of the viral life cycle should be inhibited due to molecular components that block viral replication. In tumor cells, many of these mechanisms are dysfunctional or have been suppressed during tumor progression and thus provide a selective advantage for replication and dissemination of viral progeny (Kaufman et al., 2015). For example, resistance to apoptotic cell death, a critical hallmark of cancer, implies that tumor cells are lacking in a fundamental anti-viral defense, a point that may be exploited in order to promote viral replication (Russell et al., 2012). The interferon pathway was originally identified due to its anti-viral properties and, as mentioned above, plays an essential role in inducing innate and adaptive immune responses. While normal cells can defend themselves from viruses using the interferon pathway, tumor cells frequently present deficiencies in interferon response. Thus, this characteristic of tumor cells can be deliberately exploited for the development of OV (Murira and Lamarre, 2016; Gessani and Belardelli, 2021). Tumor cell killing in response to virotherapy occurs due to virus replication and induction of anti-viral responses. As we will detail below, the anti-viral response, which includes activation of innate and adaptive immunity, may be just as important, if not more so, than viral replication.
[image: Figure 2]FIGURE 2 | Timeline of the main achievements in the gene therapy and virotherapy fields, according to the date of publication. RSV, Rous Sarcoma Virus; HSV, Herpes Simplex Virus; HAdV, Human adenovirus; HIV, Human Immunodeficiency Virus; AIDS, Acquired Immunodeficiency Syndrome; ADA-SCID, Adenosine Deaminase Severe Combined Immunodeficiency; CFTR, Cystic Fibrosis Transmembrane Conductance Regulator; AAV, Adeno-Associated Virus; NPC, nasopharyngeal carcinoma; US FDA, The United States Food and Drug Administration; EMA, European Medicines Agency; CAR, Chimeric Antigen Receptor; SMA, Spinal Muscular Atrophy; ANVISA, Agência Nacional de Vigilância Sanitária (National Agency for Sanitary Vigilance, the federal body in Brazil that regulates new drugs, among other health related items); DLBCL, Diffuse Large B-Cell Lymphoma; ALL, Acute Lymphoblastic Leukemia. Please see Supplementary Table S1 for references. Created with BioRender.com.
[image: Figure 3]FIGURE 3 | Induction of immune activity in response to virotherapy. Virotherapy can induce ICD, which is characterized by the release of DAMPs (i.e., CALR, HMGB1, ANXA1 and type I IFN) during cell death. These danger signals, along with TAAs and PAMPs also released by OV-treated tumor cells, promote the initiation of an immune response after recognition by antigen-presenting cells (mainly DCs). ATP and ANXA1 are responsible for DC recruitment, activation and homing; CALR increases antigen uptake and processing; and HMGB1 promotes DC maturation and antigen cross-presentation. Next, TAAs are presented to T lymphocytes that can differentiate into both helper and cytotoxic cells since presentation occurs by class I and II MHC proteins. The cytotoxic activity of NK cells is also important for tumor elimination and type I IFNs play an important role in their stimulation together with signals provided by activated DCs and macrophages. Activated effector cells are then capable of recognizing and eliminating tumor cells by different mechanisms, for example, Fas-FasL interaction with CD8+ T lymphocytes and MHC recognition by the NKG2D receptor on NK cells. Another key advantage of activating the immune system relies on the possibility of reaching untreated metastatic sites through circulating immune cells. The cycle restarts as dying tumor cells release more antigens and intracellular molecules that keep on activating the immune system. DC, Dendritic cell; NK, Natural killer; Treg, Regulatory T cell; ICD, Immunogenic Cell Death; TAA, Tumor-Associated Antigen; CALR, Calreticulin; HMGB1, High Mobility Group Box-1; ATP, Adenosine Triphosphate; IFN, Interferon; ANXA1, Annexin A1; DAMPs, Damage-Associated Molecular Pattern; PAMPs, Pathogen-Associated Molecular Pattern; PRR, Pattern Recognition Receptor; NKG2D, Natural Killer Group 2D; OV, Oncolytic Virus; MHC, Major Histocompatibility Complex. Created with BioRender.com.
Our understanding of anti-viral and immunostimulatory properties of both normal cells and neoplasms advanced in the late 1980 s with the discovery of Toll like receptors (TLRs), and later families of Nod (nucleotide-binding and oligomerization domain) -like receptors (NLRs) (Takeda and Akira, 2004; Hansson and Edfeldt, 2005; Inohara et al., 2005). TLRs are present in antigen-presenting cells, such as DCs, macrophages and B cells, as well as T cells, NK cells, and non-immune cells (epithelial and endothelial cells, and fibroblasts), and recognize pathogen-associated molecular patterns (PAMPs), present in both viruses and bacteria, which attract and activate other cells that mediate adaptive immune responses (Fitzgerald and Kagan, 2020). These receptors provided evidence for understanding Coley’s strategy (Coley’s Toxin) (Coley, 1991) and the successful application of BCG in cases of bladder cancer (Lamm et al., 1980), both containing bacterial PAMPs, as well initial works that explored adjuvant effects of viral preparations or natural infections (Dock, 1904; Hoster et al., 1949; Newman and Southam, 1954). In the case of OV, the vector itself provides PAMPs in the form of viral proteins, DNA and RNA that are detected by the cell and initiate the anti-viral cascade through TLRs and NLRs.
In addition, viral infections naturally trigger danger-associated molecular patterns (DAMPs), stress-signaling proteins and inflammatory cytokines (Matzinger, 2002; Tang et al., 2012). As a consequence, strategies employing viruses can induce immunogenic cell death (ICD) of cancer cells, generating chemo-attractants for cells of the immune system (Naik and Russell, 2009). Considering the characteristics of the tumor microenvironment, the use of these oncolytic strategies has the possibility of reversing the immunosuppressive profile and promoting the presentation of the repertoire of tumor antigens in an immunostimulatory context (Bartlett et al., 2013). Besides that, oncolysis triggered by viral particles, replicative or not, has the potential to aggregate immune responses against viral proteins and subvert this for antitumor immunity. When viral systems with replicative capacity are used, tumor selectivity gives these cells new viral epitopes, in addition to the TAAs and/or TSAs. This increases the exposure of these cells to both innate and adaptive immune responses, which may break the vicious cycle of tumor immunoediting. This is the main difference between oncolysis triggered by viral vectors and the approaches outlined above, and for this reason oncolytic virotherapy provides additional advantages over existing therapies that trigger ICD.
As shown in Table 1, several clinical trials have been performed using OV for the treatment of melanoma and novel approaches are being developed. Melanoma was the first neoplasm for which an oncolytic virus therapy was registered by the U.S. Food and Drug Administration (FDA). Approved in 2015, T-VEC, also known as Imlygic (OncoVex, talimogene laherparepvec) is prescribed for patients with advanced melanoma (Stage IIIB, IIIC or IV) that cannot be completely removed with surgery (Fukuhara et al., 2016). The history of this virotherapy exemplifies the path of a new biotechnological tool, from its conception in basic science to clinical trials aimed at proving its safety and efficiency for use in humans. Based on a modified herpes simplex virus (HSV-1), T-VEC was engineered deleting ICP34.5 and ICP47 viral genes. ICP34.5 blocks a cellular stress response to viral infection promoted by IFN-γ and ICP47 impairs the immune system’s CD8 T-cell response against infected cells, thus these viral components render normal cells susceptible to HSV replication. In T-VEC, the deletion of ICP34.5 and ICP47 prevents replication in normal cells, but tumor cells support viral replication due to defects in specific cellular pathways. The deletion of ICP47 also leads to upregulation of the viral protein US11, which further propels virus replication (Goldsmith et al., 1998; Liu et al., 2003). In addition, a constitutive expression cassette was inserted to provide granulocyte-macrophage colony-stimulating factor (GM-CSF) that, in conjunction with other cytokines, contributes to the attraction, differentiation and activation of APCs, such as DCs and macrophages, in the treated areas. Moving forward to phase I clinical trials, T-VEC was well tolerated and caused only mild adverse events such as local erythema and fever (Hu et al., 2006). Next, phase II clinical trials were realized in 50 patients with melanoma, stages III and IV, revealing a 26% response rate, including 8 with complete remission and another 5 with positive partial responses (RECIST) (Senzer et al., 2009). Finally, approval by the FDA and EMA was granted after an open-label phase III study that demonstrated the higher durable response rate (DRR) with a positive impact on overall survival compared to appropriate controls (Andtbacka et al., 2015). Kaufman and collaborators demonstrated that treatment with T-VEC induced a weakening of T cells responsive to MART-1 (melanoma-associated antigen) and, concomitantly, there was a decrease in regulatory T lymphocytes (Kaufman et al., 2010). Intriguingly, T-VEC is administered intratumorally, virus spread is only local, but immune response can mediate tumor regression in non-treated foci. This leads us to question the importance of viral replication itself vs. the induction of antitumor immunity for the success of the modality. Another point to be debated is if viral epitopes would indeed be needed for the effectiveness of these immune responses to contain and eliminate the primary tumor, as well metastases.
TABLE 1 | Clinical trials for treatment of melanoma with oncolytic viruses.
[image: Table 1]Oncolytic viruses have also been developed based on other viral systems. Pexa-Vec (JX-594) is derived from vaccinia virus inactivated by the deletion of the thymidine kinase gene, and modified for the expression of GM-CSF and β-galactosidase transgenes, is in the clinical testing phase for colorectal cancer and hepatocellular carcinoma (Breitbach et al., 2015; Park et al., 2015). A phase I/II clinical trial suggests that intratumoral injection of Pexa-vec is safe and with promising results being effective in treating both injected and distant disease in patients with surgically incurable metastatic melanoma (NCT00429312) (Mastrangelo et al., 1999). Some clinical trials testing Pexa-vec for melanoma are in progress (NCT04849260, NCT02977156). These findings reinforce interest in the use of OV as an immunotherapeutic for melanoma.
Adenovirus is another viral system widely used in immunotherapy for cancer. Oncorine (Onyx-015, H101), for example, is an oncolytic adenovirus-based used for the treatment of head and neck squamous cell carcinoma (Liang, 2018). It was designed to be replicated only in cells that have lost p53 activity, which would cover a large percentage of human neoplasms (Wei et al., 2018). Oncorine was approved in 2005 by State Food and Drug Administration, China (SFDA) (Wei et al., 2018). Although clinical trials of Oncorine for human melanoma have not yet been performed, Hu and colleagues found evidence that the use of ZD55-IL-24 (similar to Oncorine) in an animal model of melanoma prevents tumor growth and induced systemic antitumor immunity (Hu et al., 2020).
Telomelysin (OBP-301) is an oncolytic adenovirus utilizing the human telomerase reverse transcriptase (hTERT) promoter to control the expression of E1A and E1B, key genes that regulate adenoviral replication. In normal cells, the hTERT promoter should not be active, thus the lack of E1A/E1B prevents viral replication. Since hTERT is generally over active in tumor cells, E1A/E1B will be expressed, thus providing selectivity of virus replication (Trager et al., 2020). A phase I clinical trial showed good tolerability, with patients presenting only mild symptoms (grades 1 and 2), such as pain, induration, fever, and chill, and none of them had severe symptoms (grades 3 and 4). Despite having a small cohort, the results were promising, with seven of the twelve patients fulfilling RECIST criteria for stable disease at 56 days after the treatment (Nemunaitis et al., 2010; Trager et al., 2020). In 2016, a phase II clinical trial was initiated testing Telomelysin in patients with unresectable stage III and IV melanoma, though results are not yet available (NCT03190824). In addition, several phase I clinical trials involving replicative adenoviral vectors for different types of cancer have already been carried out, such as TILT-123, ICOVIR-5, LOAd703, ONCOS-102, as shown in Table 1.
As mentioned above, the induction of ICD is essential for the success of oncolytic approaches, bringing into question the importance of virus replication to achieve this goal. Many approaches are being developed for the induction of oncolysis even when the virus, such as adenovirus, does not replicate (Tessarollo et al., 2021). Our research has focused on the use of non-replicating adenoviral vectors for the transfer of genes intended to induce both cell death and immune activation including reversal of the immunosuppressive TME. That is to say, our approach induces oncolysis without the need for a replicating vector. In the first instance, the objective of the gene transfer is to induce immunogenic cell death in cancer cells, and subsequently, a second wave of death due to cytotoxicity mediated by cells of the immune system, mainly T and NK cells. Evidence from our studies indicates that the combined use of interferon-β (IFNβ) and p19Arf (alternate reading frame, p19Arf in mice and p14ARF in humans) induces melanoma cell death by necroptosis and is associated with an anti-viral response and the release of immunogenic factors (such as HMGB1, ATP and calreticulin) (Merkel et al., 2013; Ribeiro et al., 2017; Cerqueira et al., 2020). In our pre-clinical models, this therapy was well tolerated in animals where no side effects, such as liver transaminase induction, were observed and showed promising results in inhibiting tumor growth in s.c. tumors after in situ gene therapy, as well as prolonging the survival of treated animals (Cerqueira et al., 2020; David et al., 2020). We have also confirmed the induction of an antitumor immune response in vaccine and immunotherapy settings, with critical involvement of NK cells, CD4+ and CD8+ T cells, when our vector is used in immunocompetent C57BL/6 mice and B16-F10 mouse melanoma cells (Medrano et al., 2016). When using the human melanoma cell line SK-MEL 147 we demonstrated that transduction with adenoviral vectors encoding p14ARF and IFNβ resulted in activation of monocyte-derived DCs (Cerqueira et al., 2020). In turn, these promoted the activation and priming of T cells, as well as the pro-inflammatory cytokine profile (Cerqueira et al., 2020). Together, these studies show that our gene transfer approach is a promising immunotherapy for melanoma (Hunger et al., 2017; Medrano et al., 2017; Cerqueira et al., 2020). The use of non-replicating vectors may be an advantage for our approach since the delivery of IFNβ can be counterproductive for replicating OVs (Cerqueira et al., 2020; Geoffroy and Bourgeois-Daigneault, 2020; Tessarollo et al., 2021). The results to date are encouraging and research will continue, with critical development using clinically relevant models, such as testing with patient-derived tumor samples, including PDO and immunological ex vivo models (Strauss et al., 2018).
COMBINING VIROTHERAPY WITH DIFFERENT IMMUNOTHERAPEUTIC INTERVENTIONS
Since the immune system consists of multiple components that act in an ordered and coordinated manner, immunotherapies that target a single step may not promote the entire cascade of events. Instead, combined approaches, especially those that facilitate different steps in the immune response, may provide an improved clinical outcome. As described above, the role of OV is to induce ICD, but this does not guarantee the effectiveness of the steps that follow, including antigen presentation, T cell priming and cytolytic activity. With the success of immunotherapies that target these points, especially ICI, a wide range of combination therapies is possible, as discussed here and summarized in Figures 4, 5.
[image: Figure 4]FIGURE 4 | Combining Oncolytic Virus (OV) therapy with other immunotherapy strategies. Since OV acts at the first step of the cancer-immunity cycle, releasing DAMPs, PAMPs and TAAs, its association with additional interventions aiming to establish an antitumor response is favored. The induction of ICD leads to recruitment and activation of antigen-presenting cells (APCs), which can increase the efficiency of vaccine-based approaches (especially peptide vaccines) and generate a stronger T cell response. Immune Checkpoint Inhibitors (ICIs) can increase activation of T cells during priming (here represented by anti-CTLA-4 mAb) and also increase T-cell effector activity in the tumor (i.e., anti-PD-(L)1 mAbs) following OV-induced immune cell infiltration. Agonist monoclonal antibodies (mAbs) are also an interesting intervention to increase T cell activation against TAAs (released after oncolytic therapy) by recognizing and activating costimulatory T cell receptors (i.e., 4-1 BB). Targeted therapy can also potentiate the immune responses to target tumor cells by increasing the effector activity of the innate immune system, including NK cell-mediated ADCC, macrophage-mediated ADCP and complement-mediated CDC. It is important to note that the cytotoxic activity of innate immune cells increases antigen release and, consequently, T cell recruitment. Virotherapy can also increase efficiency of Adoptive Cell Therapy (ACT), here represented by CAR T cells, by promoting a pro-inflammatory microenvironment, enabling T cells enhanced functions and leading to a higher recognition and elimination of tumor cells even in solid tumors. Therapy using bi-specific antibodies, such as BiTEs, can also be enhanced by oncolytic therapy as OVs precondition tumors in terms of T cell recruitment and activation. Finally, cytokines can act at many key steps of the process, such as antigen presentation and T cell priming, activation and recruitment. Furthermore, these factors have an important role at maintaining a favorable microenvironment for the survival of activated immune cells and the sustainment of the immune response. ICD, Immunogenic Cell Death; TAA, Tumor-Associated Antigen; DAMPs, Damage-Associated Molecular Pattern; PAMPs, Pathogen-Associated Molecular Pattern; NK, Natural killer; CTLA-4, Cytotoxic T-Lymphocyte-Associated protein 4; PD-1, Programmed cell Death protein 1; PD-L1, Programmed cell Death Ligand 1; CAR, Chimeric Antigen Receptor; BiTEs, Bi-specific T-cell Engagers; ADCC, Antibody-Dependent Cell-mediated Cytotoxicity; ADCP, Antibody-Dependent Cellular Phagocytosis; CDC, Complement-Dependent Cytotoxicity. Created with BioRender.com.
[image: Figure 5]FIGURE 5 | Expected benefits of combined immunotherapies. Besides the direct antitumor effect of virotherapy, especially by the lytic effect of oncolytic viruses, this treatment modality can induce an anti-cancer immune response through the promotion of ICD. Here, we summarize the events illustrated in Figures 3, 4 and highlight the expected advantage when combining virotherapy with other immunotherapy strategies. ICD, Immunogenic Cell Death; DAMPs, Damage-Associated Molecular Patterns; TME, Tumor Microenvironment; APC, Antigen-Presenting Cell; ICP, Immune Checkpoint; ICI, Immune Checkpoint Inhibitor; CTLA-4, Cytotoxic T-Lymphocyte-Associated protein 4; LAG-3, Lymphocyte-Activation Gene 3; PD-1, Programmed cell Death protein 1; PD-L1, Programmed cell Death Ligand 1; TIM-3, T cell Immunoglobulin and Mucin domain-containing protein 3; CAR, Chimeric Antigen Receptor. Created with BioRender.com.
In the same way that combinations can enhance therapeutic efficacy, they can also be counterproductive or even intensify unwanted side effects. Therefore, clinical trials are essential to provide critical correlative data that can support the combined use of these new therapeutic options. Despite the importance of pre-clinical assays for the initial proof of concept, the animal models used in this stage are limited, since the main potential is precisely the performance of the human immune system (Bareham et al., 2021; Patton et al., 2021). Macedo and collaborators published a review that provides a current overview of virotherapy clinical trials, as well as the resulting combinations (Macedo et al., 2020). According to what they observed, the majority of clinical trials (62.9%) published between 2000 and 2020 investigated only the action of oncolytic viruses used as monotherapy, while 37.1% where OV was administered in combination with at least one other anti-cancer treatment or medication. Of these combinations, the most frequent were cytotoxic chemotherapy agents, chemotherapy prodrugs and radiotherapy. Only a small fraction (5%) of all clinical tests with oncolytic viruses investigated the combination with other immunotherapies such as ICIs or cytokines (Macedo et al., 2020).
Inhibitors of Immune Checkpoints
As previously mentioned, melanomas have a high mutational load, which contributes to the generation of neoantigens which can be targeted by the patients’ T cells, but their function is often impeded due to upregulation of PD-1. There is also evidence that OV-based therapies increase infiltration of T cells in the tumor (Ribas et al., 2017). Thus, the combination of these immunotherapies is an interesting option (Chiu et al., 2020; Hwang et al., 2020). In randomized, open-label phase I and II studies, T-VEC combined with ipilimumab (anti-CTLA4) showed significantly greater efficacy compared to ipilimumab alone (Puzanov et al., 2016; Chesney et al., 2018; Trager et al., 2020). Likewise, another phase 1b study using T VEC plus pembrolizumab (anti-PD-1) in advanced melanoma showed that this combination was well tolerated, although some patients had mild side effects such as chills, fatigue and pyrexia. Phase III clinical study is already being conducted to expand clinical information regarding efficacy (Long et al., 2016). The patients who responded to the combination therapy showed an increase in the infiltrated CD8+ T cells, as well as an increase in the expression of PD-L1 protein, and thus providing mechanistic evidence for the improvement in the effectiveness of pembrolizumab therapy. In addition, greater expression of IFN-γ was detected in the tumor microenvironment in different cell subpopulations, contributing to a less immunosuppressive context (Ribas et al., 2017).
Several approaches using a variety of OVs and ICIs are in pre-clinical and clinical development. For example using a mouse model of metastatic pulmonary melanoma, it was demonstrated that virotherapy using influenza A viruses (IAVs) combined with ICI resulted in a sustained antitumor efficacy caused by the significant increase in the oncolytic effect (Sitnik et al., 2020). In other lines of evidence, Vijayakumar et al., applied Newcastle disease virus (NDV) in combination with radiotherapy plus checkpoint inhibitors (PD1 or CTLA4 targeted mAbs) induces an abscopal effect in immunocompetent B16-F10 murine melanoma model. These authors also show that recombinant NDV a single-chain variable fragment (scFv) anti-CTLA4 plus radiation was as effective as virus, radiation and systemic anti-CTLA4 in terms of survival benefit (Vijayakumar et al., 2019). An important limitation of the use of ICI therapy is that the majority of patients still fail to respond over time (Sharma et al., 2017; Grote et al., 2020). In this context, Liu and collaborators used therapy with oncolytic virus derived from a strain of alphavirus, M1, and were able to demonstrate refractory tumors were sensitized to subsequent checkpoint blockade by boosting T-cell recruitment and upregulating the expression of PD-L1 (Liu et al., 2020). Another important factor to be considered in cancer therapy is whether the effect of local treatment may also include untreated distant metastases. Often referred to as the abscopal effect, this could be an indication that systemic antitumor immune responses are being activated. Evidence in the literature indicates that this effect was observed experimentally in animal models when Kuryk et al. used oncolytic adenoviruses carrying GM-CSF (ONCOS-102) plus ICI therapy (Kuryk et al., 2019). In this scenario of cooperation and synergy, we could also imagine different combinations with other immune players.
Cytokines
A significant obstacle to successful immunotherapeutic interventions is the modulation of the TME, which, in addition to supporting tumor growth and dissemination, favors the evasion of antitumor immune responses. Dysfunctional interaction of tumor and stromal cellular components leads to a predominantly anti-inflammatory cytokine profile with interleukin-10 (IL-10) (Seo et al., 2001), transforming growth factor (TGF)-beta and other cytokines (Strauss et al., 2007), produced by immunosuppressive cells, for example, regulatory T cells (Tregs) (Knol et al., 2011). The administration of IL-2 was one of the first reproducible effective human cancer immunotherapies against metastatic melanoma (Rosenberg, 2014). Likewise, IFN-α also showed antitumor activity in animal models, in addition to its antiviral activity initially described (Gresser and Bourali, 1970). After clinical trials, both IL-2 and IFN-α demonstrated only mild clinical benefit when used as monotherapy and are approved by the FDA for use in melanoma (Atkins et al., 1999). However, due to the short half-life of most cytokines, high-dose IL-2 and IFN-α administration may be necessary, a situation that increases the incidence of adverse effects, which can make continued treatment unfeasible (Komenaka et al., 2004; Berraondo et al., 2019).
Viruses can be loco-regional adjuvants if applied intratumorally. In addition to their immunostimulatory properties associated with the release of DAMPs and PAMPs, OVs act by inducing acute localized inflammation, they can disturb the tumor niche through the production of inflammatory cytokines in infected/transduced cells. This implies a change in the pattern of cytokines present in the tumor microenvironment in a way that favors the breakdown of immunological tolerance. Few clinical trials have explored the combination of oncologic viruses and cytokine, IL-2 (Voit et al., 2003) and IFN-α (Macedo et al., 2020). However, instead of administering soluble cytokines directly, several approaches function for the design of recombinant virus oncolytic armed with immune modulators, such as cytokines and chemokines. Once the target cell is transduced, it starts to express the carried genes locally, reducing the systemic adverse effects (De Graaf et al., 2018). A classic example is the T-Vec, which locally induces the expression of GM-CSF (Andtbacka et al., 2015). For this purpose, several approaches, with different viral vectors, were used to express cytokines such as IL-2 (Carew et al., 2001; Bai et al., 2014), IL-12 (Varghese et al., 2006), IL-15 (Niu et al., 2015), IFN-γ (Vigil et al., 2007), IFN-β (Durham et al., 2017; Cerqueira et al., 2020; David et al., 2020), reinforces the potential of combining OV and cytokines for immunotherapy for melanomas (De Graaf et al., 2018).
Oncolytic Vaccines Use TSA/TAA in Combination With OV
Assuming that TSA/TAA are the main targets of the adaptive immune system, some strategies seek to incorporate these tumor antigens in OVs, referred to as “oncolytic vaccines”, designed to potentiate antitumor immune responses, especially cytotoxic T lymphocytes (Elsedawy and Russell, 2013; Holay et al., 2017). Mulryan and coworkers used engineered vaccinia virus expressing TAA 5T4 (an oncofetal antigen), in animal models of melanoma and showed significant melanoma tumor retardation compared with mice vaccinated with respective controls. Although it is a self-antigen, in this work no autoimmune effects inherent to the treatment were detected (Mulryan et al., 2002). In another work, using the B16-ova mosuse melanoma model, Diaz and coworkers verified an increase in the activation of ova-specific T cells after treatment with vesicular stomatitis virus (VSV) delivering ovalbumin (ova) (Diaz et al., 2007). Other studies went further and studied melanoma cDNA library delivery by the oncolytic viral vector VSV. After using these constructs to treat pre-established melanomas in animal models, remission was observed, which is associated with the ability of mouse lymphoid cells to mount a tumor-specific CD4+ interleukin (IL)-17 dependent response (Pulido et al., 2012). Collectively, these findings corroborate the principles of personalization of cancer treatment, since the gamut of potential TAA/TSA epitopes will be inherent in the evolutionary history of tumors (Holay et al., 2017). This strategy will be quite valuable in the not-too-distant future, where tumor genome and transcriptome sequencing data will be increasingly available, and thus, likely to be coupled with viral therapies (Finck et al., 2020).
Perspectives for Combining OV and CAR-T Cell Therapy for Melanoma
Adoptive transfer of chimeric antigen receptor (CAR)-modified T cells has demonstrated remarkable rates of long-lasting complete remission in patients with hematological tumors (Guedan and Alemany, 2018). The approval by the US Food and Drug Administration (FDA) of Kymriah (tisagenlecleucel) for acute lymphoblastic leukemia (ALL) (Maude et al., 2018) and Yescarta (axicabtagene ciloleucel) designed to treat large B-cell lymphoma (Neelapu et al., 2017), opened unprecedented perspectives for cancer treatment. In general, the CAR-T cell approach involves the ex vivo modification of the patients’ own T cells using lentiviral and retroviral vectors to deliver the CAR sequence, followed by expansion and reinfusion in the patient (Simon and Uslu, 2018; Chicaybam et al., 2020). Other applications for the use of CAR T have been approved by the FDA as Abecma (idecabtagene vicleucel) for the treatment of multiple myeloma and its use for autoimmune diseases is already being discussed (Hong et al., 2020).
Despite impressive results reported for hematological malignancies, CAR-T cell therapy in solid tumors has failed to meet expectations (Newick et al., 2017; Dana et al., 2021; Marofi et al., 2021). Unlike hematological malignancies, melanomas, like many solid tumors, do not have well-defined targets for the design of a CAR since the available antigens are often expressed in normal cells, thus promoting off-target cell killing. Adding to that difficulty, expression of possible candidate antigens can vary as tumor immunoediting is a continuous process and may give the targeted cells a selective advantage that results in their escape from the CAR-T cells (Dunn et al., 2002; Poggi et al., 2014). Even so, many studies are underway to use the CAR-T cell approach in melanoma (Table 2), a topic that has been reviewed recently (Soltantoyeh et al., 2021; Uslu, 2021). Currently, data from these clinical trials are not available. The immunosuppressive TME is another barrier that must be overcome if CAR-T cell therapies are to be successful. Melanoma, like other solid tumors, is composed of a complex network containing different cell types, such as fibroblasts, endothelial cells, adipocytes and several cells of the immune system immersed in the extracellular matrix (ECM) (Villanueva and Herlyn, 2008; Simiczyjew et al., 2020). Acting together, they comprise an immunosuppressive microenvironment that promotes evasion of antitumor responses, especially of T effector/cytotoxic lymphocytes (Ruiter et al., 2002; Maibach et al., 2020; Simiczyjew et al., 20203-Dimensional coculture of breast cancer cell lines with adipose tissue–Derived stem cells reveals the efficiency of oncolytic Newcastle disease virus infection via labeling technology
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Oncolytic virotherapy is one of the emerging biological therapeutics that needs a more efficient in vitro tumor model to overcome the two-dimensional (2D) monolayer tumor cell culture model’s inability to maintain tissue-specific structure. This is to offer significant prognostic preclinical assessment findings. One of the best models that can mimic the in vivo model in vitro are the three-dimensional (3D) tumor–normal cell coculture systems, which can be employed in preclinical oncolytic virus therapeutics. Thus, we developed our 3D coculture system in vitro using two types of breast cancer cell lines showing different receptor statuses cocultured with adipose tissue–derived mesenchymal stem cells. The cells were cultured in a floater tissue culture plate to allow spheroids formation, and then the spheroids were collected and transferred to a scaffold spheroids dish. These 3D culture systems were used to evaluate oncolytic Newcastle disease virus AMHA1 strain infectivity and antitumor activity using a tracking system of the Newcastle disease virus (NDV) labeled with fluorescent PKH67 linker to follow the virus entry into target cells. This provides evidence that the NDV AMHA1 strain is an efficient oncolytic agent. The fluorescently detected virus particles showed high intensity in both coculture spheres. Strategies for chemically introducing fluorescent dyes into NDV particles extract quantitative information from the infected cancer models. In conclusion, the results indicate that the NDV AMHA1 strain efficiently replicates and induces an antitumor effect in cancer–normal 3D coculture systems, indicating efficient clinical outcomes.
Keywords: labeled viruses, virotherapy, breast cancer, adipose tissue–derived adult stem cell, 3D cancer model, coculture
INTRODUCTION
Oncolytic virotherapy is an emerging biological therapeutic that needs an efficient in vitro tumor model to maintain the tissue-specific structure that two-dimensional (2D) culture models cannot maintain (Kloker et al., 2018; Duval et al., 2017). One of the best models that can mimic the in vivo model in vitro are the three-dimensional (3D) tumor–normal cell coculture systems (Chaicharoenaudomrung et al., 2019), which can be employed in preclinical oncolytic virus therapeutics. Oncolytic virotherapy is a kind of promising breast cancer therapy (Al-Ziaydi et al., 2020b). Breast cancer (BC) is the most invasive malignancy and the main cause of death in females (Cao et al., 2020). One of the most significant extrinsic variables in the development of BC is the tumor microenvironment (TME), which is composed of extracellular matrix (ECM) proteins, stromal cells such as adipocytes and associated cells, and the physical characteristics of neighboring cells or the ECM, all making up the TME structure (Place et al., 2011). These variables may have a cumulative effect against the development and progression of the tumor by influencing BC cell behavior via biophysical or biochemical interactions (Pallegar et al., 2019). Therefore, the 3D breast cancer cell systems can be used as a model that holds an inordinate promise for the discovery of drugs and cancer-targeted therapy. The NDV has been suggested as a biological agent with the potential to break therapy resistance, as it can replicate in non-proliferating tumor cells that are resistant to chemotherapy and radiotherapy (Schirrmacher, 2015). The NDV can also interfere with cancer angiogenesis (Al-Shammari et al., 2020a). The induction of apoptosis and immunogenic cell death is involved in NDV-mediated cancer cell killing (Al-Shammari et al., 2020c). Several methods have been developed to study virus adsorption and internalization, such as fluorescent in situ hybridization (Brabec-Zaruba et al., 2009), signal molecule tracking (Seisenberger et al., 2001), and radioactive labeling (Gotoh et al., 2006). Fluorescent lipid molecule tracing using amphipathic carbocyanine probe techniques has also been reported for labeling and visualizing enveloped RNA virus–cell interactions (Balogh et al., 2011). Here, we aim to demonstrate the efficiency of the NDV AMHA1 strain labeled with the PKH67 linker in replicating the 3D coculture spheroid cells augmented with scaffold developed to mimic the in vivo interaction between the BC cells and human adipose tissue–derived mesenchymal stem cells (hATMSCs).
MATERIAL AND METHOD
The study was approved by the Scientific Committee of the Department of Biotechnology, College of Science, Baghdad University. The experiments were performed at the Experimental Therapy Department, Iraqi Center of Cancer and Medical Genetics Research (ICCMGR), Mustansiriyah University, Baghdad, Iraq.
Newcastle disease virus propagation
An attenuated NDV AMHA1 strain (Al-Ziaydi et al., 2020a) was propagated in a 9-day chicken egg embryo (Al-Kindi, Baghdad, Iraq). The NDV was collected from the allantoic fluid of chicken eggs, purified from debris by using centrifugation at 3,000 rpm for 30 min, and stored at −80°C after being tested for hemagglutination (HA test). The viral titers were determined on Vero–SLAM cells (kindly provided by Dr. S.J. Russell, Mayo Clinic, United States) using a 50% tissue culture infective dose titration assay (TCID 50) per the standard procedure.
Newcastle disease virus purification
The virus was purified from the allantoic fluids through the sucrose gradient method. First, the debris-free NDV was concentrated by ultracentrifugation at 120,000 g in an SW 32 Ti rotor (Beckman, United States) for 3.5 h at 4°C to make viral pellets suspended in 1 ml phosphate-buffered saline (PBS) of each tube and collected and stored at −80°C. The sucrose gradient was prepared as 60%, 50%, 40%, and 25% w/v sucrose in Milli-Q water, 0.22 mM filter sterilized, in 13.2 ml ultracentrifuge tubes at 4°C. The gradient was prepared by adding 1 ml of 60% w/v sucrose to the bottom of the tube. Later, it was carefully layered with 2 ml, 2 ml, and 2.5 ml of 50%, 40%, and 25% w/v sucrose, respectively. Finally, a layer of 4 ml of concentrated NDV was added to the top. The gradients were ultracentrifuged at 120,000 g in an SW 41 Ti rotor for 3.5 h at 4°C. The virus typically bands between the 40% and 50% sucrose layers. All tubes had to be clamped to retort stands to collect the virus, then wiped with 70% ethanol from the outside. A wide-mouthed container was placed below the ultracentrifuge tube to collect the liquid waste that was poured out after removing the syringe. An 18-G needle was attached to a 3 cc syringe positioned to the side of the tube at around 5 mm below the virus-containing band and the virus (2 ml) was slowly withdrawn (Santry et al., 2018).
Cancer and normal cells
The human breast cancer cell line AMJ13 derived from Iraqi patients (estrogen and progesterone receptors negative) (Al-Shammari et al., 2015), the MCF7 human BC cell line (estrogen, progesterone receptors positive), and normal human adipose tissue–derived mesenchymal stem cells (hATMSCs) were supplied as a cell line established by Dr. Ahmed Majeed Al-Shammari, Experimental Therapy department, the Iraqi Center of Cancer and Medical Genetics Research (ICCMGR), Mustansiriyah University, Baghdad, Iraq. The original hATMSCs sample isolation was described by Hammadi and Alhimyari (2019). AMJ13 was cultured in an RPMI-1640 medium. The MCF7 cell and hATMSCs were cultured in MEM (US Biological, United States) supplemented with 10% (v/v) fetal bovine serum (FBS) and 100 IU penicillin and 100 µg streptomycin (Capricorn-Scientific, Germany). The cells were checked regularly for contamination.
Three-dimensional multicellular spheroids coculture system
We modified the 3D-culture protocol initially developed by Wong et al. (2012) and Rolver et al. (2019). Briefly, Both AMJ13 cancer cells and hATMSCs normal cells, MCF-7, and hATMSCs, were trypsinized from a monolayer to a single-cell suspension and seeded as coculture at 50,000 cells each (ratio: 1:1) in a 24-well cell floater plate (SPL3D™, SPL Life Sciences, South Korea) and allowed for spheroids formation for 3 days at 37°C. Later, we collected spheroids and transferred them to a scaffold spheroids dish for culturing for an additional 72 h, as the meshes inside the well facilitate identifying and counting the spheroids (mesh thickness: 137 µm, pore size: 200 µm, cat. No. 110350, SPL Life Sciences, South Korea).
Newcastle disease virus particles' labeling with PKH67 linker
The PKH67 Fluorescent Cell Linker Kits (Sigma-Aldrich, United States) were used to label the oncolytic NDV AMHA1. A total of 1.5 × 108 particles in PBS were labeled as follows: 1 µl of PKH67 dye (Sigma, St. Louis, MO) was dissolved in 2 ml of Diluent C before labeling as per the manufacturer's recommendations (Sigma, St. Louis, MO). Two volumes of diluted PKH67 were mixed with one volume of NDV suspension by pipetting. After 30 s, the labeling reaction was stopped by adding three volumes of the full medium and pipetting the suspension 5–6 times. The labeled virus was ready for exposure (Balogh et al., 2011).
Coculture spheroids infection
Coculture spheroids were treated with labeled NDV at a multiplicity of infection (MOI) of 10 for 24 h before ending the experiment. Another group of spheroids was treated with NDV AMHA1 without adding PKH67 Fluorescent Linker to act as the non-labeled control. The PKH67–Diluent C mixture was incubated with ×1 PBS as described for virus labeling (without adding NDV) to prepare the mock-infected control. The reaction was halted by adding the full medium, and the mixture was then used to treat the cells. After 24 h, we aspirated the medium from the spheres and rinsed them twice with ice-cold PBS. We then fixed the culture with 4% paraformaldehyde at room temperature for 10 min and stopped the fixation process by aspirating 4% paraformaldehyde and injecting at least two medium-volume PBS for 10 min. The samples were incubated overnight at 4°C before removing paraformaldehyde to stain the cell nuclei with propidium iodide dye (PI) (10 μl PI + 1 ml PBS) (Balogh et al., 2011).
Two-dimensional coculture protocol
In an 8-well chamber slide (SPL Life Sciences, South Korea), we seeded 2,500 cells of AMJ13 or MCF7 breast cancer cells with 25,000 normal hATMSCs in 400 µl of the growth media to allow cell growth overnight to create the 2D coculture system of AMJ13 with hATMSCs and MCF7 with hATMSCs. By day 2, the cells were treated with an NDV-PKH67 to detect virus infectivity and selectivity in the 2D coculture system.
Image quantitative analysis
Images were analyzed using the ImageJ software to measure the green fluorescent dye and the sphere’s area. Moreover, the fields were quantified for sphere numbers. The growth inhibition of the spheres was assessed using the following formula:
[image: image]
where the spheres areacontrol is the mean sphere area of untreated wells, and spheres areatreated is the sphere area of treated wells.
Investigation of Newcastle disease virus AMHA1 hemagglutinin–neuraminidase protein expression in cancer and normal spheroids to confirm virus replication in three-dimensional systems
The cancer spheroids (AMJ13 and MCF7) and normal hATMSCs spheroids were grown separately and infected with NDV at an MOI of 10 for 24 h to confirm infectivity and replication according to cell identity. These spheroids were washed with PBS, then fixed using 4% paraformaldehyde for 30 min at RT. Permeabilization was done using 0.5% Triton-X for 30 min, RT. They were blocked by using 10% goat serum for 60 min. The spheroids were stained with 1 µg/100 µl of the mouse monoclonal antibody raised against hemagglutinin–neuraminidase (HN) of the Newcastle disease virus [NDV-HN (11F12):sc-52112: dilution 1:30, Santa Cruz Biotechnology, CA, United States], diluted in blocking buffer, and incubated overnight at 4°C. Then, the spheroids were treated with 1 µg/100 µl of the secondary antibody Alexa Fluor 568–conjugated goat anti-mouse IgG for 2 h at RT. The spheroids were examined using a Micros fluorescent microscope and photographed using a Micros 5-megapixel camera (Micros, Austria). The fluorescence intensities were measured using the ImageJ software.
Statistical analysis
Statistical significance was determined by unpaired two-tailed Student’s t-test or two-way analysis of variance with multiple comparisons using GraphPad Prism 6 (GraphPad Software, San Diego, CA). The statistical significance was set at p < 0.05.
RESULT
Spheres formation
The 3D coculture spheres showed steady expansion and growth in the mesh scaffold. In general, during the first 24 hours, the aggregates of spheres were very tiny in size and less in number, which floated in the culture media (Figure 1). During the second day, the spheres had developed in size and increased in numbers. However, such spheres contained a small number of cells individually, while another aggregate had many cells aggregated. Nonetheless, during the third day, we observed hyperactive growth of spheres with a layer of huge aggregate on the surface of the suspended media (Figure 1).
[image: Figure 1]FIGURE 1 | The growth of the spheroids coculture system of AMJ13-hATMSCs and MCF7-hATMSCs on a scaffold dish under an inverted microscope. On the first day, the spheres were minor in size, and the tiny aggregates of spheres (white arrows) were organized as a small network. At 48 h, the spheres contained a small number of cells individually, while another aggregate had many cells aggregated (white arrows). At 72 h, the spheres of the coculture extend in size to connect with the scaffold fiber and form massive spheroids (white arrows).
PKH67-labeled Newcastle disease virus AMHA1 lyses breast cancer–hATMSCs spheroid cocultures
We first assessed the efficiency of PKH67-labeled NDV (PKH67-NDV) AMHA1 to revoke the 3D breast cancer–hATMSCs growth. Three-dimensional cocultures of AMJ13 and MCF7 cell lines were exposed to the labeled NDV AMHA1 at an MOI of 10 or mock-infected (control) and checked for spheroid size and numbers at 24 h post-infection. PKH67-NDV infected AMJ13, and MCF7 spheres were lysed or reduced in size when compared to mock-infected cells for the first 3 days before infection (Figures 2A,B). Likewise, PKH67-NDV infection significantly decreased the sphere numbers (Figure 2C). Moreover, the growth inhibition of the spheres show that more than 80% for each cell line has been tested (Figure 2D), indicating that PKH67-NDV can efficiently prevent breast cancer spheroids’ growth.
[image: Figure 2]FIGURE 2 | Antitumor assessment of the PKH67-NDV AMHA1 against the 3D breast cancer–hATMSCs spheres. Three-dimensional cocultures of AMJ13 and MCF7 cell lines and normal stem cells were exposed to labeled NDV AMHA1 at an MOI of 10 for 24 h post-infection. (A) Growth curve showing the steady growth of the spheres in size as measured by area, through 3 days until exposed to PKH67-NDV, where the spheres size drops due to oncolysis effect when compared to that of mock-infected cells. (B) Immunofluorescence image showing mostly green fluorescent PKH67-NDV infection decreased the number of spheres when compared to the control noninfected spheres. The control spheres show orange propidium iodide that stains the cell nuclei red. (C) Significant decreases seen in spheres number. (D) Sphere’s growth inhibition showed more than 80% for each cell line tested, indicating that PKH67-NDV can efficiently prevent breast cancer spheroids’ growth.
Efficient infectivity of PKH67-labeled Newcastle disease virus in AMJ13 and MCF7 breast cancer three-dimensional spheroids
To evaluate the efficacy of the oncolytic NDV AMHA1 strain, we employed PKH67 dye to label the virus. Through green fluorescence intensity analysis, we determined both AMJ13-hATMSCs and MCF7-hATMSCs 3D cancer cell spheroids susceptibility to PKH67-NDV (Figures 3, 4). The PKH67-NDV replicated within 24 h, infecting most of the spheroids, which when infected with an MOI of 10, dyed all cancer spheres with clear green fluorescence. Unlike untreated cells that fluorescent red-orange only for the propidium iodide that stains nuclei of live cells, prove the specificity of our labeling dye as a tracking system for the labeled virus. By examining under a fluorescent microscope (Macros, Austria), the infected 3D spheres revealed lytic cytopathic effects and robust green fluorescent signaling (Figures 3, 4). The PKH67-NDV tracking system results show that both AMJ13 and MCF7 cancer spheroids are greatly sensitive to PKH67-NDV infectivity, confirming the broad-spectrum antitumor nature of the oncolytic NDV. The efficient infectivity subsequently causes cancer cell death and virus progeny release. Moreover, the images of PKH67-NDV–infected spheres show a few spheres that are fluorescent red-orange only with no green fluorescence, which can be explained as a sphere of normal hATMSCs only spared by the NDV, as they do not replicate in normal cells.
[image: Figure 3]FIGURE 3 | Infectivity analysis of PKH67-NDV in AMJ13-hATMSCs 3D spheroids. In representative fluorescent images of the 3D coculture of AMJ13-hATMSCs in the (3D) scaffold system, spheroids were infected at an MOI of 10 in the image labeled with PKH67-NDV. Cells were infected with labeled NDV (virus-carrying PKH67 linker). At 24 h post-infection, coculture spheroids were fixed and propidium iodide (PI)–stained for nuclear staining. PI staining is seen as red/orange, while the cytoplasm is seen as clear green fluorescence, ensuring the entry of the labeled NDV. The top left figure shows images of AMJ13 coculture (×100), and the top right figure shows the magnified PKH67-NDV–infected spheroids (×400). While the figure on the bottom left shows an image of non-labeled NDV infecting the 3D coculture system, showing lysed and small spheroids stained only with red-orange propidium iodide dye. The picture at the bottom right presents coculture spheroids of the AMJ13 spheroid cells treated with PKH67 linker only without any virus (mock-infected) as the second control. While the histogram clarifies the intensity of PKH67 green fluorescence, revealing that PKH67-NDV–infected spheres are the ones showing the most intense green fluorescence.
[image: Figure 4]FIGURE 4 | Infectivity analysis of PKH67-NDV in MCF7-hATMSCs 3D spheroids, coculture images of MCF7 with hATMSCs in the (3D) scaffold system; spheroids are infected at an MOI of 10 as seen under a fluorescence microscope. Cells were infected with labeled NDV (virus carrying PKH67 linker). At 24 h post-infection, coculture spheroids cells were fixed and stained with propidium iodide (PI) for nuclear staining. PI staining is shown in red/orange, while the cytoplasm is shown in green fluorescence for infectivity of the PKH67-NDV inside cancer cells' cytoplasm, which confirms the entry of labeled NDV. Also seen are few fluorescent red-orange spheres with no green fluorescence, which can be explained as a sphere of normal hATMSCs only spared by the NDV as it is not replicated in the normal cells. The top left figure shows images of MCF7 coculture ×100, and the top right figure is of a higher magnification of PKH67-NDV–infected spheres, which appear destroyed, and shows the presence of cells with green cytoplasm (white arrow) and red-orange nuclei (yellow arrow) (×400). While the bottom left figure (non-labeled NDV) shows MCF7-hATMSCs coculture spheres treated with non-labeled NDV, having a nucleus stained red-orange with propidium iodide dye. The bottom right figure presents cocultured spheroids of MCF7 spheroids cells, treated with PKH67 linker only without any virus (mock-infected), treated as the second control. The histogram clarifies the intensity of PKH67 green fluorescence, demonstrating that PKH67-NDV–infected spheres have the highest intensity while showing high infection of the labeled virus.
Newcastle disease virus infects and replicates in cancer cells while infecting but not replicating in normal hATMSCs in a two-dimensional system
We tested the hypothesis of NDV infection and replication in cancer cells while infecting but not replicating it in normal stem cells in a 2D cell culture model of cancer, hATMSCs, and coculture of both. We simulated the 3D experiments in a 2D model by culturing AMJ13 and MCF7 cancer cells with human normal stem cells and infecting them with labeled NDV, while adding the labeling dye to the cells as control. The results showed that both cancer cell lines (AMJ13 and MCF7) showed intense green fluorescent staining (Figures 5A, 6A), which reflects efficient NDV infection and replication in cancer cells as compared to normal cells that have very low green fluorescent intensity which is hardly detectable (Figures 5B, 6B). The 2D coculture model shows intense staining of some of the cells while others show only counterstaining (Figures 5C, 6C) after infection with PHK67-labeled NDV. Adding the PHK67 dye to the coculture model results in hardly detectable green fluorescence, which is even less than that seen in infected hATMSCs (Figures 5D, 6D). The quantitative image analysis for green fluorescence by ImageJ confirmed significant green fluorescence intensity of the infected cancer cells when compared to normal infected cells and the noninfected coculture cell model (Figure 5E, 6E). There was no significant difference in green fluorescence intensity between the infected cancer cells and infected cocultured cells. These data suggest that labeled viruses attached or entered normal cells and transferred their PHK67 to the cells without replicating in them while showing efficient infection and presence inside cancer cells.
[image: Figure 5]FIGURE 5 | Newcastle disease virus infects and replicates in AMJ13 breast cancer cells while infecting but not replicating in normal hATMSCs. (A) AMJ13 breast cancer cells infected with labeled NDV. (B) Human normal stem cells infected with labeled NDV. (C) Coculture of AMJ13 cancer cells with human normal stem cells infected with labeled NDV. (D) Coculture model stained with PHK67 dye showing hardly detectable green fluorescence. (E) The quantitative image analysis for green fluorescence by ImageJ confirmed significant green fluorescence intensity of infected cancer cells when compared to normal infected cells and the noninfected coculture cell model. There was no significant difference in green fluorescence intensity seen between the infected cancer cells and infected cocultured cells. Propidium iodide was used as the counterstain.
[image: Figure 6]FIGURE 6 | Newcastle disease virus infects and replicates in MCF7 breast cancer cells while infecting but not replicating in normal hATMSCs. (A) MCF7 breast cancer cells infected with labeled NDV. (B) Human normal stem cells infected with labeled NDV. (C) Coculture of MCF7 cancer cells with normal human stem cells infected with labeled NDV. (D) Coculture model stained with PHK67 dye showing hardly detectable green fluorescence. (E) The quantitative image analysis for green fluorescence by ImageJ confirmed significant green fluorescence intensity of the infected cancer cells as compared to normal infected cells and the noninfected coculture cell model. There was no significant difference in the green fluorescence intensity seen between the infected cancer cells and the infected cocultured cells. Propidium iodide was used as the counterstain.
Expression of Newcastle disease virus AMHA1 hemagglutinin–neuraminidase protein in cancer spheroids but not in normal spheroids to confirm virus replication in three-dimensional systems according to cell identity
Immunofluorescence (IF) assay for NDV-HN protein detection was performed to prove NDV infectivity and replication inside the spheroids by staining them with anti-HN NDV mAbs. HN is one of the main and important NDV proteins inserted in the infected cell surface during the NDV replication cycle inside the cells. Moreover, its presence in the cell is a great proof of virus replication and infectivity. Cancer and normal cell spheroids were grown separately to prove infectivity and replication according to cell identity. Figure 7A compares the infected cells and controls for all three spheroid types. Infected cancer spheroids express HN protein heavily, while there is no expression on the noninfected control spheroids and the normal hATMSCs spheroids show low signal levels. The fluorescence intensity analysis for the expression of HN-NDV protein in NDV-infected cancer and normal spheroids and comparison of the levels of expression showing significant HN protein expression levels in infected cancer spheroids compared to noninfected cancer spheroids. Also, there were no significant HN protein levels in the infected normal cell spheroids when compared to noninfected normal spheroids (Figure 7B).
[image: Figure 7]FIGURE 7 | Immunofluorescence (IF) assay for NDV-HN protein detection confirms NDV AMHA1 infectivity and replication inside the spheroids through staining with anti-HN NDV mAbs. (A) Comparison between infected cells and the controls of all three spheroid types. Infected cancer spheroids expressing HN protein heavily, whereas there is no expression seen in the control or noninfected spheroids, while normal hATMSCs spheroids show low signal levels. (B) The fluorescence intensity analysis for the expression of HN-NDV protein in NDV-infected cancer and normal spheroids and comparison of the levels of expression showing significant HN protein expression levels in infected cancer spheroids when compared to noninfected cancer spheroids. Also, there were no significant HN protein levels in the infected normal cell spheroids when compared to noninfected normal spheroids. (C) Our findings show significant expression levels of HN-NDV in cancer cell spheroids that are NDV treated when compared to the untreated control cancer spheroids. Moreover, there is a significantly higher expression of HN-NDV in cancer spheroids (AMJ13 and MCF7) when compared to normal cells (hATMSCs). These results have confirmed that NDV AMHA1 could infect and replicate efficiently in cancer spheroids only with no significant replication in normal spheroids. (D) NDV AMHA1 replication cycle shows that HN protein is an important NDV protein inserted in the infected cell surface during the NDV replication cycle inside the cells. HN-NDV presence on the cell surface proves virus replication and infectivity.
We analyzed the expression of HN-NDV in NDV-infected cancer and normal spheroids and compared the levels of expression to prove NDV replication according to cell identity by replicating in cancer spheroids and sparing normal spheroids. Our finding was that there were significant expression levels of HN-NDV in infected AMJ13 cancer cell spheroids as compared to MCF7 cancer spheroids. Moreover, there were significantly higher expression levels for HN-NDV in cancer spheroids (AMJ13 and MCF7) when compared to normal infected cells (hATMSCs) (Figure 7C). These results confirm that new NDV AMHA1 could infect and replicate efficiently in cancer spheroids only, with no significant replication in normal spheroids. Figure 7D summarizes the NDV replication cycle inside the infected cancer cells, where the NDV inserts its HN protein with fusion protein in the cell surface to help for a new virion assembly, and the budding and staining with HN-specific mAbs after 24 h of infection.
DISCUSSION
To the best of our knowledge, this is the first study testing the oncolytic efficiency of NDV virotherapy in a 3D model of breast cancer and normal mesenchymal stem cells. In cocultures with normal stem cells, we used the following breast cancer cell lines: AMJ13, estrogen, progesterone receptor–negative, and MCF7, progesterone receptor–positive breast cancer cell lines. We used two different breast cancer cell lines to cover both important types of breast cancer: hormone dependent and hormone independent.
We used PKH67 fluorescent dye to label the phospholipid membrane of NDV particles and used them as a tracking system to evaluate NDV oncolytic activity in breast cancer–normal stem cell spheroids (Figure 8). This model represents a good model for oncolytic virotherapy to simulate in vivo experiments as Mandel et al. (2013) had described breast cancer cells cocultured with stem cells seemed to facilitate tumor cell expansion through interaction that promoted extracellular matrix structures of a tumor microenvironment, which protects breast cancer cells from chemotherapy treatment. One of the major obstacles to cancer virotherapy is the stromal and extracellular barriers those prevent viruses from dissemination inside the tumor mass (Howells et al., 2017). In the current study, we have reported the initial characterization of the 3D coculture sphere morphology and growth patterns in the scaffold panel, which successfully generated big spheroids of different sizes and shapes. It has been shown that 3D spheres are more like in vivo circumstances as nutrient, growth factors, and drug exposure are also heterogeneous, with cells on the outside edge of the spheroid being more exposed than cells in the inner core, thus resembling real tumors in vivo. Furthermore, malignant cells are grown on their microenvironment with normal cell signals for survival, growth as spheres aggregated to clusters, and metastasis (Aggarwal et al., 2012).
[image: Figure 8]FIGURE 8 | PKH67 fluorescent dye used to label the phospholipid membrane of NDV particles and used them as a tracking system to evaluate NDV oncolytic activity in cancer cells.
The promising finding of our work was that a simple technique of PKH67 fluorescent dye was used to label our NDV AMHA1 strain successfully to track virus entry, infectivity, and antitumor activity in our novel 3D coculture model. Another group used NDV expressing green fluorescent protein rFMW/GFP as a valuable method to track the efficiency of their strain NDV/FMW in killing cancer cells and determine the oncolytic mechanisms of NDV in inducing cell death (Jiang et al., 2018).
One possible way to investigate virus penetration of sphere cells is to label viruses with florescent dye and track the event of entry and vesicular trafficking to examine the virus’s penetrance as compared to controls. Since viruses are believed to bind to multiple receptor molecules, single-particle detection may also be used to study the effects of multiple receptor molecules (Ewers and Schelhaas, 2012). The Fluorescent Cell Linker PKH67 uses proprietary membrane labeling technology to stably incorporate a green fluorescent dye with long aliphatic tails (PKH67) into lipid regions of the cell membrane (Wallace et al., 2008). PKH67 is well suited for cytotoxicity assays that use propidium iodide or 7-aminoactinomycin D as viability probes (Zaritskaya et al., 2009; Awan et al., 2010; Tario et al., 2011). The PKH-based adsorption assay, besides its simplicity, is more rapid; after fusing NDV with the cell membrane, either receptor-mediated endocytosis of entire virus particles or constitutive pinocytosis of viral envelope sections might cause this. In the host cells, lateral migration of the dye molecules is expected to occur when the viral membranes fuse with the cell membrane (Balogh et al., 2011). PKH67 is often used for proliferation monitoring based on dye dilution (Barth et al., 2010; Rong et al., 2015), which includes the estimation of antigen-specific precursor frequencies (Schwaab et al., 2007), as well as for in vivo cell trafficking studies (Ledgerwood et al., 2008).
The labeled virus, oncolytic PKH67-NDV, replicated efficiently in breast cancer–hATMSCs spheroids. Furthermore, the PKH67-NDV AMHA1 strain showed significant oncolytic activity in breast cancer–hATMSCs 3D cultures as it inhibited sphere growth, as we can see a reduction in sphere size and number. PKH67-NDV inhibited the 3D growth potential of AMJ13 and MCF7 cells through lysing the spheres and other death mechanisms. Previously, we indicated that NDV AMHA1 induces both intrinsic and extrinsic apoptosis cell death involving caspase-dependent and -independent pathways (Mohammed et al., 2019). In the current study, PKH67-NDV induced lysis of breast cancer coculture 3D spheres as observed inside the cancer cell cytoplasm, which is fluorescent green, indicating virus presence that induces cancer cell death in response to PKH67-NDV infection. Our studies found that the NDV AMHA1 strain inhibits the glycolysis pathway in breast cancer cells by interfering with glycolysis enzymes such as hexokinase and GAPDH (Al-Shammari et al., 2019; Al-Ziaydi et al., 2020a). It has been reported that NDV can replicate in lung cancer spheroids and induce cell death in lung cancer stem cells (Hu et al., 2015).
We conducted a 2D culture and coculture assay to confirm the selectivity of NDV to infect cancer cells more than normal stem cells. The results show a significant increase in the high intensity of green fluorescence in cancer cells alone and in cocultures of cancer and normal cells treated with PKH-67 linker–labeled NDV as compared to the control coculture (PKH-67 linker without NDV) and labeled NDV–infected normal hATMSCs. The normal cells showed mild staining, reflecting some viral entry, but there was a huge difference when compared to that of cancer cells regarding the staining intensity, reflecting higher infectivity in cancer cells.
Moreover, the coculture system showed two populations of cells, first with a high-intensity green fluorescence and second, with a low intensity, in a very clear pattern, in both cancer cell lines tested: AMJ13 and MCF7. The high-intensity cells are the cancer cells, and the low-intensity ones are the normal cells. It has been found that MSCs can be used to carry oncolytic NDV to cancer cells such as glioma (Kazimirsky et al., 2016).
We established a 3D sphere system for cancer and normal cells separately to analyze the HN-NDV protein expression level by IF assay to confirm viral infectivity and replication inside cancer cells but not inside normal cells. The HN-NDV protein showed significant expression levels in the cancer spheroids for both cell lines, AMJ13 and MCF7, while there were no significant expression levels in the normal cells. These results prove that HN protein is expressed in infected cancer spheroids and has no expression in normal spheroids, confirming NDV selectivity in replication. These results confirmed the 2D experiment for halted virus replication in normal cells but efficient replication inside cancer cells.
The NDV genome encodes many proteins, such as NDV HN (hemagglutinin–neuraminidase); NDV HN is a glycosylated component of the external envelope responsible for NDV binding to host cells. Moreover, NDV HN binds to a receptor on target cells, causing an increase in the production of death receptors (DRs) and other proteins in the host cell (Chen et al., 2001).
After the virus and cell surface membranes have been bound, the NDV F protein regulates how they merge. The HN and F proteins promote infecting neighboring cells, contributing to NDV pathogenicity and virulence (Brown et al., 2021). HN protein contributes significantly to the replication and pathogenicity characteristics of NDV (Jin et al., 2016). NDV glycoprotein HN is synthesized by the rough endoplasmic reticulum and transported via the smooth intracellular membranes to the cell surface plasma membrane and into new NDV progeny (Nagai et al., 1976). Therefore, HN detection in the infected cell only confirms virus replication in cancer cells, as our immunofluorescence assay results have shown.
Our previous work revealed that classical chemotherapeutics, as well as different types of phytotherapeutics, enhance NDV AMHA1 oncolytic activity against breast cancer cells both in vitro and in vivo, as well as against many other cancer cell types (Al-Shammari, et al., 2016; Al-Shammari et al., 2020b). These data suggest promising strategies of NDV AMHA1 combination with chemotherapy or novel antitumor treatments that can increase oncolytic activity in breast cancer coculture 3D spheres to overcome the expected resistance of different types of cancer. NDV oncolytic activity involves the induction of a specific immune response against the infected cancer cells by inserting its antigens in the cell plasma membrane, as documented by our study in detecting HN protein on the infected cancer cell surface. This antigenic modification to the tumor cell surface can increase its recognition by the immune system leading to a specific immune response that helps in tumor elimination.
CONCLUSION
We introduced the first use of breast cancer–normal stem cells 3D cocultures in vitro model to evaluate NDV antitumor activity. The 3D coculture model better resembles the in vivo environment in vitro regarding the barriers preventing oncolytic virus spread inside the tumor mass. The results showed that oncolytic NDV could destroy breast cancer 3D spheres while sparing the normal cells. Such results are encouraging for the clinical trials of oncolytic NDV AMHA1 as breast cancer therapy.
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NDV strain

ATV-NDV-
aHN-aCD28

ATV-NDV

ATV-NDV

NDV-73T

NDV-HUJ

Reference

Schirrmacher
etal. (2015)

Steiner et al.
(2004)
Karcher et al.
(2004)

Csatary et al.
(2004)

Batliwalla et al.
(1998)

Freeman et al.
(2006)

Cancer

Colorectal cancer

Glioblastoma

Head and neck
squamous cell
carcinoma
Glioblastoma
muttiforme

Melanoma

Glioblastoma
muttiforme

Phase

Phase |

Phase
"
Phase
"

Phase |

Phase ll

Phase
]

Patient

Fourteen patients whom all suffered from
stage IV colorectal cancer (with distant
metastases)

Twenty-three patients with a pathologically
confimed glioblastoma.

Twenty patients with pathologically
confirmed head and neck squamous cell
carcinoma

Four patients with advanced high-grade
glioma

Fifty-one patients with AJCC stage Il
melanoma

Eleven patients with glioblastoma
multiform based on histology

Outcome

The decrease in CEA in four patients and the partia
response of metastases in four patients were
observed. Seven patients were stil alive in 2009
91% of vaccinated patients sunvived 1 year, 39%
survived 2 years, and 4% were long-term survivors
Percentages of survival of vaccinated patients with
stage lll and stage IV tumors (1 = 18) were 61% at
5 years

Al patients (n = 4) with advanced high-grade glioma
were treated with MTH-68/H, resulting in survival
rates of 5-9 years

The 10-year survival of the NDV-73T group of
patients was more than 60%, and the overall 15-
year survival was 55%, with no adverse reactions
Toxicity was minimal, with grade Il constitutional
fever seen in five patients. One patient achieved a
complete response (1/11)

"ATV-NDV: the NDV-modified autologous tumor vaccine; ATV-NDV-aHN-aCD28: the ATV-NDV strain expressing the anti-CD28 fusion protein, coupled to viral HN anchor molecules;
NDV-73T: the mesogenic strain of NDV.; MTH-68/H: the live attenuated oncolytic viral strain of the NDV: NDV-HUJ: he NDV strain isolated from naturally attenuated B1 NDV vaccine strain.
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Virus
backbone

Adenovirus

Adenovirus

Adenovirus

Adenovirus

Adenovirus

Reovirus

New virus

Ad-
AE1B-RLX

OV-RLX-

5T36H

GLV-1h255

VCN-01

EnAdDNAse

EnAdPH20

S1-T2411

NN/, vaccinia virus.

Modification

Addition of relaxin to Ad-AE1B

Addition of relaxin to Ad5/35 adenovirus

Addition of MMP-9 to GLV-1H68

Addition of hyaluronidase (PH20) into fiber-
modified AdA24E1A

Addition of exonuclease DNAse | into
ColoAd1 Enadenotuvirev

Addition of hyaluronidase into ColoAd1
Enadenotuvirev

Mutation of viral binding protein sigmat to
impede cleavage by tumor proteases

Reason

Improve virus
distribution in the
tumor

Improve virus
distribution in the
tumor

Improve virus
distribution in the
tumor

Improve virus
distribution in the
tumor

Improve virus
distribution in the
tumor

Improve virus
distribution in the
tumor

Improve virus
distribution in the
tumor

Result

Reduced lung metastasis in a mouse
melanoma model

Reduced metastasis and improved
survival in @ mouse pancreatic tumor
model

Did not alter metastasis in a mouse
prostate cancer model

Reduced metastasis in a metastatic
osteosarcoma mouse model

Reduced tumor growth and improved
virus spread

Reduced tumor growth and improved
virus spread

Improved virus distribution in primary
tumors

Reference

Kim et al. (2006)

Ganesh et al. (2007)

Schifer et al. (2012)

Martinez-Vélez et al.
(2016)

Tedcastle et al.
(2016)

Tedcastle et al.
(2016)

Fernandes et al.
(2019)
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Virus
backbone

HSV®

Sendai virus

Adenovirus

Adenovirus

Adenovirus

Adenovirus

Adenovirus

Adenovirus

Adenovirus

Adenovirus

Adenovirus

Adenovirus

NDV°®

Adenovirus

New virus

OW-CXCR4-
A-mFc

34.5ENVE

rSeV/dMFct14
(uPA2) or
BioKnife

AdSTRRFC

Ad.den

rAd.DCN.GM

Ad5/3-D24-
hTNFa

Ad5/3-E2F-d24-
hTNFa-IRES-
hiL2

AdIR-E1A/TRAIL
P55-HTERT-

HRE-TRAIL

Ad/TRAIL-E1

M4

2ZD56-SATB1

OWV-BECN1

NDV-18HL

Adwnt-E1A
(delta24bp)-
TSLC1

"V, vaccinia virus.
°HSV, hempes simplex virus.
°NDV. newcastle disease virus.

Modification

Addition of the N terminal region of
CXCL2 that functions as CXCR4
antagonist

Addition of Vasculostatin-120

Fusion protein modified to be cleaved
by UPA and not trypsin

‘Addition of a soluble form of TGF-p
receptor Il fused with human
immunogiobuin Fo fragment

Addition of human decorin

Addition of human decorin and
granuiocyte macrophage colony
stimulating factor (GM-CSF)

Addition of human TNFa

Addition of human TNFa and human
L2

Addiion of TNF-related apoptosis-
inducing ligand (TRAIL)

Addition of TRAIL to virus with E1A
controlled by the hTERT promoter and
E1B controlled by a hypoxia response
element

Addition of TRAIL, with TRAIL and E1A
under the control of the hTERT
promoter

Addition of a fragment of antisense
STATS to the backbone adenovirus
AS/dETA

Addition of SATB1 shRNA

Addition of Beclin-1

‘Addition of an antibody against CD147

Addition of TLSC1; Viral protein E1A
expression under the control of Wnt
promoter

Reason

To block CXCR4 and stop cancer
development

To inhibit tumor vascular-ization

Selective killng in UPA-expressing
cells

Inhibition of TGF-p signaling

Activation of anti-tumorigenic
signaling pathways

Activation of anti-tumorigenic
signaling pathways and immune
system (natural kiler cells,

macrophages and dendritic ells)

Activation of apoptosis

Activation of apoptosis and induction
of anti-tumor immunity

Activation of apoptosis

Increase tumor specificity of virus
replication and apoptosis activation

Increase tumor specificity of virus
replication and apoptosis activation

Silencing of transcription factor
STAT3

Silencing of transcription factor
SATBI

Activation of autophagy

Blocking of CD147

Cancer stem cell specificity of virus
replication and increasing expression
of TLSC1

Result

Reduced metastasis in mouse breast
and ovarian tumor models

Prolonged survival and reduced
metastasis in ovarian and breast
tumor mouse models

Reduced tumor burden in a

mesothelioma mouse model cancer
and reduced secondary tumor growth
in a head and neck carcinoma model

Decreased bone metastasis and
prolonged survival in mouse and
prostate breast cancer bone
metastatic tumor models

Reduced tumor progression,
prolonged survival and decreased
bone and lung metastasis in breast
cancer bone metastatic models

Reduced tumor growth and
pulmonary metastasis in a mouse
coloreotal cancer

Reduced tumor growth in a xenograft
mouse model of prostate cancer and
ametastatic mouse melanoma model

Reduced tumor growth in a Syrian
hamster model

Reduced colorectal metastases in the
liver in a mouse model

Prolonged sunvival and decreased
metastasis in a mouse metastatic
breast tumor model

Reduoed metastasis in a peritoneal
dissemination mouse tumor model;
increased apoptosis in the
metastases

Decreased tumor growth,
invasiveness, and peritoneal
dissemination in an orthotopic mouse
model of gastric cancer

Decreased primary tumor growth and
inhibited puimonary metastasis in a
metastatic prostate cancer model

Reduced tumor growth in xenograft
murine models of leukernia and non-
Hodgkin lymphoma

Reduced liver metastasis and
prolonged survival in an orthotopic
mouse hepatoma model

Reduced liver metastasis in a
hepatocellular carcinoma mouse
model

Reference

(Gi et al, 2013,
2014)

(Bolyard et al.,
2014; Meisen et al,
2015)

(Morodomi et al.,
2012; Tanaka et al.,
2019)

(Hu et al., 2010,
2011, 2012; Zhang
etal, 2012)

(Xu et al., 2015;
Yang et al., 2015;
Zhao et al., 2019)

Liu et al. (2017)

Hirvinen et al. (2015)

Havunen et al.

(2017)

Sova et al. (2004)

Zhu et al. (2013)

Zhou et al. (2017)

Han et al. (2009)

Mao et al. (2015)

(Lei et al., 2020; Xie

etal, 2021)

Wei et al. (2015)

Zhang et al. (2017)
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Virus New virus

backbone

HSV® Synco-2D

HSV Onosyn

Hsv OncdSyn

HSV AN146

Adenovius  Ad5-A24RGD

Adenovirus  ColoAd1 or
Enadenotuvirev

Adenovirus  TelomeKiller

vs\© VSV-NDV/FL
(L289A)

VsV VSV-pl4

VsV VSV-GP

Reovirus Tav1, Tav2

Adenovirus

"HSV, herpes simplex virus.
b/SV. vesicular stomatitis virus.

Modification

Addition of hyperfusogenic glycoprotein
of gibbon ape leukemia virus into Bacot

gBsyn3 syncytial mutation incorporated
into an already attenuated HSV-1 virus
(NV1020)

A second synoytia-enhancing mutation
introduced into viral glyco-protein K of
Onesyn

Truncation of the viral protein y;34.5 (to
@a 147-263) rather than deletion as in
most oncolytic HSV

Addition of RGD (Arg-Gly-Asp) to fiber

Directed evolution

Addition of the red fluorescent protein
KillerRed with E1A and E1B driven by
the hTERT promoter

Addition of a Newcastle disease virus
fusion protein

Addition of p14 fusion protein from
reptiian repovirus

Addition of the lymphocytic
choriomeningits virus (LOMV)
glycoprotein

Directed evolution

Overexpression of adenovirus death
protein (ADP)

Reason

Increase fusogenic abity

Increase fusogenic abilty

Increase fusogenic abilty

Keep some anti-viral
subversion functions

Expand receptor recognition

Enhance kiling ability

Generation of reactive
oxygen species (ROS) upon
green light irradiation
Increase fusogenic abilty

Increase fusogenic abilty

Increase safety and reduce

neuro-toxicity

Increase replication

Early cell death

Result

Increased survival and reduced
metastasis in mouse ovarian,
prostate and breast cancer

Reduced mouse tumor growth
and metastasis breast cancer
model

Reduced and/or inhibited mouse
breast tumor metastases

Reduced mouse breast tumor
growth and lung metastases

Prolonged survival in @ mouse
metastatic breast tumor model

Reduced mouse colon cancer
metastasis to liver

Reduced lymph node metastases
size in a mouse rectal tumor
model

Prolonged survival in a multifocal
liver metastases rat model

Reduced tumor growth and
increased survival in mouse
breast and colon cancer models

Prolonged sunvival and reduced
tumor growth in a mouse
melanoma mode!

Prolonged survival in a mouse
melanoma model

Tumor growth reduction

Reference

(Nakammori et al., 2003,
20042, 2004b)

(Israyelyan et al.,
2007, 2008)

Israyelyan et al. (2008)

Liu and He, (2019)

Rani et al. (2007)

Kuhn et al. (2008)

Takehara et al. (2016)

(Ebert et al.,, 2004;
‘Yamaki et al., 2013)

Le Boeuf et al. (2017)

(Muik et al., 2011,
2014; Kimpel et al.,
2018)

(Shmulevitz et al.,
2012; Mohamed et al.,
2015a)

Doronin et al. (2000)
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References

Reddy et al. (2007)

Study/model

Cytotoxicity evaluation in multiple tumor cell lines with
neuroendocrine properties

Toxicity evaluation in immunocompetent mice

Efficacy evaluation in athymic female tumor bearing mice with tumors
derived from SCLC and retinoblastoma cell lines

Outcomes

® Most cell lines with neuroendocrine markers were sensitive to SVV-
001 mediated killing, normal human cells were resistant to SVV-001
mediated killing

© Toxicity evaluation in immunocompetent mice without dose limiting
toxicity. Neutralizing antibodies were noted

o Efficacy analysis in athymic mice with promising anti-tumor killing
efficacy in a model of tumors derived from SCLC and retinoblastoma
cell lines

Wadhwa et al. (2007)

.

Cytotoxicity evaluation in multiple tumor cell lines with
neuroendocrine properties, including retinoblastoma, glioblastoma,
and human embryonic kidney

Efficacy evaluation in murine xenograft model of metastatic
retinoblastoma created with injection of human retinoblastoma tumor
cells into vitreous

 Cytotoxicity was noted with SVV-001 treatment in retinoblastoma cell
lines but not glioblastoma or embryonic kidney cell lines

© In the murine xenograft model of metastatic retinoblastoma
intravenous administration of SVV-001 decreased extraocular tumor
burden and decreased extraocular extension of tumor as compared to
controls

Morton et al. (2010)

.

Cytotoxicity of SVV-001 evaluated in 23 cancer cell lines

Efficacy evaluation in 36 solid tumor xenograft severe combined
immunodeficiency (SCID) murine models

 Cytotoxicity noted with SVV-001 treatment in celllines from a subset
of neuroblastoma, Ewing sarcoma, and rhabdomyosarcoma panels

@ In solid tumor xenograft murine models of rhabdomyosarcoma and
neuroblastoma complete responses were observed with intravenous
SVV-001 treatment, responses were also noted in rhabdoid tumor,
Wilms tumor, and glioblastoma models

Yu et al. (2011)

Efficacy evaluation of intravenous SVV-001 in a medulloblastoma
orthotopic xenograft Rag2 SCID murine model

@ Intravenous SVV-001 injection was associated with anti-tumor activity
in medulloblastoma xenograft murine models and prolonged survival

© Intravenous SVV-001 injection was associated with killing of cancer
stem cells

® SVV-001 treatment was associated with autophagy activation

© SVV-001 was shown to cross the blood brain barrier in vivo

Poirier et al. (2013)

Miles et al. (2017)

Efficacy evaluation of intravenous SVV-001 in several classic and
variant SCLC heterotransplant models immunosuppressed mice

Analysis of gene expression profiles in SVV-001 permissive tumors as
compared to SVV-001 non-permissive tumors

Genome wide loss-of-function screens performed to determine factors
necessary for SVV-001 infection and replication

® Efficacy was noted with tumor inhibition in variant SCLC
heterotransplant models

© SVV-001 permissive tumors were associated with a specific gene
profile characterized by elevated NEURODI to ASCLI ratio

© ANTXR1/TEM8 was necessary for SVV-001 infection in
neuroendocrine cancer cell lines

® In neuroendocrine cancer cell lines, genetic knock out of ANTXR1/
TEMS was shown to drive loss of SVV-001 permissivity

 Defective innate immune response was associated with SVV-001
replication

Hallenbeck and
Chada (2021)

Evaluation of efficacy of SVV-001 intratumoral injection combined
with anti-PD-1 and anti- CTLA4 checkpoint blockade in an
immunocompetent syngeneic pancreatic cancer murine model

© Combination treatment with intratumoral SVV-001 injection with
anti-PD-1 and anti- CTLA4 checkpoint blockade led to both
significant tumor shrinkage and improved survival
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Study description

Outcomes

Rudin et al.
(2011)

Burke et al.
(2015)

Schenk et al.
(2020)

Phase 1 dose escalation trial of systemic SVV-001 in adults with advanced
cancers with neuroendocrine differentiation (N = 30). Primary objectives
were toxicity assessment and determination of recommended dose.
Secondary objectives included assessment of viral titers and neutralizing
antibody titers

Phase 1 dose escalation trial of systemic SVV-001 in children with advanced
cancers with neuroendocrine differentiation (N = 22). Primary objectives
were determination of maximum tolerated dose for SVV-001 as a single
infusion (cohort A) or as two consecutive infusions in combination with
cyclophosphamide (Cohort B). Secondary objectives included assessment of
viral titers and neutralizing antibody titers

Phase 2 double blind, placebo controlled trial of systemic SVV-001 in adults
with extensive stage SCLC after first line chemotherapy. Primary endpoint
was progression free survival (PES). Secondary objectives include overall

survival,response, and presence of neutralizingantibodies and viral clearance

SVV-001 was well tolerated with no dose limiting toxicities up to 10'*
vp/kg. Intratumoral viral replication was detected as well as evidence of
disease response in a patient with SCLC. All patients developed
neutralizing antibodies

SVV-001 was well tolerated, one patient experienced a dose limiting
toxicity in Cohort A (pain successfully treated with analgesics). No
objective responses were observed. Neutralizing antibodies developed in
both cohorts

Systemic SVV-001 was not associated with significant change in median
PES. In the SVV-001 group patients who had persistent detection of SVV-
001 in peripheral blood 7 or 14 days after treatment had shorter PFS.
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Producer cell line

A549
A549
911
A549

Titer (OD2so) (VP/L)

6.6x10°
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6.7x10°
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Lab batch
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Cancer type NDV strain ‘Combination ‘Outcome Reference

Gastric cancer NDV (Faa) - There was no gross tumor in six (40%) NDV-treated mice, and the nodules  Song et al. (2010)
were significantly smaller than untreated mice
rLhIEN-AT - fL-hIFN-M inhibited the growth of gastric cancer cell lines which contained  Bu et al. (2016a)
the IFNA-R1 receptors and accelerated cancer cell apoptosis
NDV-DI0 - NDV-D90 induced gastric cancer cell apoptosis and reduced cellinvasionina  Sui et al. (2017)
dose-dependent manner in the highly differentiated gastric cancer cell line
Liver cancer rNDV-18HL - rNDV-18HL selectively replicated in orthotopic HCC xenografts, which Wei et al. (2015)

induced tumor necrosis, reduced intrahepatic metastasis, and prolonged the
survival in mice

NDV/AOhIL2  — NDV/Anh-IL-2-treated animals exhibited significantly increased numbers of ~ Wu et al. (2016)
tumor-infiltrating lymphocytes
LaSota Fludarabine The combination of fludarabine with NDV significantly improved NDV- Meng et al. (2019)
mediated antitumor immunity and prolonged survival in a mouse model
of HCG
AF2240 and 5-Fluorouradi The combination of NDV and 5-fluorouracil had greater antitumor efficacy ~ Assayaghi et al
V4-UPM than NDV o 5-FU alone (2019)
Lung cancer rL-RVG - The growth of A549 celis in the rL-RVG group was inhibited more effectively ~ Yan et al. (2015)
than those infected with the wild-type NDV strain
NDV/FMW Chioroquine Treatment of spheroids with the autophagy inhibitor chioroquine increased  Hu et al. (2015)
NDV/FMW-induced cytotoxicity
Breast cancer AMHAT - NDV is replicated efficiently in cancer cells and spares normal cels and  Al-Ziaydi et al. (20208)
induces morphological changes and apoptosis in breast cancer cells
AF2240 - Breast cancer cells in allotransplanted mice treated with AF2240 showed a  Raihan et al. (2019)
noticeable inhibition of tumor growth and induced apoptotic-related
cytokines
AMHAT 2-Deoxyglucose  The combination therapy group induced the highest rate of tumor growth  Zhao et al. (2008)
inhibition (100%), followed by the NDV group (96.8%)
Cenvical cancer LaSota - NDV treatment significantly reduced the viability of cervical cancer cells and ~ Keshavarz et al.
inhibited tumor growth by inducing ROS-mediated apoptosis (20202)
NDV HB1 - Peritumoral injection of NDV oncolysate induces robust antitumor immune  Mozaffari Nejad et al.
responses in the mouse model (2021)
Colorectal cancer R2B Mukteshwar  — Sigrnificant tumor Iytic activty was evident when R2B Mukteshwar was Sharma et al. (2017)
injected via the intratumoral route
TAFIL12 = rAF-IL12 regulated the immune system and increased the expression levels  Syed Najmuddin et al.
of apoptosis-related genes in HT29 tumor-bearing nude mice (2020)
Prostate cancer NDV/FMW - In nude mice bearing prostate tumors, the tumors injected with the Wang et al. (2020)
supenatants of NDV/FMW-infected cels grew smaller than mock-treated
tumors
Gioblastoma LaSota Temozolomide The combination of NDV-LaSota and temozolomide (TMZ) was effective in ~ Bai et al. (2018)
inducing apoptosis of glioma cells in vitro and in vivo
MTH-68/H Mesenchymal stem  NDV induces dose-dependent cell death in giioma cells and a low level of ~ Kazimirsky et .
cells apoptosis and inhibition of seff-renewal in glioma stem cells (2016)
Melanoma NDV-NS1 Vanady! sulfate NDV, in combination with vanadyl sulfate, significantly increased the number ~ McAusland et al.
of immune cells and resulted in rapid tumor regression inthe B16-F10mouse ~ (2021)
model
Clear cell renal cell  AF2240 - AF2240 induced the activation of the p38 MAPK/NF-«B/lkBa pathway i Ching et al. (2015)
carcinoma clear cell renal cell carcinoma, which resulted in cell death due to apoptosis
Orthotopic glioma NDV HB1 - NDV HBH treatment significantly prolonged median survival (50%) and Koks et al. (2015)

induced a long-term, tumor-specific immunological memory response

"NDV(F3aa): the mutant NDV strain with the F cleavage site is modified with three amino acids; rL.-hIFN-A1: the recombinant NDV strain LaSota containing human IFN-1 gene; NDV-D90:
the NDV strain that was isolated from natural sources in China; rNDV-18HL the recombinant NDV ltalien expressing the chimeric HAb 18 antibody; rNDV/Anh-IL-2: the recombinant NDV
Anhinga strain expressing IL-2 cytokine; NDV/FMW: the oncolytic NDV strain FIMW; NDV AMHA: the attenuated strain AMHAT of NDV; AF2240: the NDV strain AF2240 that was isolated
by the Malaysian Vieterinary Research Institute in 1960; NDV HB1: the avirulent, non-lytic Hitchner B1 strain of NDV; R2B Mukteshwar: the R2B Mukteshwar strain of NDV; rAF-IL12: the
recombinant NDV-AF2240 strain expressing IL-12 cytokine; MTH-68/H: the live attenuated oncolytic viral strain of the NDV; NDV-NS1: the recombinant fusogenic NDV expressing the
influenza virus NS1 protein.
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Mutation and function

Defetion of E1B55 KDa protein to prevent p53-binding in normal cells
Deletion of E1ACR2 domain to prevent pRb-binding and S-phase entry in norml cells

Replacing the E1A constitutive promoter with tumour specific promoters.
Defetion of E3gp19K immunomodulatory genes to allow MHC class | antigen presentation

Virus

Onyx-015
224
d922-047
DNX-2401
ORCA-010

OBP-301 (Telomelysin)

ORCA-010

References

(Nemunaitis et al., 2007) (Heise et al., 1997)
Fueyo et al. (2000)

Heise et al. (2000)

Lang et al. (2018)

Dong et al. (2014)

Nemunaitis et al. (2010)

Dong et al. (2014)
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OAd

ICOVIR-6

VCN-01

CG0070

SynOV1.1

OBP-301

CRAG-S-pk7

AdVince

Promoter

E2F1 promoter

AFP promoter

hTERT-promoter

Survivin-promoter

CgA-promoter

Cancer Type

Solid tumours:

Advanced solid tumours

Bladder cancer

Hepatoceliular Carcinoma

Carcinomas, melanomas and advanced solid tumours

Recurrent High-Grade Gliomas

Neuroendocrine Tumours

Clinical Trial status

Completed Recruiting Not yet recruiting

Completed Recruiting Not yet recruiting

Completed Recruiting

Not yet recruiting

Recruiting Active

Not yet recriting

Recruiting

Clinical Trial NCT number

NCT01844661 NCT01864759
NCT04758533 NCT05047276
NCT02045602
NCT02045589
NCT03799744
NCT05057715
NCT03284268
NCT02365818
NCT04452591
NCT04387461
NCT04610671

NCT04612504

NCT04391049
NCT03921021
NCT04685499
NCT03172819
NCT03213054
NCT03190824
NCT02293850

NCT05139056

NCT02749331
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OAds ‘Genetic modification Clinical Trial results References

Onyx-015 Deletion: E1B55K and E3B Two patients: one PD on day 125, one discontinued ~ Nemunaitis et al. (2007)
ICOVIR-7 E2F-1 promoter ETACR2 deletion RGD-4C motif in fibre Three patients: one with stabilized tumour markers Nokisalmi et al. (2010)
OBP-301 (Telomelysin)  hTERTP replacing E1A promoter IRES replacing E1B genes  One patient: detectable virus replication Nemunaits et al. (2010)
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OAds Genetic modification

rAd-sTRIl Two E1A deletions prevent binding to CBP and pRb proteins sTGFBRII
insertion in E3B

rAd.DCN hTERT promoter driving E1A GM-CSF and IRES replacing E1B19K

SG400-E2F/ E2F-1 driving E1A IL-15 insertion in E3

IL-15

Ad5- 10 tandem repeats of miR-145 binding sites downstream of E1A Insertion

10miR145T of IRES and deletion of E3

GM-CSF, Granulocyte-macrophage colony-stimutating facior: IRES, infemal ribosams entry sita.

Preclinical results

Inhibits TGFp signaling and cancer cell growth

Inhibits tumour growth Prevents lung metastasis
Selective cancer cell kiing

E1A expression prevented by miR-145 Selective
cancer cell kiling

References

Wang et al. (2006)

Zheo et al. (2019)
Yan et al. (2019)

Shayestehpour et al
(2017)
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Altered pathway/factor Function References

EGFR Overexpression contributes to deregulated cel proliferation Wiliams et al. (2015)

MAPK signaling pathway Overactivation promotes uncontrolled cell proliferation and resistance to cell death Qi et al. (2019)

PISK/AKT/mTOR signalling pathway Overexpression of mTOR (40-70%) and PIK3CA mutations (~22%) deregulates cancer cell  (Costa et al., 2018; Qi et al.,
proliferation 2019)

BRCAT gene Mutations render the protein defective in DNA damage repair in the majority of TNBC Atchley et dl. (2008)

Cancer-associated transcription Dysregulation of TMPRSS2, ETS, KLF4 and KLF5 promotes uncontrolied cell proliferation Qi et al. (2019)

factors (TFs)

EGFR, epidermal growth factor receptor; MAPK, mitogen-activated protein kinase; PI3K, phosphatidylinositol 3-kinas;, PIK3CA, phosphatidlyinositol-4, 5-bisphosphate 3-kinase catalytic
subunit alpha; AKT, protein kinase B; mTOR, mammalian target of rapamycin; BRCA1, Breast cancer gene 1; TMPRSS2, transmembrane serine protease 2; ETS, E26 transformation-
specific: KLF4, Kriippel-like factor 4: KLFS, Krippel-like factor 5.
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Cancer

Brain

GBM
GBM

GBM
GBM
CT-2A
GBM

Breast

n2L2
noL2
n2L2
HER2
HER2
414
™NEC

Cervical

HPV16
HPV16
HPV16
HPV16
HPV16
HPV16

Colon

Mcas
Mcas
Mcas
o126
c126
cc

Lung

Has8a
AS49
oL2s

Melanoma

B16
B16
B16
B16

B16-OVA
M-V,
Ovarian

C33A
Es2
MOSEC

Pancreatic

MePC
[V

Prostate

TRAMP
CRPC.
TRAMP-C
TRAMP

Vector

SFV-Endostatin
SFV-IL-18
SFVHIL-12
SIN-gp100/L-18
SFV VA-GFP
SFV4-miRT124
LSFV-IL-12

SIN-HER2/neu
SIN-HER2/neu
VEE-HER2 ECD/TM
VEE-HER2 ECD/TM
VEE-HER2 ECD/TM
SFV-L-12

M1

VEEHPV16 E7
SIN AR339
SFVenh-HPV-E6-E7
SFV-SHELP-E7SH
SFV-HPV-E-E7

SFV HPV-E6-E7

SFVenh-IL-12
SFVAL-12
VEE-IL-12/CEA
SFV-VEGFR-2/IL-4
SFV-LacZ
VEE-CEA

SFV-EGFP
SFV VA-EGFP
SIN-LacZ

VEE-TRP-2
VEE-TRP-2
VEE-TRP-2
SFV-VEGFR-2/IL-12
SFV-SUNV/phCG:
SFVL-12
LSFV-L-12

SIN AR339
SIN-IL-12
SFV-OVA

VEE-CEA
M1

VEE-PSMA
VEE-PSMA
VEE-STEAP
VEE-PSCA

Strategy

wLPs

VLPs + IL-12
VLPs

DNA
Oncolytic SFV
RPVPS

LSFV

DNA + Ad-neu
DNA

VRPs

VRPs

VRPs + Pembro
VLPs + LVROT
oM + Dox

VLPs
Oncolytic SIN
WLPs

VLPs

DNA

VLPs (Wax001)

VLPs
VLPs + anti-PD1
VLPs
VLPs
RNA
VLPs

Oncolytic SFV/
WLPs

VLPs

VLPs + CTLA4
VLPs + GITR
Combination of 2
DNA vectors
VLPs + anti-PD1
LSFV

Oncolytic SIN
VLPs + irinotecan
VLPs + W

VLPs
oM1 + IRE

VLPs
VLPs
CONDNA + VLPs
VLPs

Response

Tumor regression in mice

Anti-tumor and protective immunity in mice
70-87% reduction in tumor volume in mice
Enhanced protection, prolonged survival
Single injection > long-term survival

Tumor inhibition, prolonged survival

Phase Il protocol for recurrent GBM

Prolonged sunvival in mice

“Tumor protection with 80% less DNA
Complete prevention of tumor formation
Phase I: PR: 1 patient, SD; 2 patients
Phase I: study in progress

Superior inhibition of metastases
Enhanced anti-tumor activity with Dox

Protection against tumor challenges
Significant tumor regression

Complete eradication of tumors in mice
Tumor regression, protection of mice
85% of immunized mice tumor free
Phase I: immune response in all patients

Complete tumor regression in 80% of mice
Synergism with immune checkpoint blockade
Superior combination therapy in mice
Prolonged suvival after combination
Immunogenictty, prolonged survival

Phase I: Prolonged overal sunvival

Complete regression of tumors
Superiority to adenovius in mice
Complete remission, prolonged survival

Immune response, prolonged survival

Tumor regression in 50% of mice

Tumor regression in 90% of mice
Combination of SFV-VEGFR-2/L-12 +
SFV-surv/phCG superior

Synergism with immune checkpoint blockade
Phase I: safe, 10-fold increase in IL-12

Suppressed ascites formation in mice.
Long-term sunvival in mice
Enhanced anti-tumor actiity

Prolonged sunvival in patients.
Prolonged survival in mice

Thi-biased response, CTL activity
Phase I: safe, weak immunogenicity
Prolonged sunival, protection in mice
Long-tem survival in 90% of mice

Ref

Yamanaka et dl. (2001)

Yamanaka et dl. (2003)
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Heikkid et al. (2010)

Meartikainen et al. (2015)

Ren et al. (2003)

Wang et al. (2005b)
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Wang et al. (2005a)
NCT03632941
Crosby et al. (2019)
Kramer et al. (2016)
Zhang et al. (2021)

Velders et al. (2001)
Unno et al. (2005)
Daemen et al. (2003)

Ip etal. (2015)

Van der Wall et al. (2018)
Komdeur et al. (2021)

Rodriguez-Madoz et al. (2005)
Quetglas et al. (2015)

Lyons et al. (2007)

Ying et al. (1999)

Crosby et al. (2020)

Osada et al. (2012)

Murphy et al. (2000)
Maatta et al. (2008)
Granot et al. (2014)

Avogadii et al. (2010)
Avogadi et al. (2014)
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Ren et al. (2003)

Unno et al. (2005)
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Sun et al. (2021)

Durso et al. (2007)
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Garcia-Hernandez et al. (2007)
Garcia-Hernandez et al. (2008)

A2L2, breast cell line expressing HER2; Ad-neu, Adenovirus-neu; anti-PD1, anti-PD1 monoclonal antibody; CEA, carcinoembryonic antigen; CC, colon cancer; conDNA, conventional
plasmid DNA; CRPC, castration resistant prostate cancer; CTLA-4, CTL antigen-4; Dox, doxorubicin; GBM, glioblastoma multiforme; GITR, glucocorticoid-induced tumor necrosis factor

receptor; HPV, human papilomavirus; IRE, irreversible electroporation; LAPC, locally advanced pancreatic cancer;

SFV, liposome encapsulated SFV particles; LVA01, Saimonella

typhimurium aroC strain; M1, oncolytic M1 alphavirus; MePC, metastatic pancreatic cancer; MOSEC, murine ovarian surface epithelial carcinoma; OVA, ovalbumin; Pembro,

Pembrolizumab; PR, partial response; PSCA, prostate stem cell antigen; PSMA, prostate specific membrane antigen; RG2, rat glioma 2; RPVPs, replication-proficient viral particles; SD,
stable disease; SFV, Semliki Forest virus; SIN, Sindbis virus; TNBC, triple-negative breast cancer; TRP-2, tyrosine-related protein-2; STEAP, six-transmembrane epithelal antigen of the
prostate; TRAMP, transgenic adenocarcinoma of the prostate; VEE, Venezuelan equine encephalitis virus; VEGFR-2, vascular endothelial growth factor-2; VLPS, virus-like particles; WV,

YacINi VS,
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HSV viruses

Adenoviruses

Vaccinia viruses

Virus

G207
ONCR-177
OH2 (HSV-2)
RP1

RP1

RP2

TVEC
TVEC
TVEC
TVEC

CG0070
Delta-24-RGD
MG1-MAGEA3
CG0070

Pexa-Vec
Pexa-Vec
Pexa-Vec
GL-ONC1

GL-ONC1

wDD

Genetic manipulation

None

IL-12, CCL4, FLT3LG, aCTLA4 and aPD-1
GM-CSF

GALV-GP and GM-CSF

GALV-GP and GM-CSF

GALV-GP and GM-CSF

GM-CSF

GM-CSF

GM-CSF

GM-CSF

GM-CSF
None

MAGEA3
GM-CSF

GM-CSF

GM-CSF

GM-CSF

Luc-GFP

p-Galactosidase

p-glucuronidase

Luc-GFP

p-Galactosidase

p-glucuronidase

Cytosine deaminase and somatostatin receptor

Tumor type

Brain tumor
Melanoma and other solid tumors
Gastrointestinal tumors and other solid tumors
Cutaneous squamous cell carcinoma
Cutaneous squamous cell carcinoma
Advanced solid tumors

Breast Cancer

Angiosarcoma of skin

Sarcoma

Cutaneous melanoma

Bladder cancer
Brain tumor
NSCLC
Bladder cancer

Hepatocellar carcinoma
Hepatocellular carcinoma
Hepatocellular carcinoma
Head and neck cancer

Solid tumors

Solid tumors.

Phase

]

I
land Il

b

References

NCT04482933
NCT04348916
NCT03866525
NCT04349436
NCT04050436
NCT03767348
NCT04185311
NCT03921073
NCT03069378
NCT03842943

NCT02365818
NCT01582516
NCT02879760
NCT02365818

NCTO01171651
NCT01636284
NCT01387555
NCT01584284

NCT00794131

NCT00574977
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Oncolytic virus

NDV

Adenovirus +5-FU
and mitomycin

Reovirus

Reovirus +
trastuzumab

HSV-1 (G474)

Adenovirus

Echovirus 1

HSV

Adenovirus+ PTX

Adenovirus

NDV

Vaccinia

Study details

In vitro
® Human GC cell lines: SGC-7901 and AGS
* IL-RVG

In vitro
© Human GC cell line: 23132/87 (ACC409)
® Adv-shPGK1

In vitro/Animal model

o Human GC cell lines: MKN45p, NUGC4,
MKNT?

« Reovirus serotype 3

o Nude mice

In vitro/Animal model
o Human GC cell lines: NCI-N87 & MKN-28
o Reovirus serotype 3

o Male BALB/c nude mice

In vitro/Animal model

® Human GC cell lines: MKN45, MKN74, and
4473

* G47A

o Female athymic mice

In vitro/Animal model

© Human GC cell lines: MKN45, HGC27, SGC-
7901, MKN28, NHFB

® Ad/TRAIL-E1

© BALB/c nude mice

In vitro/Animal model

o Human GC cell ines: AGS, Hs746T, and
NCI-N87

© MKN-45-Luc cells

* (SCID)- BALB/C mice

In vitro/Animal model

o Vero (Africa green monkey kidney), AZ621,
MKN1, MKN28, MKN45 and MKN74 (human
GC cell lines)

o T-TSP-1 female BALB/C nu/nu mice

In vitro/Animal model
o Human GC cell lines: GOIY and KATO Il
* OBP-401

Xenograft peritoneal metastasis model

In vitro/Animal model

© Human GC cell lines: AGS, MKN1, MKN45

® Ad/CEA-Cre, Ad/lox-CD::UPRT, and Ad/
CEA-E1

® BALB/c nu/nu mice

In vitro/Animal model

© Human GC cell lines: BGC-823, SGC-7901
and MKN-28

* NDV-D90

* Male nude mice

In vitro/Animal model

® Human GC cell lines: AGS, OCUM-2MD3,
MKN-45, MKN-74 and TMK-1

® GLV-1h153

Female nude mice

Genetic
manipulation

L-RVG

Knockdown of
PGK1

None

None

None

E1A and TRAIL

None

TSP-1

None

CEA

None

hNIS

Route

VAP

P

Outcomes

Increasing endoplasmic reticulum stress,
autophagy, and apoptosis

Reducing tumor cel viabiity, increasing the
susceptibilty of metastatic GC cells and tumor
stem cells to overcome the chemotherapeutic
therapy resistance

Increase of cytopathic effect, increase of Ras
activity, Reduce the mean number and weight of
total peritoneal tumors along with the volume of
ascites

Inhibition of HER2, sensitization of GC cels by
overexpressing HERZ for apoptosis by reovirus,
increase of TRAIL/Apo2L-mediated apoptosis,

increasing anti-angiogenic responses and ADCC

Satisfactory profferative and cytopathic effects,
decreasing M2 macrophages and increasing M1
macrophages along with NK cells

Antitumor effects, inhibit PM and lead to increase
survival

Antitumor effects, oncolysis of a2p1expressing
tumor cells

Prolferative and cytopathic effects, Oncolysis of
tumor cels, anti-angiogenic effects via inhibiting
TGF-p signaliing

Reducing the viabilty of human GC cells and
increasing the prolferative abiity of the virus in
tumor cells, induction of mitotic atastrophe,
accelerated autophagy, and apoptosis, inhibiting
the growth of the metasstatic peritoneal tumor and
reducing the volume of malignant ascites

Decreasing the total viral dose, preserving the
antitumor effect

Inducing cell apoptosis in GC tumor cells,
reducing tumor cel invasion, suppression of
ERK1/2 and Akt signaling, anti-angiogenic effects
by inhibition of VEGF-A and MMP-2

Eficiently regress GC and permit deep-tissue
imaging

Reference

Bu et al. (2015)

Schneider et al.
(2015)

Kawaguchi
etal. (2010)

Hamano et al.

(2015)

Sugawara et al

(2020)

Zhou et al.
(2017)

Haley et al
(2009)

Touji et al
(2013)

Ogawa et al.
(2019)

Imamura et al.

(2010)

Sui etal. (2017)

Junetal. (2014)
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Oncolytic Vector

T-VEC (miygic,
talimogene
laherparepvec)

Pexa-Vec (JX-594,
pexastimogene
devacirepvec)

Telomelysin
(OBP-301)

TILT-123

ICOVIR-5

LOAd703
(delolimogene:
mupadenorepvec)
ONCOS-102 (Ad5/
3424 GMCSF,
CGTG-102)
GENO101 (HVJ-E;
TSD-0014)°

System

Herpes simplex
(HSV-1)

Vaccinia

Adenovirus

Adenovirus

Adenovirus

Adenovirus

Adenovirus

Hemaggltinating
virus of Japan (HVJ)

by the U.S. FDA, Food and Drug Administration.

“Non-replicating vector.

Transgene Load//Vector
Main Modifications

GM-CSF//Deletion: ICP34.5
(blocks PKR-elF2 pathway)
and ICP47 (reduces
immune activation) genes

GM-CSF and p-
galactosidase//Deletion:
thymidine kinase gene
(promotes DNA synthesis)
E£1A and E18 regions under
control of the human
telomerase reverse
transcriptase (WTERT)
promoter

IL2 and TNF-o//D24
deletion in the E1A gene
(inactivates pRB); E2F
promoter

D24 deletion in the E1A
gene (inactivates pRB):
human E2F-1 promoter

4-1BBL and TMZ-CD40L//
D24 deletion in the E1A
gene (inactivates pRB)
GM-CSF//D24 deletion in
the E1A gene

(inactivates pRB)

RNA fragmentation by UV
iradiation (inactivation);
envelope presents fusion
activity

Selectivity

Replication in cells with low
protein kinase R (PKR) levels

Replication in cells high cellular
thymidine kinase activity and
active EGFR signaling

Replication in cells with
telomerase activty

Replication in cells with high
expression of E2F and with a
dysregulated retinoblastoma
pathway

Replication in cells with high
expression of E2F and with a
dysregulated retinoblastoma
pathway

Replication in cels with a
dysregulated retinoblastoma
pathway

Replcation in cels with a
dysregulated retinoblastoma
pathway

Apoptosis and type-1 IFN
response mediated by retinoic
acid-inducible gene-l (RIG-)
activation in tumor cells upon
viral RNA recogrition

Study
Phase

LI,
Approved®

b

I/
b/l

b/l

i

Nia

T/l

‘Combination

Pembrolizumab

Pembrolizumab
Ipilimumab

Anti-PD-L1 mAb
(ZKABOO1)

TiLs

Atezolizumab

Pembrolzumab,
cyclophospharmide

Pembrolizumab

Ref./Number
clinical trial

Conry et al.
(2018)
Ribas et al.

(2017)
NCT02263508
Chesney et al
(2018)
NCT04849260

Nemunaitis et al.
(2010)

NCT04217473

Garcia et al.
(2018)

NCT04123470

NCT03003676

Kiyohara et al,
(2020)
NCT03818893

EGFR, epidermal growth factor receptor: GM-CSF, Granulocyte Macraphage Colony-Stimulating Factor: IFN, interferon; 1.2, Interfsukin 2: TNF-a, lumor necrosis factor aloha.
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Title

Autologous CAR-T/TCR-T Cell
immunotherapy for Malignancies

B7H3 CAR T Cell Immunotherapy for
Recurrent/Refractory Solid Tumors in
Chilcren and Young Adults

Gene Modified Immune Cells
(IL13Ralpha2 CAR T Cells) After
Conditioning Regimen for the Treatment
of Stage IC or IV Melanoma
MB-CART20.1 Melanoma

CAR T Cell Receptor Immunotherapy
Targeting VEGFR2 for Patients With
Metastatic Cancer

A Phase | Trial of T Cells Expressing an
Anti-GD2 Chimeric Antigen Receptor in
Children and Young Adults With GD2+
Solid Tumors

Administering Peripheral Blood
Lymphocytes Transduced With a CD70-
Binding Chimeric Antigen Receptor to
People With CD70 Expressing Cancers.
B7-H3-Specific Chimeric Antigen
Receptor Autologous T-Cell Therapy for
Pediatric Patients With Soiid Tumors
(3CAR)

Treatment of Malignant Melanoma With
GPA-TriMAR-T Cell Therapy
C7R-GD2.CART Celss for Patients With
Relapsed or Refractory Neuroblastorna
and Other GD2 Positive Cancers (GAIL-N)
Autologous T Cells Expressing MET scFv
CAR (RNA CART-cMET)

Target Antigen

CAR-T/TCR-T cells multi-target
including CD19, CD22, CD33,
BCMA, CD38, NY-ESO-1, DRS,
C-met, EGFR V Ill, Mesothelin

B7H3

IL13Ralpha2

CD20

VEGFR2

GD2

CcDb70

B7-H3

GPA-TriMAR

C7R-GD2

MET scFv

Cancer

B-cell Acute Lymphoblastic Leukeria,
Lymphomma, Myeloid Leukernia, Multiple
Myeloma, Hepatoma, Gastric Cancer,
Pancreatic Cancer, Mesotheiioma, Colorectal
Cancer, Esophagus Cancer, Lung Cancer,
Gioma, Melanoma, Synovial Sarcoma,
Ovarian Cancer, Renal Carcinoma

Pediatric Solid Tumor, Germ Cell Tumor,
Retinoblastoma, Hepatoblastoma, Wims
Tumor, Rhabdoid Tumor, Osteosarcoma,
Ewing Sarcoma, Rhabdomyosarcoma,
Synovial Sarcoma, Clear Cell Sarcoma,
Malignant Peripheral Nerve Sheath Tumors,
Desmoplastic Small Round Cell Tumor, Soft
Tissue Sarcoma, Neuroblastoma, Melanoma
Stage IIiC or IV Melanoma

Melanoma (Skin)
Metastatic Melanoma
Renal Cancer

melanoma, sarcoma, osteosarcoma,
neuroblastoma

Melanoma, Pancreatic, Renal, Ovarian and
Breast Cancer

Pediatric Solid Tumor, Osteosarcoma,
Rhabdomyosarcoma, Neurobiastoma, Ewing
Sarcoma, Wims Tumor, Adrenocortical
Cancer, Desmoplastic Small Round Cell
Tumor, Germ Cell Cancer, Rhabdoid Tumor,
Clear Gell Sarcoma, Hepatoblastoma,
Melanoma, Carcinoma, Malignant Peripheral
Nerve Sheath Tumors, Soft Tissue Sarcoma
Melanoma

Neuroblastoma, Osteosarcoma, Ewing
Sarcoma, Rhabdomyosarcoma, Uveal
Melanoma, Phyllodes Breast Tumor
Malignant Melanoma, Breast Cancer

Status

Recniting

Recruiting

Recruiting

Unknown
Terminated

Completed

Suspended

Not yet
recruiting

Recniting

Recriing

Terminated

NCT03638206

NCT04483778

NCT04119024

NCT03893019

NCT01218867

NCT02107963

NCT02830724

NCT04897321

NCT03649529

NCT03635632

NCT03060356
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Establish institutional standard operating procedures

Consider dedicating a single room and day for T-VEC treatment

Provide education for healthcare providers handling T-VEG

Before placing orders, measure the diameter of all tumors at each visit with
calipers

Select index lesions for injection (prioritize large > small size lesions; new > old
lesions; avoid lesions near critical anatomic structures, e.g., carotid artery,
mucosal surface)

Use schema in Table 3 to determine volume

NOTE: the maximum volume at any visit is 4 mi

Ensure first dose is 10° pfu/ml

Ensure subsequent doses are 10° pfu/ml

Lesions may be anesthetized with local ice pack prior to injection and/or local
anesthetic

May use four quadrant or fan technique (see Figure 1); may need to avoid
necrotic areas and inject locations with viable tumor cels (i.e., periphery)

e Injector should use universal precautions
e Portable ultrasound may be useful if lesion regresses or is not clinically palpable
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Lesion size (longest diameter) T-VEC injection volume

>5cm UP to 4 ml
>2.5-6cm UPto2ml
>1.56-2.5cm UPto1ml
>0.5-1.5 cm UPto 0.5 ml
<0.5cm UPto 0.1 ml

Abbreviations: cm, centimeter: mi, milliiters; T-VEC, talimogene laherparepvec.
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Site shouid be wiped with alcohol prior to injection and after bandage is
placed

Sites of injection should be covered with dry gauze and virus impenetrable
occlusive dressing (e.g., Tegaderm dressing)

Biohazard waste receptacles for dry waste and needies shouid be n the treatment
room

« Bandages should be maintained for 5-7 days
 Patient shouid be given extra bandages in case replacement is needed and

provided with education on how to manage (e.g., hand washing, gloves, proper
disposal of waste)

e Acyclovir can be used for accidental exposure
 Pregnant woman and immunosuppressed individuals should avoid direct contact

with T-VEC-injected patients for 7 days
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Challenge to OV implementation

Requires storage at -80'C

Live virus must be prepared in sterile biosafety cabinet

Drug dosing is different for inital injection vs. later timepoints

Drug volume is dependent on maximal tumor diameter

Injection requires direct access to tumor site and manual

administration

Biosafety concems

Household and healthcare transmission

May require change to ambula