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Abstract

Purpose: We hypothesized that the combination of a local stimulus for activating tumor-specific 

T cells and an anti-immunosuppressant would improve treatment of gliomas. Virally encoded 

IL15Rα-IL15 as the T-cell activating stimulus and a prostaglandin synthesis inhibitor as the anti-

immunosuppressant were combined with adoptive transfer of tumor-specific T cells.

Experimental Design: Two oncolytic poxviruses, vvDD vaccinia virus and myxoma virus, 

were each engineered to express the fusion protein IL15Rα-IL15 and a fluorescent protein. Viral 

gene expression (YFP or tdTomato Red) was confirmed in the murine glioma GL261 in vitro and 

in vivo. GL261 tumors in immunocompetent C57BL/6J mice were treated with vvDD-IL15Rα-

YFP vaccinia virus or vMyx-IL15Rα-tdTr combined with other treatments, including vaccination 
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with GARC-1 peptide (a neoantigen for GL261), rapamycin, celecoxib, and adoptive T-cell 

therapy.

Results: vvDD-IL15Rα-YFP and vMyx-IL15Rα-tdTr each infected and killed GL261 cells in 
vitro. In vivo, NK cells and CD8+ T cells were increased in the tumor due to the expression of 

IL15Rα-IL15. Each component of a combination treatment contributed to prolonging survival: an 

oncolytic virus, the IL15Rα-IL15 expressed by the virus, a source of T cells (whether by 

prevaccination or adoptive transfer), and prostaglandin inhibition all synergized to produce 

elimination of gliomas in a majority of mice. vvDD-IL15Rα-YFP occasionally caused 

ventriculitis-meningitis, but vMyx-IL15Rα-tdTr was safe and effective, causing a strong 

infiltration of tumor-specific T cells and eliminating gliomas in 83% of treated mice.

Conclusions: IL15Rα-IL15-armed oncolytic poxviruses provide potent antitumor effects 

against brain tumors when combined with adoptive T-cell therapy, rapamycin, and celecoxib.

Introduction

The requirements for successful immunotherapy of solid tumors are still being delineated. In 

preclinical models, single modalities are sometimes effective. Adoptive transfer of 

engineered neoantigen-specific T cells can be effective as a single treatment modality for 

flank-located, established solid tumors (1). Likewise, the presence of IL15 in the local tumor 

microenvironment can, as a single treatment modality modality, eradicate solid flank 

fibrosarcomas (2, 3). The requirements for treating tumors within the brain are likely to be 

more stringent. The immunologic characteristics of brain tumors are different from other 

cancers, even if they originate as metastatic tumors from other tissues. For example, tumors 

within the brain have deficient dendritic cell (DC) function, increased regulatory T cells 

(Treg), and increased TGFβ compared with tumors located in the periphery (4). A 

comparison of primary lung cancer and brain metastases within the same patients found 

more PD-L1 expression and fewer CD8+ T cells in the brain metastases compared with 

primary lung tumors (5). With mouse B16-OVA cells placed in the brain or in the flank, 

adoptively transferred tumor-infiltrating lymphocytes (TIL) isolated from the brain tumors 

reduced lytic activity compared to TILs isolated from flank tumors (6). The presence of a 

tumor within the brain can cause a redistribution of adoptively transferred T cells, 

sequestering T cells in the bone marrow (7).

We hypothesize that an immunotherapy for gliomas might be more successful if it includes 

(i) expansion of T cells that recognize tumor neoantigens, either by adoptive transfer or 

vaccination; (ii) attraction of T cells to the tumor and creation of inflammation to allow 

extravasation; (iii) attraction of natural killer (NK) cells complementary to T cells; and (iv) 

reversal of factors that suppress antigen-presenting cells, T cells, and NK cells. We have 

already observed that these factors have a small impact on survival of glioma-bearing mice 

when used individually. We hypothesize that when these attributes are combined, they will 

synergize and eradicate tumors.

The GL261 glioma model has a tumor-specific neoantigen, GARC-1 (a mutation in the 

IMP3 gene), a peptide that can be presented by mouse MHCH2-Db and recognized by T 

cells in C57BL/6J mice (8,9). This antigen has previously been targeted by a conventional 
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vaccine strategy, which, when combined with an anti-TGFb antibody, resulted in prolonged 

survival (10). To attract and activate T cells and NK cells, we chose viral delivery of an 

IL15Rα-IL15 superagonist fusion protein to the tumor. IL15 has long been recognized as a 

promising cytokine for cancer treatment (11). However, systemically administered IL15 has 

had considerable toxicity in both animal studies and clinical trials (12). Local expression of 

the cytokine mediated by an oncolytic virus could be safer and more effective than systemic 

delivery. To reverse immunosuppression, we targeted prostaglandin E2 using celecoxib, a 

cyclooxygenase-2 (COX-2) inhibitor. Prostaglandin E2 (PGE-2), the product of COX-2 

activity, has multiple immunosuppressive actions. It (i) causes dendritic cells to induce Tregs 

(13); (ii) induces and maintains myeloid-derived suppressor cells (MDSC; ref. 14); and (iii) 

directly inhibits the ability of antigen-specific T cells to kill their tumor targets (15). Tumors 

induce COX-2 expression in infiltrating myeloid cells, shifting them to M2 macrophages and 

MDSCs (16). The COX-2 inhibitor celecoxib has little or no effect on gliomas as a single 

treatment (17), but it enhances immunotherapies against gliomas (17-22). To increase the 

infection efficiency of tumor cells by either vaccinia virus or myxoma virus, we included 

rapamycin treatment (23-27). Rapamycin is a complex drug (28): under certain conditions, it 

can be immunosuppressive (29), but in other cases, it can enhance antigen presentation by 

DCs (30) and promote survival of antigen-specific CD8+ T cells (31).

In this study, we combined adoptive cell transfer (ACT) of T cells with one of two oncolytic 

poxviruses: double-deleted (vvDD) vaccinia virus or myxoma virus (vMyx). vvDD is an 

attenuated oncolytic poxvirus with enhanced tumor selectivity due to deletion of thymidine 

kinase and vaccinia growth factor (32). vvDD-IL15Rα-YFP effectively treats colon cancer 

in mice when combined with anti-PD-1 (33). In humans, it was found to be safe when 

delivered either intravenously or intratumorally in phase I clinical trials (34, 35). However, 

the safety of intracranial delivery of vvDD is still uncertain. In rats, no deaths or neurologic 

symptoms were noted when non-tumor-bearing rats were treated with vvDD-EGFP, whereas 

vvDD-EGFP was extremely toxic to tumor-bearing rats (24). This finding indicates the 

importance of further evaluation of the safety profile of vvDD in the brain.

Myxoma virus (vMyx) is another promising oncolytic poxvirus, which is restricted to 

lagomorphs in nature (36). Despite its narrow host range, vMyx can productively infect and 

kill cancer cells from several species including human (26, 37) and mouse (23, 25, 27), 

making vMyx a potential candidate for oncolytic virotherapy. The safety of vMyx has been 

demonstrated in both immunocompromised and immunocompetent murine preclinical trials 

with different tumors including glioma (38), medulloblastoma (39), melanoma (25, 27), 

pancreatic cancer (40), and myeloma (41). We engineered both vvDD and myxoma virus to 

express an IL15Rα-IL15 fusion protein. Co-expression of IL15 with its receptor α (IL15 

superagonist) generates a more potent ligand compared with IL15 alone (42, 43).

Materials and Methods

Generation of vvDD-IL15Rα-YFP

The generation of vvDD-IL15Rα-YFP was described previously (33). Briefly, the murine 

IL15Rα-IL15 gene, which was from plasmid pBS-IL15Rα-IL15-tdTomatoRed, was cloned 

into pCMS-IRES to form a new shuttle vector pCMS-IL15-Rα. CV-1 cells were infected by 
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vSC20, a Western Reserve (WR) strain vaccinia virus with a deletion in vaccinia growth 

factor (vgf), followed by transfection of shuttle vector pCMS-IL15-Rα which contains YFP 

gene (33). Homologous recombination allows genes of IL15Rα-IL15 and YFP from the 

shuttle vector to be inserted into the thymidine kinase (TK) gene within the vSC20 genome, 

leading to the generation of the double deletion (vgf-, TK-) vvDD-IL15Rα-YFP vaccinia 

virus. The new virus was selected by expression of YFP. Control viruses expressed the 

chemokine CXCL11 or red fluorescent protein (RFP).

Generation of vMyx-IL15Rα-tdTr

Generation of vMyx-IL15Rα-tdTr was described previously (44). Briefly, the recombinant 

virus expressing the IL15Rα-IL15 fusion protein (vMyx-IL15Rα-tdTr) was created by 

homologous recombination in RK-13 cells infected with wild type (WT) vMyx-Lau 

followed by transfection with the engineered recombination vector pBS-IL15Rα-IL15-

tdTomatoRed. After the recombinant virus was plaque-purified away from parental virus, 

recombinant virus expressing IL15Rα-IL15 fusion protein was propagated and titrated by 

focus formation on RK-13 cells. Fluorescent virus foci were harvested, repropagated, and 

titrated on RK-13 cells. This process was repeated three times to isolate a purified virus 

which contains two exogenous genes, IL15Rα-IL15 fusion protein and tdTomato. Genomic 

structure of the recombinant virus was confirmed by PCR sequencing. Control virus 

expressed tdTomato but not IL15Rα-IL15.

Cell culture

Glioma 261 (GL261) is a murine glioma cell line. GL261 WT cells were purchased from the 

National Cancer Institute Division of Cancer Treatment and Diagnosis Repository (NCI-

DCTD) and tested negative for mycoplasma. Cells were cultured in DMEM (10013CV, 

Corning Incorporated) containing 5 mmol/L HEPES, 1.3 mmol/L L-glutamine, 50 μmol/L 2-

ME, penicillin, streptomycin, and 10% FBS at 37°C and 5% CO2. GL261 neurosphere 

(GL261 NS) cells, which are cancer stem-like nonadherent cells, were cultured in untreated 

cell culture flasks (08-757-501, Corning Incorporated) with DMEM/F12+GlutaMAX 

(10565018, Life Technologies) culture medium containing penicillin/streptomycin 

(17-602E, Lonza), B27 with vitamin A (17504044, Life Technologies), 20 ng/mL 

recombinant human epidermal growth factor (EGF; 236-EG-200, R&D Systems), 20 ng/mL 

recombinant human fibroblast growth factor (FGF; 233-FB-025/CF, R&D Systems), and 5 

mg/mL heparin (H3149100KU, Sigma-Aldrich) in an incubator at 37°C with 5% CO2 (45).

Viral killing and infection in vitro

A total of 2 × 105 GL261 WT cells were cultured per well of a 24-well plate, then infected 

with PBS, vMyx-tdTr, vMyx-IL15Rα-tdTr, vvDD-RFP, or vvDD-IL15Rα-YFP (DMEM 

culture medium with 2% FBS) at multiplicity of infection (MOI) 5 for 1 hour, then switched 

to DMEM culture medium with 10% FBS. At 24, 48, and 72 hours postinfection, viable 

cells were counted using a hemacytometer (Hausser Scientific), followed by flow cytometry 

analysis of tdTomato Red (vMyx-tdTr and vMyx-IL15Rα-tdTr), RFP (vvDD-RFP), and 

YFP (vvDD-IL15Rα-YFP) to identify the infection of different viruses using BD LSR 

Fortessa Flow Cytometry Analyzer (BD Biosciences). Brightfield and fluorescent images of 
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GL261 WT cells were taken 48 hours after virus infection with an Olympus CKX41 

microscope (Olympus Life Science).

ELISA analysis of murine IL15Rα-IL15 fusion protein

A total of 2 × 105 GL261WT cells were cultured per well of a 24-well plate, then infected 

with PBS, vMyx-tdTr, vMyx-IL15Rα-tdTr, vvDD-RFP, or vvDD-IL15Rα-YFP (DMEM 

culture medium with 2% FBS) at MOI 5 for 1 hour, then switched to DMEM culture 

medium with 10% FBS. At 48 hours postinfection, supernatants of cells from each treatment 

were collected, followed by brief centrifugation to remove cellular debris. Supernatants were 

diluted 1:100, 1:1,000, and 1:10,000 followed by the measurement of murine IL15Rα-IL15 

fusion protein with Mouse IL15/IL15R Complex Uncoated ELISA kit (88721522, 

Invitrogen), according to the manufacturer's instructions.

Rapamycin effect on viral infection

A total of 2 × 105 GL261WT cells were cultured per well of a 24-well plate for 2 hours 

before virus inoculation in the DMEM culture medium containing 10% FBS with or without 

100 nmol/L rapamycin (LC Laboratories). Cells were then inoculated with vMyx-IL15Rα-

tdTr or vvDD-IL15Rα-YFP at MOI 5 in DMEM medium containing 2% FBS with or 

without 100 nmol/L rapamycin for 1 hour. Then, cells were cultured with fresh DMEM 

(10% FBS) medium with or without 100 nmol/L rapamycin for 2 days at 37°C with 5% 

CO2. Cells were fixed and analyzed for tdTomato red (vMyx-IL15Rα-tdTr) or YFP (vvDD-

IL15Rα-YFP) expression by flow cytometry using BD LSR Fortessa Flow Cytometry 

Analyzer (BD Biosciences).

Animals

C57BL/6J mice were purchased from The Jackson Laboratory and maintained as colonies in 

the animal facilities at the University of Illinois Urbana-Champaign (Urbana, IL). Mice of 

both sexes were used in experiments when they were 2 to 3 months old. All animal studies 

were approved by the Institutional Animal Care and Use Committee (IACUC) at the 

University of Illinois Urbana-Champaign.

Intracranial tumor establishment

GL261 NS cells were harvested, washed twice with Hanks' Balanced Salt Solution (HBSS; 

21023CV, Corning Incorporated) and stereotaxically infused into the brains of mice 

anesthetized with isoflurane (59399-106-01, Akorn). A total of 5 × 104 GL261 NS cells in 

0.5 μL HBSS were infused into ventral striatum (0.5 mm rostral; 2.25 mm lateral; 3.3 mm 

ventral). Mice were euthanized at 75% of baseline body weight or when they exhibited 

symptoms of neurologic impairment, lethargy, or pain, in accordance with IACUC 

guidelines.

Intratumoral virus injection

Tumor-bearing mice were anesthetized and stereotaxically injected intratumorally with 

approximately 2 × 106 plaque-forming unit (pfu) vvDD-IL15Rα-YFP, vvDD-CXCL11, 

vvDD-RFP vaccinia virus, vMyx-tdTr, vMyx-IL15Rα-tdTr, or PBS control in 1 μL PBS.
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Emulsion vaccination

The emulsion vaccine for each mouse contained 50 μg GARC-1 peptide (AALLNKLYA, 

GenScript) and 50 μg CpG ODN (tlrl-1826-1, InvivoGen) in 50 μL PBS mixed with same 

volume of Incomplete Freund's adjuvant (IFA; F5506–10 mL, Sigma-Aldrich). Reagents 

were sonicated intermittently and emulsified through a double needle. One hundred 

microliters of emulsified vaccine was injected subcutaneously.

TriVax vaccination

TriVax vaccination was used to generate GARC-1–specific T cells for adoptive transfer, and 

in separate experiments for therapeutic effect. The TriVax vaccine consists of 200 μg peptide 

GARC-1, 50 μg anti-mouse CD40 monoclonal antibody (Clone FGK4.5/FGK45; BE0016-2, 

Bio X Cell), and 50 μg poly-IC (vac-pic, InvivoGen). This vaccine was injected retro-

orbitally to each mouse in 200 μL PBS. For the booster immunization, a quarter of the same 

dose was injected retro-orbitally to each mouse in 50 μL PBS.

Adoptive CD8+ T-cell transfer

CD8+ T-cell donor mice were injected with 200 μL TriVax retro-orbitally followed by 50 μL 

TriVax 10 days later as a booster. Splenocytes from donor mice spleens were prepared by 

mechanical tissue dissociation through nylon mesh followed by ammonium chloride 

potassium (ACK) buffer lysis of erythrocytes. CD8+ T cells, isolated from these splenocytes 

by Dynabeads Untouched Mouse CD8 Cells Kit (11417D, Invitrogen), were resuspended 

with HBSS. An average of 5 × 106 CD8+ T cells in 200 μL HBSS was injected retro-

orbitally to recipient mice.

Oral drug delivery

Cookie powder was made by pulverizing cookies (Oreo cookies without the cream) using a 

mortar and pestle. Cookie powder with medication was made by combining 16 g of plain 

cookie powder with 40 mg of rapamycin (LC Laboratories) with or without 100 mg of 

celecoxib (0093-7306-06, TEVA Pharmaceuticals). Each tablet was made by compressing 

100 mg of powder in a manual tablet press. The daily dose was 10 mg/kg rapamycin and 25 

mg/kg celecoxib. Mice were singly housed and bedding was inspected to ensure that the 

cookies were eaten. Blood levels of celecoxib were assayed by HPLC-MS.

Tissue sectioning and histology

After mice were euthanized, brains were snap-frozen in OCT embedding medium 

(23-730-571, Fisher Healthcare) for cryosectioning. Five-micron cryosections were fixed in 

cold 95% ethanol for 20 minutes and blocked with Superblock (37515, Thermo Fisher 

Scientific) for 30 minutes, followed by overnight incubation with primary antibodies, which 

were diluted in 5% Superblock in 20% glycerol PBS. The slides were then washed with PBS 

and incubated with secondary antibodies for 2 hours. Slides which were incubated with a 

biotinylated secondary antibody were washed with PBS and incubated with streptavidin-

fluorophore for 1 hour. Finally, slides were stained with 4′,6-diamidino-2-phenylindole 

(DAPI; D1306, Life Technologies). Control slides omitted primary antibody.
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Antibodies for different markers are listed below. Primary antibodies: rabbit anti-M-T7 

(Myxoma; generated in the lab of Dr. Grant McFadden), rabbit anti-vaccinia (Vaccinia; 

YVS8101, Accurate Chemical & Scientific Corporation), rat anti-mouse Ly-49G2 (NK cell; 

555314, BD Pharmingen), rat anti-mouse CD8a (CD8+ T cells; 14080882, Invitrogen), rat 

anti-mouse FOXP3 (Treg; 14477180, Invitrogen), biotinylated anti-mouse IL15 (IL15Rα-

IL15; BAF447, R&D Systems). Secondary antibodies: donkey anti-rabbit-Alexa Fluor 647 

(Myxoma, Vaccinia; 711606152, Jackson ImmunoResearch), streptavidin-Alexa Fluor 647 

(IL15Rα-IL15; 016600084, Jackson ImmunoResearch), biotinylated rabbit anti-rat antibody 

(NK cells, CD8+ T cells, Treg; BA4001, Vector). Tertiary reagent: streptavidin-Alexa Fluor 

647 (NK cells, CD8+ T cells, Treg; 016600084, Jackson ImmunoResearch).

At least six sections were assessed and the section with the largest extent of tumor was 

evaluated by manually counting stained cells by an investigator blind to treatment condition. 

As a check of the reliability of using a single section, pairs of sections 100 μm apart from 9 

mice were stained and NK cells counted; values obtained on paired sections were highly 

correlated (r = 0.97, P < 0.05). Some 5-μm cryosections were fixed in cold 95% ethanol 

overnight and stained with hematoxylin and eosin.

Analysis of tumor-infiltrating lymphocytes

Mice with GL261 NS tumors were injected intratumorally with 2 × 106pfus of vMyx-

IL15Rα-tdTr or PBS control 11 days after tumor infusion. An additional control group had 

no brain tumor. Virus treated tumor-bearing mice also received rapamycin and celecoxib 

daily, and two days after the virus treatment, they received adoptive transfer of T cells from 

donor mice vaccinated with TriVax GARC-1 (GARC-1 peptide, anti-CD40, and Poly-IC) 7 

days before harvest. The transferred cells included approximately 5 × 105 GARC-1–specific 

CD8+ T cells (8% of the transferred CD8+ cells), determined by staining with GARC-1-Db 

dimers (DimerX; 551323, BD Biosciences). Treated mice received a TriVax GARC-1 

injection one day following the adoptive transfer. Six days after virus injection and four days 

after adoptive transfer, mice were euthanized; the right striatum was dissected and 

mechanically dissociated with a Biomasher II homogenizer (199623, Research Products 

International Corp) in 500 μL OPTI-MEM media. Following ACK treatment to lyse RBCs, 

lymphocytes were enriched on a Percoll step gradient (70%, 37%, and 30% Percoll, 

collecting cells at the 37/70 interface). Cells were analyzed by flow cytometry for anti-CD8 

and GARC-1-Db DimerX binding.

Flow cytometry

For flow cytometry analysis of CD8 and IFNγ protein levels, 1 × 106 cells/well were 

transferred to a 96-well round-bottom plate (3799, Corning Incorporated) and restimulated 

with GARC-1 peptide for one hour. Then Brefeldin A (BFA; 420601, BioLegend) was 

added to each well with the final concentration of 5 μg/mL followed by 3-hour incubation. 

Anti-mouse CD8a Alexa 488 antibody (100723, BioLegend) was added to each well after 

cells were washed with cell staining buffer (420201, BioLegend) followed by a 0.5-hour 

incubation on ice. Fixation buffer (420801, BioLegend) was added to each well after another 

round of cell wash followed by a 20-minute incubation at room temperature. Then, cells 

were washed and resuspended with intracellular staining permeabilization wash buffer 
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(421002, BioLegend) before undergoing an overnight incubation with anti-mouse IFNγ 
Alexa 647 antibody (505814, BioLegend) at 4°C. On the following day, cells were washed 

with intracellular staining permeabilization wash buffer and resuspended in cell staining 

buffer before analysis of Alexa 488 and 647 on the Accuri C6 Flow Cytometry Analyzer 

(BD Biosciences).

For flow cytometry analysis of GARC-1–specific CD8+ T cells, an immunofluorescence 

staining protocol of DimerX (551323, BD Biosciences) was followed. Briefly, GARC-1 

peptide was loaded to H-2Db: Ig protein followed by overnight incubation at 37°C. On the 

following day, PE Rat Anti-mouse IgG1 (550083, BD Biosciences) was incubated with the 

mixture for 1 hour at room temperature in the dark. Then Purified Mouse IgG1 λ Isotype 

Control was added, followed by a 1-hour incubation at room temperature in the dark to form 

the staining cocktail. At the same time, cells were incubated with Mouse BD Fc Block 

(553142, BD Biosciences) and anti-mouse CD8a Alexa 647 (100724, Biolegend) for 10 

minutes on ice in the dark. Then GARC-1-DimerX staining cocktail was added to each 

sample followed by 1-hour incubation on ice in the dark. Afterwards, cells were washed and 

resuspended with 0.5% PBS/BSA before analysis of PE and Alexa 647 on the Accuri C6 

Flow Cytometry Analyzer (BD Biosciences).

Statistical analysis

GraphPad Prism software was used for all statistical analyses and graph presentation. 

Numbers of NK cells, CD8+ T cells, and viable GL261 cells were analyzed by one-way 

ANOVA, using the Sidak correction for multiple comparisons. The percentage of GARC-1–

specific CD8+ T cells was analyzed by Student t test. Survival data were recorded from the 

time of the tumor cell implantation until euthanasia and were plotted using a Kaplan–Meier 

curve. Survival treatment groups were compared with a log-rank (Mantel–Cox) test. 

Significance was considered P < 0.05.

Results

GL261 cells can be infected and lysed by vMyx-tdTr, vMyx-IL15Rα-tdTr, vvDD-RFP, or 
vvDD-IL15Rα-YFP and express virally encoded protein in vitro

To verify the susceptibility of GL261 cells to infection and lysis by vMyx-tdTr, vMyx-

IL15Rα-tdTr, vvDD-RFP, or vvDD-IL15Rα-YFP, GL261 WT cells were incubated with 

each virus at an MOI of 5 in vitro. At 24, 48, and 72 hours postinfection, viable cells 

(Trypan blue excluding) were counted using a hemacytometer; infected cells were analyzed 

for fluorescent protein expression as an indicator of viral infection. Brightfield and 

fluorescent images of infected cells were taken at 48 hours postinfection. Results showed 

that GL261 WT cells were killed by all four types of viruses (Fig. 1A and C). vvDD-RFP or 

vvDD-IL15Rα-YFP most effectively killed GL261 WT cells. In addition, GL261 WT cells 

expressed virally encoded fluorescent protein after virus inoculation (Fig. 1B and C): 

tdTomato Red (vMyx-tdTr, vMyx-IL15Rα-tdTr), RFP (vvDD-RFP), and YFP (vvDD-

IL15Rα-YFP). These data showed that GL261 cells can be infected, express virally-encoded 

protein, and are lysed by vMyx-tdTr, vMyx-IL15Rα-tdTr, vvDD-RFP, or vvDD-IL15Rα-

YFP in vitro. IL15Rα-IL15 is virally encoded in vMyx-IL15Rα-tdTr and vvDD-IL15Rα-
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YFP. To determine whether infected GL261 WT cells can express and secrete IL15Rα-IL15 

in vitro, supernatants of GL261 WT cells infected by the four different viruses (MOI 5, 48 

hours postinfection) were collected and analyzed by ELISA against IL15Rα-IL15. 

Supernatant from cells infected by vMyx-tdTr or vvDD-RFP did not show detectable 

IL15Rα-IL15, whereas there was a significant increase in IL15Rα-IL15 production in the 

supernatant from cells infected by vMyx-IL15Rα-tdTr or vvDD-IL15Rα-YFP (Fig. 1D). 

The production of IL15Rα-IL15 from vvDD-IL15Rα-YFP–treated cells was 20-fold more 

than the production from vMyx-IL15Rα-tdTr–treated cells, which further indicates that 

GL261 WT cells are more susceptible to vvDD-IL15Rα-YFP than vMyx-IL15Rα-tdTr. 

Interestingly, the production of IL15Rα-IL15 may decrease the oncolytic effect and slow 

virus infection rate for vMyx-IL15Rα-tdTr compared with vMyx-tdTr. However, vvDD was 

not affected by expression of IL15Rα-IL15. The rationale for this phenomenon needs 

further exploration.

Rapamycin has the potential to enhance infection of vMyx and vvDD virus on GL261 model

Previous work has shown that rapamycin enhances the infection of various types of human 

and murine cancer cells by myxoma virus and vaccinia virus (23-27, 39, 46). We therefore 

assessed the effect of rapamycin on infection of GL261 by vMyx or vvDD. GL261 WT cells 

were treated in the presence or absence of 100 nmol/L rapamycin, added 2 hours prior to the 

1-hour inoculation of vMyx-IL15Rα-tdTr or vvDD-IL15Rα-YFP at an MOI of 5. Cells 

were fixed and analyzed for tdTomato red (vMyx-IL15Rα-tdTr) or YFP (vvDD-IL15Rα-

YFP) by flow cytometry analysis at 48 hours postinfection (p.i.). The significant increase of 

percentage of tdTomato red positive cells (Fig. 1E) indicates that rapamycin enhances the 

infection of vMyx-IL15Rα-tdTr on GL261 cells, whereas under these conditions rapamycin 

did not show any effect on vvDD-IL15Rα-YFP in GL261 cells. However, Lun and 

colleagues (24) found that rapamycin enhanced vvDD infection of rat F98 and RG2 glioma 

cell lines at lower MOIs. On the basis of these findings, we included rapamycin in the 

following survival experiments with both vMyx and vvDD vaccinia virus.

GL261 NS tumors can be infected and express virally-encoded protein in vivo and IL15Rα-
IL15 superagonist carried by vMyx or vvDD enhances immune cell infiltration

We examined whether gliomas initiated from GL261 NS can be infected and express virally 

encoded protein in vivo and whether the IL15Rα-IL15 superagonist can enhance immune 

responses by attracting NK cells and CD8+ T cells to the tumor location. Glioma tumors 

were established by direct intracranial injection of 5 × 104 GL261 NS cells/mouse into the 

right striatum. After 10 days, mice received intratumoral injection of PBS, vMyx-tdTr, 

vMyx-IL15Rα-tdTr, vvDD-RFP, or vvDD-IL15Rα-YFP (2 × 106 pfu/mouse). Tissue slides 

of brains harvested 5 days after intratumoral injection were sectioned and stained with 

antibodies anti-M-T7 (a vMyx-encoded protein), YVS8101 anti-vaccinia, anti-Ly-49G2 (an 

NK-cell marker), anti-CD8, or anti-IL15. Compared with PBS-injected tumor, the M-T7 

positive signal shown in vMyx-tdTr or vMyx-IL15Rα-tdTr–treated tumor indicates that 

vMyx infects GL261 NS cells in vivo and infected cells express vMyx-encoded protein (Fig. 

2A). Compared with PBS-injected tumor, the vaccinia positive signal (Fig. 2A) shown in 

vvDD-RFP or vvDD-IL15Rα-YFP–treated tumor and the IL15-positive signal 
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(Supplementary Fig. S1) shown in vvDD-IL15Rα-YFP–injected tumor, indicate that vvDD 

infects GL261 NS cells in vivo and the infected cells express vvDD-encoded protein.

To explore the physiologic function of IL15Rα-IL15 superagonist expressed in tumors in 
vivo, mouse brain sections from different treatment groups were stained with anti–Ly-49G2 

or anti-CD8 antibodies. There was a significant increase of tumor-infiltrated Ly-49G2+ NK 

cells if the tumor was treated with vMyx-IL15Rα-tdTr or vvDD-IL15Rα-YFP, compared 

with tumor treated with viruses without IL15Rα-IL15 (vMyx-tdTr or vvDD-RFP; Fig. 2B). 

There was also a significant effect of vvDD-IL15Rα-YFP treatment on tumor-infiltrating 

CD8+ T cells compared with vvDD-RFP treatment (Fig. 2C). The same trend was evident 

comparing vMyx-IL15Rα-tdTr and vMyx-tdTr but was short of significance (P < 0.10). This 

might be due to small sample size (n = 3) or to the 20-fold higher IL15Rα-IL15 production 

when tumor cells were treated with vvDD-IL15Rα-YFP compared with vMyx-IL15Rα-tdTr 

(Fig. 1D).

In a separate experiment, we compared the ability of vvDD-IL15Rα-YFP and vvDD-

CXCL11 to attract NK cells and CD8+ T cells into the brain, because we had previously 

found vvDD-CXCL11 attracts CD8+ T cells to murine mesothelioma tumors (47). vvDD-

IL15Rα-YFP again produced a dramatic infiltration of NK and T cells into the tumor (Fig. 

2D and E; Supplementary Fig. S1). Surprisingly, with vvDD-CXCL11 treatment, there were 

fewer T cells in the brain than after treatment with the vvDD expressing only RFP (Fig. 2C 

compared to Fig. 2E), and mostly as perivascular cuffs (Supplementary Fig. S1). While 

confirming the efficacy of the IL15Rα-IL15 superagonist, this result reflects the complexity 

of the role of the CXCL11/CXCR3 axis in modulating T-cell infiltration into the brain, as 

described in studies of experimental autoimmune encephalomyelitis (48).

vvDD-IL15Rα-YFP as a single treatment shows limited ability to prolong survival of glioma-
bearing mice

We tested the hypothesis that the attraction of NK cells and CD8+ T cells by IL15Rα-IL15 

could lead to a significant survival benefit using vvDD-IL15Rα-YFP. Glioma-bearing mice 

received intratumoral administration of vvDD-IL15Rα-YFP 7 days after tumor 

implantation. Results showed a prolonged median survival for the vvDD-IL15Rα-YFP 

treatment group compared to the control group, 42 days compared with 32 days, respectively 

(Supplementary Fig. S2). This difference was short of statistical significance (P = 0.055), 

indicating the limited efficacy of oncolytic vvDD-IL15Rα-YFP as a single treatment.

Tumor-specific CD8+ T cells are generated by vaccination

One possible explanation for the limited efficacy is that a large portion of the CD8+ T cells 

in the tumor may not be tumor specific; instead, they may be naïve CD8+ T cells attracted to 

inflammation without the ability to kill tumor cells. Thus, we hypothesized that generating 

more tumor-specific CD8+ T cells might improve the treatment with oncolytic vMyx and 

vvDD.

One way to generate more tumor-specific CD8+ T cells is to vaccinate animals with a tumor-

specific antigen. To test this idea, a vaccine combining GARC-1 peptide (a GL261 

neoantigen), CpG oligodeoxynucleotide1826 (CpG ODN) and Incomplete Freund′s 
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adjuvant (IFA) was emulsified and injected subcutaneously in left flank followed by a 

booster injection 16 days later. Five days after the booster injection, cells from axillary and 

brachial lymph nodes on the left side and spleens were harvested and exposed to GARC-1 

peptide. The significantly increased number of IFNγ-releasing CD8+ T cells in the lymph 

nodes or the spleen (Fig. 3A and B) produced in response to GARC-1 exposure indicates 

that tumor-specific CD8+ T cells were successfully generated by vaccination.

Prevaccination with GARC-1 peptide together with vvDD-IL15Rα-YFP, 

rapamycin, and celecoxib provides a survival benefit to mice with 

intracranial tumors

After observing that tumor-specific CD8+ T cells can be generated by vaccination, we 

hypothesized that these tumor-specific CD8+ T cells together with vvDD-IL15Rα-YFP 

virus, rapamycin, and celecoxib treatment could provide a survival benefit for glioma-

bearing mice. To test this hypothesis, vaccination was completed twice before a tumor was 

established. Virus was injected into the tumor a week after tumor implantation, and a tablet 

containing rapamycin and celecoxib was fed to the mice. Tablets were administered for 66 

days starting from the day of virus injection. Blood celecoxib concentration was 21 ± 3 

μmol/L at 2 hours after feeding (n = 9). The survival results (Fig. 3C) show that 

prevaccination of GARC-1 together with vvDD-IL15Rα-YFP, rapamycin, and celecoxib 

treatment cured 87% of mice with brain glioma. Data from Fig. 3C also imply that GARC-1 

prevaccination and vvDD infection without IL15Rα-IL15 are not sufficient by themselves; 

IL15Rα-IL15 is an important element of the treatment.

To mimic the clinical situation where patients are treated after they are diagnosed with a 

tumor, the vaccination of GARC-1 was conducted after tumor implantation (postvaccination) 

followed by the same combination treatment. Results of postvaccination of GARC-1 peptide 

showed that there was no significant survival benefit (Fig. 3D). One possible reason for this 

result is that the emulsion vaccine may require a longer time for mice to generate sufficient 

numbers of tumor-specific CD8+ T cells; by the time the immune system has the ability to 

respond against the emulsion vaccine, the tumor has become too advanced to destroy. If this 

is the case, then finding a way to increase the number of GARC-1–specific CD8+ T cells 

within a short period of time would be crucial to the success of this combination treatment.

TriVax vaccination of GARC-1 together with vvDD-IL15Rα-YFP, rapamycin, and celecoxib 
provides a survival benefit to mice with intracranial tumors

TriVax vaccination, which consists of peptide, poly-IC, and anti-CD40 antibody, was 

reported to yield a high amount of peptide-specific CD8+ T cells within a short period of 

time (49). We injected the TriVax vaccine with GARC-1 peptide retro-orbitally and blood 

was taken to perform flow cytometry analysis in order to detect GARC-1–specific CD8+ T 

cells using a DimerX Db probe (Fig. 4). TriVax and emulsion experiments shown in Fig. 4A 

and B were conducted on different days, so they were not compared statistically, but it is 

apparent that vaccination with TriVax produces a higher percentage of tumor-specific CD8+ 

T cells than the emulsion vaccine.
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To test whether TriVax postvaccination combined with vvDD-IL15Rα-YFP, rapamycin, and 

celecoxib provides a survival benefit to glioma-bearing mice, TriVax vaccine was injected 4 

days after tumor implantation followed at day 7 by vvDD-IL15Rα-YFP virus injection, 

rapamycin, and celecoxib treatment. The survival curve (Fig. 4C) shows that in contrast to 

the results from previous emulsion postvaccination (Fig. 3D), TriVax postvaccination 

together with vvDD-IL15Rα-YFP, rapamycin, and celecoxib did provide a moderate 

survival benefit to tumor-bearing mice. This result also suggests that the key to the success 

of this combination treatment is the amount of tumor-specific CD8+ T cells generated and 

the time to generate them.

Adoptive transfer of tumor-specific CD8+ T cells together with vvDD-IL15Rα-YFP, 
rapamycin, and celecoxib provides a survival benefit to mice with intracranial tumors

Adoptive transfer of tumor-specific CD8+ T cells to recipient mice allows control of the 

timing and quantity of tumor-specific CD8+ T cells received by tumor-bearing mice. CD8+ T 

cells were isolated from splenocytes of donor mice which received TriVax vaccination twice. 

Eight percent to 12% of CD8+ T cells harvested from donor mice were GARC-1 tumor-

specific CD8+ T cells by peptide-DimerX staining. A survival experiment was conducted to 

determine effects of adoptive T-cell therapy combined with oncolytic virotherapy. vvDD-

IL15Rα-YFP virus, rapamycin, and celecoxib treatment was given to mice a week after 

tumor implantation. Two days later, 5 × 106 CD8+ T cells that were isolated from donor 

mice were injected retro-orbitally into each of the tumor-bearing mice followed by a single 

TriVax booster injection the next day as a way to keep transferred CD8+ T cells functional in 

recipient mice (50). The 100% survival in Fig. 5A strongly indicates that adoptive transfer of 

GARC-1 tumor-specific CD8+ T cells together with vvDD-IL15Rα-YFP, rapamycin, and 

celecoxib is highly effective in mice with glioma. In addition, the results illustrate the 

synergy of IL15Rα-IL15 and adoptive transfer of T cells, evident by the limited efficacy of 

vvDD-IL15Rα-YFP, rapamycin, and celecoxib without ACT, and limited efficacy of ACT 

with rapamycin, celecoxib, and a vvDD-RFP virus that does not express IL15Rα-IL15 (Fig. 

5A).

Comparison of the safety profile of vvDD-IL15Rα-YFP and vMyx-IL15Rα-tdTr

Several articles report that vvDD vaccinia virus is safe in animals, and it has been tested in 

phase I clinical trials (46, 51-54). We also found that mice subjected to direct injection of 

vvDD-IL15Rα-YFP to the parenchyma of the brain showed only minor weight loss. On the 

basis of these findings, we believed that there was no safety issue for vvDD vaccinia virus. 

However, we observed that there was one mouse in each cohort that died within 4 days of 

vvDD-IL15Rα-YFP injection in survival experiments (3/56 mice treated with vvDD 

overall). These mice were censored in the survival curves, because their deaths were not 

attributed to tumor growth. Brains from these mice were harvested and examined by IHC for 

vaccinia virus protein. Results showed that ependymal cells lining the lateral ventricles of 

these brains were extensively infected by vaccinia virus. Direct injection of vvDD-IL15Rα-

YFP or vvDD-RFP into the lateral cerebral ventricles was uniformly fatal (55).

Therefore, although vvDD-IL15Rα-YFP is safe for non-brain cancers (33), a safer virus 

expressing IL15Rα-IL15 could be used to replace vvDD. We chose myxoma virus, whose 
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tropism is restricted to the European rabbit, but still has the ability to infect and kill tumor 

cells from mice and humans. A previous study from our lab found that direct injection of 

vMyx-tdTr myxoma virus to the lateral ventricle of the mouse brain had no toxic effects, and 

the virus was cleared by 11 days post-injection (56). We recently observed that 

intracerebroventricular injection of vMyx-IL15Rα-tdTr did not show any toxic effect on 

mice either (55), indicating that vMyx-IL15Rα-tdTr myxoma virus is safe to use in the 

C57BL/ 6J mouse model.

Adoptive transfer of tumor-specific CD8+ T cells together with vMyx-IL15Rα-tdTr, 
rapamycin, and celecoxib provides a survival benefit to mice with intracranial tumors

Because the vMyx-IL15Rα-tdTr virus was confirmed to be safe to use in mice, we tested 

whether vMyx-IL15Rα-tdTr can replace vvDD-IL15Rα-YFP in this combination treatment. 

In this experiment, we also tested the contribution of celecoxib to the efficacy of the 

combination treatment. vMyx-IL15Rα-tdTr virus and rapamycin with or without celecoxib 

treatment was given to mice a week after tumor implantation. Two days later, 5 × 106 CD8+ 

T cells isolated from donor mice were injected retro-orbitally into each of the tumor-bearing 

mice followed by a single TriVax booster injection as a way to keep transferred CD8+ T cells 

functional in recipient mice (50). Results showed that the combination treatment using 

vMyx-IL15Rα-tdTr virus cured 83% of mice (Fig. 5B), which was similar to the efficacy of 

the combination treatment using vvDD-IL15Rα-YFP. This finding strongly suggests that 

adoptive transfer of GARC-1 tumor-specific CD8+ T cells together with vMyx-IL15Rα-

tdTr, rapamycin, and celecoxib has the potential to cure glioma-bearing mice with reduced 

toxicity.

The results of Fig. 5B also suggest a synergistic effect of celecoxib in the combination 

treatment, because the omission of celecoxib produced a treatment with greatly reduced 

efficacy.

To assess possible mechanisms of the contribution of celecoxib to the vMyx-IL15Rα-tdTr 

combination treatment, C57BL/6J mice were implanted with GL261 NS cells intracranially 

on day 0, received 1 μL vMyx-IL15Rα-tdTr virus (2 × 106 pfu) injection, rapamycin with or 

without celecoxib on day 7 (medication treatment continued until day 12), adoptive transfer 

of CD8+ T cells on day 9, and TriVax booster on day 10. Mice were euthanized on day 12 

and tumor sections were analyzed for presence of NK cells, CD8+ T cells, and Tregs by 

immunostaining for Ly-49G2 (4D11 antibody), CD8, and Foxp3, respectively. There was a 

significant increase of infiltrated CD8+ T cells and a significant decrease of infiltrated 

Foxp3+ Treg in the celecoxib-treated group (Fig. 6A). The ratio of infiltrated CD8+ T cells 

to Tregs is significantly higher in the celecoxib-treated group, compared to the no celecoxib 

group (Fig. 6B). These results indicate that celecoxib plays an essential role in promoting 

the infiltration of CD8+ T cells and preventing the infiltration of Tregs in the combination 

treatment with vMyx-IL15Rα-tdTr, which may explain the impressive benefit celecoxib 

brings to the success of the combination treatment (Fig. 5B).
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Adoptive transfer of tumor-specific CD8+ T cells together with vMyx-IL15Rα-tdTr, 
rapamycin, and celecoxib results in tumor-specific T cells infiltrating GL261 gliomas

We investigated whether the combination treatment that resulted in long-term survival of 

glioma-bearing mice (vMyx-IL15Rα-tdTr, ACT, rapamycin, and celecoxib) produced 

infiltration of the tumors by tumor-specific T cells. Mice with established GL261 NS tumors 

were treated with adoptive transfer of GARC-1–specific CD8+ T cells together with vMyx-

IL15Rα-tdTr, a TriVax peptide boost, rapamycin, and celecoxib. Six days after virus 

injection and four days after adoptive transfer, mice were euthanized, and the right striatum 

from the brain and the spleen were dissected; cells were then dissociated and analyzed by 

flow cytometry. In the spleen, adoptive transfer of T cells and the TriVax boost did not 

consistently change the overall number of CD8+ cells (Fig. 6C), but clearly increased the 

number of GARC-1–specific CD8+ T cells (Fig. 6D), with 24% ± 4% of CD8+ splenocytes 

stained by the GARC-1-Db reagent. Confirming the histological observations, glioma-

infiltrating CD8+ T cells were also increased by the treatment (Fig. 6E), and more than 30% 

of these cells were specific for the tumor neoantigen GARC-1, resulting in more than 1 × 

104 GARC-1–specific CD8+ T cells in the tumors (Fig. 6F). Tumors were also evaluated by 

standard hematoxylin–eosin staining; characteristic histopathologic features of diffuse 

glioma including infiltration into the surrounding parenchyma and subpial, perivascular, and 

perineuronal glioma cell satellitosis were identified in all mice. Numerous apoptotic cells 

were present in tumors injected with vvDD-IL15Rα-YFP and a moderate number of 

apoptotic cells were present in tumors injected with vMyx-IL15Rα-tdTr (Supplementary 

Fig. S4).

Discussion

A modest prolongation of survival for mice with gliomas has been reported for a large 

number of treatments. However, complete elimination of established gliomas in a majority 

of animals is not common, and we observed this dramatic response with two different 

oncolytic poxviruses expressing the IL15Rα-IL15 fusion protein when combined with 

adoptive transfer of tumor-specific T cells and a prostaglandin synthesis inhibitor. Oncolytic 

viruses may contribute to an anti-tumor response by multiple mechanisms, such as a direct 

cytotoxic effect on cancer cells and consequent release of tumor antigens that may generate 

an immune response. When the virus is engineered to express a cytokine, it becomes a 

vector for local expression of potent immune-activating agents, while avoiding systemic 

inflammation that parenteral delivery of the cytokine would produce. We chose IL15 

because it activates and maintains function of NK and CD8+ T cells (57) with less vascular 

leakage potential (58), less activation of Tregs (59), and less activation-induced cell death 

(AICD) for CD8+ effector T cells (60). We chose the co-expression of IL15 with its receptor 

α because it greatly enhances the stability and function of the cytokine in vivo (42,61). We 

confirmed that the murine glioma cell line GL261 can be infected both in vitro and in vivo 
by the two viruses and that GL261 cells infected with either virus can express functional 

IL15Rα-IL15 and attract NKand CD8+ T cells. Despite the infiltration of NK cells and 

CD8+ T cells, the survival benefit was modest, suggesting that either most of the CD8+ T 

cells were not tumor specific or the tumor microenvironment in the brain is too 

immunosuppressive for NK and CD8+ T cells to function.
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To overcome these problems, we injected GARC-1, a neoantigen for GL261 cells, into mice 

before tumor implantation, allowing tumor-bearing mice to develop tumor-specific CD8+ T 

cells ahead of time. We then treated tumors with oncolytic virus and rapamycin and 

celecoxib starting on the same day as virus treatment. Although rapamycin was originally 

used as an immunosuppressive drug, it can enhance the spread and replication of oncolytic 

viruses (24, 26, 27), promote activation of dendritic cells and enhance their antigen-

presenting ability (62), and improve the functionality of memory CD8+ T cells (31). We did 

not directly test its necessity in survival experiments. On the other hand, celecoxib was 

critical for the effectiveness of the vMyx-IL15Rα-tdTr with ACT treatment. Celecoxib is a 

COX-2 inhibitor which can selectively inhibit the production of prostaglandins (mainly 

PGE2; refs. 63, 64) a group of physiologically active lipid compounds with strong 

immunosuppressive functions in the tumor microenvironment.

We observed that prevaccination of GARC-1 together with vvDD-IL15Rα-YFP, rapamycin, 

and celecoxib cured 87% of mice with intracranial tumors, whereas postvaccination 

(mimicking clinical conditions) of GARC-1 with the combination treatment did not work at 

all. These facts indicate that the generation of enough tumor-specific CD8+ T cells within a 

short period of time is critical to the success of this treatment.

ACT therapy is another way to generate tumor-specific T cells. For the generation of 

GARC-1–specific CD8+ T cells, non–tumor-bearing C57BL/6J mice were injected with 

TriVax (GARC-1, Poly-IC, and anti-CD40 antibody) followed by a booster of TriVax 10 

days later. Instead of using traditional lymphodepletion before ACT (65), a single injection 

of TriVax after ACT was used in this research, based on observations by Celis that a TriVax 

booster was as effective as lymphodepletion for maintaining survival and expansion of 

transferred T cells (50). We observed that tumor-bearing mice can be cured by a 

combination treatment of vvDD-IL15Rα-YFP or vMyx-IL15Rα-tdTr, rapamycin, celecoxib, 

and adoptive transfer of tumor-specific CD8+ T cells.

Adoptive cell transfer in the clinical setting could be accomplished by engineering T cells to 

express a tumor-specific T-cell receptor or a chimeric antigen receptor construct. The 

neoantigen that we targeted in these experiments, GARC-1, was first identified from its 

immunogenicity (8), but was also independently isolated by a whole-exome screen of 

mutations (9). The prospects for clinically applying neoantigen targeting are rapidly 

improving; for example, a phase Ib trial of personalized neoantigen vaccination for 

glioblastoma has recently been reported (66).

One concern for this combination treatment is the safety of oncolytic vaccinia virus vvDD 

when the virus is directly injected into the brain. Several preclinical and clinical trials report 

that it is safe to use vvDD in rodent models (mouse and rat; ref. 46), non-human primates 

(51), and humans (52-54), but in most cases, the vaccinia virus is injected into the blood or 

into subcutaneous tumors. One study (46) has shown that there were non-lethal 

neuropathological changes following the intracerebral (i.c.) injection of vaccinia virus in 

non–tumor-bearing rats, while another study reported that there were no deaths or symptoms 

of neurologic impairment when non–tumor-bearing rats were treated with vvDD-EGFP, 

whereas vvDD-EGFP was extremely toxic to tumor-bearing rats (24), indicating the 
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necessity of further exploration of the safety profile of vvDD in the brain. We directly 

injected vvDD-IL15Rα-YFP virus into the parenchyma of non–tumor-bearing C57BL/6J 

mice and confirmed that it is safe in the brain parenchyma, but if the virus reaches the lateral 

ventricles, it can lead to death (55).

Alternatively, previous studies from our lab showed that another type of oncolytic poxvirus, 

myxoma virus, is safe to use in mice even when directly injected into the cerebral ventricles 

(56). On the basis of this safety profile, vMyx-IL15Rα-tdTr virus was combined with 

rapamycin, celecoxib, and adoptive transfer of tumor-specific CD8+ T cells to treat glioma-

bearing mice. This combination treatment produced a result similar to the combination 

treatment with vvDD-IL15Rα-YFP, indicating that we can replace vaccinia virus with 

myxoma virus in this treatment to increase safety without greatly impairing efficacy. vvDD 

was more aggressive than vMyx in infection of GL261 and expression of virally encoded 

IL15Rα-IL15, and its biological effects were less dependent on celecoxib (Supplementary 

Fig. S3). However, the risk of ventriculitis and meningitis should preclude the use of vvDD 

for gliomas.

Analysis of TILs four days following the adoptive transfer of T cells from donor mice 

showed a pronounced increase in the number of tumor-specific T cells in response to the 

combination treatment. Future studies will characterize how different components of the 

effective treatment influence the number and phenotype of tumor-specific T cells to 

determine the essential features of a treatment that eradicates an established glioma.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Translational Relevance

We developed a complex therapy regimen that included the following elements: tumor-

specific T cells, an oncolytic virus that produced local release of IL15Rα-IL15 in the 

tumor environment, and inhibition of prostaglandin synthesis to minimize 

immunosuppression. Omission of any one of these resulted in a minimally effective 

therapy, whereas their combination resulted in eradication of established gliomas. These 

results encourage clinical trials of combinations of immunotherapy and oncolytic 

virotherapy, and encourage the use of a prostaglandin inhibitor in conjunction with 

immunotherapies.
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Figure 1. 
In vitro characterization of vMyx-tdTr, vMyx-IL15Rα-tdTr, vvDD-RFP, and vvDD-

IL15Rα-YFP. A total of 2 × 105 GL261WT cells were cultured per well of a 24-well plate, 

then infected with PBS, vMyx-tdTr, vMyx-IL15Rα-tdTr, vvDD-RFP, or vvDD-IL15Rα-

YFP at MOI 5 for 24, 48, or 72 hours. A, Viable cell counts. B, Flow cytometry analysis of 

tdTomato Red (vMyx-tdTr and vMyx-IL15Rα-tdTr), RFP (vvDD-RFP), and YFP (vvDD-

IL15Rα-YFP). Mean values and SEM are shown. C, Brightfield and fluorescence images of 

GL261 WT cells were taken 48 hours after virus infection. Red channel: tdTomato Red 

(vMyx-tdTr and vMyx-IL15Rα-tdTr), RFP (vvDD-RFP); green channel: YFP (vvDD-

IL15Rα-YFP). Scale bar, 100 μm. D, Supernatants of cells from each treatment were 

collected 48 hours after virus infection. The production of IL15Rα-IL15 was measured by 

ELISA. Mean ELISA values and SEM are shown. There was a significant increase in 

IL15Rα-IL15 expression in the supernatants of vMyx-IL15Rα-tdTr or vvDD-IL15Rα-

YFP–treated cells compared with vMyx-tdTr or vvDD-RFP–treated cells. P values: **, < 

0.01; ****, < 0.0001. E, GL261 WT cells were treated with or without 100 nmol/L 

rapamycin 2 hours prior to the 1-hour inoculation of vMyx-IL15Rα-tdTr or vvDD-IL15Rα-

YFP at MOI 5. Cells were fixed and analyzed for tdTomato red (vMyx-IL15Rα-tdTr) or 
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YFP (vvDD-IL15Rα-YFP) expression by flow cytometry at 48 hours p.i. Mean ± SEM, n = 

3, P value: ***, < 0.001.
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Figure 2. 
In vivo characterization of vMyx-tdTr, vMyx-IL15Rα-tdTr, vvDD-RFP, and vvDD-IL15Rα-

YFP. C57BL/6J mice were implanted with GL261 NS cells intracranially followed 10 days 

later by injectionwith PBS, vMyx-tdTr, vMyx-IL15Rα-tdTr, vvDD-RFP, or vvDD-IL15Rα-

YFPfor A-C, and PBS, vvDD-CXCL11, or vvDD-IL15Rα-YFP for D and E (n = 3;2 × 106 

pfu intratumoral). Mice were euthanized 5 days after the virus treatment and tumor sections 

were analyzed for presence of the viruses, NKcells, and CD8+ T cells by immunostaining 

for M-T7 (a myxoma-encoded protein), vaccinia virus, Ly-49G2 (4D11 antibody) for NK 

cells and CD8, respectively. Representative tumor sections are shown. A, Staining for vMyx 

or vvDDvirus in tumors. Scale bar, 200 μm. B, Numberof Ly-49G2+ NKcells per tumor 

section for each condition, mean values and SEM are shown. One-way ANOVA showed 

significant increase in NK cell accumulation in vMyx-IL15Rα-tdTr or vvDD-IL15Rα-YFP–

treated tumors compared with vMyx-tdTr or vvDD-RFP treatments. P values: **, < 0.01; 

***, < 0.001. C, Number of CD8+ cells per tumor section for each condition. Mean values 

and SEM are shown. One-way ANOVA showed significant increase in CD8+ cell 

accumulation in vvDD-IL15Rα-YFP–treated tumors compared with vvDD-RFP treatment. 

P value: *, < 0.05. D, Number of Ly-49G2+ NK cells per tumor section for each condition. 

Mean values and SEM are shown. One-way ANOVA showed significant increase in NK-cell 
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accumulation in vvDD-IL15Rα-YFP–treated tumors compared with both vvDD-CXCL11 

and PBS treatments. P value: **, < 0.01. E, Number of CD8+ cells per tumor section for 

each condition. Mean values and SEM are shown. One-way ANOVA showed significant 

increase in CD8+ cell accumulation in vvDD-IL15Rα-YFP–treated tumors compared with 

both vvDD-CXCL11 and PBS treatments. P value: **, < 0.01.
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Figure 3. 
Tumor antigen-specific CD8+ T cells are generated by emulsion vaccination and have the 

potential to prolong survival of C57BL/6J mice bearing intracranial GL261 NS tumors 

treated with intratumoral vvDD-IL15Rα-YFP virus, rapamycin, and celecoxib. The vaccine 

combining 50 μg GARC-1 peptide, 50 μg CpG ODN in 50 μL PBS, mixed with 50 μL IFA 

for each mouse was emulsified by sonication and injected subcutaneously in left flank (100 

μL) followed by a booster injection 16 days later. Five days after the booster injection, cells 

from axillary and brachial lymph nodes on the left side and spleens were harvested and 

exposed to GARC-1 peptide followed by flow cytometry analysis of CD8 and IFNγ. A, 

Tang et al. Page 26

Clin Cancer Res. Author manuscript; available in PMC 2020 December 08.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Lymph node percentage of GARC-1–specific CD8+ T cells among all CD8+ T cells. Mean 

and SEM from 5 mice per group are shown. **, P < 0.01 for vaccinated group versus control 

group. B, Spleen percentage of GARC-1–specific CD8+ T cells among all CD8+ T cells. 

Mean and SEM from 5 mice per group are shown. **, P < 0.01 for vaccinated group versus 

control group. C, Survival of tumor-bearing mice treated with prevaccination of GARC-1, 

intratumoral vvDD-IL15Rα-YFP, rapamycin, and celecoxib. Mice received GARC-1 

emulsion vaccine on day −28 and −14; tumor on day 0; and 1 μL virus (2 × 106 pfu) or PBS 

injection, rapamycin, and celecoxib on day 7 (medication treatment continued until day 73). 

Mice that received the combination treatment lived significantly longer than other groups. P 
< 0.01 for vvDD-IL15Rα-YFP–treated group compared with each of the other groups. 

Prevaccinated vvDD-RFP and prevaccinated PBS were also different from unvaccinated 

PBS-treated mice, P < 0.05. Prevaccinated vvDD-RFP differed from prevaccinated PBS, P < 

0.05. D, Survival of tumor-bearing mice treated with postvaccination with emulsion vaccine 

of GARC-1, intratumoral vvDD-IL15Rα-YFP, rapamycin, and celecoxib. Mice received 

tumor implantation on day 0; GARC-1 emulsion vaccine on day 5 and 12; and 1 μL virus (2 

× 106 pfu) or PBS injection, rapamycin, and celecoxib on day 7 (medication treatment 

continued until day 73). There was no significant difference between any treatment groups.
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Figure 4. 
Improved response to TriVax vaccination. Mice were vaccinated by emulsion vaccine 

subcutaneously or TriVax vaccine retro-orbitally. Blood was collected and lysed by ACK, 

then cells from blood were stained with DimerX Db-GARC-1 (recognizing GARC-1–

specific CD8+ T cells) and anti-CD8 antibody followed by flow cytometry analysis. Mean 

and SEM, n = 3. A, The percentage of GARC-1–specific CD8+ T cells generated by 

emulsion vaccine among all CD8+ T cells in the blood. B, The percentage of GARC-1–

specific CD8+ T cells generated by TriVax vaccine among all CD8+ T cells in the blood. C, 
Survival of tumor-bearing mice treated with TriVax vaccination, intratumoral vvDD-

IL15Rα-YFP, rapamycin, and celecoxib. Mice received tumor on day 0; TriVax vaccination 

on day 4; and 1 μL virus (2 × 106 pfu) or PBS injection, rapamycin, and celecoxib on day 7 

(medication treatment continued until day 73). Mice that received the combination treatment 

lived significantly longer than the control group, P < 0.001.
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Figure 5. 
The therapeutic effect of the full combination treatment using vvDD-IL15Rα-YFP or vMyx-

IL15Rα-tdTr. A, Survival of tumor-bearing mice treated with intratumoral vvDD-IL15Rα-

YFP virus injection, rapamycin and celecoxib, adoptive transfer of CD8+ T cells, and TriVax 

booster. Mice received tumor on day 0; 1 μL vvDD-IL15Rα-YFP virus (2 × 106 pfu) or PBS 

injection, rapamycin, and celecoxib on day 7 (medication treatment continued until day 73; 

adoptive transfer of CD8+ T cells on day 9; and TriVax booster on day 10. Mice that 

received the full combination treatment survived longer compared with other groups, 

indicating the requirement for ACT. P < 0.01 for each comparison. B, Survival of tumor-

bearing mice treated with intratumoral vMyx-IL15Rα-tdTr virus injection, rapamycin and 

celecoxib, adoptive transfer of CD8+ T cells, and TriVax booster. Mice received tumor on 

day 0; 1 μL vMyx-IL15Rα-tdTr virus (2 × 106 pfu) or PBS injection, rapamycin with or 

without celecoxib on day 7 (medication treatment continued until day 73; adoptive transfer 

of CD8+ T cells on day 9; and TriVax booster on day 10. Mice that received the full 

combination treatment survived longer compared with other groups, indicating the 

requirement for celecoxib and the insufficiency of ACT (TriVax). P < 0.05 for each 

comparison.
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Figure 6. 
Potential mechanisms of the full combination treatment using vMyx-IL15Rα-tdTr. The 

effect of celecoxib on the tumor-infiltrated NK, CD8+ T cells, and Tregs when treated with 

vMyx-IL15Rα-tdTr virus. C57BL/6J mice were implanted with GL261 NS cells 

intracranially on day 0, then received 1 μL vMyx-IL15Rα-tdTr virus (2 × 106 pfu) injection 

and rapamycin with or without celecoxib on day 7 (medication treatment continued until day 

12), adoptive transfer of CD8+ T cells on day 9, and TriVax booster on day 10. Mice were 

euthanized on day 12 and tumor sections were analyzed for presence of NK cells, CD8+ T 

cells, and Tregs by immunostaining for Ly-49G2 (4D11 antibody), CD8, and Foxp3, 

respectively. A, Number of infiltrated Ly-49G2+ NK cells, CD8+ T cells, and Foxp3+ Tregs 

per tumor section for each condition are shown (mean and SEM). There was a significant 

increase of infiltrated CD8+ T cells and significant decrease of infiltrated Tregs when 

celecoxib was included in the treatment. *, P < 0.05; **, P < 0.01. B, The ratio of tumor-

infiltrated CD8+ T cells over tumor-infiltrated Tregs for each condition. There was a 

significant increase of the ratio when GL261 NS tumor was treated with vMyx-IL15Rα-tdTr 

and celecoxib. ****, P < 0.0001. C-F, Infiltration of gliomas by tumor-specific T cells 

following treatment of mice with oncolytic vMyx-IL15Rα-tdTr, rapamycin, celecoxib, and 

adoptive transfer of tumor-specific CD8+ T cells. Mice bearing GL261 gliomas were treated 
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with a combination oncolytic virus and immunotherapy and euthanized four days after 

adoptive T-cell therapy. The right striatum and spleen were dissociated, and cells were 

analyzed by flow cytometry for CD8 and binding of a GARC-1-Db DimerX to detect tumor-

specific T cells. Controls received only a PBS infusion or were untreated non-tumor-bearing 

mice. C, Total number of CD8+ T cells in spleen. D, Total number of GARC-1–specific 

CD8+ T cells in spleen. **, P < 0.01. E, Total number of CD8+ T cells in gliomas. *, P < 

0.05. F, Total number of GARC-1–specific CD8+ T cells in gliomas. *, P < 0.05.
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