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Abstract: Oncolytic virotherapy is an emerging immunotherapeutic modality for cancer 

treatment. Oncolytic viruses with genetic modifications can further enhance the oncolytic effects 

on tumor cells and stimulate antitumor immunity. The oncolytic vaccinia viruses JX-594-GFP+/

hGM-CSF (JX-GFP) and TG6002 are genetically modified by secreting granulocyte-macrophage 

colony-stimulating factor (GM-CSF) or transforming 5-fluorocytosine (5-FC) into 5-fluorouracil 

(5-FU). We compared their properties to kill tumor cells and induce an immunogenic type of 

cell death in a human melanoma cell model using SK29-MEL melanoma cells. Their influence 

on human immune cells, specifically regarding the activation of dendritic cells (DCs) and the 

interaction with the autologous cytotoxic T lymphocyte (CTL) clone, was investigated. Mela-

noma cells were infected with either JX-GFP or TG6002 alone or in combination with 5-FC 

and 5-FU. The influence of viral infection on cell viability followed a time- and multiplicity 

of infection dependent manner. Combination of virus treatment with 5-FU resulted in stronger 

reduction of cell viability. TG6002 in combination with 5-FC did not significantly strengthen 

the reduction of cell viability in this setting. Expression of calreticulin and high mobility group 

1 protein (HMGB1), markers of immunogenic cell death (ICD), could be detected after viral 

infection. Accordingly, DC maturation was noted after viral oncolysis. DCs presented stronger 

expression of activation and maturation markers. The autologous CTL clone IVSB expressed 

the activation marker CD69, but viral treatment failed to enhance cytotoxicity marker. In 

summary, vaccinia viruses JX-GFP and TG6002 lyse melanoma cells and induce additional 

immunostimulatory effects to promote antitumor immune response. Further investigation in 

vivo is needed to consolidate the data.

Keywords: oncolytic virus, vaccinia virus, immunogenic cell death, dendritic cells, cytotoxic 

T lymphocytes, immunotherapy

Introduction
An effective antitumor immune response is important for progression- and 

metastatic-free survival in cancer patients. Therapeutic agents, which cause an immu-

nogenic type of cell death, correlate with better prognosis and overall survival (OS).1–3 

Several studies indicated that a long-term cure of cancer might be immune driven.4–7 

A higher amount of tumor-infiltrating lymphocytes in the microenvironment correlates 

with a better outcome.8 Oncolytic viruses offer an approach for immunotherapy.9–11 
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Genetically engineered viruses, encoding for genes, which 

induce immunogenic cell killing of tumor cells, became of 

further interest over the past years to optimize the oncolytic 

activity and thereby improve antitumor immune response.12–16 

The field of oncolytic immunotherapy has expanded 

dramatically.17 More than 10 different viral species have 

entered clinical trials. Recently, a phase 3 pivotal trial of 

T-VEC (Imlygic®, talimogene laherparepvec, Amgen, Thou-

sand Oaks, CA, USA), an oncolytic herpes virus expressing 

granulocyte-macrophage colony-stimulating factor (GM-

CSF), in patients with advanced melanoma met its primary 

end point.18 The overall response rate (ORR) and the median 

OS were higher in the T-VEC arm compared to those in the 

GM-CSF arm (ORR: 26.4% vs 5.7%; OS: 23.3 months vs 

18.9 months; hazard ratio [HR]: 0.79 and P=0.051). This led 

the US Food and Drug Administration (FDA) to approve 

Imlygic®, the first FDA-approved oncolytic virus therapy, 

at the end of October 2015, for the treatment of melanoma 

lesions in the skin and lymph nodes and subsequently to the 

European Medicines Agency (EMA) approval.

Pexa-Vec (pexastimogene devacirepvec, JX-594) is an 

oncolytic and immunotherapeutic vaccinia virus engineered 

to express GM-CSF. Pexa-Vec mechanisms of actions 

include tumor cell infection and lysis,19–21 antitumor immune 

response induction22,23 and acute vascular disruption.24 Pexa-

Vec is derived from the commonly used Wyeth vaccine 

strain (Dryvax®; Wyeth Laboratories, Dallas, TX, USA). In 

a randomized phase 2 study (HEP007, NCT00554372) in 

advanced first-line hepatocellular carcinoma (HCC), a sig-

nificant improvement in OS (HR 0.39, P=0.02) was observed 

with Pexa-Vec at 109 pfu (14.1 m) vs 108 pfu (6.7 m).22

Pexa-Vec has now entered a randomized controlled phase 3  

trial in advanced first-line HCC (NCT02562755), comparing 

the administration of Pexa-Vec and sorafenib to sorafenib 

alone, with OS as the primary end point.

The oncolytic vaccinia viruses JX-GFP and TG6002 were 

used in the studies described here. JX-GFP is derived from 

JX-594 and modified by insertion of a gene cassette in the 

thymidine kinase (TK) locus expressing green fluorescent 

protein (GFP) and human granulocyte-macrophage colony-

stimulating factor (hGM-CSF). Inactivation of vaccinia TK 

attenuates JX-GFP in normal cells, which have lower levels 

of cellular TK. In contrast, in cancer cells, endogenous TK 

is typically overexpressed so that the virus can continue to 

replicate.14,20,25 TG6002 is derived from the Copenhagen 

strain and is deleted of two genes (TK and ribonucleotide 

reductase) and expresses the suicide gene FCU1.26 FCU1 

encodes a bifunctional chimeric protein that catalyzes the 

direct conversion of 5-fluorocytosine (5-FC), a nontoxic 

antifungal agent, into the toxic metabolites 5-fluorouracil 

(5-FU) and 5-fluorouridine-5′monophosphate (5-FUMP), 

thus bypassing the natural resistance of certain human tumor 

cells to 5-FU and reducing systemic toxicity.26–28

JX-GFP and TG6002 were analyzed for their ability 

to induce viral oncolysis in a human melanoma in vitro 

cell model using SK29-MEL melanoma cells and antigen-

specific, corresponding cytotoxic T lymphocytes (CTLs).29–31 

Combination with 5-FC was indicated to test the encoded 

transgene and analyze additional cytotoxic effects compared 

to a direct combination with 5-FU. Furthermore, immu-

nogenic parameters induced by oncolytic cell death were 

studied. Finally, we sought to specify the influence of virally 

induced tumor cell lysates (TCLs) on the activation and 

maturation of dendritic cells (DCs) and CTLs.

Materials and methods
human melanoma cell lines, human 
immune cells and viruses
Human melanoma cell line SK29-MEL-1 and its HLA-A2 

loss clone SK29-MEL-1.22 (both cell lines were gifts of T. 

Woelfel’s group, University Medical Center Mainz30–32) 

were propagated in Dulbecco’s Modified Eagle’s Medium 

(DMEM, Gibco® Thermo Fisher Scientific, Waltham, 

MA, USA) at 37°C in 5% CO
2
 atmosphere. For coculture 

experiments, Roswell Park Memorial Institute Medium 

(RPMI; Gibco®, CA, USA) was used. Both culture mediums 

were supplemented with 10% fetal calf serum (FCS; PAA 

Laboratories GmbH, Coelbe, Germany) and 1% penicillin/

streptomycin (Gibco®, Thermo Fisher Scientific).

Melanoma cell clone SK29-MEL-1 is derived from 

human patient SK29 with metastatic melanoma.31 The 

SK29-MEL-1.22 cell line is a selected HLA-A2 loss (A2−) 

variant of HLA-A2-positive (A2) SK29-MEL-1 cells.31 An 

HLA-A2-restricted CTL clone named IVSB recognizing the 

tyrosinase peptide 369–376, is derived from an autologous 

mixed lymphoid tumor cell culture (MLTC) of the SK29 

model.32 CTL clones were maintained in long-term culture 

as previously described.30

Monocytes were isolated by adherence from HLA-A2-

positive human buffy coats from healthy blood donors 

through the Department of Transfusion Medicine, University 

Medical Center Mainz (Mainz, Germany). Monocytes 

were treated with 500 U interleukin (IL)-4 (ImmunoTools, 

Friesoythe, Germany) and 500 U GM-CSF (Berlex; Bayer 

Healthcare Pharmaceuticals, Leverkusen, Germany) for 

6 d to obtain immature dendritic cells (iDCs). A cytokine 

cocktail containing tumor necrosis factor (TNF)-α, IL-6, 

IL-1-β (all Miltenyi Biotec GmbH, Bergisch Gladbach, 
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Germany) and PGE2 (Sigma-Aldrich Chemie GmbH, 

Munich, Germany) led to maturation of DCs (mature den-

dritic cells [mDCs]).

Vaccinia virus JX-GFP was previously described.13,14,20,25,33 

Attenuated recombinant TG6002 vaccinia virus was derived 

from the Copenhagen strain. TG6002 was deleted of the 

TK and ribonucleotide reductase genes and expressed the 

suicide gene FCU1. JX-GFP and TG6002 were propagated 

and titrated on chicken embryo fibroblasts as previously 

described.26

Approval by the ethics commission of the State Chamber 

of physicians of Rhineland-Palatinate regarding the research 

procedure (use of samples from tumor and blood bank) and 

the gene technology forms has been obtained from University 

Mainz prior to the start of the experiments.

coculture model
For coculture experiments, SK29-MEL-1 or SK29-MEL-

1.22 cells were seeded in six-well plates and treated with 

viruses or chemotherapeutics as described further. DCs were 

isolated as described and seeded in six-well plates in ratio 5:1 

with SK29-MEL-1 or SK29-MEL-1.22 cells and cultivated 

together for 3 d.

Autologous CTLs (IVSB) were cocultured for 1 d or 3 d 

in a six-well plate with TCL-incubated DCs, DCs alone or 

TCLs alone at a ratio of 1:5.

Viral infection of human melanoma cells 
(JX-gFP, Tg6002)
A total of 105 melanoma cells per well were cultivated for 1 d 

in six-well plates before virus infection. For infection with 

JX-GFP or TG6002, cell medium was removed and an infec-

tion was performed with a range of multiplicity of infections 

(MOIs) for both viruses (0.01 to MOI 0.0001), for different 

incubation times (24–48 h). Initial incubation period was 

2 h, and an appropriate amount of fresh medium was supple-

mented to the cells. Where indicated, 5-FC and 5-FU were 

added after 24 h or 48 h of infection, and a supplementary 

incubation period of 4 or 5 d with the combined treatment 

was performed. Concentrations of 5-FC were chosen twice 

the concentrations of 5-FU corresponding to an estimated 

transformation rate of 50% by the FCU1 gene in TG6002. 

To compare the effect of 5-FC in both viruses, JX-GFP was 

also combined with 5-FC.

The experiments were performed with a total incubation 

period of 48 h for JX-GFP or TG6002 and an additional 

period of 5 d for the combined treatment. Consequently, 7 d 

after infection, supernatants were collected and cells were 

detached for experiments as described previously.

chemotherapeutics
Twenty-four hours and 48 h after virus infection, 5-FC 

(InvivoGen Europe, Toulouse, France) (100 µg/mL) or 5-FU 

(Pharmacy of the University Medical Center Mainz, Mainz, 

Germany) (50 µg/mL) were added. Doxorubicin (Pharmacy 

of the University Medical Center Mainz) is described as a 

drug that induces immunogenic cell death (ICD),34 and a 

concentration of 2 µM was added 24 h before performing 

tests to perform a positive control.

luminescence assays
For 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium-

bromid (MTT) viability assay, cells were seeded in 96-well 

plates (Sigma, München, Germany). For single treatment in 

MTT assay, serial dilutions of cytostatic drugs or a dilution 

of MOIs were generated and added to the different cell lines. 

MTT was added and after dissolving, the produced purple 

formazan with sodium dodecyl sulfate (SDS) absorption was 

measured at 562 nm by spectrophotometer (enzyme-linked 

immunosorbent assay [ELISA] Reader; Bio-Tek Instruments, 

Bad Friedrichshall, Germany).

The ATP assay (Enliten® ATP Assay; Promega Corpo-

ration, Madison, WI, USA) was performed as described by 

the manufacturer. Ninety-six-well plates (Greiner Bio-One, 

Frickenhausen, Germany) were filled with 50 µL of super-

natants, which were collected by aspirating medium from 

the coculture. Luminescence was measured with Apliskan® 

(Thermo Fisher Scientific, Vantaa, Finland).

Flow cytometry
The type of cell death was analyzed with the apoptosis detection 

kit BD with addition of APC-labeled Annexin V (both from 

BD Biosciences Pharmingen, Heidelberg, Germany). The 

analysis was performed as recommended by the manufacturer 

and as previously described.35

Flow cytometry was used for quantification of the per-

centage of calreticulin located at the cell surface. To analyze 

the amount of calreticulin at the day of cocultivation, flow 

cytometry was performed 7 d after treatment (48 h viral 

infection following 5 d of 5-FC or 5-FU). Adherent cells 

were dissociated with PBS/EDTA and collected together 

with cells floating in the medium by centrifugation (500× g, 

5 min). After washing with PBS +5% FCS, primary anti-

body (Anti-calreticulin Antibody, clone 16B11.1; Merck 

Millipore, Darmstadt, Germany) was added. After 1 h, 

cells were washed, and secondary antibody (PE or FITC 

goat anti-mouse IgG [minimal x-reactivity] antibody, 

BioLegend®, San Diego, CA, USA) was added and incubated 

for 1 h. Cells were gated on Annexin-positive, propidium 
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iodide (PI)-negative cells for further analysis on surface 

calreticulin expression.

In DC coculture experiments with tumor lysates, cells 

were harvested and stained with anti-CD80 APC, -CD83 

PE and -CD86 PE antibodies (BD Biosciences Pharmingen). 

The expression of these receptors on DCs was analyzed on 

a FACSCalibur flow cytometry system (BD Biosciences). 

Fluorescence was measured with a minimum of 15,000 events 

per sample. Data analysis was performed using the Cell Quest 

Pro software (BD Biosciences).

elisa
Supernatants of cocultivated cells were collected before har-

vesting and stored at −80°C. High mobility group 1 protein 

(HMGB1) immunoassay was performed as described by 

the manufacturer.36 Absorption was measured at 562 nm by 

spectrophotometer (ELISA Reader; Bio-Tek Instruments). 

Interferon (IFN)-γ assay was performed as per protocol of 

ELISA kit (eBioscience, Frankfurt, Germany). The plates 

were read in the spectrophotometer at 450 nm, and values of 

570 nm were subtracted to diminish background noise.

statistical analysis
Data were analyzed for statistical significance using Prism 

software (GraphPad). Significance was tested using unpaired 

Student’s t-test or Kruskall–Wallis test as indicated; P,0.05 

was considered to be significant. The P-values and standard 

deviations were calculated from at least two or more inde-

pendent experiments.

Results
JX-gFP and Tg6002 induced oncolytic 
cell death
SK29-MEL-1 and its HLA-loss clone SK29-MEL-1.22 

were infected with different MOIs of viruses, and different 

concentrations of 5-FC and 5-FU were added to evaluate the 

susceptibility of the melanoma cells to these agents. MTT 

viability assays were performed after different incubation 

periods. The effect of 5-FU was compared to that of 5-FC 

(Figures 1 and 2).

Both viruses induced a reduction of viability, in a time- 

and concentration-dependent manner (Figures 1A and B 

and 2A and B). Combination of both viruses with 5-FU 

caused a stronger reduction of cell viability than the virus 

(Figure 1A and B). A longer incubation period and also 

higher MOIs resulted in a stronger reduction of viable cells 

in an almost linear relationship and compared to 5-FU alone 

(Figure 1A and B).

5-FC alone showed no significant influence on cell viability 

below a concentration of 1,000 µg/mL (Figure 2A and B). 

5-FC in combination with JX-GFP did not show a syn-

ergistic effect below a concentration of 1,000 µg/mL of 

5-FC (Figure 2A and B). Combination therapy of 5-FC and 

TG6002 showed a stronger reduction of cell viability com-

pared to TG6002 alone (Figure 2A and B). Viability reduction 

was not as strong as directly combined with 5-FU in all cases. 

For example, a treatment with TG6002 MOI 0.0001 for 48 h 

followed by 5-d treatment with 5-FU 50 µg/mL resulted in 

a cell viability of 15.3% (delta to TG6002 alone =26.2%, 
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Figure 1 Influence of JX-GFP and TG6002±5-FU on sK29-Mel-1 cell viability.
Notes: The effects of JX-gFP and Tg6002 on the viability were measured by MTT assay, and graphs show the percentage of living cells after virus infection vs untreated cell 
control (=100% viability). (A) cells were treated with 5-FU for 5 d in a dilution period of 0.5 to 500 µg/ml; or cells were infected with JX-gFP with a MOi of 0.01 for 24 h 
and 5-FU was added for 5 d in a concentration of 0.5 to 500 µg/ml; or cells were infected with Tg6002 with MOis from 0.01 to 0.0001 for 24 h and 5-FU was added for 4 d 
or 5 d in a concentration of 0.5 to 500 µg/ml. (B) cells were treated with 5-FU for 5 d in a dilution period of 0.5 to 500 µg/ml; or cells were infected with JX-gFP with a 
MOi of 0.01 for 48 h and 5-FU was added for 5 d in a concentration of 0.5 to 500 µg/ml; or cells were infected with Tg6002 with MOis from 0.01 to 0.0001 for 48 h and 
5-FU was added for 4 d or 5 d in a concentration of 0.5 to 500 µg/ml. Data are shown for at least two independent experiments. *P#0.05.
Abbreviations: 5-FU, 5-fluoruoracil; MTT, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazoliumbromid; d, day; MOI, multiplicity of infection; h, hour.
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Figure 1B) compared to the 5-FC in the same setting (28.8%, 

delta to TG6002 alone =18.2%, Figure 2B). Following a 

time- and concentration-dependent manner with regard to 

the viral toxicity, the overall most effective reduction could 

be seen for MOI 0.01 and high-dose 5-FC (10.5% viability, 

Figure 2B) and 5-FU (10.3% viability, Figure 1B). To study 

the transgenic design of TG6002 and the additional effect of 

its encoded enzyme FCU1, the setting with the highest delta 

in combined treatment with 5-FC was chosen. Although not 

statistically significant, this was shown after an incubation 

period of 48 h with TG6002, an MOI of 0.0001 and a treat-

ment with 5-FC for 5 d (Figure 2B). This setting showed a 

difference in cell viability of 18.2% between TG6002 and 

TG6002+100 µg/mL 5-FC-treated cells in case of SK29-

MEL-1 (Figure 2B). Thus, these conditions were chosen 

for following experiments and compared to the combination 

with 50 µg/mL 5-FU, considering ~50% conversion rate of 

TG6002 of 5-FC into 5-FU.

Similar results were observed for the HLA-A2 loss clone 

melanoma cells SK29-MEL-1.22 (data not shown). Further 

treatment schedules of 24 h or 48 h of viral infection and 4 d 

of treatment with 5-FC and 5-FU were tested and showed 

similar results (data not shown).

Type of cell death, apoptosis and necrosis
To define the type of cell death which is induced by the vac-

cinia viruses, we performed an apoptosis assay with FACS 

staining of phosphatidylserine via Annexin V and DNA via 

PI. Early apoptotic cells express phosphatidylserine, while 

the DNA of necrotic cells could be stained with PI and a 

combined signal of both could be associated with late apopto-

sis. 5-FC and 5-FU treatments were added in the experiment 

to analyze the combination treatment.

Cells infected with JX-GFP showed an increased signal 

for PI in both cell lines, characterizing a more necrotic type 

of cell death (Figure 3A and C). The data of TG6002 infected 

cells were different in SK29-MEL-1 and SK29-MEL-1.22. 

TG6002-infected SK29-MEL-1 cells showed the highest 

signal for late apoptosis (Figure 3D and E), SK29-MEL-1.22 

showed a stronger signal in necrosis, compared to that for 

late apoptosis (data not shown).

5-FU treatment alone induced the strongest signal for 

late apoptosis in both cell lines. The signal of Annexin V 

was higher than that of PI, indicating a higher proportion 

of early apoptotic cells in comparison to necrotic cells 

(Figure 3B and C). 5-FC-treated cells did not show any differ-

ence compared to the untreated control cells (Figure 3B–D). 

Compared with 5-FU, all virus-treated cells had the lowest 

signal for Annexin V alone, representing the stage of early 

apoptosis (Figure 3A and B).

icD
To the best of our knowledge, the direct effect of virally 

induced cell death on expression and release of immunogenic 

markers has not been analyzed for JX-GFP and TG6002 

in human melanoma cells. To determine a direct effect on 

immune cells beside stimulation by TCL, we measured the 

ICD markers HMGB1 and ATP in supernatants after viral 

infection and checked the cell surface of infected melanoma 

cells for calreticulin expression.34,37–41 Again, the combination 

Figure 2 Influence of JX-GFP and TG6002±5-Fc on sK29-Mel-1 cell viability.
Notes: The effects of JX-gFP and Tg6002 on the viability were measured by MTT assay, and graphs show the percentage of living cells after virus infection vs untreated cell 
control (=100% viability). (A) cells were treated with 5-FU for 5 d in a dilution period of 0.1 to 1,000 µg/ml; or cells were infected with JX-gFP with a MOi of 0.01 for 24 h 
and 5-Fc was added for 5 d in a concentration of 0.1 to 1,000 µg/ml; or cells were infected with Tg6002 with MOis from 0.01 to 0.0001 for 24 h and 5-Fc was added for 
4 d or 5 d in a concentration of 0.1 to 1,000 µg/ml. (B) cells were treated with 5-Fc for 5 d in a dilution period of 0.1 to 1,000 µg/ml; or cells were infected with JX-gFP 
with a MOi of 0.01 for 48 h and 5-Fc was added for 5 d in a concentration of 0.1 to 1,000 µg/ml; or cells were infected with Tg6002 with MOis from 0.01 to 0.0001 for 
48 h and 5-Fc was added for 4 d or 5 d in a concentration of 0.5 to 500 µg/ml. Data are shown for at least two independent experiments.
Abbreviations: 5-FC, 5-Fluorcytosin; MTT, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazoliumbromid; d, day; MOI, multiplicity of infection; h, hour; ns, nonsignificant.
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of viral infection with 5-FC and 5-FU was performed in 

the analysis. Treatment with doxorubicin was chosen as 

a positive control, because doxorubicin was previously 

described as an inducer of ICD.34

JX-GFP-infected cells presented an increased concentra-

tion of HMGB1 in supernatants of both cell lines, compared 

to the controls. There was no significant difference between 

controls and TG6002-treated cells, although we observed a 

higher HMGB1 release upon TG6002 incubation, which was 

close to significance (P=0.059) (Figure 4A).

Cells were gated on Annexin V-positive and PI-negative 

cells to determine calreticulin surface expression. TG6002-

infected cells expressed more calreticulin compared to 

untreated cells but the treatment did not reach a statistically 

significant difference compared to the untreated control in 

case of SK29-MEL-1 (Figure 4B, left part). The combination 

of viral infection and either 5-FC or 5-FU did further increase 

the expression of calreticulin in case of SK29-MEL-1 cells but 

did not reach statistical significance too (Figure 4B, left part). 

SK29-MEL-1.22 treated with TG6002 and the combined 

treatment with TG6002 and 5FC showed statistically higher 

expression of surface calreticulin compared to untreated cell 

control (Figure 4B, right part). JX-GFP-infected cells did not 

show significant differences in the expression of calreticulin 

but even a lower expression of calreticulin. Cells treated with 

5-FU alone displayed a higher expression of calreticulin. 

Aiming to study the expression of calreticulin at the point 

of cocultivation with DCs, flow cytometry was performed 

7 d after treatment (48 h of viral infection following 5 d of 

5-FC or 5-FU). Thus, a higher calreticulin expression, mostly 

described in early apoptosis of cells, might be measurable at 

earlier time points after viral infection.

ATP levels were very low in all experimental settings 

(10−8 mole ATP). There were no differences in ATP levels 

Figure 3 Type of cell death induced by viral oncolysis of JX-gFP and Tg6002 in sK29-Mel-1.
Notes: Cell death was analyzed by flow cytometry. Cells were infected with JX-GFP or TG6002 using an MOI of 0.0001 and combined with 5 d of treatment with 100 µg/ml  
5-Fc or 50 µg/mL 5-FU. Cells were harvested and stained with Annexin V and propidium iodide and measured via flow cytometry. Data are shown for at least two 
independent experiments. (A) Overview of all cells. (B) annexin V positive representing cells in early apoptosis. (C) Propidium iodide-positive cells representing cells 
undergoing necrosis. (D) annexin V and propidium iodide-positive cells representing cells in late apoptosis. (E) representative dot plots of untreated sK29-Mel-1 and 
Tg6002 or JX-gFP-treated cells using quadrant gating. X-axis = propidium iodide (Pi) and Y-axis = annexin aPc labeled.
Abbreviations: MOI, multiplicity of infection; d, day; 5-FC, 5-fluorcytosin; 5-FU, 5-fluoruoracil.
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between the virally infected cells or the combination with 

5-FC and 5-FU compared to untreated human melanoma cells 

(data not shown). These observations are in accordance with 

previously published results on TG6002 in mouse models 

with renal carcinoma with no increase in the ATP levels after 

virally induced cell death.28

coculture with Dcs (iDcs)
The effect of virally induced TCL on human immune cells 

was analyzed in coculture experiments with human DCs by 

flow cytometry analysis of maturation markers.

Lysates induced by both viruses increased the expres-

sion of maturation markers on DCs. While the induction of 

maturation markers by TG6002 was less strong (Figure 5A), 

DCs in coculture with TCLs induced by oncolytic vaccinia 

virus JX-GFP showed increased expression of all maturation 

markers compared to the untreated cell control. Especially 

CD83 and CD86 showed a high expression (Figure 5B).

Treatment with 5-FU enhanced the maturation of 

DCs, which showed an increased expression of CD83 and 

CD86 (Figure 5A and B). 5-FC-treated cocultures did not 

show a difference in the expression of maturation markers 

(Figure 5A).

The combination of virally and chemotherapy-induced 

TCLs did not further enhance the maturation of DCs. On 

the contrary, there was a trend to lower the expressions of 

maturation marker on DCs in case of the combined treat-

ment (Figure 5A and B). The highest expression of CD80, 

CD83 and CD86 were derived by cytokine cocktail-induced 

maturation of DCs and could not be reached by virally or 

drug-induced TCLs (Figure 5A and B).

coculture with cTls
We wanted to increase the activation of CTLs by stimula-

tion with TCL, either directly or via cross presentation 

with matured DCs. Thus, we determined the effect of 

virally induced TCL in our human melanoma model by 

coculture experiments with infected melanoma cells, iDCs 

and CTLs.

JX-GFP- or TG6002-induced TCLs in coculture with 

CTL, either alone or in combination with 5-FC or 5-FU, 

did not induce an increase in IFN-γ secretion, presumed 

as an activation marker and sign of cytotoxic activity of 

CTL (Figure 6A). Treatment with 5-FU alone resulted in 

increased levels of IFN-γ production after 72 h for SK29-

MEL-1 cells (Figure 6A) but not for SK29-MEL-1.22 cell 

line (Figure 6B).

Furthermore, we tested the expression of early activation 

markers CD69 and CD107a on CTLs after 24 h. CD69 acts as 

a costimulatory molecule for T-cell activation and prolifera-

tion42 and CD107a (LAMP-1) is a marker for degranulation 

and activated CD8+ T cells.43 CD69 expression was increased 

in all treated cell lines.42 No significant increase of CD107a 

in all settings was observed (Figure 6C).

Discussion
Genetically modified oncolytic viruses can gain additional 

properties of naturally oncolytic viruses by improving the 

Figure 4 Immunogenic cell death markers were evaluated by ELISA and flow cytometry analysis.
Notes: (A) supernatants of infected cells were collected after 7 d of treatment (48 h ± virus ±5 d of 5-Fc or 5-FU) and stored in the refrigerator at −80°c until performing 
hMgB1-elisa. hMgB1 concentration in supernatants after virally induced oncolysis and/or treatment with 5-Fc, 5-FU or doxorubicin was measured via elisa assay 
performed per protocol readout was done by elisa microplate reader. (B) adherent cells were detached after 7 d of treatment (48 h ± virus ±5 d of 5-Fc or 5-FU), stained 
and analyzed by flow cytometry to detect calreticulin expression. Cells were stained simultaneously with Annexin V and PI. Graphs show percentage of calreticulin-expressing 
cells of the annexin-positive and Pi-negative cell population, respective cells in early apoptosis. *P#0.05.
Abbreviations: ELISA, enzyme-linked immunosorbent assay; d, day; h, hour; 5-FC, 5-fluorcytosin; 5-FU, 5-fluoruoracil; HMGB1, high mobility group 1 protein; PI, propidium 
iodide; ns, nonsignificant.
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tolerability and also the effectiveness of oncolytic virotherapy. 

For JX-GFP and TG6002, the disruption of the TK locus cre-

ates specificity for viral replication in tumor cells. The expres-

sion of GM-CSF in case of JX-GFP adds an additional cytokine 

to further stimulate the local immune infiltration.13,14,24,33,44 In 

case of TG6002, the expression of the FCU1 suicide gene, 

which transforms 5-FC into 5-FU, causes a local toxic effect 

on tumor cells but avoids systemic side effects.26,27,45 We could 

confirm the value of the specific additional features of both 

viral strains partly in our human melanoma model.

TG6002 in combination with 5-FC led to reduction of 

viability in melanoma cells compared to either agent alone, 

as demonstrated by MTT viability assays. The additional 

effect of a combined treatment with 5-FC was not statistically 

significant in this human melanoma cell model but could be 

enhanced by time and concentration. The synergistic effect of 

5-FC was more obvious for low MOIs of the respective virus 

and a long incubation period of the combined treatment. 5-FC 

alone did diminish the viability, but at a high concentration 

(1 mg/mL). This might be due to a direct toxic effect on the 

tumor cell lines at this high concentration.46 As expected, 

combined treatment of cells with JX-GFP and 5-FC did not 

result in a cytotoxic synergistic effect. A concentration of 

1,000 µg/mL of 5-FC in combination with JX-GFP caused 

a reduced viability, which reflects the direct toxic effect of 

5-FC. A treatment with 5-FU resulted in stronger reduction 

of cell viability overall. In human, a higher toxicity of 5-FU 

might also cause more side effects. Combined treatment 

with 5-FC avoids systemic side effects while being similarly 

efficient on the local tumor site. But negative effects of a com-

bination therapy must be considered, too, eg, an inhibition 

of viral replication due to additional chemotherapy, which 

was shown for herpes simplex virus-1 in combination with 

5-FU, CPT-11 or MTX.47

Under the experimental in vitro conditions used here, we 

conclude that at low MOI of the virus TG6002, a synergistic 

Figure 5 coculture of virally and/or chemotherapy-induced Tcls with iDcs.
Notes: Flow cytometry analyses of maturation marker cD80, cD83 and cD86 were performed. Maturation of iDcs was driven by a cytokine cocktail. Thus, derived 
mature dendritic cells (mDcs) were as positive control. Virally and chemotherapy-induced Tcls were cocultivated with iDcs for 3 d. (A) cells treated with 5-Fc, 
5-FU, Tg6002, Tg6002+5-Fc or Tg6002+5-FU. (B) cells treated with 5-Fc, 5-FU, JX-gFP or JX-gFP +5-FU. (C) Representative histograms from flow cytometry 
analysis. *P#0.05; **P#0.01; ***P#0.001.
Abbreviations: TCL, tumor cell lysate; mDC, mature dendritic cells; iDCs, immature dendritic cells; d, day; 5-FC, 5-fluorcytosin; 5-FU, 5-fluoruoracil; ns, nonsignificant; 
aPc, allophycocyanin; Pe phycoerythrin.
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effect in the presence of 5-FC can be observed. In this con-

text, Foloppe et al26 could show a benefit for the combination 

therapy of virus and 5-FC in a colorectal cancer xenograft 

model in vivo. In an immune-competent syngenic orthotopic 

renal carcinoma model, Fend et al28 did not see an effect on 

survival but demonstrated a higher in situ cytotoxicity for 

the combination therapy. Ottolino-Perry et al showed that a 

combination therapy of an oncolytic herpes simplex virus is 

effective, not just for a combination with chemotherapy but 

also with radiotherapy. Furthermore, they suggested that a 

combination therapy with biologics or other immunothera-

pies should be further explored.48

Vaccinia viruses induce a combined cell death of apopto-

sis and necrosis. Especially JX-GFP induces a high amount 

of necrotic cells. TG6002-induced cell death did not differ 

much between necrosis and late apoptosis, so both types 

of cell death seem to be important but in both cases, early 

apoptosis was not the leading type of cell death in this set-

ting. The type of cell death is thought to be important for the 

immunogenicity and the influence on immune cells in the 

tumor microenvironment. Especially necrosis and a mixed 

cell death of apoptosis and necrosis are described to be more 

immunogenic than apoptosis alone.49–52 Guo et al described 

a genetically engineered vaccinia virus with deletion in 

antiapoptotic genes SPI-1 and SPI-2 to gain a selective rep-

lication in cancer cells and less pathogenicity. This vaccinia 

virus induced also a mixed cell death with a relevant part 

of necrotic cell death both in normal and in cancer cells.53 

Former studies from our group with parvovirus H-1 (H-1PV) 

showed a more apoptotic cell death.54 Overall the type of 

cell death seems to be important for the immune response. 

Other oncolytic viruses such as Newcastle disease virus or a 

transgenic adenovirus showed a mixed cell death of apoptosis 

and necrosis, in some cases referred to as necroptosis, which 

presented to be the right way to induce a proper immune 

response.12,16,55,56

Both oncolytic vaccinia viruses JX-GFP and TG6002 

induced parts of ICD with a trend to higher expression 

of calreticulin in case of TG6002 and higher amounts of 

extracellular HMGB1 in case of JX-GFP. In a mouse model 

γ γ

γ γ

Figure 6 activation of cTls after coculture of virally or drug-induced Tcls with iDcs and cTls for 24 and 72 h was analyzed by iFn-γ ELISA and flow cytometry.
Notes: (A) activation of cTl was analyzed by iFn-γ elisa. Data of cocultivation of sK29-Mel-1 melanoma cells are shown. (B) activation of cTl was analyzed by iFn-γ 
elisa. Data of cocultivation of hla-loss clone sK29-Mel-1.22 melanoma cells are shown. (C) cocultivation of virally or drug-induced Tcls with iDcs and cTls was 
performed. Activation markers CD69 and CD107a were stained, and flow cytometry analyzes were performed. Left: coculture with SK29-MEL-1 melanoma cells and right: 
coculture with sK29-Mel-1.22 melanoma cell clone. *P#0.05.
Abbreviations: h, hour; cc, cell control (untreated cells); cTls, cytotoxic T lymphocytes; Tcl, tumor cell lysates; iFn, interferon; elisa, enzyme-linked immunosorbent 
assay; iDCs, immature dendritic cells; mDC, mature dendritic cells; 5-FU, 5-fluoruoracil; 5-FC, 5-fluorcytosin.
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with renal cell carcinoma, higher HMGB1 levels could be 

detected after infection with TG6002.28 Also the SPI-1- and 

SPI-2-deleted vaccinia virus induced a release of HMGB1 

in the late infection phase of 48 h after infection, reflect-

ing a necrotic type of cell death.53 All virally treated cells 

showed lower amounts of ATP in the supernatants of the 

cells. This might be due to a consumption of ATP during 

the viral replication.57 Additional immunogenic effects can 

be caused by HMGB1 and calreticulin, so that the virally 

induced cell death has influence on the immune infiltration 

in the tumor microenvironment to attract immune cells and 

stimulate them.37,38,40,50,58,59 There are two different types of 

ICD induction described. Principally, oncolytic viruses seem 

to fit to type II ICD inducers, which selectively target the 

ER. The virus can induce immunogenic apoptosis by directly 

altering ER homeostasis and triggering ER stress.60 In our 

melanoma model, both viruses were not able to induce a full 

picture of ICD. But our studies show that a mixed type of cell 

death seems to be promising to result in a proper immune 

response. A combination therapy or further improvement in 

genetic engineered viruses might be a solution to overcome 

this issue.61

JX-GFP-induced TCLs caused a strong induction of 

maturation of DCs. The additional expression of GM-CSF 

might drive this observation because GM-CSF promotes the 

growth of DCs and stabilizes their maturation. mDCs are 

important for antigen presentation and activation of CTLs. 

Necrotic cells are described to gain maturation of DCs.62–67 

JX-GFP-induced CTL increased the expression of matura-

tion marker probably due to the necrotic type of cell death 

and additional expression of GM-CSF. TG6002 induced 

more apoptotic cell death and lacks GM-CSF expression, 

resulting in less maturation. Still, a process of maturation 

in TG6002-induced TCL was detectable but might lack the 

potential to induce a response, strong enough to activate 

effector cells. A possible explanation is that human DCs 

support the ability of vaccinia virus infection and replica-

tion, indicating that vaccinia viruses abortively infect DCs, 

block their maturation and induce delayed apoptosis and 

so evade the immune response.68 JX-GFP and TG6002 are 

based on different strains of vaccinia viruses, which might 

cause a different susceptibility to induce maturation. Our 

experimental setting tries to overcome a replicative infection 

of DCs but viable viral particles cannot not be fully excluded. 

Especially in an in vivo setting, infection and inhibition of 

DCs in the tumor microenvironment must be considered. It 

is shown that splenic DCs from vaccinia virus-infected mice 

expressed elevated levels of MHC class I and costimulatory 

molecules on their cell surface. However, a vaccinia virus 

infection resulted in the downregulation of MHC class II 

expression and the impairment of antigen presentation to 

CD4+ T cells by DCs.69 Yates and Alexander-Miller70 showed 

that in mice vaccinia viruses cannot mature DCs but previ-

ously matured DCs exposed to vaccinia virus can generate 

a vaccinia virus-specific CD8+ T-cell response, providing 

a potential mechanism by which direct infection results in 

T-cell activation in vivo. Considering this, an activation and 

maturation of DCs by TCLs followed by a stimulation due 

to a JX-GFP reinfection of matured DCs is to discuss as a 

possible sequence of events. The expression of GM-CSF 

can stabilize this process. Another study showed a strong 

immune response after injection of B16 melanoma cells 

infected with a GM-CSF-expressing vaccinia virus. This vac-

cination approach resulted in tumor shrinkage and inhibition 

of lung metastasis.71

Coculture with CTLs caused an induction of IFN-γ, as an 

important activation marker of CTLs, in the treatment with 

5-FU-induced TCLs but not after infection with JX-GFP and 

TG6002. Although JX-GFP could induce an increased DC 

activation, an activation of CTL was not observed. A study 

using dying cells induced by an adenovirus to vaccinate 

animals generated a specific CD8+ T-cell responses only 

if they died by apoptotic cell death.72 JX-GFP and TG6002 

induced a mixed type of cell death. Also the cross presentation 

of tumor antigens via DCs in case of the HLA-A2-negative 

cell clone SK29-MEL-1.22 did not cause an increased acti-

vation of CTLs after treatment with the viruses. GM-CSF 

released by JX-GFP might be responsible for an additional 

stimulatory effect on DCs but could not stabilize the cross 

presentation to CTLs. Overall IFN-γ levels were higher in 

case of a longer incubation period of 72 h compared to 24 h 

in stimulating treatment setting with 5-FU, suggesting that a 

longer contact of TCL, DCs and CTL caused a progressive 

induction of T cells with increasing release of IFN-γ.

CD69 expression was increased in all treated cell lines. 

One of the earliest cell surface antigens expressed by T cells 

following activation is CD69. Once expressed, CD69 

acts as a costimulatory molecule for T-cell activation and 

proliferation.42,73 CD107a did not show an increase in its 

expression. CD107a (LAMP-1) is a marker for degranula-

tion and activated CD8+ T cells,43 known for its instability 

and very short expression in the early activation phase.74 We 

can conclude that a stimulation of CTLs with virally induced 

TCLs is possible. Nevertheless, there might be approaches 

to gain a stronger effect on CTL activation. In our in vitro 

model, a response and activation of cytotoxic CD8+ T cells 
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could not be detected. Further in vivo studies will be needed 

to identify the innate and adaptive effector cells in the tumor 

microenvironment after oncolytic virotherapy. Nevertheless, 

oncolytic vaccinia viruses and oncolytic viruses in general 

seem to improve the conditions in the tumor micromilieu 

and increase the chance for an anticancer immune response 

especially in combination therapies.75

In this context, combination of oncoloytic viruses with 

checkpoint inhibitors seems to be a promising approach, as 

tested in different studies, for example, for the approved 

herpes simplex virus T-VEC (Imlygic®18,76) in combination 

with ipilimumab for metastatic melanoma.76,77 Several addi-

tional studies have reported synergistic effects of oncolytic 

viruses with checkpoint blockade. A genetically modified 

measles virus with expression of anti-CTLA-4 or anti-PD1 

antibodies showed an improvement in the antitumor immune 

response.78 Combination studies in murine melanoma and 

NSCLC models with coxsackievirus A21 (CVA21) and 

checkpoint inhibitor antibodies (anti-PD-1 and anti-CTLA-4) 

demonstrated significantly increased antitumor activity of the 

combination vs either agent.79

Rojas et al tested vaccinia viruses in combination with 

anti-PD1 antibodies in mouse models. The authors conclude 

that the interaction between immune checkpoint inhibi-

tors and oncolytic virotherapy was found to be complex, 

with correct selection of viral strain, antibody and timing 

of the combination being critical for synergistic effects. 

Furthermore, some combinations produced antagonistic 

effects and loss of therapeutic activity.80 Also in our case 

of combining chemotherapy and oncolytic virotherapy, not 

every setting could strengthen the antitumor effects. Further 

analysis will be needed to fully exhaust the potential of 

oncolytic immunovirotherapy.

Combination therapy might be the breakthrough by 

releasing antigens by different mechanisms of chemotherapy, 

oncolysis and stimulating the immune system by checkpoint 

inhibitors. Oncolytic vaccinia viruses JX-GFP and TG6002 

showed promising results to partially induce an immunogenic 

type of cell death and also to stimulate DCs as a central part 

of the adaptive immune system, thus supporting the use of 

oncolytic vaccinia viruses for further clinical development.
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