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Purpose: We studied the innate and adaptive immune response against melanoma cells after JS-1 (wild-type herpes simplex virus 1, 
wt HSV-1) or Talimogene laherparepvec (T-VEC) infection and evaluated the antitumoral efficacy in human melanoma cells. We 
analyzed the putative synergistic biological and immunological effects of JS-1 or T-VEC combined with cytostatic drugs in human 
tumor and immune cells. T-VEC is a genetically modified strain of HSV-1. Genetic modifications (insertion of the granulocyte- 
macrophage colony-stimulating factor (GM-CSF) gene) were made to attenuate the virus and increase selectivity for cancer cells. In 
addition to the direct oncolytic effect, we investigated the immune stimulatory effects of T-VEC by comparing it with JS-1. JS-1 is 
identical T-VEC except for the inserted GM-CSF gene.
Materials and Methods: We analyzed the effects of T-VEC and JS-1 with cytostatic drugs in human tumor-immune cell coculture 
experiments. After coculture, the surface markers CD80, CD83 and CD86 were measured by fluorescence-activated cell sorting and 
the cytokines, interleukin (IL)-2, IL-6, tumor necrosis factor (TNF)-α and GM-CSF, by enzyme-linked immunosorbent assays. 
Furthermore, we analyzed the potential of the viruses to induce T cell activation, measured on the basis of CD4, CD8 and CD69. 
Analysis of these markers and cytokines allows for conclusions to be drawn concerning the maturation of dendritic cells (DCs) and the 
immunostimulatory effects of the treatment.
Results: We documented increased activation of human cytotoxic T lymphocytes after infection by both HSV-1 strains and treatment 
with cytostatic drugs without significant differences between T-VEC and JS-1.
Conclusion: We demonstrated an immune response as a result of infection with both viruses, but T-VEC was in vitro not stronger 
than JS-1. The immunostimulatory effects of the viruses could be partially increased by chemotherapy, providing a rationale for future 
preclinical studies designed to explore T-VEC in combined regimens.
Keywords: oncolytic virotherapy, immunotherapy, dendritic cells, T-VEC, immunostimulatory effect

Introduction
Since oncolytic viruses are a relatively new therapeutic method and only two viruses have been approved worldwide so 
far, their use is mainly limited to clinical studies.1,2 Compared with conventional tumor therapies such as radiation 
therapy and poly-chemotherapy, oncolytic viruses are generally better tolerated and safer due to increased tumor 
specificity.3 In contrast to targeted therapies, they are not dependent on specific tumor-expressed receptors or antigens, 
which mean that tumor resistance can be reduced.4

Current studies follow the principle of combination therapy each having different approaches. The effectiveness in 
combination with standard therapy should always be checked for new treatment options. An increased response has 
already been shown for oncolytic viruses when combined with radiation in vitro5 and valproic acid in vivo and in vitro.6 

Chemotherapeutic agents such as doxorubicin7 and oxaliplatin8 showed an induction of immunogenic cell death, which is 
also induced by oncolytic viruses. A synergistic combination could enable a dose reduction of the cytotoxic agents with 
consequently fewer side effects. Such synergism has already been proven for the combination of gemcitabine and 
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H-1PV,9 cisplatin and vaccinia virus GLV-1h6810 as well as doxorubicin with adenovirus SG511-BECN.11 The combina-
tion treatment of melanoma cells with cisplatin or vincristine and H-1PV also showed an increased maturation of 
dendritic cells (DCs) with increased cytokine release compared to cytostatic therapy alone.12

Despite the approved promising immunotherapeutic substances, patients with advanced melanoma are often pro-
gressive in course of the disease and can no longer be treated with standard therapies.13 New, potent combination 
treatment to reduce the dose without compromising the success of the therapy are needed. A synergistic or at least 
additive combination treatment with other active substances would be desirable. For example, a spontaneously mutated 
strain of HSV-1, HF10, showed cytolytic effects after infection in an in vitro study that revealed murine and human 
melanoma tumor cells.14 In addition, Rigvir, an unmodified picornavirus (melanoma-adapted ECHO-7 virus) acts as an 
oncotropic and oncolytic virus for treatment of melanoma.15

The advantage of oncolytic viruses such as T-VEC is the release of new antigens that can re-enhance the immune 
system.12,16,17

Talimogene laherparepvec (T-VEC) is a genetically modified strain of herpes simplex virus 1 (HSV-1). HSV belongs 
to Herpesviridae family.18 Genetic modifications were made to the virus in order to attenuate it and increase selectivity 
for cancer cells. The gene encoding the neurovirulence factor ICP34.5 was deleted in the JS-1 strain and the virus 
exhibits tumor-selective replication and gene expression.19 The HSV-1 isolate JS-1 served as the basic structure for the 
development of T-VEC, which per se already has an increased oncolytic activity compared with clinical HSV-1 isolates. 
Furthermore, the deletion of the ICP47 gene blocks antigen processing and enhances immune stimulating properties of 
the virus.20 In addition, to create T-VEC, the granulocyte-macrophage colony-stimulating factor (GM-CSF) gene was 
inserted into the JS-1/34.5-/47-vector backbone. This causes differentiation of progenitor cells into DCs and is a potent 
immune stimulator. Thus, the insertion of the human GM-CSF gene into the viral genome enhances the antitumor 
response both locally and at sites distant to where the virus is injected. Expression of GM-CSF in the local tumor 
environment serves to achieve several biologic goals, the induction of local inflammation, enhancement of DC activity, 
and an increase in HLA class I expression.21

Due to the genetic modifications, T-VEC is able to efficiently infect highly proliferative, malignant cells without 
attacking healthy cells, to generate an increased cytopathic effect and to intensify a tumor-directed immune response. 
T-VEC is therefore designed to selectively target and destroy cancer cells and may thus also activate DC maturation and 
cytotoxic T lymphocytes (CTLs) by T-VEC induced tumor cell lysates. New combinations with other immunostimulatory 
agents may further overcome tumor mediated immune silencing mechanisms and may further improve the therapeutic 
outcome of the oncolytic T-VEC. T-VEC was tested in a Phase I/II study in combination with cisplatin-based 
chemoradiotherapy for squamous cell carcinomas of the head and neck.22 In addition to good tolerability, locoregional 
tumor control was achieved in all treated patients, which showed that a combination of oncolytic viruses and chemother-
apy has no clinical disadvantages.

Therefore, the oncolytic potential and immune stimulating properties of T-VEC in human melanoma cells make it an 
attractive candidate for the use in cancer therapy and an extension of the immunotherapy armamentarium.

Materials and Methods
Human Melanoma Cell Lines
Human melanoma cell line SK29MEL HLA-A2-positive and its HLA-A2-negative clone SK29MEL1.22 (both cell lines 
were gifts of T. Woelfel’s group, University Medical Center Mainz) were used. The Ethics Committee of the Rhineland- 
Palatinate Medical Association approved the use of the described cell lines. The melanoma line was established at the 
MSKCC in the 1970s from the patient SK29. Woelfel et al cloned the cells and derived the (HLA-A2.1 loss) variant 
−1.22 from the clone SK-MEL-29.1 via immune selection. They made fingerprint analysis with bacteriophage M13 to 
ensure that the cells came from the patient SK29.23,24 Cells were cultivated as previously described.25
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Viral Infection
0.1*106 melanoma cells per well were cultivated for one day before virus infection. For infection with JS-1 (wt HSV-1) 
or JS-1 hGM-CSF (T-VEC) cell medium was removed and an infection was performed with different multiplicities of 
infection (MOIs) from 0 to 10 plaque-forming units (PFU)/cell for both viruses, for different incubation times 
(24 hours (h) to 48 h). The initial incubation period was 1 h and 2.5 mL of fresh medium was supplemented to the 
cells of 6-well plates. Where indicated, cytostatic drugs were added after 1 h of infection and a supplementary incubation 
period of 1 or 2 days with the combined treatment was performed.

Cytostatic Drugs
One hour after virus infection, respective concentrations of cytostatic drugs diluted in medium were added (Pharmacy of 
the University Medical Center Mainz, Mainz, Germany). Concentrations of cytostatic drugs used were: SK29MEL: 
cisplatin, inhibitory concentration causing 20% growth inhibition (IC20) 0.07 µg/mL, vincristine IC20 17.5 µg/mL, 
doxorubicin IC20 0.13 µg/mL; SK29MEL1.22: cisplatin IC20 2.5 µg/mL, vincristine IC20 22.7 µg/mL, doxorubicin IC20 

0.13 µg/mL. Inhibitory concentration values (IC20) of cytostatic drugs were calculated using the CalcuSyn application 
(Biosoft, Cambridge, UK) from the dose response curves.

DC Differentiation and Maturation
Monocytes were isolated by adherence to HLA-A2-positive human buffy coats from healthy blood donors obtained 
through the Department of Transfusion Medicine, University Medical Center Mainz (Mainz, Germany) as previously 
described.26,27 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 days to obtain immature DCs 
(iDCs).16 A cytokine cocktail containing tumor necrosis factor (TNF)-α, IL-6, IL-1-β (all Miltenyi Biotec GmbH, 
Bergisch Gladbach, Germany) and PGE2 (Sigma-Aldrich Chemie GmbH, Munich, Germany) led to maturation of 
DCs (mature DCs [mDCs]).

Coculture Model
For coculture experiments, melanoma cells (SK29MEL; SK29MEL1.22) were seeded in six-well plates and treated with 
viruses or cytostatic drugs as already described. DCs were isolated as described and seeded in six-well plates in a 5:1 
ratio (melanoma cells: DCs). After 3 days, the maturation status was determined by fluorescence-activated cell sorting 
(FACS) and enzyme-linked immunosorbent assays (ELISAs). In a first approach (DC coculture), melanoma cells were 
seeded and infected with JS-1 or T-VEC after 24 h. After 1 h of incubation, the tumor cells were treated with the 
cytostatic drugs doxorubicin, cisplatin or vincristine. As a positive control, iDCs were matured by adding a cytokine 
cocktail as previously described.28 The cells were cocultured for 48 h before staining for FACS analysis.

T Cells
The Pan T cell isolation kit human from Miltenyi was used to separate T cells in a magnetic-activated cell sorting 
(MACS) system according to the manufacturer’s instructions. For use in coculture, monocytes and T cells from the same 
donor were used. The collected fraction contained the unlabeled CD4+ and CD8+ T cells. These T cells were used for 
coculture. For CTL experiments, melanoma cells were seeded, infected after 24 h and after 24 h, iDCs were added at 
a ratio of 1:5 and cocultivated, as described, further. T cells were added 24 h later in a ratio of 1:1 to the cocultivated 
melanoma cell lysates and stimulated with 100 IU/mL of Proleukin 2. T cells, stimulated with 1 μL/mL CD3 and CD28, 
served as positive controls. After 48 h, the cells were stained and the activation was analyzed by FACS.

Luminescence Assays
The cytotoxic effect of JS-1 and T-VEC and/or cytostatic drug-treated melanoma cells was determined by time-dependent 
measurement of cell growth. For MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) viability assays, 
cells were seeded in 96-well plates (Sigma, München, Germany) and assays performed as previously described.17 For 
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single treatments in MTT assays, serial dilutions of cytostatic drugs or a dilution of MOIs were generated and added to 
the different cell lines. Percentage viability was defined as relative absorbance of treated vs untreated control cells.

Enzyme-Linked Immunosorbent Assay (ELISA)
The supernatant of cocultivated cells was collected before harvesting and storage at −80°C. Cytokine analyses of IL-2, 
IL-6, TNF-α and GM-CSF were performed as per the protocols of ELISA kits (Invitrogen, Karlsruhe). Plates were read 
in an ELISA reader (ELISA Reader, Bio-Tek Instruments, Bad Friedrichshall, Germany) at 450 nm, and values at 570 nm 
were subtracted. ELISA reader creates calibration curves with standards purchased at Invitrogen, Karlsruhe. Results were 
expressed as means of duplicate wells.

Flow Cytometry
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, Heidelberg, Germany). Fluorescence was measured with a minimum 
of 15,000 events per sample and was analyzed on a FACSCalibur flow cytometry system (BD Biosciences, Heidelberg, 
Germany) according to the manufacturer’s instructions. FACS staining was performed as recommended by the manu-
facturer’s data sheets. In DC-CTL coculture experiments, cells were harvested and stained with anti-CD4 PE and -CD8 
FITC (Invitrogen, Karlsruhe) and anti-CD69 APC antibodies (eBioscience, San Diego, USA). Data analysis was 
performed using Cell FlowJo (BD Biosciences, Heidelberg, Germany).

Statistics
All data shown are given as mean ± standard deviation. Differences between the groups were calculated with Student’s 
t-test. A distinction is made according to *P ≤ 0.05; **P ≤ 0.01, and ***P ≤ 0.001. The P-values of ≤ was considered to 
be significant.

Results
Cell Viability After Infection with JS-1 or T-VEC and Treatment with Cytostatic Drugs
The effect of cytostatic drugs was compared to that of combination with virus infection. T-VEC and JS-1 reduced 
SK29MEL viability in a MOI-dependent manner (data not shown). For infection with T-VEC a MOI of 0.1 and for JS-1 
a MOI of 0.01 with 2 days of incubation were chosen for further experiments.

After infection for 24 h or 48 h, T-VEC (JS-1 hGM-CSF) and JS-1 reduced cell viability in a MOI-dependent manner. 
Both viruses induced a reduction of viability, in a time- and concentration-dependent manner. Combinations of both 
viruses with cytotoxic agents caused a stronger reduction of cell viability than the virus alone. A longer incubation period 
resulted in a stronger reduction of viable cells (shown exemplarily for SK29MEL in combination with doxorubicin and 
viruses after 24 h; Figure 1A and Figure 1). The respective conditions with the strongest effect were chosen for further 
experiments.

Coculture Experiments
In order to illustrate the interaction of differently generated tumor cell lysates with immune cells in vitro, cocultures were 
formed from tumor cell lysates and HLA-corresponding immune cells. To analyze the immunomodulatory potential of 
the viruses, the maturation of the DCs was examined by flow cytometry using the markers CD80, CD83 and CD86. After 
maturation, these proteins are increasingly expressed on the surface of the DCs and thus allow conclusions to be drawn 
about their degree of maturation.28 CD80 and CD86 serve as coligands for the interaction with T lymphocytes, CD83 is 
a direct marker of DC maturation and is hardly present on iDCs.

Expression of the Surface Markers CD80, CD83 and CD86
Figure 2A shows the proportion of CD80/CD86 and CD86/83 positive cells in the coculture. This proportion corresponds 
to the number of mature DCs that express these co-ligands to an increased extent. The maturation by means of a cytokine 
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cocktail led to an expression of CD80+/CD86+ of 43.0% (blue bar). The iDCs cultivated without a maturation stimulus 
shows only 6.7% CD80+/CD86+, which represents a lack of maturation.

For the SK29MEL cells, there was no increased DC maturation due to infection with JS-1 or T-VEC. The treatment of 
the melanoma cells with vincristine led to an increased expression of both coligands, but the value of 20.5% after 
monotherapy could not be exceeded by the additional infection with JS-1 or T-VEC. In monotherapy and combination 
therapy, cisplatin did not show any effect on maturation different from that of untreated cells. Doxorubicin alone was able 
to slightly increase the expression of the maturity markers, which could be further improved by virus infection. After 
doxorubicin monotherapy, 11.5% CD80+/CD86+ cells were detected, which was increased to 13.7% by JS-1 and to 
17.5% by T-VEC.

The purple bars show the coexpression of the markers CD83 and CD86. The proportion of mature, thus CD83+ cells 
among all CD86+ cells are shown. Among the DCs induced to mature by a cytokine cocktail, an average of 27.5% 
CD83+/CD86+ was represented. Unstimulated, non-cocultivated iDCs did not mature as expected and reached an 
expression density of both markers of 2.4%. After cocultivation of iDCs and untreated SK29MEL, a CD83+/86+ 

proportion of 5.2% was found, which was not increased by infection with JS-1 or T-VEC. Vincristine alone was able 
to increase maturation up to 9.4%, but the combination with oncolytic viruses reduced it. For example, iDCs, which were 
cocultivated with SK29MEL lysates generated by vincristine and T-VEC achieved a maturation of 5.0%. The combina-
tion of cisplatin and T-VEC reduced the expression of CD83 and CD86 even to 2.1%, which is in the range of 
unstimulated iDCs. The doxorubicin treatment was also unable to induce maturation more strongly than untreated 
melanoma cells, but the combination with T-VEC showed a minimal effect, 8.2% of the cells expressed the two 
examined markers.

Figure 2B shows the reaction of the DCs cocultivated with SK29MEL1.22 lysates. Infection with oncolytic viruses alone 
reduced expression of CD80+/CD86+ (blue bars) to 10.1% by T-VEC. Vincristine and cisplatin showed no increased 
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Figure 1 (A and B) Influence of cytostatic drugs and virus infection on cell viability. 
Notes: Cell viability of SK29MEL cells after infection with (A) JS-1 or (B) T-VEC (MOI 0.1 and 0.01) and treatment with doxorubicin (μg/mL), incubation for 24 h. The 
effects of JS-1 and T-VEC on the viability were measured by MTT assay. Graphs show the percentage of living cells after virus infection vs untreated cell control (=100% 
viability). Data are shown as average values from three independent experiments. 
Abbreviation: MOI, multiplicity of infection.
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induction of DC maturation in comparison to untreated melanoma cells and their combination with JS-1 or T-VEC also had 
no positive influence. The doxorubicin monotherapy led to a CD80+/CD86+ expression of 36.3%, which was increased to 
about 39% by additional virus infection. A relevant difference between the two virus strains could not be identified.

Untreated SK29MEL1.22 cells induced the CD83+/CD86+ expression (purple bars) of the DCs by 11.8%. The 
infection with JS-1 or T-VEC reduced the expression rate in this cell series to a greater extent, so that after T-VEC 
infection only 3.4% CD83+/CD86+ were present. Vincristine and cisplatin showed effects that were comparable to one 
another: the monotherapy had a slight positive influence on maturation (16.1% and 13.0%, respectively), but the 
combination with JS-1 reduced this to lower values than for untreated SK29MEL1.22 (9.2% and 8.2%) and in 
combination with T-VEC showed even lower maturation rates (6.6% and 4.1%). Doxorubicin induced maturation to 
a slightly greater extent in monotherapy and combination therapy and was the only cytostatic agent that showed 
a tendency to improve maturation to 17.4% when combined with T-VEC.

Cytokine Secretion by DC
In addition to examining the surface markers, the release of immune-stimulating cytokines, which are increasingly 
produced by mDCs, was examined. Signs of DC maturation include increased amounts of IL-6.28

Figure 3 shows the measured IL-6 concentration in pg/mL in the supernatants of the coculture from melanoma cell 
lysates and iDCs. The DCs (mDCs) stimulated by the cytokine cocktail showed an increased IL-6 production to 731 pg/ 
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Figure 2 (A and B) Coculture of virus-infected and/or chemotherapy-induced TCLs with iDCs. 
Notes: FACS analysis of the expression of CD80 and CD86 on DCs, mDCs matured by cytokine cocktail and on iDCs after coculture with melanoma cell lysates of lines 
SK29MEL (A) and SK29MEL1.22 (B) generated by various treatments. The infection with JS-1 or T-VEC and the treatment with vincristine (Vin), cisplatin (Cis) and 
doxorubicin (Dox) were examined alone and in combination with the oncolytic viruses. The mean values and standard deviations of three measurements carried were 
shown. DCs matured by adding a cytokine cocktail served as a positive control. *P ≤ 0.05; **P ≤ 0.01, and ***P ≤ 0.001. 
Abbreviations: DCs, dendritic cells; FACS, fluorescence-activated cell sorting; TCL, tumor cell lysate; mDC, mature dendritic cells; iDCs, immature dendritic cells.
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mL and thus maturation could be assumed. By contrast, unstimulated and uncultivated iDCs and untreated melanoma 
cells produced almost no IL-6, as expected. For SK29MEL (red square), no increased IL-6 production was shown by 
virus treatment. On the contrary, IL-6 levels for JS-1 (38.5 pg/mL) and T-VEC (22.2 pg/mL) infected cells tended to be 
lower than that of the iDCs cocultivated with untreated SK29MEL (56.7 pg/mL). Treatment with cisplatin alone or in 
combination with JS-1 or T-VEC, as in the FACS, did not show any effects beyond that of untreated melanoma cells. 
Treatment with vincristine increased the IL-6 production of the DCs to 94.6 pg/mL, with no additional effect being 
observed due to the combination with oncolytic viruses. Doxorubicin alone led to a twice as high IL-6 production 
compared with untreated melanoma cell lysates (115 pg/mL vs 56 pg/mL) and IL-6 level could be enhanced due to the 
infection with JS-1 (166.9 pg/mL) and T-VEC (170.0 pg/mL). There was no relevant difference between the two viruses. 
The SK29MEL lysates generated by the combination of doxorubicin and T-VEC were the most potent stimulators of IL-6 
production.

In the coculture of SK29MEL1.22 (blue triangle) lysates and iDCs, a constantly increased IL-6 concentration was 
found compared with SK29MEL. The iDCs cocultured with untreated SK29MEL1.22 secreted 646.9 pg/mL, which was 
increased by JS-1 (828.8 pg/mL) and not relevantly influenced by T-VEC (664.7 pg/mL).

Figure 4 shows the concentration of GM-CSF in the supernatant of the cocultures from melanoma cell lysates of both 
cell lines (SK29MEL, orange bars and SK29MEL1.22, yellow bars) and iDCs after treatment with JS-1 or T-VEC and 
the three cytotoxic agents. Melanoma cells alone (SK29MEL and SK29MEL1.22) did not show an increased GM-CSF 

Figure 3 IL-6 production by DCs after coculture with different treated SK29MEL and SK29MEL1.22. 
Notes: Analysis of IL-6 production by ELISA by iDCs, mDCs matured by cytokine cocktail and iDCs after coculture with SK29MEL (red square) or SK29MEL1.22 (blue 
triangle) differently treated. The infection with JS-1 or T-VEC and the treatment with vincristine, cisplatin and doxorubicin were examined individually and in combination 
with the oncolytic viruses. The mean values and standard deviations of three measurements are shown. *P ≤ 0.05. 
Abbreviations: DCs, dendritic cells; ELISA, enzyme-linked immunosorbent assay; iDCs, immature dendritic cells.

Figure 4 GM-CSF production by DCs after coculture with differently treated SK29MEL and SK29MEL1.22 using ELISA. 
Notes: Analysis of GM-CSF production by iDCs, mDCs matured by cytokine cocktail and iDCs after coculture with differently treated SK29MEL (orange bars) and 
SK29MEL1.22 (yellow bars). The infection with JS-1 or T-VEC and the treatment with vincristine, cisplatin and doxorubicin were examined individually and in combination 
with the oncolytic viruses. The mean values and standard deviations of three measurements carried out independently of one another are shown. *P ≤ 0.05; ***P ≤ 0.001. 
Abbreviations: ELISA, enzyme-linked immunosorbent assay; GM-CSF, granulocyte-macrophage colony-stimulating factor; iDCs, immature dendritic cells.
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level (92 pg/mL and 46pg/mL) (data not shown). There is an increased production by mDCs (9645 pg/mL) matured with 
the cytokine cocktail. Non-cocultivated iDCs produced only very small amounts of GM-CSF (55 pg/mL). iDCs 
cocultured with untreated SK29MEL produced a small amount of GM-CSF at 359 pg/mL. The infection with JS-1 did 
not lead to an increase. Melanoma cell lysates generated by T-VEC infection induced the maturation of the DCs, which 
can be seen from the increase in the GM-CSF concentration to 9962 pg/mL. Treatment with cytostatic drugs alone or in 
combination with JS-1 did not increase GM-CSF production. T-VEC in combination with cisplatin reached an amount of 
10,136 pg/mL, comparable with the pure T-VEC treatment. Combining T-VEC with vincristine (4191 pg/mL) and 
especially with doxorubicin (519 pg/mL) reduced the secretion of GM-CSF compared with monotherapy with T-VEC. 
A similar picture emerged in the coculture of HL-A2-negative SK29MEL1.22 with iDCs. The greatest increase in GM- 
CSF production was induced to a comparable extent by the pure T-VEC treatment (9583 pg/mL) and the combination of 
T-VEC with cisplatin (9569 pg/mL). The combination of all three cytotoxic agents with T-VEC showed increased 
concentrations of GM-CSF compared with cytotoxic agents alone. The combination of T-VEC and doxorubicin, however, 
showed a significantly lower GM-CSF production than the individual treatment with T-VEC (2519 pg/mL vs 9583 
pg/mL).

Expression of the Surface Markers CD4, CD8 and CD69
To investigate the T-cell reaction, the melanoma cells SK29MEL and SK29MEL1.22 were infected with JS-1 or T-VEC 
and additionally treated with the three cytotoxic agents. The degree of activation of the T lymphocytes was examined in 
the FACS using the surface markers CD4, CD8 and CD69. CD4 and CD8 characterize the subtype of T lymphocytes 
(CD4+ Th or CD8+ CTL) and CD69 is considered to be an early T-cell activation marker. When activated, it is 
upregulated within 30 minutes and remains measurable for up to 72h.29

Figure 5A shows the activation of the helper T (Th) cells, which is characterized by the simultaneous expression of 
CD4 and CD69 on their surface. The figure shows the percentage of cells in the coculture that express both surface 
molecules. T cells stimulated by adding CD3 and CD28 showed a Th cell activation of 53% (CD4+CD69+cells) and 39% 
(CD8+CD69+cells). In contrast, non-stimulated and non-cocultivated T cells expressed both markers in only 4% and 5% 
of cells.

Figure 5B shows that there was a pronounced increase in Th activation to 18% through coculture with iDCs and 
untreated melanoma cells of the SK29MEL line. Infection of the melanoma cells with JS-1 or T-VEC induced an increase 
in CD4+CD69+ expression to 22% and 21%, respectively. Treatment with vincristine alone (23%) and in combination 
with JS-1 or T-VEC (23%) did not show any relevant effects beyond the untreated SK29MEL. The same could be shown 
for the treatment with cisplatin and doxorubicin. The combination of cisplatin and viruses did not cause increased Th 
activation. Melanoma cell lysates generated by cisplatin alone achieved an increased expression of CD4 and CD69 on the 
T cells of 23%. Treatment of SK29MEL with doxorubicin in combination with viruses showed a similar tendency (green 
bars).

The light green bars show the proportion of cells in the coculture, which expressed CD8 and CD69 on their surface. 
The coculture of T cells with iDCs and untreated SK29MEL cells induced 8% CTL activation, which was not increased 
by JS-1 and T-VEC. Vincristine treatment alone and in combination with oncolytic viruses was unable to induce 
activation more strongly than untreated SK29MEL. The tumor cell lysates generated by cisplatin and doxorubicin led 
to an increased CTL activation of 11% and 12%. Through the combination of T-VEC and doxorubicin, 15% of the cells 
were CD8+/CD69+. In combination with cisplatin and T-VEC, the activation rate (7%) was reduced.

Figure 5C shows the CD4+CD69+ expression after coculture with lysates of the SK29MEL1.22 cell line (violet bars). 
The untreated melanoma cells induced the activation of Th cells by 21%. Treatment of the melanoma cells with 
vincristine alone (23%) and in combination with JS-1 (24%) led to a slight increased expression of CD4+ and CD69+ 

compared with untreated tumor cells. The combination with cisplatin showed no increased expression in each case. The 
melanoma cell lysates generated by doxorubicin induced 23% activation of Th cells, which was not increased by 
additional infection with JS-1 (22%) or T-VEC (20%).

T cells which were cocultivated with untreated SK29MEL1.22 and iDCs expressed the two measured markers CD8+ 

and CD69+ to 9%. Combination with vincristine alone achieved 6%. Additional infection with JS-1 reached 8% and in 
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combination with T-VEC 5%. Treatment with cisplatin alone or in combination with viruses did not increase 
CD8+CD69+ expression. Doxorubicin treatment alone or in combination with JS-1 and T-VEC increase CD8+CD69+ 

expression slightly up to 10% and 11%.

Evaluation of CTL Activation by the Release of Proinflammatory Cytokines
Activated CTLs increasingly secrete immunostimulatory cytokines and thus induce their own proliferation and 
differentiation.30 Their concentration should therefore be examined as an additional sign of CTL activation. We analyzed 
the IL-2 concentration in the supernatant after coculture of melanoma cell lysates, iDCs and T lymphocytes (data not 

B

A

C

Figure 5 (A–C) Expression of activation markers on T lymphocytes. 
Notes: Cocultivation of virally or drug-induced TCLs with iDCs and CTLs. Activation markers CD69 and also CD4 and CD8 were stained and FACS analysis was 
performed. For the CTL experiment melanoma cells were seeded, infected after 24 h and after 24 h, iDCs were added at a ratio of 1:5 and cocultivated as described further. 
T cells were added 24 hours later in a ratio of 1:1 to the cocultivated melanoma cell lysates. (A) Expression of activation markers on stimulated *And unstimulated T cells. 
(B) CTL experiment with SK29MEL and with SK29MEL1.22 (C). Experiments were performed independently three times. *P ≤ 0.05; **P≤ 0.01, and ***P ≤ 0.001. 
Abbreviations: *T cells stimulated with CD3 and CD28; CTL, cytotoxic T lymphocytes; iDCs, immature dendritic cells; TCL, tumor cell lysates.
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shown). The coculture of T cells and iDCs with melanoma cells resulted in an increase in IL-2 production in both cell 
lines compared with non-cocultivated T cells. A difference in IL-2 production between untreated and infected melanoma 
cells or those treated with cytotoxic agents could not be determined in either cell line. This value was not exceeded by 
any of the treatments tested. No effect of the virus and cytotoxic treatment on IL-2 production and thus CTL activation 
could be demonstrated. Furthermore, the expected increase in TNF-α secretion after virus infection alone did not occur in 
this study (data not shown).

Discussion
After promising results in pre-clinical studies, specific oncolytic viruses are currently investigated in clinical studies.31–34 

The T-VEC virus used in our study was able to enhance durable response rate of melanoma patients with an increased 
response of the local and metastatic lesions.35,36 It is a promising therapeutic agent because of the good clinical effect 
while having a low level of undesirable side effects.37

A key mechanism of action of cytostatic agents is the induction of programmed cell death (apoptosis). However, 
permanent cures for tumors are prevented by tumoral resistance mechanisms to cytostatic agents and the immune system. 
The systemic chemotherapy of these substances could be enhanced efficiently if synergistically combined with locally 
acting, cell-death-inducing viruses, which simultaneously stimulate the immune system. The central aim of this combination 
was to overcome the apoptotic resistance of the tumors. Therefore, we investigated the increased apoptosis in tumors with 
suitable combinations and, on the other hand, the better activated tumor-directed immune defense. For both viruses, 
a reduction of viability, in a time-and concentration-dependent manner could be shown. The combination of JS-1 and 
T-VEC with cytostatic drugs caused a stronger reduction of cell viability than the viruses alone (Figure 1A and Figure 1).

For SK29MEL1.22 melanoma cells similar results were observed (data not shown). Further treatment schedules of 24 
h or 48 h of viral infection and treatment with cytostatic drugs were tested and showed similar results (data not shown). 
For combined treatment with H-1PV and cytostatic drugs similar results could be shown.9,12,16,38 Doxorubicin can 
enhance the antitumor effect of an oncolytic adenovirus (CEA-regulated CD55-TMn) by promoting cell apoptosis in live 
cancer cells and a mouse model.39 Furthermore, combination therapy with doxorubicin and oncolytic adenovirus 
synergistically enhances cytotoxicity in human chronic myeloid leukemia cells in vitro.11 Kellish et al observed increased 
small cell lung cancer survival following intrapulmonary administration of myxoma virus (MYXV) that was enhanced by 
combined treatment with cisplatin.40

Oncolytic viruses have a multimodal mechanism of action that consists of direct oncolysis, antivascular properties 
and the generation of a tumor-directed immune response.41 For various oncolytic viruses, increased maturation of DCs 
after infection with increased secretion of proinflammatory cytokines has already been demonstrated.17,42–45 The effect of 
an infection with unchanged viruses on DCs shows a dependency on the virus group: reoviruses stimulate DCs directly,44 

while measles viruses inhibit DC function and trigger cell death46 and adenoviruses are neutral towards DCs.47 The type 
of tumor cell and its immunogenicity also influence the consequences of the infection.48

In this work, we have shown that untreated melanoma cell lysates can stimulate the maturation of DCs and especially 
the subsequent activation of the CTLs. This corresponds to the results of Remmel et al, that various melanoma cells 
induce the phenotypic maturation of DCs in vitro.49 Infection of the melanoma cells with the HSV-1 derivatives JS-1 and 
T-VEC should further intensify this maturation.

For parvovirus H-1, we have shown in a melanoma model that the infection of cells increased the expression of CD80, 
CD83 and CD86 as well as the secretion of TNF-α and IL-6.12,50 The same could also be observed in colon cancer cells.16 

In the melanoma model, T-VEC induces immunogenic cell death with time-dependent release of damage-associated 
molecular patterns (DAMPs) and cytokine production,51 which can serve as a maturation stimulus for DCs. With regard 
to CD83/86 expression, the tumor cell lysates were able to induce DC maturation to varying degrees. Observed for CD80/ 
86, the combination of doxorubicin and T-VEC and for SK29MEL additionally vincristine was shown to be the most potent 
stimuli in this study. Cisplatin did not induce increased maturation and its immunomodulatory effects tended to be inhibited 
when combined with oncolytic viruses. The tumor cell lysates generated by cytostatic treatment and virus infection were 
thus able to induce DC maturation to varying degrees. A clear immunostimulatory effect of the examined viruses alone was 
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not shown. Something similar has already been observed for adenovirus-infected melanoma cells,52 and a vaccinia virus did 
not induce any increased cytokine secretion in vitro despite the DAMP release being detected.53

Schierer et al described that human iDCs phagocytosed adenovirus-generated melanoma cell lysates in vitro, but 
subsequent maturation did not take place.52 An additional stimulus was required, delivered in the form of a cytokine mix 
or CD40L coding in the virus genome. It could also be observed that the infected melanoma cell lysates alone are not 
a sufficient stimulus for DC maturation. It is possible that the GM-CSF expression was not high enough and that 
consequently the DCs were not given sufficient stimulus in vitro by both virus strains, or that an unknown activating 
component was missing in the model.

TNF-α was examined in this work and increased secretion was expected after coculture of DCs with melanoma cell 
lysates generated by oncolytic virus infection, as previously observed for a Newcastle disease virus (NDV).42 TNF-α has 
antivascular properties, which, together with the direct antivascular capacity of HSV-1,54 could develop a synergistic 
pronecrotic effect on tumor cells. It is also known that TNF-α stimulates the maturation of DCs.55 The expected increase 
in TNF-α secretion after virus infection alone did not occur in this study (data not shown).

In addition to antitumor and DC-stimulating properties,28 IL-6 also has the ability to inhibit Treg, which suppresses 
the tumor immune defense.56 It promotes the survival of naïve T cells57 and induces a CD8 response.58 In the present 
study, a slight increase in IL-6 secretion could be observed through the untreated SK29MEL lysates, but not additionally 
through virus infection of the cell line. The fact that the infection of tumor cells with oncolytic viruses in DC coculture 
does not increase these two cytokines has already been reported for a vaccinia virus.53 In addition, IL-6 could suppress 
DC activation and maturation by activation of the STAT3 signaling pathway.59 Such proteins have not been described for 
HSV-1; it is therefore possible that the lack of increased expression in our study is most likely due to the general lack of 
maturation of the DCs after virus infection. This is consistent with the unobserved clear increase in expression of the CD 
molecules.

Mature DCs activate T cells, which are essential for effective tumor defense. By coculture of isolated T lymphocytes 
with iDCs and the infected melanoma cell lysates of both lines, a possible T-cell activating effect of the HSV-1 
derivatives was investigated in this work. The most potent stimuli for SK29MEL were found to be the combination 
treatment of doxorubicin and T-VEC and for SK29MEL1.22 doxorubicin with JS-1. These results are consistent with 
those of CTL activation. The activation of CTLs (CD8/CD69) can thus be induced by melanoma cell lysates. For 
SK29MEL, doxorubicin with T-VEC and for SK29MEL1.22, the untreated melanoma cells showed the strongest CTL 
stimulation and the combination of doxorubicin and JS-1. Overall, a stronger CD4 than CD8 response was shown in all 
approaches due to the coculture of melanoma cell lysates, iDCs and T lymphocytes.

Since DC maturation and cross-presentation are of fundamental importance for the activation of the T-cell response,60 

no strong induction could be expected with regard to CTL activation as a result of the low DC maturation rate observed 
after virus infection. The strength of the T-cell response depends on the amount of antigen presented, the duration of cell 
contact, and the DC maturity stimulus.61 However, we showed an increased activation of the T lymphocytes by both 
HSV-1 strains in comparison to unstimulated T cells, which has already been reported for H-1PV.50

Hirooka et al observed an increased infiltration of the tumor area with CD8+ and CD4+ lymphocytes in patients after 
treatment with the herpes virus HF10.62 Miller et al found the contribution of the immune response to the therapeutic 
effect of HSV-1 in a study on immunodeficient mice with intracranial melanoma.63 In contrast to immunocompetent 
conspecifics, their survival could not be significantly prolonged by the virus, which was attributed to the lack of immune 
reaction. Moesta et al reported something similar when, due to depletion of CD8+ lymphocytes in mice, the local and 
systemic effect of T-VEC did not occur and survival was not prolonged either.64 A positive effect on the immune 
response through infection of the melanoma cells with HSV-1 derivatives could therefore be relevant for the clinical 
success of T-VEC.

As an immunostimulatory cytokine, GM-CSF attracts immune effector cells into the tumor microenvironment (TME), 
induces the maturation of DCs, improves the antigen presentation and promotes the development of a specific immune 
response.65 It is therefore relevant for generating a humoral and cellular antitumor response. Nevertheless, the combina-
tion of GM-CSF with immunotherapeutic agents, cytostatic agents and as an adjuvant after surgery for melanoma was 
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able to extend survival in several studies.66,67 The new aspect of combining oncolysis and immunotherapy has good 
prospects to further enhance cancer therapy.68

Therefore, the use of GM-CSF in oncolytic viruses to strengthen their immune induction is justified. The GM-CSF 
expression in T-VEC supports DC maturation and thus the T cell response, but this effect has not yet been proven 
preclinically.

In this work, we could show by ELISA that increased GM-CSF production takes place through T-VEC infection of 
melanoma cells. JS-1 showed no relevant effect on the GM-CSF concentration in comparison with iDCs cocultivated 
with untreated cells, neither in monotherapy nor in combination with cytotoxic agents. The increased GM-CSF 
production in all cocultures containing T-VEC-induced lysates can be explained by the genetic modifications of 
T-VEC. The concentration of the cytokine was 86-fold higher after coculture of the T-VEC-induced SK29MEL lysates 
with iDCs than after JS-1 infection. This agrees with the results of Liu et al, who first described the virus.20 Kemp et al 
examined a GM-CSF-coding reovirus in comparison with an unchanged reovirus, which also shows an increased 
production of the cytokine.69

Burke et al found no clear advantage of the cytokine gene on the immune cell activation of PBMCs for a GM-CSF- 
coding NDV.42 The influence of GM-CSF only became apparent through the selection of CD14+ monocytes. Kim et al 
also observed that the insertion of GM-CSF into the genome of the vaccinia virus JX594 had no effect on tumor cell 
lysis.70 In this work, too, DC maturation, as assessed using the surface markers by FACS and IL-6 by ELISA, even 
tended to be lower after T-VEC infection than after JS-1 infection, despite the strong GM-CSF secretion. Thus, an 
advantage of GM-CSF gene insertion could not be clearly demonstrated. Liu et al were unable to show any improvement 
in local tumor regression in a mouse model due to the GM-CSF gene in the T-VEC strain.20 However, an increased 
decline in non-injected distant metastases was observed, which was attributed to the systemic tumor immune defense.

The lymphocyte activation marker CD69 was upregulated in CD4+ and CD8+ lymphocytes after T-VEC infection, ie, 
the T cells were activated, but there was no increased expression of it compared with the JS-1 infection. Kemp et al 
reported that the insertion of GM-CSF into the virus genome had no influence on CD4+ and CD8+ in the local tumor 
environment and attributed it to the low immunogenicity of the tumor.69 In vitro, Cerullo et al observed that an 
adenovirus supplemented with GM-CSF did not affect the oncolytic capacity, but the formation of a tumor-specific 
memory with immunity to new tumors of the same type was reinforced by the additional GM-CSF.71

So far, the cytotoxic effect of the combination of oncolytic viruses and chemotherapy has mainly been considered, 
with less attention given to the immunomodulatory effect. In this work, the effect of T-VEC and JS-1 in combination with 
doxorubicin, cisplatin and vincristine in terms of immunomodulation was investigated. The cytostatic drugs alone already 
partially represented a maturation stimulus for the immune cells. A synergism between the examined herpes viruses and 
the cytostatic drugs could not be explicitly proven either. However, there were tendencies according to which specific 
combinations could potentiate immune cell activation in the melanoma model, on which further studies should be based. 
The combination of JS-1 and T-VEC with cytotoxic agents showed predominantly stronger immunomodulatory effects 
than the pure virus infection, the combination with doxorubicin in particular showing a positive effect. Since cytotoxic 
agents attack the integrity of the host cells, it is questionable whether a stronger immune effect could have been seen 
through combination with oncolytic viruses at a lower dose.

Treatment of DCs with vincristine alone in vitro induced a 150% increase in IL-2 production, which indicates T-cell 
activation.72 In contrast, Kaneno et al reported that although vincristine phenotypically induced the maturation of the 
DCs, this did not improve the antigen presentation.73 This T-cell activating effect of vincristine could not be confirmed in 
this work by increased expression of CD69 on CD4+ and CD8+ T cells. Although the DCs showed maturation, as in 
Kaneno et al, there was no enhanced T-cell response. The combination of vincristine and oncolytic viruses has not been 
studied frequently. Since vincristine inhibits microtubule polymerization, which HSV-1 depends on for its transport into 
the cell nucleus, a possible negative interaction due to reduced viral replication has already been suspected.74 Cinatl et al, 
however, demonstrated an increased cytotoxicity of vincristine with the oncolytic virus G207 and showed that the 
combination in vivo can lead to a complete remission in embryonic rhabdomyosarcoma.74 Moehler et al were able to 
observe an additive increase in toxicity due to the vincristine combination in comparison to monotherapy in melanoma 
cells of the SK29MEL line infected with H-1PV.12 After combination treatment, the melanoma cell lysates led to 
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increased immune activation in the form of DC maturation. Like vinblastine, which is a similar compound, vincristine 
shows antiangiogenic properties in tumors.75

Modulatory effects of cisplatin on the TME and the immune system have been described many times.7 Buttiglieri et al 
investigated the effect of tumor cell lysates generated by cisplatin on DC function and maturation and could not 
demonstrate any stimulatory influence.76 The DCs only took up small amounts of tumor cell lysates and did not secrete 
increased amounts of IL-12, so that there was no relevant cross-presentation and T-cell activation. This was shown by the 
lack of an increase in the concentration of IFN-γ in an ELISA. Also, cisplatin was not able to induce a type I IFN 
response in vitro, which would indicate an immunogenic mode of action of the cytostatic agent.77 After cisplatin therapy, 
there was also no increased secretion of IL-6 and TNF-α.78

This lack of immune activation by cisplatin can be confirmed in our work. As monotherapy, it did not induce any 
maturation of DCs in cell culture beyond the untreated melanoma cells, neither with regard to CD80/83/86 expression 
nor to cytokine secretion. However, there was an increased infiltration of tumors with CD4+ and CD8+ lymphocytes after 
cisplatin treatment.79 Treatment with cisplatin and paclitaxel synergistically induced the increased secretion of IL-2 and 
IFN-γ, the main cytokines of CTLs. In addition to stimulating a T-cell response, cisplatin also sensitizes the tumor to 
CTLs.80 An increase in CD4+ and CD8+ lymphocyte activation could also be shown in our work for cisplatin-generated 
lysates of the SK29MEL line, which slightly increase CD69 expression. The combination of cisplatin with various 
oncolytic viruses has so far been examined mainly with regard to cytotoxicity. Preclinically and clinically, depending on 
the virus and tumor origin, there were sometimes synergistic or at least additive effects10,12,81,82 and sometimes no 
additional cytotoxic effects.83 Herpes viruses, as they were also used for this work, showed in several studies an oncolytic 
effect that could be potentiated by cisplatin. The combination of differently modified herpes viruses and cisplatin 
achieved in models of non-small cell lung cancer84 and pancreatic carcinoma85 increased therapeutic efficacies compared 
with the respective monotherapy. The ICP34.5-deleted HSV-1 strain NV1066 showed synergistic or additive cytotoxic 
effects such as increased viral replication in vitro in combination with cisplatin in various tumor cells.86 Moehler et al 
were able to show an intensification of DC maturation by combination treatment compared with cytostatic 
monotherapy.12 Pandha et al, by contrast, in addition to increased cytotoxicity, described an inhibitory effect on cytokine 
secretion after treatment of melanoma cells with cisplatin and a reovirus in vivo and in vitro.87 Here, the expression of 
CD80, CD83 and CD86 was not higher than in iDCs cocultured with SK29MEL and SK29MEL1.22 lysates after 
cisplatin treatment either alone or in combination with the viruses in untreated melanoma cells. On the contrary, the 
maturation was even lower after combination therapy than with pure cisplatin treatment, which is consistent with the 
observations of Pandha et al.87

Doxorubicin has multiple proven immunostimulatory effects7 and induces the release of HSP70 in vitro, a protein 
functioning as a danger signal, which leads to the maturation of DCs and thus to the induction of a T-cell response.76,77 

Shurin et al showed the increased DC antigen presentation induced by low-dose doxorubicin with upregulation of CD80, 
CD86, CD40, MHC II and increased IL-12 secretion.72 Hu et al also reported an increased expression of CD80 after 
doxorubicin treatment.78 An increased expression of the coligands CD80 and CD86 after treatment with doxorubicin 
alone could be confirmed in this work. An increased CTL activation by doxorubicin-generated tumor cell lysates could 
be confirmed in this work, too.

A combination of doxorubicin and various oncolytic viruses has shown additive and sometimes synergistic cytotoxic 
effects in several studies.76,83 Bolyard et al demonstrated a synergism of doxorubicin and an ICP34.5-deleted herpes 
virus with increased tumor apoptosis and longer survival compared with the respective monotherapy for ovarian cancer 
in a mouse model.88 A clinical phase I/II study on patients with breast cancer showed that T-VEC enhanced response to 
neoadjuvant chemotherapy with a response rate of 55% and it was feasible at the approved dose, with manageable 
toxicity.89 An immune effect of the combination, as it was investigated in this work, could not yet be shown.90 In this 
context, we must consult the different conditions in the used tumor model and in patients, where additional factors play 
a role in the immune response concerning to the tumor microenvironment. Overall, a positive effect of the combination 
on the immune response could be observed here. DC maturation was enhanced by infection with HSV-1 derivatives in 
addition to doxorubicin treatment. Compared with doxorubicin monotherapy, there was an increased expression of the 
surface markers; an increased secretion of IL-6 and also, T-cell activation could be partially increased.
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Conclusions
In addition to the already proven direct oncolytic effect,20 the immune effects of modified HSV-1 viruses were examined 
in vitro in this work. Our thesis that the GM-CSF-encoding T-VEC strain improves the immune effects in the human 
melanoma model could not be confirmed in this study. There was indeed an immune response as a result of the infection 
with both tested viruses, but T-VEC did not induce a stronger response in vitro than JS-1. The combination of oncolytic 
viruses with chemotherapy has also been clinically tested and has shown positive results.91,92 Studies with T-VEC 
previously suggested a combination therapy impact with, for example, immune checkpoint inhibitors93 on the cytotoxic 
and immunomodulatory effect of treatment. Malignant human melanoma is a highly immunogenic tumor that can be 
therapeutically injected easily in most cases and therefore meets the basic requirements for successful oncolytic virus 
therapy.94 Oncolytic viruses in the form of T-VEC are already a promising therapeutic option, especially for patients with 
stage IIIB to IVM1a tumors,37 which can be optimized as far as possible through combinations.35 Combinatorial studies 
of oncolytic viruses and immunotherapy will be significant for the future.95 By further investigation virus entry, host- 
virus interactions after systemic virus application and virus bio-distribution, the application modalities of OVs could be 
improved. In addition, by increased immunotherapy in clinical oncology, there is a gain in importance of induction of 
anti-tumor immunity by viral oncolysis.96

In order to be able to use T-VEC optimally in the future, preclinical studies as well as proof of concept (POC) studies in 
mouse models should be carried out. With a better understanding of the exact mechanisms of action, patient- and tumor-related 
influencing factors could be defined which modulate the therapeutic response. The indication could possibly be extended to 
diagnose other types of tumors, and thus more patients could benefit from this therapeutic agent T-VEC.

In our study, we are able to show that the immunostimulatory effects of the tested viruses could be partially increased 
by chemotherapy. We recommended that this approach is pursued in preclinical studies, exploring T-VEC mainly in 
combination. The combination of doxorubicin and T-VEC has given the clearest positive results, and this approach can 
be recommended for further investigations.
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