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Abstract: Oncolytic viruses, including live attenuated measles virus (MV) vaccine strains, have
recently been shown as promising therapeutic agents against human malignancies. In this study,
the oncolytic potential of the attenuated vaccine strain Leningrad-16 (L-16) of MV was evaluated in a
panel of human metastatic melanoma cell lines. The L-16 measles virus was shown to replicate within
melanoma cells mediating direct cell killing of tumor cells, although all melanoma cell lines varied
in regard to their ability to respond to L-16 MV infection, as revealed by the different pattern of the
Interferon Stimulated Gene expression, cytokine release and mechanisms of cell death. Furthermore,
the statistically significant L-16 measles virus related tumor growth inhibition was demonstrated in
a melanoma xenograft model. Therefore, L-16 MV represents an appealing oncolytic platform for
target delivery of therapeutic genes along with other attenuated measles virus strains.
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1. Introduction

Among skin tumors, melanoma occurs in 4% (12.3 % in Russia [1]) of all cases characterized by
poor prognosis and low overall survival [2]. Metastatic melanoma is highly aggressive and highly
resistant to standard cytostatic chemotherapy, demonstrating moderate sensitivity to immunotherapy
and targeted therapy, a 5-year survival of patients with metastatic process ranges between 10% and
15% [2]. The incidence of melanoma is constantly increasing worldwide with an annual rate ranging
from 3.0% to 7.0% (4.45% in Russia [1]) and can be considered as one of the highest among all malignant
tumors, except lung cancer. From this perspective, new approaches for the therapy of melanoma are
highly relevant.
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Oncolytic viruses, such as parvovirus H1 [3], reovirus [4], vesicular stomatitis virus [5], vaccinia
virus [6], Edmonston derived strains of the measles virus [7] and others have recently been shown as
promising therapeutic agents against a broad range of human malignancies. The high efficiency of
the oncolytic virotherapy is based on the tumor selectivity and bystander killing effect of oncolytic
viruses resulting in antitumor immune response due to the release of tumor antigens coupled with
danger-associated and pathogen-associated molecular patterns, DAMPs and PAMPs, and cytokines
leading to improving prognosis and overall survival of cancer patients. Rigvir (ECHO-7) was the first
oncolytic virus registered and approved for the treatment of melanoma in Latvia in 2004, local treatment
of skin and subcutaneous metastases of melanoma, for the prevention of relapse and metastasis after
radical surgery in Latvia, Georgia, Armenia and Uzbekistan [8]. In 2015, the engineered oncolytic
virus, Talimogene laherparepvec based on a modified herpes simplex virus type 1, was approved
for the treatment of unresectable stage IIIb-IV1a melanoma in the U.S., Australia and Europe, while
other oncolytic viruses have been investigated as monotherapy or in combination for the treatment
of melanoma including herpes simplex virus (HF-10), coxsackieviruses, reoviruses, poxvirus [9] and
attenuated measles virus strains of the Edmonsoton vaccine lineage [10]. Current approaches include a
combination of oncolytic viruses with radiation therapy, radionuclide therapy, chemotherapy, biologic
therapies, and other viruses [11]. Results from phase Ib-II trials combining oncolytic viruses with
immune checkpoint inhibitors are promising and have reported overall good treatment tolerance and
effect, and phase III trials are ongoing [9].

Previously, the oncolytic properties of the attenuated Russian vaccine strain of mumps virus
“Leningrad-3” against human melanoma cells have been shown [12]. The aim of this study was
to investigate the oncolytic potential of the attenuated Russian vaccine strain of measles virus
“Leningrad-16” (L-16) against human melanoma cell lines and melanoma xenograft model. Despite a
different attenuation history compared with the Edmonston B strain, the L-16 measles virus strain has
been adapted to preferentially enter cells through the CD46 protein known to be highly expressed
on the surface of malignant cells unlike normal cells [13] due to the same amino acid substitution in
the 481 position of the hemagglutinin attachment protein. Long passaging adaptation in Japanese
quail embryo fibroblast cells of L-16 strain has provided more intensive viral reproduction comparing
with Edmonston B and Schwarz strains [14]. In addition, long history of administration of the L-16
attenuated strain as a component of a measles-mumps vaccine in humans in Russia revealed its
excellent safety record comparable to the attenuated Edmonston B strain.

2. Materials and Methods

2.1. Cell Cultures, Virus and Viral Propagation

Human dermal immortalized fibroblast cell line (HDF) and metastatic melanoma cell lines mel Ibr,
mel Mtp, mel Il, mel Z, mel Kor derived from patients were obtained from the N.N. Blokhin National
Medical Research Center of Oncology (N.N. Blokhin NMRCO). The protocol to establish melanoma
cell lines was approved by the N.N. Blokhin NMRCO ethics committee and written informed consent
was obtained for all patients. The melanocyte origin of cells was confirmed and the cell lines had been
patented previously [15,16].

The Leningrad-16 (L-16) vaccine strain of measles virus (MV), obtained from the collection of the
I.I. Mechnikov Research Institute for Vaccines and Sera (titer 5.8–6.0 lgCCID50/mL), was propagated in
MRC-5 (ATCC, USA) and estimated by the end-point dilution CCID50 assays [17] in Vero cells (ATCC).

All cell lines were maintained in T25 and T75 flasks (Corning, USA) in the RPMI 1640 culture
medium (Gibco, Thermo Fisher Scientific, USA) supplemented with 10% fetal bovine serum (FBS;
HyClone, USA), 1 mM Glutamine (Gibco) and 50 µg/mL Gentamicin Reagent Solution (Gibco) in a
humidified atmosphere under 5% CO2 at 37 ◦C. Cultures were passaged once confluent. Cells were
split with TrypLE Express (Gibco) containing trypsin, EDTA, and Phenol Red. To assess the cell
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viability, a cell suspension was supplemented with 0.2% Trypan Blue (Gibco) and cells were counted in
a Goryaev chamber.

For viral propagation in melanoma cells, 80%–90% cell monolayers were washed once with 3 mL
of Hanks Balanced Salt Solution (HBSS, Gibco) prior to infection. Based on the cell count per flask and
virus initial titer, virus stock suspension was diluted in FBS-free culture medium and then used to infect
cells at a multiplicity of infection (MOI) of 1.0 or 0.1 infectious units per cell and incubated at 32 ± 1 ◦C
in 5% CO2 for 3 h. Mock-infected control cultures were processed in parallel with MV inactivated by
exposure to UV light (20.000 µJ/cm2, 20 min on ice). Following virus adsorption, the viral inoculum
was removed, the cell monolayers were washed three times with HBSS and cultured in RPMI 1640
medium supplemented with 2% FBS in an atmosphere containing 5% CO2 at 32 ± 1 ◦C for 5–7 days.
To study the virus accumulation kinetics, supernatants were collected at the indicated time points
from infected cell cultures, clarified by centrifugation at 3370× g for 10 min in an LMC-3000 centrifuge
(Biosan, Latvia) to remove debris and stored at −70 ◦C until testing.

For gene expression analysis, cells were plated in a 6-well plate (Corning) at 0.5 × 106 cells per
well and infected with MV at a MOI of 1.0 or the same dose of UV-inactivated MV. Cells were lysed
with 300 µL RLT buffer (RNeasy kit, Qiagen, Germany) per well in duplicates at 24, 48, 72 and 96 h
post infection followed by centrifugation for 5 min at 400× g (Eppendorf, Germany) stored at –70 ◦C
until use. RNA samples from three independently MV-infected or mock-infected cell cultures were
used for each analysis.

2.2. Viral and Total RNA Extraction

Viral RNA was isolated from cell culture supernatants using the QIAamp Viral RNA Mini Kit
(Qiagen) from 140 µL of the virus-containing supernatant, while total RNA was isolated from cell
lysates in RLT buffer using the innuPREP DNA/RNA Mini Kit (Analytikjena, Germany) according to the
manufacturer’s spin technology instructions. Purified RNA was eluted twice with 60 µL of RNase-free
water and the RNA concentration was determined using the NanoDrop 8000 (Thermo Fisher Scientific):
RNA concentration and purity were evaluated by A260 and A260:A280, and A260:A230 ratios.
Remaining DNA contaminants were removed by a 30 min digest with 20 U of DNase (Syntol, Russia).

2.3. Quantitative Real-Time PCR (qPCR)

Viral RNA quantification was performed as described previously [18]. An amount of 10 µL of
RNA was primarily mixed with 2 µL of forward primer at a concentration of 8 ρmol/µL and heated
at 65 ◦C for 5 min. Reverse transcription (RT) was performed on 12 µL of RNA-primer mixture in a
final volume of 30 µL with 50 unites of Moloney murine leukemia virus reverse transcriptase (MuLV)
(Syntol), 4 units of RNase inhibitor using the 10-fold reaction master mix (Syntol) containing buffer
solution, 0,5 mM dNTP and 2,5 mM MgCl2. The RT step involved incubation for cDNA synthesis at
42 ◦C for 30 min and enzyme inactivation by heating at 95 ◦C for 5 min.

Real-time Taq-Man based PCR was carried out using the 10-fold PCR-RT master mix (Syntol) in a
final volume of 25 µL. 5 µL of template cDNA was added to the 20 µL reaction mixture containing
forward and reverse primer mix at a final concentration of 10 ρmol per reaction mixture of each primer,
TaqMan probe at a final concentration of 5 ρmol per reaction mixture, buffer solution, 0.5 mM dNTP,
2.5 mM MgCl2 and 2.5 unites of Hot Start Taq DNA-polymerase. Negative control reaction contained
5 µL of nuclease-free water. Thermal cycling was performed in DT-Prime5 (DNA-Technology, Russia).
The cycling conditions included 95 ◦C for 120 s, 45 cycles of 58 ◦C for 50 s and 95 ◦C for 20 s.

Each sample was tested in duplicate. The output of the PCR for each sample was the threshold
cycle (Ct) value measured by the second derivative maximum method of the instrument software.
In parallel with samples a 10-fold dilution series of purified reference MV with known titers (expressed
in lgCCID50/mL) was performed and 5 µL of each standard dilution was run in duplicate to construct
a 4-point calibration curve. Titer for the test samples was calculated in CCID50/mL relative to reference
preparations based on the standard curve and subsequently converted to the lgCCID50/mL value.
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For gene expression measurement, 1 µg aliquots of each total RNA sample with demonstrated
quality were incubated for 1 h at 42 ◦C with the following components: 1 unit of MuLV reverse
transcriptase (Syntol), 5 µM random hexamers or oligo(dT) primers, 1× reaction buffer, 1 mM dNTP,
and 20 U RiboLock RNase inhibitor (Thermo Fisher Scientific). The reaction was terminated by heating
the mixture for 10 min at 70 ◦C.

PCRs were performed in a total volume of 25 µL, consisting of 1x SYBR®Green PCR Master Mix
(Syntol), 200 nM of reverse and forward gene-specific primers and 10 to 50 ng of cDNA in duplicate
reactions. Cycling conditions were as follows: 95 ◦C for 15 min, followed by 40 cycles of 95 ◦C for
15 s and 60 ◦C for 30 s, a melting curve of 10 s at 95 ◦C, 30 s at 60 ◦C, heating to 90 ◦C, and cooling
for 30 s at 40 ◦C, using the DT-Prime5 system. Fluorescence readings were recorded at the last step.
A melting curve analysis was performed after amplification to determine the presence of nonspecific
amplification products. Dissociation curves for each gene amplified showed only one peak. All the
primer pairs used in this study were designed with Primer 3 plus software. Reference genes, GADPH,
PGK1 and ACTβ, threshold cycle values were used for normalization of the threshold cycle values of
the other genes. Specific gene expression, normalized to GAPDH, PGK1 and ACTb reference gene
average value, was determined using the ∆∆CT mathematical model [19]. The paired two tailed t-test
was used to determine statistically significant differences in 2−∆∆C

T values between MV-infected and
UV-inactivated MV-infected groups. Fold changes were calculated as a difference between 2−∆∆C

T

values for MV-infected fibroblasts (experiment) versus 2−∆∆C
T values for mock-infected fibroblasts

(baseline) for each time point after infection. Differences in gene expression with p values less than 0.05
were considered statistically significant.

2.4. MTT Assay

For each cell line, 1.5 × 104 cells per well were seeded into 96-well culture plates one night
before treatment followed by MV-infection using a virus-containing supernatant as described above
at various MOI values and incubated in an atmosphere containing 5% CO2 at 32 ◦C for 3–120 h.
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT, Promega, USA) reagent was
added at 5 µg/mL per well at various time after infection, and cells were then incubated for another
3 h at 32 ± 1 ◦C in 5% CO2. The reaction was stopped by washing cell monolayer and adding 60 µL
dimethyl sulfoxide (DMSO, Sigma-Aldrich, Germany) to each well to dissolve the purple formazan
precipitates. Plates were shaken at 300 rpm for 10 min to provide for a homogeneous dye distribution.
The optical density (OD) was measured at a wavelength of 595 nm using a Zenyth 3100 microplate
multimode detector (Anthos, Austria). Cell viability was expressed as a percentage of OD obtained for
cell line infected with MV or infected with UV-inactivated MV in an indicated time point relatively
to OD obtained for the same cell line at 3 h post infection. The results are described as mean values,
which were measured in triplicate and repeated from three independent experiments.

2.5. xCELLigence Real-Time Cell Proliferation Measurement

A total 2.0 × 103 melanoma cells per well were seeded in a 16-well E-plate (ACEA Biosciences,
Agilent Technologies, USA) and the cell proliferation index was recorded by the xCELLigence system.
The experiment was conducted three times and the EC50 value representing viral input sufficient for
killing 50% of melanoma cells was calculated by the xCELLingence system.

2.6. Flow Cytometry

A total 1.0 × 105 melanoma cells were incubated with FITC-conjugated anti-human CD46
antibodies (MEM-258 clone, BioLegend, UK) or Isotype control FITC mouse IgG1 (BioLegend) in PBS
containing 1.0 % FBS for extracellular staining at 4 ◦C. After 30 min at 4 ◦C, cells were washed twice,
resuspended in PBS containing 1.0% FBS and fixed with 1% Paraformaldehyde (PFA, Sigma-Aldrich,
USA) for 30 min at 4 ◦C. Analysis by flow cytometry was performed using the Flow cytometer Beckman
Coulter EPICS XL (USA) and the software SYSTEM II (Beckman Coulter, USA).
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Annexin-V/PI staining for apoptosis detection was performed using Annexin V-FITC Apoptosis
detection Kit (Invitrogen, Thermo Fisher Scientific). A total of 2.0 × 105 cells were harvested, washed in
PBS and resuspended in 200 µL Binding Buffer. Cells were then incubated with 5 µL Annexin V-FITC
for 10 min at room temperature. Finally, cells were washed in 200 µL Binding Buffer and resuspended
in 200 µL Binding Buffer containing 10 µL Propidium Iodide (PI, 20 µg/mL). An analysis by flow
cytometry was performed using the Flow cytometer Beckman Coulter EPICS XL and the software
SYSTEM II.

2.7. ELISA

The level of TNFα, IL-6 and IL-10 was measured in cell culture supernatants using the Human
TNFα, Human IL-6 and Human IL-10 Platinum enzyme-linked immunosorbent assay (ELISA) Kits,
respectively, according to the manufacturer’s instructions (Thermo Fisher Scientific). The level of IL-1β
and IL-18 was measured in cell culture supernatants using the IL1β-IFA-BEST and IL18-IFA-BEST Kits,
respectively, according to the manufacturer’s instructions (Vector-best, Russia).

2.8. Agarose Gel Electrophoresis

The PCR products or isolated DNA (innuPREP DNA/RNA Mini Kit, Analytikjena) were resolved
electrophoretically in 1%–2% agarose gel in buffer TAE (2 M Tris, 1 M acetic acid, 50 mM EDTA, pH 8.4;
Evrogen, Russia). Electrophoresis was carried out at 5–10 V/cm for 1 h. The PCR products or the
DNA fragmentation were visualized in UV light at 312 nm and photographed using a Gel Doc XR gel
documenting system (Bio-Rad, USA).

2.9. Animal Experiments

Five-week-old female athymic Balb/c nu/nu mice (Puschino, Russia) were kept under sterile
conditions for SPF-animals. The mice were screened for the absence of viruses, as well as bacterial
infections and parasites in accordance with the recommendations of the European Laboratory Animal
Science Association. A total of 1.0 × 106 mel Z cells in 300 µL Matrigel (Corning) were injected
subcutaneously into the flanks of nude mice. Mice were observed daily and when the xenografts
reached 30 mm3 in volume, the mice were divided into two groups. One group received three doses
of MV L-16 strain in 150 µL intratumorally with a one-week interval, total 1.5 × 106 CCID50/mL.
The control group received an equivalent amount of RPMI 1640 medium. Mice were euthanized
when they lost more than 10% body weight and the average tumor size in the control group reached
450 mm3. All animal experiments were performed in accordance with European and Russian national
guidelines for animal experimentation and were approved by ethics review committee of the N.N.
Blokhin NMRCO (reference number 2017-034, 17.06.2017).

2.10. Statistical Analysis

The significance of the difference between experimental and control groups was analyzed using
two-tailed Student’s t-test. P values were calculated by the unpaired Student’s t-test and a value of less
than 0.05 was considered statistically significant.

3. Results

3.1. Susceptibility of Melanoma Cell Lines to the Oncolysis Induced by the Leningrad-16 Vaccine Strain of
Measles Virus

Initially, the susceptibility of human melanoma cells to virus-mediated oncolysis was tested in
a panel of five cell lines with fibroblast-like morphology derived from patients with disseminated
melanoma treated in the N.N. Blokhin NMRCO previously [15,16] and carrying activating mutations
in the B-Raf or N-Ras genes participating in the MAPK/ERK signaling pathway (Table 1).
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Table 1. Mutations in melanoma cell lines used.

Cell Line Genome Mutations
Determined by NGS [20]

Corresponding Protein
Mutations

mel Il
BRAF c.1798_1799delGTinsAA p.V600K

BRAF c.1165C > T p.R389C
TP53 c.326T > C p.F109S

mel Ibr BRAF c.1799T > A p.V600E
mel Mtp NRAS c.182A > G p.Q61R

mel Z
BRAF c.1799T > A p.V600E

PDGFRA c.1432T > C p.S478P
mel Kor NRAS c.182A > G p.Q61R

In addition to established melanoma cell lines, immortalized human dermal fibroblasts (HDF)
were used as a control cell line to determine virus specificity for melanoma cells.

To analyze the ability of an L-16 strain of measles virus (MV) to eliminate tumor cells following
by infection, melanoma cell lines were infected at either a multiplicity of infection (MOI) of 1.0 or 0.1.
The cytopathic effects (CPE) of MV in melanoma cells were visible at 48–72 h post infection representing
the granulation in cytoplasm and the density loss of cell monolayer followed by the formation of
aggregated or giant multinucleated infected cells fused with neighboring cells (syncytia) and sliding off

a flask surface progressively. This distinctive MV-induced CPE correlated with MOI and was observed
even at a low MOI, becoming more obvious over time (Figure 1).

To quantify the virus-induced effect, the percentage of viable cells was estimated at indicated time
points during a 120 h MV-infected cell cultivation period by measuring the activity of mitochondrial
metabolism in MTT assay (Figure 2). Three out of five melanoma cell lines, mel Il, mel Ibr and mel
Z, were eliminated after 96 h post infection even at a low MOI, while two cell lines, mel Mtp and
mel Kor, were dying more protractedly. Thus, at 96 h after infection of mel Il, mel Ibr and mel Z cell
lines, a proportion of remind viable cells composed 16.2%, 3.7% and 9.5% at a MOI of 1.0 and 26.8%,
8.6% and 21.9% at a MOI of 0.1, respectively, relatively to the corresponding cell line infected with
UV-inactivated MV at a MOI of 1.0, while for mel Mtp 64.3% and 82.9%, and mel Kor 23.9% and 59.8%
viable cells remained at MOI 1.0 and 0.1, respectively (Figure 2). Interestingly, mel Il, mel Ibr and mel Z
carry mutations in B-Raf gene, while mel Mtp and mel Kor carry mutations in the N-Ras gene (Table 1).
Thus, in our study, the viability of the B-Raf -mutated cell lines tested decreased after infection with
MV at both MOI, 0.1 and 1.0 more significantly compared with N-Ras-mutated cell lines. However,
the non-malignant HDF cell line turned to be resistant to MV infection and remained viable during
120 h of cultivation (Figure 2).

To calculate the ED50 values, real-time proliferation measurement by the xCELLigence instrument
was used. Sigmoidal virus dose-response curves were plotted for the log-transformed values within
118–139 h of cultivation with high statistical reliability (R2 > 0.9), indicating ED50 dilution of input MV
as 0.53, 0.008, 0.92, 0.598 and 0.089 CCID50/mL for mel Il, mel Ibr, mel Mtp, mel Z and mel Kor cell
lines, respectively (Figure 3). Sigmoidal virus dose-response curves had different character depending
on cell size and cell proliferation: the amount of cells was higher for mel Il, mel Z and mel Ibr cells
comparing with mel Mtp and mel Kor cells at the time of virus inoculation (24 h). Thus, as the initial
number of cells was similar for each cell line, the varying values of cell index at the virus inoculation
time point indicated different proliferation rate of cell lines. Furthermore, for mel Mtp-infected cells,
virus inoculation additionally inhibited their proliferation within the cultivation period. Moreover,
cells varied in virus-induced death kinetics: as in MTT-test, mel Ibr cells were the most effectively
eliminated cell line; for mel Il and mel Z the death kinetics were similar and had the classical sigmoidal
character indicating the ED50 70-fold higher than for mel Ibr cells; for mel Mtp, the ED50 dilution of
input MV was 1.7-fold higher than for mel Z and mel Il cells, 10-fold and 115-fold higher than for mel
Kor and mel Ibr, respectively.
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represents Log of dilution of MV, the Y—Cell Index reflected the number of viable cells.
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3.2. Permissiveness of Human Melanoma Cells to the Leningrad-16 Vaccine Strain of Measles Virus

To determine whether variations in viral oncolysis observed between different melanoma cells
were due to different levels of permissiveness of these cells to the virus infection, the same melanoma
cell lines were infected with MV at a MOI of 1.0 or 0.1 again and incubated for 96–120 h. Cell culture
supernatants were collected from infected monolayers daily, while cells were washed and lysed. Then,
MV replication was measured by real-time RT-PCR (qPCR-RT) both, in supernatants and in cell lysates;
obtained results were confirmed by CCID50 conventional method (Figures 4 and 5).
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Figure 4. Production of MV strain L-16 in infected melanoma cells and fibroblasts. Melanoma cells,
mel Il (a), mel Ibr (b), mel Mtp (c), mel Z (d), mel Kor (e), or HDF (f) cells were infected with MV at a
MOI of 1.0 (-#-) or 0.1 (-�-) and virus quantification was determined using the qPCR-RT method in
supernatants collected daily from infected cell monolayer. The output of the PCR for each sample was
the threshold cycle (Ct) value. In parallel with samples a 10-fold dilution series of purified reference
MV with known titers (expressed in lgCCID50/mL) was performed and 5 µL of each standard dilution
was run in duplicate to construct a 4-point calibration curve. Titer for the test samples was calculated
in CCID50/mL relatively to reference preparations based on the standard curve and subsequently
converted to the lgCCID50/mL value. Means and standard deviations (SD) from three independent
experiments are shown.
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Figure 5. Replication of MV strain L-16 in melanoma cells and fibroblasts. Melanoma cells, mel Il (a),
mel Ibr (b), mel Mtp (c), mel Z (d), mel Kor (e), or HDF (f) cells were infected with MV at a MOI of 1.0
(-#-) or 0.1 (-�-) and virus quantification was determined in cell lysates using the qPCR-RT method.
The data shown are representative of three separate experiments and expressed in fold change. Fold
change—FC, is an average value of threshold cycle (Ct) for MV intracellular RNA obtained for each
sample, normalized to an average Ct value for house-keeping genes used: GAPDH, PGK1 and ACTB,
measured for the same sample in parallel (∆Ct), and calculated relatively to normalized Ct value for the
respective mock-infected cell line (∆∆Ct). The data represents the FC values between the level of MV
RNA expression in MV-infected cells (∆∆Ct(+)) and infected with UV-inactivated MV cells (∆∆Ct(−))
for each time point, FC = 2−∆∆Ct(+)-2−∆∆Ct(−)].

Overall, the efficiency of viral RNA replication in all cell lines tested agreed with corresponding
cell death kinetics. In supernatants, viral RNA accumulated till 48–96 h post infection almost in all
melanoma cell lines, except a high MOI for mel Mtp cells (Figure 4, logarithmic scale). For mel Z
cell line, the viral RNA concentration in supernatant reached the highest value among all melanoma
cells tested, corresponding to 8 lgCCID50/mL at 96 h post infection, increased by 3.0–3.5 log. In mel Il
and mel Ibr, 1.5–2.0 and 2.0–2.5 log increase in viral RNA concentration was observed, respectively,
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in contrast, in mel Mtp and mel Kor, viral titers did not increase by more than 10-fold during 96 h
of cultivation.

Whereas, intracellularly, in cell lysates, viral RNA accumulated only from 48 h post infection,
except a high MOI for mel Ibr cells (Figure 5, logarithmic scale). That, probably, could be explained by
the fastest cell death kinetics among all cell lines and the low number of viable cells remained as the
number of cells is known to be the limiting factor for virus replication at high virus input [18]. As for
MV RNA accumulation in supernatants, the highest values for intracellular viral RNA concentration
were obtained for the mel Z cell line. Interestingly, the lowest viral RNA accumulation was observed
for mel Il cell line despite the high cell death effect; furthermore, for the MOI of 0.1 a decrease of
viral RNA concentration was observed at 72 h post infection suggesting cellular restriction factors
interfering with viral growth. Moreover, a cellular restriction factor should be suggested for mel Mtp
cell line functioning until 48 h post infection and lost by 96 h post infection.

Interestingly, despite the similar input of MV while infection, at 3 h post infection the number
of viral particles and viral RNA concentration in supernatants and cell lysates, respectively, varied
between infected cell lines, thus, MV RNA in mel Il and mel Ibr cells was four times lower comparing
with mel Mtp and mel Z cells at 3 h post infection (Figures 4 and 5).

Altogether, the obtained data indicate that all melanoma cell lines tested were permissive for
MV infection, although at different levels, while in HDF cells, viral RNA concentration decreased
both in supernatants (Figure 4) and cell lysates (Figure 5), indicating that these cells are resistant to
MV infection.

3.3. Expression of the Measles Virus Receptor, CD46, by the Human Melanoma Cell Lines

To better understand the mechanisms defining the sensitivity of the melanoma cells to MV,
the surface expression level of MV receptor was measured. CD46 molecule being a receptor for
attenuated strains of MV is known to be upregulated on the surface of tumor cells [13]. Therefore,
the expression of CD46 on the surface of melanoma cells and HDF cell line was analyzed (Figure 6).

The expression level of CD46 molecule ranged from 16.56% to 87.67% on the surface of melanoma
cells tested, while the HDF cells did not express CD46 (0.36%). Furthermore, viral penetration of the
melanoma cell lines increased by increasing the density of receptors on the surface of the cells: thus,
for 23.27% and 16.56% of mel Il and mel Ibr cells expressing CD46 receptor, respectively (Figure 6),
an initial amount of virus intracellularly composed 7.2 × 107 and 1.6 × 106, respectively, for this cells
at 3 h post infection at a MOI of 1.0 (Figure 5), while 87.67% of mel Mtp cells and 74.50 % of mel Z
cells expressing CD46 (Figure 6) corresponded to 9.7 × 108 and 1.9 × 109 viral load at a MOI of 1.0
(Figure 5), respectively. However, no significant correlation between different sensitivity of cell lines
toward MV oncolysis and expression of CD46 was observed.

To confirm the role of CD46 molecule expression on the surface of our melanoma cells in viral
oncolysis, the mel Z cells were infected with MV at a MOI of 1.0 again in the presence of anti-CD46
mAbs or isotype control mAbs and viral RNA expression was measured in cell lysates by qPCR-RT
after 4 h of incubation (Figure 7). Mel Z cell line was chosen as being sensitive and permissive to MV
and expressing high level of CD46 molecules, but in the presence of anti-CD46 mAbs viral yield, was
inhibited by approximately 11%–91 % in a mAbs concentration-dependent manner (Figure 7). Thus,
these data suggest that CD46 expression could be a key factor of MV selectivity to melanoma cells
comparing with non-malignant cells; however, other factors should also be implicated into the different
sensitivity of the melanoma cells as it cannot be explained only by different levels of CD46 expression.
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Figure 6. Expression of the CD46 receptor at the surface of melanoma cells and HDF as measured
by flow cytometry. A total 1.0 × 105 cells were incubated with a FITC-conjugated anti-human CD46
antibodies in PBS containing 1.0% FBS for extracellular staining. After 30 min, cells were washed
twice, resuspended in PBS and fixed with 1% PFA for 30 min. A. Plot of fluorescence intensity
(relative to isotype) of cells stained with anti-CD46-FITC. The data shown are mean results from three
separate experiments; error bars indicate standard deviation of the mean B. Representative histograms.
The shaded histograms represent isotype control staining; the solid line histograms represent CD46
staining; OX—CD46 (FITC), OY—the number of cells.
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Figure 7. Inhibition of viral load in melanoma cells by mAbs against CD46. Mel Z cell line was
incubated with increasing concentrations of mAbs or isotype control mAbs for one hour, washed
with PBS and infected with MV at a MOI of 1.0. Viral load was measured in cell lysates by qPCR-RT
after 4 h of incubation and the impact of anti-CD46 mAbs was expressed in % relatively to infected
cells incubated with isotype control mAbs. The data shown are mean results from three independent
experiments; error bars indicate standard deviation.

3.4. Expression of type I IFN Signaling Pathway Genes by Human Melanoma Cells in Response to Measles
Virus Infection

As the previous data suggested other mechanisms in addition to receptor overexpression as
possible restriction factors of differential MV infection kinetics of melanoma cells and as other studies
previously reported that many cancer cells are defective in type I IFN signaling after viral infection [21],
post-entry mechanisms were analyzed. Double-stranded RNA (dsRNA) is a well known trigger of
type I IFN signaling, in case of MV infection with L-16 strain, high abundance of defective interfering
(DI) particles could play such a role. The presence of DI genomes was confirmed by electrophoresis of
PCR products for all cell lines tested (Figure 8) as previously described [22].Viruses 2019, 11, x FOR PEER REVIEW 15 of 25 
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Figure 8. Molecular characterization of DI-RNAs generated by vaccine strain L-16 of MV. cDNA
amplified with L-16-specific RT-PCR (upper panel) or DI-RNA-specific RT-PCR (lower panel),
and analyzed by agarose gel electrophoresis. The lines correspond to the following cells: 1—mel Il +

L-16, 24 h p.i., 2—mel Il + L-16, 48 h p.i., 3—mel Mtp + L-16, 24 h p.i., 4—mel Mtp + L-16, 48 h p.i.,
5—mel Ibr + L-16, 24 h p.i., 6—mel Ibr + L-16, 48 h p.i., 7—mel Kor + L-16, 24 h p.i., 8—mel Kor + L-16,
48 h p.i., 9—mel Z + L-16, 24 h p.i., 10—mel Z + L-16, 48 h p.i., 11—input L-16 MV, M—GeneRuler
DNA Ladder Mix (Thermo Scientific).

Firstly, the expression level of the DDX58 and the IFIH1 genes encoding the retinoic acid-inducible
gene-1 (RIG-I) and melanoma differentiation-associated 5 (MDA5) helicase proteins, respectively,
as intracytoplasmic sensors of viral dsRNA, was measured. A total of 24-48 h after infection, an increase
in the gene expression level of these receptors was observed in all cell lines tested, including HDF,
indicating that MV was detected by all these cells (Table 2).
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Table 2. Type I IFN and Interferon-stimulated genes (ISG) expression at 24, 48 and 72/96 h after infection with MV (MOI = 1.0).

Gene

Fold change

mel Il+L-16 vs mel Il mel Ibr+L-16 vs mel Ibr mel Mtp+L-16 vs mel Mtp mel Z+L-16 vs mel Z HDF+L-16 vs HDF

24 48 72 24 48 72 24 48 96 24 48 72 24 48 72

Intracytoplasmic sensors of viral dsRNA
DDX58 78.84 73.26 42.71 21.74 127.59 3.45 922.92 406.33 116.29 30.92 63.05 184.87 41.22 2.55 −0.50
IFIH1 68.51 25.57 13.98 24.49 80.11 3.71 477.59 519.54 548.76 14.25 110.16 270.05 24.99 2.10 0.27

Cell signaling/ Regulation of transcription
MAVS 1.23 0.05 0.02 2.86 12.13 1.71 0.46 1.06 0.81 -0.05 0.38 0.51 1.46 0.00 −0.40
IRF3 1.14 0.08 0.01 0.68 5.90 −0.16 5.73 7.48 10.22 1.25 2.63 6.01 3.29 −0.11 −0.78

Interferon β and its receptors
IFN-β 20.39 4.27 1.47 −0.88 1.75 1.05 5792.62 2521.38 1305.15 −0.33 0.27 1.54 17.38 0.14 −0.35

IFNAR1 2.47 0.11 0.02 0.24 1.91 −1.06 0.37 0.72 1.06 0.78 0.45 1.94 9.56 −0.39 −0.38
IFNAR2 3.88 1.14 0.05 0.15 7.02 −0.56 4.86 4.24 3.36 1.35 0.86 1.32 8.85 −0.79 −1.22

Interferon Stimulated Genes
Cell defense/immune response/Apoptosis

OAS1 41.79 17.73 11.32 3.76 6.37 8.68 5802.42 2918.37 1402.09 299 11.96 7.97 1.47 −0.43 −0.13
MxA 36.25 23.65 16.76 9.20 106.77 95.82 1.64 5.63 5.60 2.24 6.80 18.08 1.74 −0.11 −0.48

EIF2AK2 10.46 2.31 1.02 0.42 0.59 1.92 −0.88 0.28 0.61 0.15 0.29 3.13 761.56 547.91 −0.15
TNFSF10 111.91 39.11 7.28 83.86 659.24 280.84 13.50 43.98 62.37 2.14 18.05 51.31 −0.75 0.19 −0.32

XAF1 44.86 12.38 13.19 5.53 12.44 12.37 2.38 3147.85 7813.10 −0.66 2.44 3.45 2.77 0.12 0.09
IFIT2/ISG54 4.66 4.86 0.01 653.00 653.68 212.44 1.10 1.70 1.08 0.07 2.98 7.89 n/a n/a n/a
ISG12/IFI27 2.78 10.88 17.97 n/a n/a n/a 24.85 186.39 −1.89 n/a n/a n/a n/a n/a n/a

ISG15 5.14 4.60 0.22 n/a n/a n/a 6985.52 3144.69 255.73 1.04 12.79 26.90 n/a n/a n/a
IFI6/G1P3 2.78 5.81 4.33 0.23 1.55 0.70 129.33 5.31 −1.44 1.89 1.82 2.06 n/a n/a n/a

Signal transducers and activators of transcription
STAT1 36.25 21.63 11.89 1.30 0.96 −0.08 75.42 96.80 −0.05 0.91 −1.42 8.97 n/a n/a n/a
STAT2 3.53 1.24 0.38 0.30 −0.75 0.00 34.65 3.19 −56.21 0.17 1.46 8.40 n/a n/a n/a
STAT3 n/a n/a n/a n/a n/a n/a 0.87 −0.42 −0.01 1.24 −1.46 −0.08 n/a n/a n/a

Suppressors of cytokine signaling
SOCS3 n/a n/a n/a n/a n/a n/a 65.53 −39.54 −1000.40 −0.98 0.49 7.92 n/a n/a n/a

FC = Fold Change.
FC < −1000, p value < 0.001 FC < −10, p value < 0.005 −1 > FC > −2 0 > FC > −1, p value > 0.05 0 < FC < 2.2, p value > 0.05
2.2 < FC < 10, p value < 0.05 10 < FC < 30, p value <0.01 30 < FC < 60 60 < FC < 100, p value < 0.005 FC > 100, p value < 0.001

The relative expression levels calculated as an average of three independent experiments with PGK1, ACTb and GAPDH as reference genes in each experiment. Average values of threshold
cycles (Ct) for target gene obtained for each sample were normalized to average Ct values for house-keeping genes, GAPDH, PGK1 and ACTB, measured for the same sample in parallel
(∆Ct), and the data were calculated relatively to normalized Ct values for the mock-infected cells (∆∆Ct) for each time point. Fold change represents the difference between ∆∆Ct values for
MV infected and uninfected cells. Negative values indicate downregulation; n/a label indicates that the obtained Ct values did not allow to calculate the relative expression level or the
estimation was not performed (for HDF cells).
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Then, we measured the expression level of type I IFN signaling pathway genes encoding
regulators of IFN-β transcription—MAVS and IRF-3, IFN-β (IFNB1 gene) itself together with its
receptor subunits—IFNAR1 and IFNAR2, and interferon stimulated genes (ISGs)—MxA, OAS1,
TNFSF10 (TRAIL), XAF1, EIF2AK2 (PKR), ISG12/15/6-16, IFIT1/2, STAT1-3, SOCS1/3 encoding proteins
involving in the antiviral response of the cell. Although the gene expression levels varied between cell
lines after MV infection, certain pattern emerged (Table 2).

The significant increase in MAVS mRNA expression level in cell lines infected by L-16 MV was
observed only for mel Ibr cell line (p < 0.05), while IRF3 mRNA expression increased almost in all
the cell lines tested following by MV infection, except mel Il cells. Three out of five cell lines tested,
mel Il, mel Mtp and HDF, expressed IFN-β mRNA at different levels inducing at 24 h post infection
and decreasing with time of cultivation, while two cell lines did not express IFN-β mRNA (mel Z
cells) or expressed it at a statistically non-significant level (mel Ibr cells, p > 0.05). Overall, the pattern
of IFN-β mRNA expression did not correlate with sensitivity to MV. However, despite the absence
of IFN-β expression induction in mel Ibr and mel Z, this cell line, in turn, induced the expression of
certain ISGs—MxA, TNFSF10, IFIT2 24—72 h post infection. It is known that a number of viruses are
capable of directly upregulating a subset of ISGs in the absence of type I IFN production [23]. In the
mel Mtp cell line, despite a strong induction of IFN-β expression at 24 h post infection, only a small
subset of ISGs was overexpressed during the first 24 h post infection correlated with a corresponding
peak in IFN-β expression level, such as OAS1, ISG15, ISG6-16 (G1P3), ISG12 and STAT1 (Table 2), while
at 96 h post infection, a substantial induction of XAF1 (7.8K-fold) and TNFSF10 genes (TRAIL, 62-fold),
two known pro-apoptotic ISGs, was identified (Table 2).

Furthermore, in our study, only HDF and one cell line among melanoma cells tested—mel Il,
induced expression of PKR mRNA (p < 0.05). The same cell lines induced mRNA expression of IFNAR1
subunit having a higher impact on ISG expression compared with IFNAR2 subunit [24]. Thus, mel Il
cell line showed upregulation in response to MV infection for a full spectrum of ISG expression tested
at 24 h after infection, although at a low level (Table 2).

Together, our data show surprising diversity among melanoma cells in regard to their ability to
express and respond to type I IFN pathway induction indicating the difference in the response to MV
infection by all melanoma cell lines tested; however, none of them displayed induction of the total
gene set necessary for the inhibition of virus replication.

3.5. Release of Inflammatory Cytokines by Human Melanoma Cells After Infection with the Leningrad-16
Vaccine Strain of Measles Virus

To investigate the ability of melanoma cells to produce an inflammatory response to MV infection,
supernatants collected from cells infected with a MOI of 1.0 of MV were analyzed by ELISA for the
presence of pro- and anti-inflammatory cytokines—TNFα, IL-1β, IL-6, IL-10 and IL-18 at different
time points after infection (Figure 9). The release of cytokines varied between cell lines; however,
all cell lines did not express IL-18 at a detectable level (data not shown) but expressed TNFα although
at a low level. Uninfected and infected Mel Ibr cells overexpressed pro-inflammatory cytokine IL-6
higher than the detectable level. Mel Mtp cells also expressed Il-6 and increased its expression after
MV infection. However, IL-6 can act also as anti-inflammatory agent interacting with TNFα and
could potentially favor tumor progression. Both cell lines, mel Ibr and mel Mtp, also expressed the
inflammasome formation mediator, IL-1β, at high level comparing with mel Kor and mel Il cell lines,
while for mel Z cells the IL-1β expression was not detected. Infection with UV-inactivated MV also
induced IL-1β release, although at a lower level comparing with intact MV infection. The separate
release of IL-1β without IL-18 cytokine could indicate a non-canonical caspase activation distinct of
caspase-1 activation. For two cell lines, mel Il and mel Z, significant expression of anti-inflammatory
cytokine IL-10, known among all by regulating the NF-κB activity and Janus kinase-signal transducers
and activators of the transcription (JAK-STAT) signaling pathway, was detected. However, in the
mel Il cell line, the MV infection decreased release of IL-10 comparing with uninfected or infected
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with UV-inactivated MV cells. Thus, all human melanoma cells tested responded to the MV infection;
however, as for the relative gene expression, no common pattern of cytokine expression was revealed.
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Figure 9. Production of pro- and anti-inflammatory cytokines—TNFα, IL-6, IL-10 and IL-1β release.
Cell-free supernatants were collected 48 h after infection with MV or UV-inactivated MV and cytokines
levels were determined by ELISA. The data shown are mean results from three independent experiments;
error bars indicate standard deviation.

3.6. Enhancement of Human Melanoma Cell Death Followed by Measles Virus Infection

Previous reports indicated that for some cells, the effect of Ras activation on viral cytotoxicity
might be mediated by sensitising the cells to virally induced apoptosis, rather than determining their
ability to support viral replication [25]. Other reports showed that cell fusion followed by lysis of
cancer cells is a mechanism by which cancer cells are killed by MV [26,27].

To understand how MV infection induces cell killing, we examined the effect of MV infection on
apoptosis as almost all proteins encoded by the ISG expression tested, except ISG6-16, implicated in
apoptotic cell death. However, induction of apoptotic cell death was confirmed by characteristic DNA
fragmentation in electrophoresis only for mel Il and mel Z infected cells (Figure 10), but not for HDF,
mel Ibr and mel Mtp infected cell lines within 96 h post infection.
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Figure 10. Melanoma cell DNA agarose gel electrophoresis after infection with MV strain L-16. Lines
correspond to the following cells: 1—HDF + L-16, 24 h p.i., 2—mel Il + L-16, 24 h p.i., 3—mel Z + L-16,
24 h p.i., 4—HDF + L-16, 48 h p.i., 5—mel Il + L-16, 48 h p.i., 6—mel Z + L-16, 48 h p.i., 7—HDF + L-16,
72 h p.i., 8—mel Il + L-16, 72 h p.i., 9—mel Z + L-16, 72 h p.i., 10—HDF + L-16, 96 h p.i., 11—mel Il +

L-16, 96 h p.i., 12—mel Z + L-16, 96 h p.i., M—GeneRuler DNA Ladder Mix (Thermo Scientific).

Mel Mtp and mel Ibr melanoma cells were stained with Annexin V/PI and analysed by flow
cytometry in time-dependent maner. The rate of apoptotic cells under MV infection varied between
cell lines.

A proportion of Annexin V+/PI- cells (suggesting early apoptosis) composed about 1.46, 2.40 and
6.23% at 24, 48 and 72 h post MV infection of mel Mtp cell lines, respectively, and 14.64% at 72 h post
MV infection of mel Ibr cells, and was not significant compared with corresponding uninfected cells
(Figure 11). While a proportion of AnnexinV+/PI+ (suggesting late apoptosis) MV infected mel Mtp
cells composed 14.96%, 18.79% and 20.96% at 24, 48 and 72 h post infection, respectively, and 24.85% of
MV infected mel Ibr cells at 72 h post infection. The lack of early apoptotic cells coupled with the lack
of characteristic DNA fragmentation suggests that cells died by a non-canonical pathway orchestrated
by membrane integrity lost and phosphatidylserine migration bound with Annexin V coupled with
the inflammasome formation resulted in the IL-1β expression. In contrast, for mel Z cells, a proportion
of Annexin V+/PI- cells composed about 28.59% at 72 h post MV infection, while Annexin V+/PI+
cells were not detected (Figure 11). These data coupled with the DNA fragmentation detected by
electrophoresis and the lack of IL-1β expression could indicate an apoptotic mechanism of cell death.
Together, it was shown that melanoma cell lines tested prefer different ways to die.
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Figure 11. Cytometric analysis of apoptosis in infected melanoma cells stained with Annexin V/PI
and analysed by flow cytometry. a. Uninfected mel Mtp cell line at 48 h incubation; b. MV infected
mel Mtp cell line at 24 h post infection; c. MV-infected mel Mtp cell line at 48 h post infection; d. MV
infected mel Mtp cell line at 72 h post infection. e. uninfected mel Z cell line at 72 h incubation; f. MV
infected mel Z cell line at 72 h post infection; g. mel Ibr cell line at 72 h incubation; h. MV infected mel
Ibr cell line at 72 h post infection. ОХ—Annexin V (FITC), OY—PI.
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3.7. Potent Antitumor Activity Induced by the Leningrad-16 Vaccine Strain of Measles Virus in Mouse Xenografts

To investigate the antineoplastic efficacy and the therapeutic potential of MV treatment the
metastatic mel Z cell line, as sensitive and permissive cell line to MV infection in vitro, was chosen for
xenograft development in Balb/c nu/nu mice. Three doses of the MV L-16 strain (1.5 × 106 CCID50/mL)
were injected intratumorally into established mel Z xenograft tumors by reaching 32 ± 9 mm3 in
volume on day 14 after implantation. Three doses were injected with a one-week interval. A volumetric
analysis of the tumors showed a difference in mean tumor volume between the control group (treated
with an equal dose of culture medium) and the MV-treated group (Figure 12). Fifty-six days after
treatment, the animals in the control group had a mean tumor volume of 443 mm3, whereas the mean
tumor volume in the MV-infected animals was 97.25 mm3 (p = 0.012). Thus, tumor growth inhibition
index composed 78.05%. Furthermore, throughout the observation period, the animals in both groups,
MV-treated and untreated, survived. After the mice were euthanized, tumors and organs, such as liver,
lung, brain, kidney and spleen, were collected and tested for the presence of MV RNA by the qPCR-RT.
The traces of MV RNA were detected in tumors, while in the organs, the viral load was below the
detectable level.

Viruses 2019, 11, x FOR PEER REVIEW 21 of 25 

 

infected mel Mtp cell line at 72 h post infection. e. uninfected mel Z cell line at 72 h incubation; f. MV 

infected mel Z cell line at 72 h post infection; g. mel Ibr cell line at 72 h incubation; h. MV infected mel 

Ibr cell line at 72 h post infection. ОХ—Annexin V (FITC), OY—PI. 

3.7. Potent Antitumor Activity Induced by the Leningrad-16 Vaccine Strain of Measles Virus in Mouse 

Xenografts 

To investigate the antineoplastic efficacy and the therapeutic potential of MV treatment the 

metastatic mel Z cell line, as sensitive and permissive cell line to MV infection in vitro, was chosen 

for xenograft development in Balb/c nu/nu mice. Three doses of the MV L-16 strain (1.5 × 106 

CCID50/mL) were injected intratumorally into established mel Z xenograft tumors by reaching 32 ± 9 

mm3 in volume on day 14 after implantation. Three doses were injected with a one-week interval. A 

volumetric analysis of the tumors showed a difference in mean tumor volume between the control 

group (treated with an equal dose of culture medium) and the MV-treated group (Figure 12). Fifty-

six days after treatment, the animals in the control group had a mean tumor volume of 443 mm3, 

whereas the mean tumor volume in the MV-infected animals was 97.25 mm3 (p = 0.012). Thus, tumor 

growth inhibition index composed 78.05%. Furthermore, throughout the observation period, the 

animals in both groups, MV-treated and untreated, survived. After the mice were euthanized, tumors 

and organs, such as liver, lung, brain, kidney and spleen, were collected and tested for the presence 

of MV RNA by the qPCR-RT. The traces of MV RNA were detected in tumors, while in the organs, 

the viral load was below the detectable level. 

 

Figure 12. Oncolytic activity of MV strain L-16 against mel Z xenograft tumors in vivo. Mean tumor 

volume in Balb/c nu/nu mice after three doses of MV L-16 intertumoral injection (n = 4, light grey line) 

or culture medium (n = 4, dark line). The error bars indicate the standard deviation of the mean for 

each group of animals. 

4. Discussion 

Melanoma accounts for only 4% of all cancers but is the leading cause of skin cancer death due 

to its high metastatic potential. While the clinical landscape for melanoma is evolving rapidly, a lack 

of response to therapies, as well as resistance to therapy remain critical obstacles for treatment of this 

disease [28]. 

Oncolytic viruses including live attenuated MV vaccine strains have recently been shown as 

promising therapeutic agents against human malignant cells. Previous studies using the Edmonston 

B derived strains of MV have evidenced clinical benefits for the treatment of ovarian cancer, 

glioblastoma, disseminated multiple myeloma, mesothelioma, breast cancer, osteosarcoma and 

melanoma [7]. 

In this study, our attention was focused on the Russian vaccine strain of MV, Leningrad-16 (L-

16), carrying the same mutation in the H gene as Edmonston B MV strain leading to preferential 

attachment to the CD46 receptor despite the different histories of cell culture adaptation of wild types. 

We demonstrated that the disseminated melanoma cell lines carrying marker mutations in the B-Raf 

or N-Ras genes hyperactivating the MAPK/ERK signaling pathway are susceptible to productive 

Figure 12. Oncolytic activity of MV strain L-16 against mel Z xenograft tumors in vivo. Mean tumor
volume in Balb/c nu/nu mice after three doses of MV L-16 intertumoral injection (n = 4, light grey line)
or culture medium (n = 4, dark line). The error bars indicate the standard deviation of the mean for
each group of animals.

4. Discussion

Melanoma accounts for only 4% of all cancers but is the leading cause of skin cancer death due to
its high metastatic potential. While the clinical landscape for melanoma is evolving rapidly, a lack of
response to therapies, as well as resistance to therapy remain critical obstacles for treatment of this
disease [28].

Oncolytic viruses including live attenuated MV vaccine strains have recently been shown as
promising therapeutic agents against human malignant cells. Previous studies using the Edmonston B
derived strains of MV have evidenced clinical benefits for the treatment of ovarian cancer, glioblastoma,
disseminated multiple myeloma, mesothelioma, breast cancer, osteosarcoma and melanoma [7].

In this study, our attention was focused on the Russian vaccine strain of MV, Leningrad-16
(L-16), carrying the same mutation in the H gene as Edmonston B MV strain leading to preferential
attachment to the CD46 receptor despite the different histories of cell culture adaptation of wild types.
We demonstrated that the disseminated melanoma cell lines carrying marker mutations in the B-Raf or
N-Ras genes hyperactivating the MAPK/ERK signaling pathway are susceptible to productive infection
by MV. Both pre- and post-entry events in melanoma cells in response to viral infection with MV strain
L-16 were studied in an attempt to reveal potential mechanisms determining the cell sensitivity to MV.

The main criteria for the safety of oncolytic viruses, including MV, are selectivity of infection and
killing toward cancer cells with a minimal effect on normal cells. Thus, such selectivity is possible based
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on the receptor tropism of oncolytic viruses, as in case of MV overexpression of the CD46 molecules in
tumor cells [13], or tumor-related abnormalities in the regulation of mRNA translation suppressing
IFN-induced inhibition of cell proliferation and apoptotic signaling, however, also facilitating selective
replication of viruses in tumor cells [21]. All cell lines tested expressed CD46 at different levels, thereby
accounting for the oncolytic effect observed in most of them. However, we observed limited cell killing
with the mel Mtp cell line despite their high CD46 expression level. Hence, we believe that CD46
receptor expression is an important but not essential mechanism and other factors should contribute to
the varied effects observed.

There is now evidence that the anti-viral state of the cells likely plays an important role in
susceptibility to MV [29]. Indeed, the presence of an intact type I interferon-response pathway in
patient tumor samples was shown to correlate strongly with the suppression of MV replication in these
cells: the IFN I gene expression level, indicating that the healthy cells and primary tumor cells resistant
to virus-mediated oncolysis retained functional antiviral type-I IFN pathways impaired replication of
MV, while sensitive cells were defective in these pathways [30,31]. However, other authors reported
that melanoma cells retained the ability to release IFN in response to MV infection and were not
detrimental to viral killing [10]. In this study analyzing gene expression in response to MV infection in
melanoma cells, we also demonstrated that despite the induction of IFN-β gene expression in some cells
and interferon-stimulated genes (ISGs), melanoma cell lines were permissive for MV showing varying
degrees of sensitivity. For sensitive cell lines, a characteristic cytopathic effect was observed on days 2–3
after infection. Nevertheless, this was accompanied by significant production of defective interfering
(DI) genomes represented by short dsRNA sequences, which, in turn, are ligands for intracytoplasmic
helicase RIG-I-like receptors. However, DI genomes need a virus as a carrier to reach the cell cytoplasm.
Indeed, 24–48 h after infection, an increase in the gene expression level of these receptors was observed,
correlating with the IFN-β expression 24 h after infection. As already mentioned, previous authors
suggested that most of mesothelioma patient cells were potentially sensitive to MV oncolytic activity
due to the defects in the intracellular innate antiviral response by measuring the mRNA expression
level of MxA gene [28]. We extended a panel of ISG mRNA expression level by measuring OAS1,
TNFSF10 (TRAIL), XAF1, EIF2AK2 (PKR), ISG12/15/6-16, IFIT1/2, STAT1-3, SOCS1/3 gene expression
levels and found that in cells missing the expression of mRNA encoding, some based antiviral proteins
other ISGs were expressed, while cells remained sensitive to MV inducing cell death. Overall, our
data show that melanoma cells varied with regard to their ability to produce and respond to type I
IFN, supporting the key role of the IFN signaling in pathway determining the oncolytic effect of L-16
MV leading to ISG induction resulting in apoptotic cascades. Other authors have recently revealed
IFN pathway activation as an essential determinant for efficient oncolytic MV infectivity in human
glioblastoma specimens by performing RNA sequencing [32,33].

In most human cells, including the fibroblasts, the expression of both IFN-β and a subset of ISGs
was shown to be induced early, whereas the expression of the full spectrum of IFNs and ISGs occurs
as a second wave dependent on IFN-β secretion [34,35]. Since the IFN-β gene expression by Mel Ibr
and Mel Z was never detected following MV infection, the virus probably directly stimulates ISG
transcription, sustaining a hypothesis of an IFN-independent pathway in melanoma cells. Indeed,
accumulating evidence has demonstrated that numerous ISGs can be directly upregulated following
virus infection independent of IFN signaling, whereas typical ISGs are driven by JAK-STAT signaling,
other virally stimulated genes are upregulated through the IRF3 and NF-κB pathways [36], including
OAS and MxA [37], or through the BATF2-IRF1 as a potential antiviral host machinery in the absence
of IFN signaling [33]. These genes are called virus-stimulated genes (VSGs). Interestingly, VSGs have
natural anticancer activities protecting normal tissues to enhance the therapeutic index of the virus [10].

Furthermore, the stability of the IFN-β mRNA transcripts during infection with particular viruses
is dependent on protein kinase R (PKR) activity preventing deadenylation of the IFN-β transcript [24].
Interestingly, the L-16 strain of MV has additional mutation in MV C protein comparing with the
Edmonston B strain, which normally impairs the production of DI [38], thus, the L-16 producing
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significant amount of DI should strongly trigger the PKR activation, leading to impaired MV growth.
However, MV infection of melanoma cells did not lead to an enhanced PKR mRNA expression. Indeed,
it was shown that the activated Ras signaling in malignant cells was subsequently found to inhibit the
function of PKR, which normally prevents viral protein translation [39]. Thus, in Ras-activated cells,
dysfunctional PKR signaling allows virus replication to proceed and cell death ensues. The difference
in response toward oncolytic effect induced by MV infection between B-Raf mutated and N-Ras
mutated cells may result from this mechanism. Other groups also analyzed PKR antiviral activity in
human lung adenocarcinoma cell lines to the Edmonston B strain of MV and suggested that the PKR
antiviral activity plays a role in the limited infection of the resistant tumor cell line by limiting the host
transcriptional activity [29].

Thus, the combined low levels or lack of IFN-β and PKR refractory to stimulation, together with
the separate expression of ISGs, notably OAS and MxA, could create an environment favorable to MV
replication acting as pro-apoptotic and anti-proliferative signals, mediating the death of melanoma cells
comparing with normal cells, although the cell death mechanism depended on the cell line tested. Thus,
Mel Il and mel Z cell lines were undergoing the characteristic apoptotic DNA fragmentation, confirmed
by Annexin V staining, while mel Ibr and mel Mtp melanoma cells may have defective apoptotic
pathways and were killed by an inflammatory cell death mechanism leading to the production of
a mature pro-inflammatory cytokine IL-1β via the caspase-1-independent pathway disregarding
their ability to induce IFN-β expression. It is probable that during viral infection of melanoma
cells, delaying apoptosis through autophagy induction would be a viable cellular strategy to protect
surrounding uninfected cells from viral infection [40]. Inflammatory melanoma cell death within the
tumor microenvironment would lead to innate and adaptive immune activation, limiting MV spread.
However, the presence of the virus together with the release of tumor antigens, DAMPs and PAMPs,
may overcome immunosuppression in the tumor microenvironment and promote antitumor immunity.

The efficacy and the safety of the L-16 MV were demonstrated in vivo. In a subcutaneous human
melanoma xenograft model, the L-16 strain of MV led to the tumor growth inhibition after three
injections into established tumors compared with the control group.

Therefore, our obtained data indicating the effective elimination of melanoma cells both in vitro
and in vivo, could contribute to the development of approaches for the treatment of metastatic
melanoma based on the L-16 strain of oncolytic MV as a platform for further genetical manipulation
and could complement the currently available approaches to drug therapy due to the selectivity of
viral infection and spreading in tumor tissue with minimal toxic effects on surrounding normal cells.

Author Contributions: Conceptualization, experiment design, data curation and writing—original draft
preparation, Y.A.; methodology, cell culture providing, O.R.; experiment assistance, Y.S. and E.P.; flow cytometry,
M.G.; animal experiments, D.K. and D.V.; resources, I.S.; validation, E.F.; supervision, V.V.Z. and O.S.; funding
acquisition and project administration, T.N. All authors have read and agreed to the published version of
the manuscript.

Funding: This research was partly funded by the Russian Science Foundation, grant number 14-35-00107.

Acknowledgments: The authors are grateful to Kirill Bliznetsov (Alamed, Russia) for providing the xCELLigence
system and related service for the period of our experiments.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Malishevskaya, N.P.; Sokolova, A.V.; Demidov, L.V. The incidence of skin melanoma in the Russian Federation
and federal districts. Med Counc. 2018, 10, 161–165. (In Russian) [CrossRef]

2. Matthews, N.H.; Li, W.-Q.; Qureshi, A.A.; Weinstock, M.A.; Cho, E. Epidemiology of Melanoma. In Cutaneous
Melanoma: Epidemiology and Therapy; Ward, W.H., Farma, J.M., Eds.; Codon Publications: Brisbane,
Australia, 2017.

http://dx.doi.org/10.21518/2079-701X-2018-10-161-165


Viruses 2020, 12, 173 22 of 23

3. Lacroix, J.; Kis, Z.; Josupeit, R.; Schlund, F.; Stroh-Dege, A.; Frank-Stöhr, M.; Leuchs, B.; Schlehofer, J.R.;
Rommelaere, J.; Dinsart, C. Preclinical Testing of an Oncolytic Parvovirus in Ewing Sarcoma: Protoparvovirus
H-1 Induces Apoptosis and Lytic Infection In Vitro but Fails to Improve Survival In Vivo. Viruses 2018,
10, 302. [CrossRef] [PubMed]

4. Errington, F.; White, C.L.; Twigger, K.R.; Rose, A.; Scott, K.; Steele, L.; Ilett, L.J.; Prestwich, R.; Pandha, H.S.;
Coffey, M.; et al. Inflammatory tumor cell killing by oncolytic reovirus for the treatment of melanoma.
Gene Ther. 2008, 18, 1257–1270. [CrossRef] [PubMed]

5. Murphy, M.A.; Besmer, D.M.; Moerdyk-Schauwecker, M.; Moestl, N.; Ornelles, D.; Mukherjee, P.;
Grdzelishvili, V.Z. Vesicular Stomatitis Virus as an Oncolytic Agent against Pancreatic Ductal Adenocarcinoma.
J. Virol. 2012, 86, 3073–3087. [CrossRef] [PubMed]

6. Deng, L.; Fan, J.; Ding, Y.; Zhang, J.; Zhou, B.; Zhang, Y.; Huang, B.; Hu, Z. Oncolytic cancer therapy with a
vaccinia virus strain. Oncol. Rep. 2019, 41, 686–692. [CrossRef]

7. Msaouel, P.; Opyrchal, M.; Dispenzieri, A.; Peng, K.W.; Federspiel, M.J.; Russell, S.J.; Galanis, E. Clinical
Trials with Oncolytic Measles Virus: Current Status and Future Prospects. Curr. Cancer Drug Targets 2017, 18,
177–187. [CrossRef]

8. Alberts, P.; Tilgase, A.; Rasa, A.; Bandere, K.; Venskus, D. The advent of oncolytic virotherapy in oncology:
The Rigvir®story. Eur. J. Pharmacol. 2018, 837, 117–126. [CrossRef]

9. Bayan, C.Y.; Lopez, A.T.; Gartrell, R.D.; Komatsubara, K.M.; Bogardus, M.; Rao, N.; Chen, C.; Hart, T.D.;
Enzler, T.; Rizk, E.M.; et al. The Role of Oncolytic Viruses in the Treatment of Melanoma. Curr. Oncol. Rep.
2018, 20, 80–101. [CrossRef]

10. Donnelly, O.G.; Errington-Mais, F.; Steele, L.; Hadac, E.; Jennings, V.; Scott, K.; Peach, H.; Phillips, R.M.;
Bond, J.; Pandha, H.; et al. Measles virus causes immunogenic cell death in human melanoma. Gene Ther.
2013, 20, 7–15. [CrossRef]

11. Dharmadhikari, N.; Mehnert, J.M.; Kaufman, H.L. Oncolytic virus immunotherapy for melanoma. Curr. Treat.
Options Oncol. 2015, 16, 326. [CrossRef]

12. Ammour, Y.I.; Ryabaya, O.O.; Milovanova, A.V.; Sidorov, A.V.; Shohin, I.E.; Zverev, V.V.; Nasedkina, T.V.
Oncolytic Properties of a Mumps Virus Vaccine Strain in Human Melanoma Cell Lines. Mol. Biol. 2018, 52,
570–576. [CrossRef]

13. Anderson, B.D.; Nakamura, T.; Russell, S.J.; Peng, K.W. High CD46 Receptor Density Determines Preferential
Killing of Tumor Cells by Oncolytic Measles Virus. Cancer Res. 2004, 64, 4919–4926. [CrossRef] [PubMed]

14. Nechaeva, E.A.; Getmanova, T.N.; Senkina, T.Y.; Yurchenko, N.D. Study of Leningrad-16 Vaccine Strain of
Measles Virus Reproduction in Cell Cultures Perspective for Biotechnology. New Dev. New Appl. Animal Cell
Tech. 1998, 577–579.

15. Mikhaylova, I.N.; Kovalevsky, D.A.; Morozova, L.F.; Golubeva, V.A.; Cheremushkin, E.A.; Lukashina, M.I.;
Voronina, E.S.; Burova, O.S.; Utyashev, I.A.; Kiselev, S.L.; et al. Cancer/testis genes expression in human
melanoma cell lines. Melanoma Res. 2008, 18, 303–313. [CrossRef]

16. Mikhaı̆lova, I.N.; Lukashina, M.I.; Baryshnikov, A.I.; Morozova, L.F.; Burova, O.S.; Palkina, T.N.; Kozlov, A.M.;
Golubeva, V.A.; Cheremushkin, E.A.; Doroshenko, M.B.; et al. Melanoma cell lines as the basis for antitumor
vaccine preparation. Vestn. Ross. Akad. Med. Nauk. 2005, 7, 37–40.

17. Reed, L.J.; Muench, H. A simple method of estimating fifty percent endpoints. Am. J. Hyg. 1938, 27, 493–497.
18. Ammour, Y.; Faizuloev, E.; Borisova, T.; Nikonova, A.; Dmitriev, G.; Lobodanov, S.; Zverev, V. Quantification

of measles, mumps and rubella viruses using real-time quantitative TaqMan-based RT-PCR assay. J. Virol.
Methods 2013, 187, 57–64. [CrossRef] [PubMed]

19. Livak, K.J.; Schmittgen, T.D. Analysis of relative gene expression data using real-time quantitative PCR and
the 2(-Delta Delta C(T)) Method. Methods 2001, 25, 402–408. [CrossRef]

20. Emelyanova, M.; Ghukasyan, L.; Abramov, I.; Ryabaya, O.; Stepanova, E.; Kudryavtseva, A.; Sadritdinova, A.;
Dzhumakova, C.; Belysheva, T.; Surzhikov, S.; et al. Detection of BRAF, NRAS, KIT, GNAQ, GNA11 and
MAP2K1/2 mutations in Russian melanoma patients using LNA PCR clamp and biochip analysis. Oncotarget
2017, 8, 52304–52320. [CrossRef]

21. Lichty, B.D.; Breitbach, C.J.; Stojdl, D.F.; Bell, J.C. Going viral with cancer immunotherapy. Nat. Rev. Cancer.
2014, 14, 559–567. [CrossRef]

22. Calain, P.; Roux, L. Generation of Measles Virus Defective Interfering Particles and Their Presence in a
Preparation of Attenuated Live-Virus Vaccine. J. Virol. 1988, 62, 2859–2866. [CrossRef] [PubMed]

http://dx.doi.org/10.3390/v10060302
http://www.ncbi.nlm.nih.gov/pubmed/29865280
http://dx.doi.org/10.1038/gt.2008.58
http://www.ncbi.nlm.nih.gov/pubmed/18401435
http://dx.doi.org/10.1128/JVI.05640-11
http://www.ncbi.nlm.nih.gov/pubmed/22238308
http://dx.doi.org/10.3892/or.2018.6801
http://dx.doi.org/10.2174/1568009617666170222125035
http://dx.doi.org/10.1016/j.ejphar.2018.08.042
http://dx.doi.org/10.1007/s11912-018-0729-3
http://dx.doi.org/10.1038/gt.2011.205
http://dx.doi.org/10.1007/s11864-014-0326-0
http://dx.doi.org/10.1134/S0026893318040027
http://dx.doi.org/10.1158/0008-5472.CAN-04-0884
http://www.ncbi.nlm.nih.gov/pubmed/15256464
http://dx.doi.org/10.1097/CMR.0b013e32830e391d
http://dx.doi.org/10.1016/j.jviromet.2012.09.011
http://www.ncbi.nlm.nih.gov/pubmed/23018058
http://dx.doi.org/10.1006/meth.2001.1262
http://dx.doi.org/10.18632/oncotarget.17014
http://dx.doi.org/10.1038/nrc3770
http://dx.doi.org/10.1128/JVI.62.8.2859-2866.1988
http://www.ncbi.nlm.nih.gov/pubmed/3392771


Viruses 2020, 12, 173 23 of 23

23. Wang, W.; Xu, L.; Junhong, S.; Peppelenbosch, M.P.; Pan, Q. Transcriptional Regulation of Antiviral
Interferon-Stimulated Genes. Trends Microbiol. 2017, 25, 573–584. [CrossRef] [PubMed]

24. Ivashkiv, L.B.; Donlin, L.T. Regulation of type I interferon responses. Nat. Rev. Immunol. 2014, 14, 36–49.
[CrossRef] [PubMed]

25. Zhang, L.F.; Tan, D.Q.; Jeyasekharan, A.D.; Hsieh, W.S.; Ho, A.S.; Ichiyama, K.; Ye, M.; Pang, B.; Ohba, K.;
Liu, X.; et al. Combination of vaccine-strain measles and mumps virus synergistically kills a wide range of
human hematological cancer cells: Special focus on acute myeloid leukemia. Cancer Lett. 2014, 354, 272–280.
[CrossRef]

26. Galanis, E.; Bateman, A.; Johnson, K.; Diaz, R.M.; James, C.D.; Vile, R.; Russell, S.J. Use of viral fusogenic
membrane glycoproteins as novel therapeutic transgenes in gliomas. Hum. Gene Ther. 2001, 12, 811–821.
[CrossRef]

27. Wild, T.F.; Malvoisin, E.; Buckland, R. Measles virus: Both the haemagglutinin and fusion glycoproteins are
required for fusion. J. Gen. Virol. 1991, 72, 439–442. [CrossRef]

28. Ndoye, A.; Weeraratna, A.T. Autophagy—An emerging target for melanoma therapy. F1000 Res. 2016, 5,
F1000 Faculty Rev-1888. [CrossRef]

29. Patel, M.R.; Jacobson, B.A.; Belgum, H.; Raza, A.; Sadiq, A.; Drees, J.; Wang, H.; Jay-Dixon, J.; Etchison, R.;
Federspiel, M.J.; et al. Measles vaccine strains for virotherapy of non-small-cell lung carcinoma. J. Thorac.
Oncol. 2014, 9, 1101–1110. [CrossRef]

30. Achard, C.; Boisgerault, N.; Delaunay, T.; Roulois, D.; Nedellec, S.; Royer, P.; Pain, M.; Combredet, C.;
Mesel-Lemoine, M.; Cellerin, L.; et al. Sensitivity of human pleural mesothelioma to oncolytic measles virus
depends on defects of the type I interferon response. Oncotarget 2015, 6, 44892–44904. [CrossRef]

31. Allagui, F.; Achard, C.; Panterne, C.; Combredet, C.; Labarrière, N.; Dréno, B.; Elgaaied, A.B.; Pouliquen, D.;
Tangy, F.; Fonteneau, J.F.; et al. Modulation of the Type I Interferon Response Defines the Sensitivity of
Human Melanoma Cells to Oncolytic Measles Virus. Curr. Gene Ther. 2016, 16, 419–428. [CrossRef]

32. Kurokawa, C.; Iankov, I.D.; Anderson, S.K.; Aderca, I.; Leontovich, A.A.; Maurer, M.J.; Oberg, A.L.;
Schroeder, M.A.; Giannini, C.; Greiner, S.M.; et al. Galanis, E. Constitutive Interferon Pathway Activation
in Tumors as an Efficacy Determinant Following Oncolytic Virotherapy. J. Natl. Cancer Inst. 2018, 110,
1123–1132. [CrossRef] [PubMed]

33. Rajaraman, S.; Canjuga, D.; Ghosh, M.; Cosmin Codrea, M.; Sieger, R.; Wedekink, F.; Tatagiba, M.; Koch, M.;
Lauer, U.M.; Nahnsen, S.; et al. Measles Virus-Based Treatments Trigger a Pro-inflammatory Cascade and
a Distinctive Immunopeptidome in Glioblastoma. Mol. Ther. Oncolytics. 2019, 12, 147–161. [CrossRef]
[PubMed]

34. Goodbourn, S.; Didcock, L.; Randall, R.E. Interferons: Cell signaling, immune modulation, antiviral response
and virus countermeasures. J. Gen. Virol. 2000, 81, 2341–2364. [CrossRef] [PubMed]

35. Hiscott, J. Triggering the innate antiviral response through IRF-3 activation. J. Biol. Chem. 2007, 282,
15325–15329. [CrossRef]

36. Nourbakhsh, M.; Hauser, H. Constitutive silencing of IFN-beta promoter is mediated by NRF
(NF-kappaB-repressing factor), a nuclear inhibitor of NF-kappa B. EMBO J. 1999, 18, 6415–6425. [CrossRef]

37. Le Tortorec, A.; Denis, H.; Satie, A.-P.; Patard, J.-J.; Ruffault, A.; Jegou, B.; Dejucq-Rainsford, N. Antiviral
responses of human Leydig cells to mumps virus infection or poly I:C stimulation. Hum. Reprod. 2008, 23,
2095–2103. [CrossRef] [PubMed]

38. Pfaller, C.K.; Radeke, M.J.; Cattaneo, R.; Samuel, C.E. Measles virus C protein impairs production of defective
copyback double-stranded viral RNA and activation of protein kinase R. J. Virol. 2014, 88, 456–468. [CrossRef]

39. Fernandes, J. Oncogenes: The Passport for Viral Oncolysis Through PKR Inhibition. Biomark. Cancer 2016, 8,
101–110. [CrossRef]

40. Rozières, A.; Viret, C.; Faure, M. Autophagy in Measles Virus Infection. Viruses 2017, 9, 359. [CrossRef]

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1016/j.tim.2017.01.001
http://www.ncbi.nlm.nih.gov/pubmed/28139375
http://dx.doi.org/10.1038/nri3581
http://www.ncbi.nlm.nih.gov/pubmed/24362405
http://dx.doi.org/10.1016/j.canlet.2014.08.034
http://dx.doi.org/10.1089/104303401750148766
http://dx.doi.org/10.1099/0022-1317-72-2-439
http://dx.doi.org/10.12688/f1000research.8347.1
http://dx.doi.org/10.1097/JTO.0000000000000214
http://dx.doi.org/10.18632/oncotarget.6285
http://dx.doi.org/10.2174/1566523217666170102110502
http://dx.doi.org/10.1093/jnci/djy033
http://www.ncbi.nlm.nih.gov/pubmed/29788332
http://dx.doi.org/10.1016/j.omto.2018.12.010
http://www.ncbi.nlm.nih.gov/pubmed/30775418
http://dx.doi.org/10.1099/0022-1317-81-10-2341
http://www.ncbi.nlm.nih.gov/pubmed/10993923
http://dx.doi.org/10.1074/jbc.R700002200
http://dx.doi.org/10.1093/emboj/18.22.6415
http://dx.doi.org/10.1093/humrep/den207
http://www.ncbi.nlm.nih.gov/pubmed/18567898
http://dx.doi.org/10.1128/JVI.02572-13
http://dx.doi.org/10.4137/BIC.S33378
http://dx.doi.org/10.3390/v9120359
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Cell Cultures, Virus and Viral Propagation 
	Viral and Total RNA Extraction 
	Quantitative Real-Time PCR (qPCR) 
	MTT Assay 
	xCELLigence Real-Time Cell Proliferation Measurement 
	Flow Cytometry 
	ELISA 
	Agarose Gel Electrophoresis 
	Animal Experiments 
	Statistical Analysis 

	Results 
	Susceptibility of Melanoma Cell Lines to the Oncolysis Induced by the Leningrad-16 Vaccine Strain of Measles Virus 
	Permissiveness of Human Melanoma Cells to the Leningrad-16 Vaccine Strain of Measles Virus 
	Expression of the Measles Virus Receptor, CD46, by the Human Melanoma Cell Lines 
	Expression of type I IFN Signaling Pathway Genes by Human Melanoma Cells in Response to Measles Virus Infection 
	Release of Inflammatory Cytokines by Human Melanoma Cells After Infection with the Leningrad-16 Vaccine Strain of Measles Virus 
	Enhancement of Human Melanoma Cell Death Followed by Measles Virus Infection 
	Potent Antitumor Activity Induced by the Leningrad-16 Vaccine Strain of Measles Virus in Mouse Xenografts 

	Discussion 
	References

