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Abstract: Glioblastoma multiforme (GBM) accounts for almost half of all primary malignant brain
tumors in adults and has a poor prognosis. Here we demonstrated the oncolytic potential of the
L-16 vaccine strain of measles virus (MV) against primary human GBM cells and characterized the
genetic patterns that determine the sensitivity of primary human GBM cells to oncolytic therapy.
MYV replicated in all GBM cells, and seven out of eight cell lines underwent complete or partial
oncolysis. RNA-Seq analysis identified about 1200 differentially expressed genes (FDR < 0.05) with
at least two-fold expression level change between MV-infected and uninfected cells. Among them,
the most significant upregulation was observed for interferon response, apoptosis and cytokine
signaling. One out of eight GBM cell lines was defective in type I interferon production and, thus, in
the post-interferon response, other cells lacked expression of different cellular defense factors. Thus,
none of the cell lines displayed induction of the total gene set necessary for effective inhibition of
MYV replication. In the resistant cells, we detected aberrant expression of metalloproteinase genes,
particularly MMP3. Thus, such genes could be considered intriguing candidates for further study of
factors responsible for cell sensitivity and resistance to L-16 MV infection.
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1. Introduction

Glioblastoma multiforme (GBM) is the most common and aggressive type of adult
brain tumor, accounting for 55% of all brain tissue tumors [1]. The disease is invariably
fatal, despite the aggressive use of multimodality treatment, with a glioblastoma cancer
stem cell (CSC) population emerging as a major cause of tumor recurrence after treatment.
CSCs are multipotent cells, capable of self-renewal that rapidly acquire resistance to radio-
and chemo-therapeutic treatments [2]. They usually constitute 2-3% of the original glioma,
but their population grows rapidly upon stimulation by surgery and treatment [3]. The
current standard treatment for GBM is maximal surgery, followed by chemotherapy with
temozolomide and radiotherapy [4,5]. The overall survival rate for GBM is 15 months, and
the 5-year survival rate is 5-7% after the initial diagnosis. Still, nearly 90% of GBM patients
will die of the disease within two years of diagnosis [6]. The lack of an efficient anti-tumor
immune response and the micro-invasive nature of the glioma malignant cells have been
explained by a multitude of immune-suppressive mechanisms, proven in different models.
Therefore, new treatment strategies that target both the primary tumor mass and the highly
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resistant CSC population as well as immune suppression are imperative if GBM survival
rates are to improve.

Oncolytic viruses (OVs) have been developed as an approach for the treatment of
many cancers and are a particularly rational therapy choice in the treatment of tumors
resistant to standard therapies. OVs not only kill the tumor cells by direct lysis [7], but the
oncolytic process also provides critical danger signals in the form of virus-derived PAMPs
and endogenous DAMPs as a consequence of virus-induced immunogenic cell death
mechanisms, which initiate potent anti-tumor immune responses [8-10] to overcome the
immunosuppressive tumor microenvironment [11] and induce long-lasting tumor-specific
immunity. OVs have been explored as potentially new, non-cross-resistant therapeutics
for the treatment of brain tumors. Safety and efficacy of herpesvirus, adenovirus, vaccinia
virus, reovirus, parvovirus, poliovirus, measles virus, replicating retrovirus vector, and
Newecastle disease virus (NDV) are being investigated as monotherapies [12] or in combined
therapeutic regimes [13] in malignant glioma patients at different clinical phases.

The live attenuated measles virus (MV) vaccine strains have also been shown as
promising therapeutic agents against human malignancies [14]. Several phase I clinical
trials using the MV Edmonston-B strain have shown clinical benefits for the treatment
of ovarian cancer, GBM, mesothelioma, glioma, and breast cancer [15]. Recently, it was
reported that MV has significant anti-tumor activity against GBM and glioma stem cells
in vitro and in vivo, a sensitivity that is at least in part explained by the overexpression
of the MV receptor CD46 in brain tumor cell lines [16]. However, it is clear that elevated
CD46 expression only partly accounts for viral tropism, and the anti-viral state of the host
likely plays an important role in susceptibility to MV [17].

In the present study, the oncolytic properties of MV have been investigated in vitro
against primary GBM cells. In our study, we focused on the attenuated Russian vaccine
strain of MV, “Leningrad-16" (L-16), which has been recently evaluated as an OV against
human melanoma cells [18]. L-16 was isolated in rodent guinea-pig kidney cell culture
after 17 passages at 35-36 °C followed by four passages in the same cell culture at 30 °C
and 7 passages in Japanese quail embryo fibroblast cells at 35-36 °C. Such adaptation of
the L-16 strain has provided intensive viral reproduction. As Edmonston-B MV, L-16 has
an excellent safety record as a human vaccine strain [19].

To better characterize MV-induced immunological responses at a transcriptional level,
mRNA sequencing was performed to examine gene expression in infected primary GBM
cells. Possible predictive gene changes in GBM cells sensitive to L-16 MV-induced oncolysis
were determined.

2. Materials and Methods
2.1. Cell Cultures, Virus and Viral Propagation

Glioblastoma (GBM) cell lines Gbl7n, Gbl11n, Gbl12n, Gbl13n, Gbl16n, Gbl17n, Gbl24n,
and Gbl25n at early passages (6-7 passages) were established from primary tumor cells
in the N.N. Blokhin Russian Cancer Research Center from surgical resection or biopsies
of confirmed GBM cases and genetically characterized. All patients gave their informed
consent. The molecular-genetic profile of cell lines was performed using next-generation
sequencing [20]. The mutations found are summarized in Table 1. Immortalized human ep-
ithelial cells, h\TERT-NKE (normal kidney epithelial cells), were obtained from the collection
of the N.N. Blokhin Russian Cancer Research Center.
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Table 1. Glioblastoma cell lines origin.

Primary Cell Line Patient (Sex, Age) Diagnosis, WHO Grade Gene Mutation
Gbl 7n 356 Glioblastoma (GIV) - -
Gbl 11n 958 Glioblastoma (GIV), primary PREX2 ¢.778_779ns
multiple metachronous tumors
. AR c.234_239dup
Gbl 12n J57 Glioblastoma (GIII-GIV), relapse ATM c873A > G
PTEN c.T821C
Gbl 13n 45 Glioblastoma, relapse MRE11 ¢.579_582del
TP53 c.C460T
TP53 c.A419G
Gbl 16n g47 Glioblastoma, relapse PTEN c.A588T
TAF1L c.C2746T
PTEN ¢.1524_1525ins
. ERBB3 ¢.C2150T
Gbl 17n J68 Glioblastoma (GIV) PIK3CG  A766T
TOP1 ¢.533_538del
Gbl 24n 349 Giant cell glioblastoma (GIV) PIM1 c. *104A > G
. PTEN €.635-1G > A
Gbl 25n Q70 Glioblastoma (GIV) TP53 «.C263T

(*) means nucleotide position in the three prime untranslated region (3’-UTR)

The L-16 vaccine strain of MV, obtained from the collection of the I.I. Mechnikov
Research Institute for Vaccines and Sera (titer 6.2—6.3 log;y CCIDs5p/mL), was propagated
in Vero (CCL-81, ATCC, USA) and estimated by the end-point dilution CCIDs; assays in
Vero cells.

All cell lines were maintained in T25 flasks (Corning, Amsterdam, Netherlands) in the
DMEM/F12 culture medium (Thermo Fisher Scientific, Munich, Germany) supplemented
with 10 % fetal bovine serum (FBS; Thermo Fisher Scientific, Munich, Germany), 1 mM
glutamine (Thermo Fisher Scientific, Munich, Germany) and 50 pg/mL gentamicin reagent
solution (Thermo Fisher Scientific, Munich, Germany) in a humidified atmosphere under
5 % CO; at 37 °C. Cultures were passaged once confluent. Cells were split with TrypLE
Express (Thermo Fisher Scientific, Munich, Germany). To assess the cell viability, a cell
suspension was supplemented with 0.2% trypan blue (Thermo Fisher Scientific, Munich,
Germany), and cells were counted in a Goryaev chamber.

To perform infection of GBM cells, 80-90 % confluent cell monolayers were washed
once with 3 mL of Hanks” Balanced Salt Solution (HBSS, Thermo Fisher Scientific, Munich,
Germany) prior to infection. Virus stock suspension was diluted in an FBS-free culture
medium and then used to infect cells at a multiplicity of infection (MOI) of 1.0 or 0.01
infectious units per cell; cells were incubated at 32 £ 1 °Cin 5 % CO, for 3 h. Mock-infected
control cultures were processed in parallel with MV inactivated by exposure to UV light
(20,000 pJ /sm?, 20 min on ice). Following virus adsorption, the inoculum was removed, the
cell monolayers were washed three times with HBSS and cultured in DMEM/F12 medium
supplemented with 2 % FBS in an atmosphere containing 5 % CO, at 32 + 1 °C for 5-7
days. To study the virus accumulation kinetics, supernatants were collected at the indicated
time points, clarified by centrifugation at 3370 ¢ for 10 min to remove debris, and stored
at —70 °C until testing. RNA samples isolated from three independently MV-infected or
mock-infected cell cultures were used for each analysis. The amount of intracellular virus
was determined by dissolving the cell pellet in 500 pL fresh medium followed by three
subsequent freeze-thaw cycles and clarified by centrifugation as described above. Virus
titers were determined by the end-point dilution CCIDsg assay on Vero cells in duplicate.

For high throughput analysis, 1.0 x 10° cells were infected with MV at a MOI of 1.0
or mock-infected. Cells were lysed with 300 uL RLT buffer (RNeasy kit, Qiagen, Hilden,
Germany) in duplicates at 36 h post infection and stored at —70 °C until use.
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2.2. Viral and Total RNA Extraction

Viral RNA was isolated from cell culture supernatants using the QlAamp Viral RNA
Mini Kit (Qiagen, Hilden, Germany) from 140 pL of the virus-containing supernatant,
while total RNA was isolated from cell lysates in RLT buffer using the RNeasy kit (Qiagen,
Hilden, Germany) according to the manufacturer’s instruction. Total RNA was quantified
using a NanoDrop® ND-1000 spectrophotometer (NanoDrop ND-Thermo Fisher Scientific,
Munich, Germany). RNA quality and quantity were assessed using the 2100-Bioanalyzer
(Agilent Technologies, Waldronn, Germany). RIN index (RNA integrity index) was 9.5-10.

2.3. Quantitative Reverse Transcription PCR (RT-qgPCR)

Viral RNA quantification was performed using real-time RT-qPCR as described previ-
ously [21]. Thermal cycling was performed in the DT-Prime5 (DNA-Technology, Moscow,
Russia) instrument. 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 RT-qPCR for each sample was
the threshold cycle (C;) value measured by the second derivative maximum method of the
instrument software. In parallel with samples a 10-fold dilution series of reference MV with
known titers (expressed in logjg CCIDsy/mL) was run in duplicate to construct a 4-point
calibration curve. Thus, titers for the test samples were calculated in CCIDsp/mL relative
to reference preparations based on the standard curve and subsequently converted to the
log10CCID5p/mL values.

2.4. RNA Sequencing

Libraries for sequencing were prepared using the TruSeqRNA Library Preparation
Kit v2 (Illumina, San Diego, CA, USA). About 1-2 ug of total isolated RNA was used for
each sample. The final size of the cDNA library fragments was 400-500 bp. To accurately
determine the concentration of the obtained cDNA, quantitative PCR was used, then a
mixture of cDNA libraries of different samples was prepared in equal proportions, and the
mixed libraries were validated. Sequencing was performed on the NextSeq500 (Illumina,
San Diego, CA, USA) platform in the pair-end read mode (2 x 150 bp). There were two
runs of NextSeq500: 12 samples per run. For each sample, about 30-50 million reads
were obtained.

The derived reads were checked up with FastQC 0.11.5, trimmed with Trimmomatic
0.39 and then mapped to the human reference genome GRCh38 (Ensembl version 102 an-
notation) using STAR 2.7.5a. Read counts per gene were estimated using the featureCounts
tool from the Subread 1.6.0 package. Additionally, we ensured the absence of 3'-bias with
the geneBody_coverage script from the RSeQC 3.0.1 toolkit. Differential gene expression
analysis was performed in an R environment using the edgeR 3.28 package. Gene Ontology,
KEGG, Reactome, and WikiPathways enrichment analyses were made up with clusterPro-
filer 3.14.3 and topGO 2.38 packages. Pathway visualization was performed with pathview
1.26. GO-centric profiles were created with in-house-developed scripts.

2.5. Viability Assay

1.5 x 10* cells per well were seeded into 96-well culture plates for 12 h followed by
MV-infection using a virus-containing supernatant as described above at various MOI
values and incubated in an atmosphere containing 5% CO; at 32 °C for 3-96 h. At various
times after infection, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT,
Promega, Madison, WI, USA) reagent was added at 5 pg/mL per well, and cells were
then incubated further for 3 h at 32 £ 1 °C in 5 % CO,. The reaction was stopped by
washing the cell monolayer and adding 60 uL dimethyl sulfoxide (DMSO, Sigma-Aldrich,
USA) solution to each well. Plates were shaken at 300 rpm for 10 min to provide for a
homogeneous dye distribution. The optical density (OD) was measured at wavelengths
of 570 and 630 nm using a microplate reader (Varioskan Flash, Thermo Fisher Scientific,
Munich, Germany). The OD for an infected cell culture in an indicating time point was



Viruses 2022, 14, 2433

50f 25

expressed as a percentage of OD obtained for this cell culture at 3 h post-infection. Results
were described as mean values, which were measured in 12 replicates and repeated from
three independent experiments. The ECs5y was defined as the inhibitory amount of virus
that reduced the absorbance of treated infected cells to 50% when compared with that of
mock-infected cells.

In parallel, at 48 h after virus inoculation, the Caspase-Glo® 3/7 reagent (Promega,
Madison, WI, USA) was added in 100 pL to each well according to the manufacturer’s
instruction. The luminescence of each sample was measured using Varioskan Flash mi-
croplate reader.

2.6. Flow Cytometry

A total of 1.0 x 10° cells were incubated with FITC-conjugated anti-human CD46
antibodies (MEM-258 clone, BioLegend, London, UK) or isotype control FITC-conjugated
mouse IgG1 (BioLegend, London, UK) in PBS containing 1.0% FBS and stained at 4 °C for
30 min. Then, cells were washed twice, resuspended in PBS containing 1.0% FBS and fixed
with 1 % paraformaldehyde (PFA, Sigma-Aldrich, Darmstadt, Germany) for 30 min at 4 °C.
Analysis by flow cytometry was performed using the EPICS XL (Beckman Coulter, Brea,
CA, USA) flow cytometer and the software SYSTEM II (Beckman Coulter, Brea, CA, USA).

2.7. ELISA

The level of TNF«, IL-6, IL-13, and IL-10 was measured in cell culture supernatants
using the TNFo-IFA-BEST, IL6-IFA-BEST, IL13-IFA-BEST, and IL10-IFA-BEST Kkits, respec-
tively, according to manufacturer’s instruction (Vector-best, Novosibirsk, Russia).

2.8. Statistical Analysis

The significance of the difference between experimental and control groups was
analyzed using a two-tailed Student’s t-test. Estimating effective doses, 50% effective
concentration (ECsg), was conducted with asymptotic-based confidence intervals. Data
were expressed as mean =+ standard deviation (SD). A p-value of <0.05 was considered
statically significant.

3. Results
3.1. Glioblastoma Cells Are Susceptible to the Oncolysis Induced by the MV L-16 Strain

The susceptibility of human GBM cells to virus-mediated oncolysis was tested in a
panel of eight cell lines derived from patients. To prove the origin of established cell lines,
GBM cells were preliminarily characterized by marker proteins of neuroectodermal stem
cells (Supplementary Figure S1) and mutation profiling (Table 1).

Eight human primary GBM cells (Gbl7n, Gbl11ln, Gbl12n, Gbl13n, Gbl16n, Gbl17n,
Gbl24n, and Gbl25n) were infected with 10-fold serial dilutions of an L-16 strain of MV
and the infection was followed through 96 h to analyze elimination of tumor cells. Im-
mortalized human non-tumor kidney epithelial hTERT-NKE (NKE) cells were used as a
control to determine virus specificity for GBM cells. NKE cells were chosen due to the rapid
proliferative rate such as doubling time was comparable to that of the majority of GBM
cells used in this study.

The cytopathic effects (CPE) in MV infected GBM cells were visible at 48-72 h post-
infection (h.p.i.) representing the granulation in the cytoplasm, rounding and progressive
detachment of cells. The distinctive MV-induced CPE was detectable in all GBM cell lines
but not in non-tumor NKE cells. The CPE correlated with a used MOI, becoming more
obvious over time (Figure 1). It should be noted that the Gbl12n cell line, with much slower
CPE development induced by MV infection (as these cells were not resistant to mumps
virus induced oncolysis), differs from other used GBM cell lines with much slower growth
(longer doubling time).
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Figure 1. Cytopathic effect of MV (strain L-16) on Gbl7n, Gbl11n, Gbl13n, Gbl16n, Gbl17n, Gbl24n,
and Gbl25n cells. The figure shows photographs of cell lines at 48 h.p.i. at an MOI 1.0; control cells
were incubated with UV-inactivated virus. Magnification 10 x.

Cell survival was assessed by measuring the mitochondrial activity using the MTT
assay and expressed in percentage for an indicated time point during 96 h experiment
(Figure 2). The GBM cell lines showed a broad range of sensitivities to MV-induced
oncolysis. Four out of eight GBM cell lines, Gbl7n; Gbll1n; Gbl16n; and Gbl25n, were
shown to be susceptible to MV oncolysis at MOls of 1.0 to 0.001 (p < 0.001), with a Gbl25n
being the most susceptible even at a MOI of 0.00001. Thus, at 96 h after infection of Gbl7n;
Gbl11n; Gbl16n; and Gbl25n cell lines, a proportion of reminding viable cells composed
from 15.4; 18.2; 14.3; and 12.0 % at a MOI of 1.0 to 43.6; 41.4; 29.0; and 16.6 % at a MOI of
0.001, respectively, relative to the corresponding uninfected cell line. Three GBM cell lines,
Gbl13n; Gbl17n; and Gbl24n, were relatively susceptible at MOI of 1.0 to 0.001 (p < 0.01): a
proportion of reminding viable cells composed of 21.9; 30.5; and 44.5 % at a MOI of 1.0 and
62.7,67.9, and 59.9 % at a MOI of 0.001, respectively. Consistent with the lack of visible CPE
development, the cytotoxic effect of the MV-infection was least pronounced for Gbl12n
and did not reach statistical significance (p > 0.05); the pattern of reminding viable cells in
the dose-response curve for the Gbl12n was similar to the NKE cells used as the control
(Figure 2) line and composed of 70.3 and 79.3 % at a MOI of 1.0 and 83.6 and 93.4 % at a
MOI of 0.01, respectively, at 96 h post infection.
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Figure 2. Oncolytic activity of MV strain L-16 against human GBM cell lines at 72 and 96 h.p.i. The
viability of each cell line infected with MV at an MOI indicated on horizontal axes was measured
using an MTT assay; cells treated with UV-inactivated MV were used as control. The data shown
are mean results from three independent experiments. Horizontal axis represents the % of viability
of treated cells at indicated time points; cell viability at 3 h.p.i. is taken as 100%. Bars demonstrate
standard deviation (SD); calculated p-values (MV infected NKE versus MV infected GBM cells) are
shown. Average CV composed from 0.41% to 15.63%.

Using obtained cell viability dose-response curves, the EC5, dilution of MV for each
cell line was calculated with high statistical reliability (R2 > 0.97), indicating ECs5¢ dilution
of input MV as 2.60; 2.18; 1.37; and 0.56 logjy CCIDsg/mL for Gbl7n; Gbll1n; Gbllén;
and Gbl25n cell lines, respectively; 4.11; 4.36; and 4.7 logyg CCIDs5g/mL—Gbl13n; Gbl17n;
and Gbl24n cell lines, respectively; while for Gbl12n and NKE cell lines it was >6.2 log
CCIDsp/mL.
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Analysis of the activity of proapoptotic caspases in MV-infected cells revealed a
significant increase in the activity of caspase 3 and 7 (p < 0.05) in all GBM cell lines at
48 h.p.i., including Gbl12n (Figure 3). To control the induction of caspases’ activity, human
fetal fibroblasts, MRC-5, were used as these cells are permissive to vaccine strains of the
MYV, including L-16. As expected, activation of caspases three and seven were observed
for these control cells. These results demonstrate that caspases activate in all GBM cells in
response to MV infection. The highest values of the caspases’ activity were observed in
Gbl7n, Gbl11n, Gbl16n, and GbI25n cells, while in Gbl13n, Gbl17n, and Gbl24n the caspases’
activation was lower, with Gbl12n showing minimal caspases’ activation which, in turn,
showed resistance to MV-induced CPE and oncolysis. Thus, the caspase-3 and -7 activation
profiles correlated with MTT results.

Caspase 3/7

100 + + ‘1‘
| 1L JP JF
60 -
X
40 A
20 1
0
» A S pAY Q o QD N
& <’ '\o@6 & & o S - t
O R O S VO P A
/Q o /Q /%. /’\ ’\? /Q N° A
Q/ V4 Q/ Q/ Q/ 7 Q/ P 7
N a® AV O QO N » N 8
D & A O o )
P Go\ RN o> N AN R 0,0\'\' @Q.Q

Figure 3. Caspase-3 and -7 activity induction in MV infected GBM cells and MRC-5 control cells.
GBM or MRC-5 cells were infected with MV at a MOI of 1.0, and the level of caspases’ activity was
measured and expressed as a percentage of the difference between mock-infected and MV-infected
GBM cells. The data shown are mean results from three independent experiments. Bars demonstrate
SD, calculated p-values (mock-infected versus MV-infected) are shown.

3.2. MV L-16 Strain Replicates in Human Glioblastoma Cells

Since it has been shown that different GBM cells varied in viral oncolysis observed,
the cells were infected with MV at a MOI of 0.1 and both intracellular MV replication
and extracellular viral RNA accumulation were measured by real-time RT-qPCR. It was
observed that overall the efficiency of viral RNA replication in all cell lines tested correlated
with the kinetics of reduction of cell viability. Viral RNAs accumulated within 96 h of
cultivating period both in the supernatants (Figure 4) and lysates (Figure 5) of infected
cell lines. In supernatants, the MV titer significantly increased up to 72 h.p.i. for Gbl11n,
Gbl17n, and Gbl25n cells after which plateau levels were reached. For Gbl13n and Gbl16n
cell lines, titers continued to grow during the course of the experiment reaching the highest
values at 96 h.p.i. Titers in supernatants of infected Gbl12n cells remained almost constant
during the observation period and no virus replication was observed for control NKE cells.
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Figure 4. MV RNA accumulates in supernatants of infected GBM cells. GBM and NKE cells were
infected with MV at a MOI of 0.1 and viral RNA released to the supernatants was quantified. Data
shown represent the mean of three independent experiments and expressed in CCID5g/mL calculated
relative to the calibrator sample with known titer. Error bands indicate SD.

—o—Gbl7n
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—=—Gbl12n
—+—Gbl13n
100 000 000 - —#-Gbli6n
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Figure 5. MV RNAs accumulate in infected GBM cells. GBM and NKE cells were infected with MV
at a MOI of 0.1 and virus RNAs were quantified in cell lysates using the RT-qPCR method. The
data shown are representative of three independent experiments. Vertical axes show fold change
FC; average values of threshold cycles (Ct) for MV intracellular RNA obtained for each sample
normalized to average Ct values for house-keeping genes: GAPDH and ACTB, measured for the
same sample in parallel (ACt)). The calculation was performed relatively to normalized Ct values for
the respective mock-infected cell culture 3 h.p.i. (AACt). Data represent the FC values between the
level of MV RNA expression for MV-infected (AACt(+)) and mock-infected (AACt(—)) cell lines for
each time point. Error bands indicate SD.

Similar trends were observed for amounts of viral RNA in cell lysates: RNA amounts
hugely increased during the course of infection for all used GBM cell lines, except for the
Gbl12n cell line where only a minimal increase was observed. It should also be noted that
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the lowest values of the virus titer and viral RNA concentration were observed for the
Gbl12n and Gbl24n cell cultures.

Taken together, obtained data indicates that all our GBM cell lines were permissive
for MV infection. This contrasts to the NKE cell line for which a decrease of viral RNA
concentration both in supernatants and cell lysates was observed indicating that these cells
are resistant to MV infection.

To investigate if GBM cells are synchronously infected, specifically if cell popula-
tions are infected to the same level across all GBM cell used, the infectious virus yield
from infected GBM cells were examined using the end-point dilution CCIDs, assay at
18 and 72 h.p.i. Similar rates of primary infection were observed for Gbl11n, Gbl13n, and
Gbl16n cells infected with different MOls, 1749.48 CCIDs5y/mL, 1106.63 CCIDsy/mL, and
1231.73 CCIDsp /mL, respectively. The MV infection of Gbl12n, GbI24n, and Gbl25n cells
produced slightly lower viral titers, 906.77 CCIDsp/mL, 645.65 CCIDsy/mL, and 561.68
CCIDsp/mL, respectively; while Gbl7n cells showed the highest titer at 18 h.p.i., 3633.75
CCIDsp/mL, and Gbl17n cells—the lowest, 346.52 CCIDsy/mL, (Figure 6). Titer growth
at 72 h.p.i. showed that MV effectively replicates in GBM cells, except for Gbl12n. The
highest titers at this time point were reached for Gbl7n, Gbl11n, and Gbl25n cells—5.93,
5.11 and 5.27 log19gCCIDs5g/mL respectively, while the lowest titers were observed for
Gbl12n, Gbl17n, and Gbl24n cells, 3.05, 3.56 and 4.34 log1oCCIDsy/mL respectively, in
agreement with MV RNA replication patterns.
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Figure 6. GBM cell-associated MV titers at 18 and 72 h p.i. GBM and NKE cells were infected with
MYV at a MOI of 0.1 and virus titers were determined by the end-point dilution CCIDs assay on Vero
cells in duplicate. Error bands indicate SD. Vertical axes expressed in logarithmic scale.

Together, these data indicate that differences in viral replication in GBM cells are not
caused by differences in viral entry but rather are due to subsequent inhibition of MV
replication.

3.3. Human Glioblastoma Cells Express the MV Receptor

Although there are several receptors required for the attachment of MV to host cells,
previous studies have identified CD46 as playing a key role for the MV L-16 [18]. Fur-
thermore, CD46 molecules playing the role of the receptor for attenuated strains of MV
are known to be upregulated on the surface of tumor cells [22]. As the presence of CD46
molecules may affect the efficiency of MV-induced oncolysis, the expression level of CD46
on the surface of GBM and NKE cell lines was measured by flow cytometry. The expression
of CD46 was detected on a surface of approximately 30 % to 96 % of GBM cells and nearly
all NKE cells (Figure 7). However, the level of CD46 expression determining by relative
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mean fluorescence intensity was 1.5-3.5 times higher for GBM cells compared to NKE cells,
except for Gbl17n cells with the lowest CD46 expression and Gbl24n cells with comparable
CD46 expression. Thus, no significant correlation between different sensitivity of cell lines
toward MV oncolysis and expression of CD46 was observed (compare Figures 2 and 7)
suggesting that CD46 expression was necessary but did not play a role as a key factor
of MV selectivity to GBM cells. Thus, other factors should be implicated in the different
sensitivity of GBM cell lines to MV oncolysis.
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Figure 7. Expression of the CD46 receptor at the surface of glioblastoma cells and NKE as measured
by flow cytometry. A total of 1.0 x 10° cells were incubated with a FITC-conjugated anti-human
CD46 antibodies and analyzed using the EPICS XL (Beckman Coulter) flow cytometer for expression
levels of CD46 by determining mean fluorescence intensity (MFI) normalized to isotype control
using the SYSTEM II software (Beckman Coulter). Data shown are mean results from three separate
experiments; bars demonstrate SD. Shaded histograms represent isotype control staining; solid line
histograms represent CD46 staining.
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3.4. Transcriptome Analysis in MV-Infected Glioblastoma Cells Reveals Type I Interferon
Pathway Activation

As other studies have previously reported that many cancer cells are defective in type
Iinterferon (IFN) signaling [23], the whole transcriptome analysis was performed for GBM
cell lines. In order to insure a relatively high number of infected GBM cells and avoid
asynchronous infection due to spreading viral progeny, cells were infected at a MOI of 1.0
and analysis of host cell transcription was performed at 36 h.p.i. to avoid multiple viral
life cycles.

First, the obtained data on MV-infected and mock-infected GBM cells were compared
to each other and between different GBM cell lines to study the responses to MV infections
and to determine the relative modulation of cellular transcription induced by MV infection.
When comparing pools of MV-infected and non-infected GBM cells, a total of 1196 genes
demonstrated statistically significant differential expression (FDR < 0.05) with at least a
two-fold expression level change. Most of them (859 genes) were upregulated, and only 337
were downregulated in MV-infected cells. As seen in Figure 8, genes that are upregulated
in MV-infected cells have very high expression levels (see the “CPM rank” column in
Figure 8).

Multidimensional scaling (MDS) analysis based on correlation of gene expression
among samples (distance was calculated as “1—Pearson correlation coefficient” for log-
transformed gene expression values, i.e., CPMs) for top-500 variable genes ensured that
the biological variability of individual cell lines did not overcome the differences between
groups (MV-infected, mock-infected control) to compare, which was completely described
with dimension 2 (see MDS plot on Figure 9). Hierarchical clustering revealed the similarity
among the commonly changed genes. Gbl12n and Gbl24n cells, mock-infected as well
as infected, were clustering relatively close. Another clustering group was composed of
Gbl7n and Gbl11n cells. Furthermore, all PTEN-mutated cells: Gbl13n, Gbl16n, Gbl17n,
and Gbl25n, mock-infected as well as MV-infected, were clustering together on the one side
of the MDS plot. Among this group of TP53-mutated cells, Gbl13n, Gbl16n, and Gbl25n
were sub-clustering relatively closer. In all GBM cells, MV infection shortened the distance
between groups.

FDR
A. Symbol Name control M V-infected :'::: LogFC LogCPM FOR (QLF (Mann-
o e why
IFIH1 interferon induced with helicase C domain 1 259 ﬂ' 8.0 8.495E-06 0.007
1SG20 interferon stmulated exonuclease gene 20 824 6.40 6.4 1.44BE-05 0.007
ISG15 1SG15 ubiquitin like modifier Mv 9.4 B.495E-06 0.007
DDXS8  DExD/H-box helicase 58 4,94/ 93 B495E06  0.007
TRAF1 TNF receptor associated factor 1 852 '5.01/ 7.8| 9.985E-06 0.007
usP18 ubiquitin specific peptidase 18 708 : 493 5.6, 1.294E-05 0.007
DHXS8 DExH-box helicase 58 824 ia.05 6.5 B8.495E-06 0.007
BIRC3 baculoviral IAP repeat containing 3 872 1 4.78 6.8 3.497E-05 0.007
IFIT2 interferon induced protein with tetratricopeptide repeats 2 E 104 0.0002 0.007
IFIT3 interferon induced protein with tetratricopeptide repeats 3 992 —SE 9.7 0.0001 0.007
IFIT1 interferon induced protein with tetratricopeptide repeats 1 981 M' 8.8 0.0001 0.007
HERC6 HECT and RLD domain containing E3 ubiquitin protein ligase famil 899 14,55 7.0 5.385E-05 0.007
IF144 interferon induced protein 44 963 1 3.68 8.1 1.294E-05 0.007
HERCS HECT and RLD domain containing E3 ubiquitin protein ligase 5 236 E 7.5 0.0004 0.007
NocT nocturnin 822 445 6.4/ 6.069E-05 0.007
RSAD2 radical S-adenosyl methionine domain containing 2 ]E 17.39/ 9.3 0.0008 0.007
NR4A3 nuclear receptor subfamily 4 group A member 3 624 E‘ 5.2| 6.928E-05 0.007
TNFAIP3  TNFalpha induced protein 3 5,22 101 0.0002 0.007
ATF3 activating transcription factor 3 82.0 $3.96 6.9, 5.49E-05 0.007
ccLs C-C motif chemokine ligand 5 sa3 18.75/ 99  0.0005 0.02
IRF7 interferon regulatory factor 7 738 : 405 5.8 6.928E-05 0.007
DDX60 DEXD/H-box helicase 60 871 i5.40| 6.8 5.385E-05 0.007
ACTN2 actinin alpha 2 ) 18.70 66  0.0002 0.02
GBP4 guanylate binding protein 4 230 ﬂ 7.4 0.0009 0.007
PPP1R15A protein phosphatase 1 regulatory subunit 15A E —ﬁ 9.2 8.801E-05 0.007

Figure 8. Cont.
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FDR
Symbol Name control MV-infected E:‘: LogFC LogCPM FOR (Q1F (Mann-
o e why
BEIIENEE 23323234
35533833 8888383888
SUMF1 sulfatase modifying factor 1 625 %-1,73[ 5.2 1.294E-05 0.007
PCYOX1 prenylcysteine oxidase 1 851 -2.02[ 6.8 0.0003 0.007
FAM172A  family with sequence similarity 172 member A 611 [_l»l. 83| 5.1 0.0004 0.007
VPS268 VPS26, retromer complex component B 685 ’q-l. 33| 5.5 3.426E-05 0.007
TTC3 tetratricopeptide repeat domain 3 a9 -1 66[ 7.8 0.0002 0.007
CMBL carboxymethylenebutenolidase homolog ELE] [_I-Z. 52 | 45 0.001 0.007
RHOBTB1 Rho related BTB domain containing 1 538 |—1-1.85[ 47 0.0006 0.007
TMEM168 transmembrane protein 168 sor | ME-174] 50  0.0008 0.007
GET1 guided entry of tail-anchored proteins factor 1 338 3-1490[ 33 0.0002 0.007
CYBRD1 cytochrome b reductase 1 928 rl.'l- 44[ 7.4 0.001 0.007
RAB4A RAB4A, member RAS oncogene family 523 _1-1.90[ 46 0.0004 0.007
URIL URI1 prefoldin like chaperone 720 [—l-l. 33[ 5.7 8.716E-05 0.007
UBE48 ubiquitination factor E48 s -1.34] 56  0.0002 0.007
PLA2G12A phospholipase A2 group XIIA a71 -191] 43 0.0007 0.01
GALNT11  polypeptide N-acetylgalactosaminyltransferase 11 621 |_l»1. 67[ 5.2 0.002 0.01
NMT2 N-myristoyltransferase 2 5080 -159 [ 5.0 0.001 0.007
CERK ceramide kinase 730 -1.49] 5.8 0.001 0.007
ABCD3 ATPbinding cassette subfamily D member 3 686 _]-1.26[ 5.5 0.0006 0.007
RAB40B RAB40B, member RAS oncogene family 298 -2.03] 3.0 0.001 0.01
PDK3 pyruvate dehydrogenase kinase 3 as2 -1.77) 44 0.002 0.01
H3-3A H3.3histone A 837 -1A19[ 6.5 0.0007 0.007
GSTA4 glutathione S-transferase alpha 4 367 »1.85[ 3.6 0.001 0.007
HADH hydroxyacyl-CoA dehydrogenase 492 -115] 44 0.0010 0.007
F2R coagu lation factor 11thrombin receptor 834 \%—1_ 84} 6.4 0.003 0.01
BCKDHB branched chain keto acid dehydrogenase E1 subunit beta 387 -1.39] 37 0.0010 0.007

Figure 8. Top 25 upregulated (A) and downregulated (B) genes in MV-infected GBM cells compared
to the mock-infected control ones. CPM tank (%)—position of a gene (0 ... 100) in a list of all genes
sorted by average expression level (read counts per million). LogFC—binary logarithm of expression
level fold change. QLF—quasi-likelihood F-test. Mann—-Wh.—non-parametric Mann-Whitney U-test.
Control, MV-infected—mini heatmaps illustrating per-sample gene expression profiles normalized to
the average value (geometric mean) across all samples, per each gene (blue-to-red color logarithmic
scale; from 16-fold downregulated to 16-fold upregulated relative to the average values).
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Figure 9. Multidimensional scaling (MDS) plot describing differences in gene expression profiles
between MV-infected (orange) and control (blue) GBM cell lines. K—mock-infected GBM cells;
L—MV-infected GBM cells. The numbers in brackets denotes the percentage of variance explained.
Thus, the split on the basis of virus infection falls on the 2nd dimension. The 1st dimension split cell
lines on the basis of the presence of mutations in the PTEN gene (or both the PTEN and TP53 genes).
Thus, cell lines carrying mutations in these genes (Gbl13n, Gbl16n, Gbl17n, and Gbl25n) appeared on
the right.
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In general, the cellular response to infection in different cell lines (including sensitive
and resistant ones) was very similar in a variety of biological processes and pathways.
Overall, the main difference was revealed in the amplitude of these changes. Cardinal
differences in gene expression profiles between cell lines were noted only in individual
cellular pathways.

Next, we performed GO terms, KEGG, Reactome, and WikiPathways enrichment
analyses for lists of the top 50, 100, 200, and 500 differentially expressed genes (DEGs)
(Figures 10 and 11, and summarized in Figure 12). As expected, we found a variety of
immune system-related processes enriched with upregulated genes: immune response (IR),
including IR to a virus, innate IR, production of interferon-«/ 3 /v (incl. DDX58/IFIH1-
mediated), and response to interferons, RIG-I, TLR, and NF-kB (incl. TRAF6-mediated)
pathways, cytokine production and response to cytokines, cellular response to a virus,
inflammatory response, production of TNF and response to TNFs, viral replication. The
spectrum of enriched pathways for downregulated DEGs was less focused. Downregula-
tion has been established for genes involved in dozens of metabolic processes, endocytosis,
regulation of transcription, and mRNA splicing.

winp min p
KEGG pathway ‘::e‘ across 1’:: Gbllén  Gbl13n  GbI25Sn  Gbl17n  Gbl7n  Gbllln  Gbl2an  Gbl12n

tests (up) (down)
Tightjunction 104 0.2 el — - o [ o [ —
Carbon metabolism 79 0.7 | e e e e =y ]
Pyruvate metabolism 29 0.8 | [ | “——a | ‘= ||
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Steroid biosynthesis 13 0.5 7.555E-05 e ey | e o — —— I‘-—-I =
Protein processingin EPR 148 0.0004 0.0003 — e P = [~ |%| _—
Ras signaling pathway 131 0.002 0.001 ] e e P e e e
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PI3K-Akt signaling pathway 201 P P ] ] ] ] [~ |~
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Figure 10. Relative gene expression profiles for genes participating in KEGG pathways that are

mostly affected by MV infection, as well as several additional pathways. In each cell, there are shown
sorted gene expression fold changes, from most upregulated (red) to downregulated (blue). Gene
expression values are log2-transformed. In each cell, vertical axis limits are a four-fold increase (red)
to a four-fold expression level decrease (blue). The cell borders demonstrate gene set enrichment
p-value.
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Figure 11. Relative gene expression profiles for genes involved in several significant biological
processes (GO terms), some of which were not covered by the KEGG database (previous figure),
including interferon response.
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Figure 12. Dot plot for enriched GO terms (biological processes) for top 1000 upregulated genes (up-
per panel) and 1000 downregulated genes (down panel) in MV-infected cells compared to uninfected
cells. The horizontal axis indicates gene ratio—a proportion of genes in a term that are differentially
expressed. Bubble colors indicate adjusted enrichment p-value (FDR). Bubble sizes indicate counts of
differentially expressed genes in a term.



Viruses 2022, 14, 2433

16 of 25

Symbol

IFNB1
IFITM1
OAS1
XAF1
IFNL2
IFNL3
MX2
FGF7
CGAS
TLR3
GATA6
BAMBI
HCP5
TLR2
PLCG2
IRF5
MME
TRIM29
RAETIL
EDA2R
CYBA
PDPN
MMP3

The GO terms involved in cellular defense mechanisms to the virus were the most en-
riched in all infected cells. IFNB1, IFNL1, IFNL2, IFNL3, RSAD2, OASL, IFIT1, IFIT2, IFIT3,
HERC5, MX1, OAS1, IFITM1, IFIH1, DDX58, MMP12, ADAR, and other IFN and immune re-
sponse genes were among the most upregulated genes participating in GO term GO:0051607
(defense response to the virus). Furthermore, constitutive activation of the type I IFN sig-
naling was the second most differentially activated pathway (GO:0060337). Among the
total identified 73 IFN response genes in the genome, the same genes cited above were the
most upregulated. Downregulated genes included RNASEL, ABCE1, PTPN11, MAVS, and
CNOTY7. Negative regulation of viral genome replication (GO:0045071) was also highlighted
including the most upregulated genes such as IFIT5, EIF2AK2, APOBEC3G, APOBECSF,
and others. Downregulated genes included PRKN, EIF2AK4, RNASEL, APOBEC3C, BANFI,
and MAVS (Supplementary Table S1).

However, cell lines responded to MV-infection with several notable differences. We
observed that Gbl7n, Gbl11n, Gbl13n, Gbl16n, Gbl17n, Gbl24n, and Gbl25n lacked expres-
sion of several key factors of immune defense against MV-infection: GbI25n—IFNB1 and,
thus, a wild spectrum of ISGs; Gbl11n—IFNL2 and IFNL3 (and also exhibited a low level
of IFNB1 expression); Gb124n—MX2; Gbl13n—CGAS and TLR3; Gbl17n—TLR2, PLCG2
and IRF5; Gbl7n—TRIM?29 and RAET1L; Gbllen—EDA2?R and CYBA; while Gbl12n (which
was the most resistant to oncolysis by MV-infection) did not express sphingosine kinase 1
receptor 3 necessary to MV replication [24] (Figure 13).

LogCPM

Name el LOBFC  LogCPM  Gbllln_L Gbli2n_L Gbll6n_L Gbll3n_L Ghbli7n_L Ghbi7n_L Gbl24n_L GbI25n_L
interferon beta 1 66.6 9,39 I:l 5,41 3.9 40.8 55.7 144.2 31.6 43.1 356.9 0.1
interferon induced transmembrane protein 1 86.8 5,64 B 6,74 341.4 436.4 136.5 89.3 177.2 246.9 246.4 0.5
2'-5'-oligoadenylate synthetase 1 80.2 5,75 6,21 201.2 268.1 81.8 62.5 265.9 203.5 83.1 0
XIAP associated factor 1 55.7 3,27 E 4,79 58.6 128.4 20.3 22.2 45.5 74.4 50.7 0
interferon lambda 2 15.3 8,16 | 1,43 0 1.9 0.8 26.7 1.8 0.3 9.3 1.2
interferon lambda 3 18.2 10,91% 1,75 0.3 3.1 0.9 31.4 3.1 1.2 11.6 1.4
MX dynamin like GTPase 2 75.0 4,05 I 5,89 67.8 115.2 97.9 144.6 275.7 158.1 0.8 30.5
fibroblast growth factor 7 81.5 0,28 [ 6,31 109.5 1.8 175.5 160.7 36.4 53.6 0.3 158.9
cyclic GMP-AMP synthase 35.1 1,33 El 3,46 8.4 10.8 23.1 1.1 20.8 19.5 17.8 23.5
toll like receptor 3 41.7 1,93 3,94 5.1 46.6 8.2 1.4 64.1 56.1 10.0 2.2
GATA binding protein 6 54.5 2,65 I: 4,72 45.8 76.7 51.9 0.1 24 16.1 98.9 70.7
BMP and activin membrane bound inhibitor 65.5 1,56 D 534 29.5 151.2 48.9 0 43.9 Fil.7/ 102.1 55.1
HLA complex P5 76.1 3,60 %l 5,94 253.7 207.4 7.7 142.8 0.8 34.4 200.1 62.3
toll like receptor 2 23.4 2,85 2,34 18.2 18.2 10.1 8.9 0 12.6 1.3 1.2
phospholipase C gamma 2 35.9 2,26 I:l 3,53 7.7 329 36.4 3.6 0.1 57.1 14.2 0.3
interferon regulatory factor 5 10.7 2,79 F 0,89 4.2 4.6 0.9 2.8 0.6 1.1 3.5 7.4
membrane metalloendopeptidase 9.6 0,14 8,19 1034.7 25.1 3916 1067 A0 7904 68.1 39.8
tripartite motif containing 29 89 2,02 I:l 0,69 1.5 12.0 2.7 1.7 0.2 0 1.4 0.5
retinoic acid early transcript 1L 10.2 533 l:\ 0,82 0.5 2.1 2.1 13.9 1.6 0.1 2.9 3.6
ectodysplasin A2 receptor 45.0 -O,ZID 4,15 12.4 17.6 1.4 62.2 10.0 14.7 12.8 0.1
cytochrome b-245 alpha chain 83.8 0,63 D 6,47 233.9 279.5 0 0.1 3.0 141.1 150.2 50.1
podoplanin 62.3 0,97 D 5,16 20.6 0 44.9 50.9 21.2 82.2 15.4 143.5
matrix metallopeptidase 3 86 203 | 916 | 2630 NNGEMM 5755 sa69 7786 26463 [MNSENMN 2088

Figure 13. Mini heatmap (blue-to-red color logarithmic scale; from 16-fold downregulated to 16-fold
upregulated relative to the average values) illustrating gene expression level in MV-infected GBM
cells normalized to the average value (geometric mean). CPM tank (%)—position of a gene (0 ... 100)
in a list of all genes sorted by average expression level (read counts per million). LogFC—binary
logarithm of expression level fold change.

Then, to identify factors that determine susceptibility to MV, the correlation between
gene expression patterns in uninfected cells and the efficiency of MV infection was per-
formed by ranking cells according to the rate of primary infection as presented in Figure 6
(range of columns at 18 h.p.i.). The analysis of a list of all genes sorted by expression level
in ranked cell lines by MV entry allowed us to identify genes with the highest coefficient of
correlation (r) that could determine and predict sensitivity to the virus (Figure 14). Such
potential genes were ADAMTS12, MME, JAK1, MMPs, ABCE1, SPHK1, and others that
could facilitate MV entry.
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Spear-
relative QLF test Spear-
Gene symbol Gene name LogFC*  LogCPM man
expression level p-value manr
p-value
log [efficiency of MV infection] >»] I

ENG endoglin 79 0.0002 0.002
ADAMTS12 o lope ptidase with type 1 mot# 12 7.7 0.0002 0.001
MME membrane metalloendopeptidase 8.1 0.0002 0.005
TNFRSF18 TNF receptor superfamily member 18 4.4 0.0004 0.001
SERPINB2 serpin family Bmember 2 5.4 0.002 0.84 0.009
G0s2 GO/G1 switch 2 74 0.003 0.76 0.04
JAK1 Janus kinase 1 8.0 0.003 0.002
MMP9 matrix metallopeptidase 9 2.7 0.008 0.010
PDCD1LG2 programmed cell death 1ligand 2 5.8 0.010 0.005
ABCE1 ATP binding cassette subfamily E member1 6.6 0.02 0.76 0.04
SPHK1 sphingosine kinase 1 73 0.03 0.74 0.05
HLA-DPA1 major histocompatibility complex, class Il, DP alpha 1 21 0.05 0.74 0.03
MMP1 matrix metallopeptidase 1 84 0.06 0.62 0.1
MMP3 matrix metallopeptidase 3 7.8 0.2 0.56 0.1
ADGRL1 adhesion G protein-coupled receptor L1 4.2 0.0001 0.0004
CDH6 cadherin 6 5.5 0.0008 0.002
FGFRL1 fibroblast growth factor receptor like 1 6.6 0.002 0.02
ABCA3 ATP binding cassette subfamily A member 3 4.4 0.004 0.02
MMP11 matrix metallopeptidase 11 3.2 0.004 0.007
CELSR2 cadherin EGF LAG seven-pass G-type receptor 2 4.9 0.005 0.02

Figure 14. 20 most remarkable genes whose expression in uninfected cells is associated with the
efficiency of subsequent MV infection. * LogFC—binary logarithm of expression level fold change.
Fold change is calculated by the slope of the line approximating the dependence of the expression of
a particular gene on the MV infection efficiency across different cell lines. In the “ideal” case, when
all the points of this dependence lie on the straight line, fold change is calculated as the ratio of the
expression level in the cell line with the highest infection efficiency (Gbl7n) to the expression level in
the cell line with the lowest efficiency (Gbl17n). QLF—quasi-likelihood F-test. Relative Expression
level —mini heatmaps illustrating per-sample gene expression profiles normalized to the average
value (geometric mean) across all samples, per each gene (blue-to-red color logarithmic scale; from
16-fold downregulated to 16-fold upregulated relative to the average values).

In order to identify candidate genes that may control the susceptibility of GBM cells
to MV L-16 infection and oncolysis, transcriptional profiles between sensitive cells and
resistant cell lines were compared. The GO terms analysis of sensitive cells and resistant
Gbl12n cell lines allowed us to identify ADGRF5 as the most upregulated gene and MMP3
as the most downregulated differentially affected gene (Figure 15). Furthermore, a closer
look at the MMP’s expression profile revealed that the most abundant transcripts in infected
GBM cells were MMP1, MMP2, MMP3, and MMP14, while the MMP3 expression level
correlated with sensitivity to MV-induced oncolysis in all cell line tested (particularly
in Gbl12n it was not detected) highlighting the potential role of MMPs in productive
replication of MV L-16 (Figure 16).

Altogether, these results prove that GBM cell lines respond to MV-infection by changes
in their transcriptomic response and response to virus infection is also observed in cells
that failed to produce IFN-I, such as Gbl25n cells.

We observed diversity among GBM 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 GBM cell lines tested. However, none of these cell lines displayed induction
of the total gene set necessary for effective and complete inhibition of virus replication.
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Figure 15. Gene-concept network for top 40 genes downregulated genes in MV-resistant cells, Gbl12n
(both before and after infection, joint analysis). “Size” is proportional to the log number of genes
involved in the current GO term.
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Figure 16. MMPs expression level in infected compared to uninfected GBM cells. Values represent
LogFC (fold change) for each cell line. Empty cells mean the expression of an individual MMP
transcript below the detectable level. CPM—counts per million reads.
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3.5. GBM Cells Release Inflammatory Cytokines after Infection with MV L-16

Cytokines may play a critical role in contributing to the complexity and lethality of
GBM. Cytokines expressed by GBM cells may have a wide variety of influences including
tumor cell invasion, proliferation, migration, neoangiogenesis, and immune cell infiltration.
While some cytokines may support tumor growth, others may inhibit it, and some may
have dual functions.

As shown above, the GO term analysis revealed that biological processes involved in
cytokine production, regulation, and processing are enriched in MV-infected GBM cells.
To verify the up-regulation of the cytokine production on the protein level, supernatants
collected from cells infected with varying MOI of MV were analyzed by ELISA for the
presence of pro- and anti-inflammatory cytokines—TNFe, IL-1§3, IL-6, and IL-10at 48 h p.i.
(Figure 17).
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Figure 17. Products of pro- and anti-inflammatory cytokines by GBM cells. The supernatants of
MV-infected and mock-infected cells were collected 48 h p.i. The levels of TNFe, IL-1§3, IL-10, and
IL6 were determined by the ELISA. Columns represent the average values of three independent
experiments; error bands indicate SD.

Among nine cell lines tested, Gbl13n, Gbl16n, Gbl17n, and Gbl25n cells produced a
tumor necrosis factor, TNFe, at a significant level in response to MV infection, while no
constitutive production was detected. TNF« is known to have dual effects on the tumor
microenvironment. The antitumor effects of TNF«x include its ability to stimulate T-cell
growth and enhance monocyte, granulocyte, and natural killer cell cytotoxicity, at the same
time TNF« secretion leads to the promotion of glioma formation and development through
angiogenesis [25]. All GBM cells, except for Gbl17n, responded to MV-infection with IL-13
production, although the level of production displayed large variation: the level in Gbl7n,
Gbl11n, Gbl13n, Gbl16n, and Gbl25n cells were 10-fold higher than in Gbl12n, and Gbl24n.
Consistent with data from transcriptome analysis Gbl7n, Gbl11n, Gbl13n, Gbl17n, and
Gbl25n cells also largely expressed IL-6 pro-inflammatory cytokine in response to MV,
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while the infection exerted significantly lower levels of IL-6 production in Gbl12n, Gbl16n,
and Gbl24n cells. In addition, a constitutive IL-6 production in Gbl7n, Gbl1l1n, and Gbl13n
was also observed. Finally, for Gbl13n and Gbl25n cell lines, the high levels of production
of anti-inflammatory cytokine IL-10, a well-known regulator of the activity of NF-kB and
the JAK-STAT signaling pathway, were detected. Interestingly, the infection of the Gbl12n
cells reduced IL-10 release relative to uninfected cells. In contrast to GBM cells, no cytokine
production was observed in NKE cells in response to MV-infection.

Taken together, all analyzed GBM cells responded to the MV infection with cytokine
production. The cytokine production correlated with the corresponding gene expression
level. However, as for the transcriptome analysis, no common pattern of cytokine produc-
tion in GBM cells was revealed.

4. Discussion

GBM is the deadliest form of brain cancer, with a median survival of less than 2 years
despite surgical resection, radiation, and chemotherapy. GBM’s rapid progression, re-
sistance to therapy, and inexorable recurrence have been attributed to several factors,
including its rapid growth rate, its molecular heterogeneity, its propensity to infiltrate vital
brain structures, the regenerative capacity of treatment-resistant CSMs, and challenges
in achieving high concentrations of chemotherapeutic agents in the central nervous sys-
tem [26]. Immunotherapy is being actively pursued for GBM because of its potential to
overcome the challenges. OVs can overcome the immunosuppressive microenvironment of
tumors due to durable responses elicited by the introduction of high-quality neoantigens.
Thus, live attenuated MV vaccine strains have recently been shown as promising therapeu-
tic agents against human malignant cells. Previous studies using the Edmonston-B strain
of MV have evidenced clinical benefits for the treatment of GBM [27].

In this study, the oncolytic potential of the Russian vaccine strain of MV, L-16, was
investigated against human GBM cells. Eight primary GBM cell lines were established
and preliminarily characterized: half of these carried mutations in the TP53 gene, while
three (Gbl13n, Gbl16n, and Gbl25n) carried mutations both in TP53 and PTEN genes. These
defects are typical for GMB cells as tumor suppressor genes, such as genes encoding for p53,
p21, p16, and PTEN are commonly mutated in GBMs [28]. A previous study described that
human GBM stem cells with patient-specific p53 mutants and p53-Ser15 phosphorylation
are selective targets for parvovirus [29]. Another study assessed the viral permissiveness
of myeloma cells to the oncolytic MV in relation to TP53 status. It was shown that the
p53 pathway regulated CD46 expression and viral infection in primary myeloma cells,
highlighting an increased sensitivity in p53-deficient cells. However, the correlation was
not strict, suggesting that additional regulations are involved in viral sensitivity [30]. We
demonstrated that almost all these established GBM cell lines, p53-deficient as well as
p53-competent, were susceptible to productive infection by MV; the only exception was
Gbl12n, which was considered largely resistant to MV infection. It should be noted that the
same cell line was characterized by a slow proliferating rate while other GBM cell lines had
doubling times comparable with the control cell line.

Despite the different history of cell culture adaptation of wild-type MVs, the L-16 strain,
similar to the MV Edmonston-B strain, preferentially uses CD46 as an attachment receptor.
Furthermore, the hyperexpression of the CD46 on the surface of tumor cells allows the MV
to selectively infect and lyse the tumor [22]. All GBM cell lines tested expressed CD46, as did
non-tumor cell lines. Though some variation of CD46 expression was observed, our data
indicate that the CD46 receptor expression is an important but not essential mechanism,
and other factors should contribute to the varied effects observed upon MV infection.
Thus, tumor-related abnormalities in the regulation of mRNA translation suppressing
IFN-induced inhibition of cell proliferation and apoptotic signaling could also facilitate
selective replication of viruses in tumor cells [31].

In other studies, the presence of an intact type I IFN-response pathway in patient tumor
samples was shown to correlate strongly with the suppression of MV replication in these
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cells. The type-I IFEN gene expression level observed in the healthy cells and primary tumor
cells resistant to virus-mediated oncolysis indicated that the cell that retained functional
antiviral type-I IFN pathways are capable of suppressing the replication of MV. In contrast,
cells sensitive to MV infection have been found to be defective in these pathways [32-35].
Thus, in this study, post-entry events in GBM cells in response to viral infection with MV
strain L-16 were analyzed by RNA-sequencing in an attempt to determine genes mediating
the sensitivity of GBM cells to oncolytic MV.

Transcriptome analysis by RNA-sequencing provides a valuable tool to comprehen-
sively examine and identify pathways that are affected by virus infection. Analyzing
gene expression in response to MV infection in GBM cells by transcriptome analysis, we
also demonstrated that, despite the induction of IFN-3 gene expression and interferon-
stimulated genes (ISGs), GBM cell lines were still permissive for MV infection, albeit their
sensitivity to MV induced oncolysis was different.

Furthermore, the significantly differentially expressed genes between treated and
untreated GBM cells were subjected to pathway enrichment analyses. The significant
groups with numerous genes for the GO biological processes annotation were identified,
such as defense response to a virus, constitutive activation of the type-I IFN singling,
negative regulation of viral genome replication, and other processes. Comparing up- and
downregulated genes in the infected and uninfected GBM cells using GO term analysis
allows us to identify differences in biological processes and pathways between sensitive
and resistant cells providing new insights into the molecular mechanisms involved. Overall,
our data showed that glioblastoma cells varied in regard to their ability to produce and
respond to type I IFN.

Previous transcriptional profiling analysis following MV infection of primary hu-
man GBM cells, as well as control cell lines, revealed that MV induces a robust IFN-
stimulated gene response. Furthermore, these studies allowed us to identify defects in IFN
response responsible for the sensitivity of these cells to MV infection, such as IFITM1 and
RSAD?2 [34-37], as well as the correlation of effective paramyxoviral reproduction with a
high abundance of ABCE1 [38]. Other studies reported the frequent homozygous deletions
of type-I IFN genes (IFN-f3 and IFN-«) responsible for cancer cell sensitivity to oncolytic
MYV [39]. However, in our study, we observed a completely reversed landscape of transcript
expression: mRNAs of IFITM1, RSAD2, and IFNB1 genes were well presented almost in
all GBM cells studied, except for Gbl25n defective for type I IFNs and subsequent ISGs
(Supplementary Table S2). These differences could rely on the use of distinct remote strains
of MV.

To identify factors that determine susceptibility to MV the correlation between the
efficiency of MV infection and gene expression patterns in uninfected cells was performed
by ranking these cells according to the rate of primary infection. The analysis of the list
of genes in ranked cells by MV entry allowed us to identify genes that could potentially
determine and predict sensitivity to the virus. Among such genes were MME, ABCE1,
MMP11, MMP9Y, MMP1, JAK1, SPHK1, and others playing role in MV infection as reported
above. Interestingly, MME, MMP2, MMP3, MMP7, MMP12, ADAMY, and ADAM12 were
known to be upregulated in radioresistant GBMs, while sphingosine kinase 1 (SPHK1)
phosphorylates sphingosine to produce sphingosine-1-phosphate, which promotes GBM
invasiveness [40] and, on the other hand, overexpression of sphingosine kinase 1 enhances
MV replication [41]. Additionally, such a study allowed us to reveal the importance of
ABCE1 in MV entry. Together, we hypothesize that multiple factors differentially expressed
in non-tumor and tumor cells could contribute to efficient MV replication in GBM cells.

Furthermore, the GO terms analysis of sensitive cells and resistant Gbl12n cell lines
allowed us to identify the MMP3 gene as the most significantly differentially regulated
gene. MMP3 is a generally upregulated gene; however, in Gbl12n cells, its expression
was absent in response to MV infection. In previous studies, it was shown that the fusion
protein of MV can be selectively activated by tumor-secreted MMPs [42]. As mentioned
above, tumor cells can be characterized by the expression of specific proteins, such as CD46
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molecules, and their invasive growth is facilitated by tumor-specific proteases. MMPs are
overexpressed in a wide variety of human tumors to facilitate the invasive growth of the
tumor by degrading the extracellular matrix surrounding the tumor nodules. Multiple
MMP family members, such as collagenase 1 (MMP-1), gelatinase A (MMP-2), gelatinase
B (MMP-9), matrilysin (MMP-7), and membrane-type (MT)-MMPs, have been correlated
with tumor progression such as the formation of metastasis and bad prognosis [43,44].
There is ample evidence suggesting a correlation between specific MMPs and glioma
progression [45]. Thus, oncolytic MV takes advantage of these properties by rendering
proteolytic activation of the fusion protein by specific tumor-associated proteases. A
previous study underlined the clinical potency of the MMP activation concept, particularly
MMP-2, as a strategy to generate safer oncolytic viruses for the treatment of primary and
secondary liver cancers [46] and GBM without loss of potency [47]. However, different
strains may require different tumor-associated MMPs for MV activation.

Thus, our data demonstrate innate variations in IFN response antiviral defense mech-
anisms within tumors that can have a statistically and biologically significant impact on
MYV replication. Therefore, our pilot study indicating the effective elimination of primary
GBM cells by L-16 of MV in vitro could contribute to the development of approaches for
the treatment of GBM based on the L-16 strain as a platform for further engineering 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.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/v14112433/s1, Table S1: GO Terms (BP) topGO enrichment; Table
S2: DE results, Log.rel. CPM profiles-Resist vs Sensit [L16]; Figure S1: Immunofluorescence analysis
of Gbll1ln (upper panels), Gbl13n (middle panels), and Gbl24n (lower panels) cells. a—staining for
nestin, b—nuclei counterstained with DAPI, c—merge. Scale bar—10 uM. 7 x 10* cells were seeded
into a cell culture dish (d = 10 cm) with glass slides in 1 mL of medium and incubated in at 37 °C
with 5% CO, overnight. Thereafter the culture medium was discarded and cells were washed twice
with ice-cold PBS. Then 1 mL pre-cooled paraformaldehyde (4%) was added to the glass slides and
kept for 10 min at 4 °C to fix the cells. Next, cells were permeabilized by treatment with 0.25% Triton
X-100 for 5-10 min at room temperature. In the next stage, nestin antibody (Abcam, UK) was diluted
in PBS at a 1:50 dilution rate and added dropwise to the cells. The glass slides were then incubated
for 1h in dark at room temperature, then washed three times with PBS. Next, secondary antibody
was added after being diluted with PBS at a 1:600 dilution rate, incubated for 45 min in dark at room
temperature. Glass slides were placed on a microscope slide and sealed with elvanol. The sealed
samples were kept overnight in dark at room temperature, and then their images were taken using a
fluorescence microscope (Zeiss Axioplan 2, Switzerland). The immunofluorescence intensity for all
groups was measured using Image]J software.
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