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The difficulty of glioblastoma treatment makes it a good candi-
date for novel therapies, such as oncolytic viruses. Vesicular
stomatitis virus expressing Lassa virus glycoprotein (Lassa-
VSV) showed significant promise in animal models using es-
tablished glioblastoma cell lines. These experiments were to
determine the susceptibility of low-passage, patient-derived
cell lines to Lassa-VSV oncolysis. Four patient-derived glioblas-
toma cell lines were infected with Lassa-VSV that expresses
green fluorescent protein (GFP) and analyzed by fluorescence
microscopy, flow cytometry, and cell viability assays. Cells
were also analyzed as tumorspheres containing primarily gli-
oma stem-like cells. Three low-passage, patient-derived cells
were further analyzed with RNA sequencing (RNA-seq). Indi-
vidual cell lines varied somewhat in their levels of viral gene
expression and time course of Lassa-VSV-induced cell death,
but each was susceptible to Lassa-VSV. Brain Tumor Center
of Excellence (BTCOE) 4765 cells had the highest level of
expression of interferon-stimulated genes but were most sus-
ceptible to Lassa-VSV-induced cell death, indicating that
more susceptible cells do not necessarily have lower interferon
pathway activation. Cells cultured as tumorspheres and in-
fected with Lassa-VSV also showed variable susceptibility to
Lassa-VSV, but BTCOE 4765 cells were least susceptible.
Thus, patient-derived brain tumor cells show variable re-
sponses to Lassa-VSV infection, but each of the lines was sus-
ceptible to VSV oncolysis.
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INTRODUCTION
Glioblastoma (GBM) is the most common malignant primary brain
tumor in adults. GBM is characterized by rapid and highly invasive
growth, histological and genetic heterogeneity, resistance to most
chemotherapeutic agents, and a high rate of recurrence.1,2 The com-
bination of the highly malignant features of GBM and its location in
the brain poses major challenges in therapy.3 There have been small
improvements in survival with the addition of treatments with alky-
lating and antiangiogenic agents. However, the survival benefit is only
seen in a subset of patients by only a few months.4 Therefore, the
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development of novel therapies for the treatment of GBM is a high
priority. Among alternative treatment strategies, oncolytic virus ther-
apy holds substantial promise.5

The basis of oncolytic virus therapy is the underlying principle that
proliferative signaling pathways and antiviral pathways are usually
mutually antagonistic.6–8 As a result, many cancers develop defects
in their antiviral responses, rendering them susceptible to infection
with a variety of viruses, many of which are highly cytolytic. In addi-
tion to virus-induced cytolysis, a significant aspect of oncolytic virus
therapy is stimulation of adaptive immune responses in vivo by
increasing the tumor immunogenicity via the release of tumor anti-
gens and conversion of the tumor microenvironment to a pro-inflam-
matory state.7

Several oncolytic viruses have been in clinical trials in GBM patients;
however, a superior oncolytic virus for the treatment of GBM has yet
to be identified. Genetically engineered strains of vesicular stomatitis
virus (VSV) are attractive candidate oncolytic viruses for the treat-
ment of many cancers, including GBM. VSV is an enveloped nega-
tive-stranded RNA virus of the rhabdovirus family, which causes
mild and usually self-limiting disease in livestock.9 VSV is one of
the most rapidly cytocidal viruses due to its potent induction of
apoptosis and other cell death pathways in infected cancers, including
GBM.10–12 In addition to direct virus-induced cytolysis, the oncolytic
activity of VSV is also due to its pathological effects on tumor vascu-
lature13 and its potent ability to elicit both innate and adaptive anti-
tumoral as well as anti-viral immune responses.14–17

The safety of VSV is determined by the fact that it is highly sensitive to
interferons (IFNs), preventing spread to normal cells that mount
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IFN-mediated antiviral responses.18,19 The application of VSV as an
oncolytic virus therapy for GBM, however, has been limited by neuro-
toxicity in rodent models and non-human primates.20–22 Substitution
of the envelope glycoprotein of VSV with glycoproteins of different
viruses has been shown in several cases to eliminate this neurotoxicity
but maintain the oncolytic activity of VSV against GBM.21,23–25

Chimeric VSV containing the glycoprotein of Lassa virus (Lassa-
VSV) is an example of such a virus with excellent oncolytic activity
against GBM in the absence of neurotoxicity, in both immunocompe-
tent and immunodeficient rodent models.21

Oncolytic activity of Lassa-VSV has been demonstrated against well-
established human GBM cell lines, such as U87 and U118, both
in vitro and in vivo.21 The purpose of the experiments presented
here was to determine the susceptibility of a broader range of GBM
cell types to Lassa-VSV. One of the striking features of GBM tumors
is the heterogeneity of GBM cell types both between tumors and also
within individual tumors. A widely used classification of GBM sub-
types based on transcriptome profiling originally identified four
GBM subtypes,26 later revised to three subtypes (mesenchymal, pro-
neural, and classical), based on single-cell RNA sequencing (RNA-
seq) and excluding genes overexpressed in non-GBM cells.27 Tumors
with high proneural gene expression tend toward a more favorable
outcome, whereas mesenchymal signatures relate to poor survival,
likely due to the influence of tumor-promoting macrophages and mi-
croglial cells.27 These different transcriptional programs serve not
only to distinguish between GBM tumors but also to distinguish
among GBM cells of different subtypes that have been identified
within individual tumors.27,28 In addition to the heterogeneity in
the major population of GBM cells, GBM tumors contain minor pop-
ulations of cells with stem-cell like properties.29 These glioma stem-
like cells have been shown to evade cytotoxic therapies and continue
to fuel tumor growth.29–32

The experiments presented here tested the susceptibility to Lassa-
VSV of low passage patient-derived GBM cell lines that vary in their
expression of GBM subtype-specific genes and also in glioma stem-
like cells derived from these cell lines cultured as tumorspheres.
Whereas the individual cell lines varied somewhat in their levels of
viral gene expression and time course of Lassa-VSV-induced cell
death, each of the cell lines was susceptible to Lassa-VSV. In other
cancer types, susceptibility to oncolytic VSVs is often governed by
the expression of antiviral IFN-stimulated genes (ISGs, e.g., Carey
et al.33 and Moerdyk-Schauwecker et al.34). Expression of ISG
mRNAs was increased following Lassa-VSV infection in the different
GBM cell lines, but the level of expression of ISGs was not correlated
with Lassa-VSV oncolysis, indicating that ISG expression was not suf-
ficient to prevent virus replication and oncolytic activity.

RESULTS
Expression of GBM subtype signature genes in GBM cell lines

Three GBM cell lines that had been established in the Brain Tumor
Center of Excellence (BTCOE) at Wake Forest School of Medicine
and validated as derived from the patient’s tumor by short tandem
repeat (STR) profiling (BTCOE 4765, BTCOE 4795, and BTCOE
4810)35 were analyzed after a limited number of passages, and a
fourth patient-derived cell line, G48, was established earlier.36

Cellular mRNAs were analyzed to determine the extent of variation
among the four cell lines in GBM subtype-specific gene-expression
signatures, with the understanding that each cell line is likely to
contain mixtures of the different gene-expression patterns.27 Gene
expression in BTCOE cell lines was determined by RNA-seq and
compared with earlier microarray data from G48 cells. The four cell
lines differed significantly in their expression of GBM subtype-spe-
cific gene signatures. BTCOE 4765 cells expressed highest levels of
mRNAs from mesenchymal GBM genes (Figure 1A); G48 cells ex-
pressed highest levels from proneural GBM genes (Figure 1B);
BTCOE 4795 cells expressed highest levels from classical GBM genes
(Figure 1C), and BTCOE 4810 cells expressed intermediate levels of
mRNAs frommesenchymal and proneural genes and the lowest levels
from classical genes. These data indicate that the four cell lines display
a range of gene-expression patterns reflective of the heterogeneity of
GBM subtypes.

Susceptibility of GBM cells to Lassa-VSV infection

Susceptibility of GBM cells to Lassa-VSV was determined using a
virus that expresses enhanced green fluorescent protein (Lassa-
VSV-GFP)37 and analysis by fluorescence microscopy and flow cy-
tometry. BTCOE 4765, BTCOE 4795, BTCOE 4810, and G48 cells
were mock infected (control) or infected with Lassa-VSV-GFP at a
multiplicity of infection (MOI) of 10 plaque-forming units (PFUs)/
cell to establish single-cycle infections, or 0.1 PFU/cell for multiple
cycle infections. Living cells were labeled with Hoechst 33342 dye to
label nuclei and imaged at 6 and 24 h postinfection by bright-field
and fluorescence microscopy (Figure 2). The PFU/cell ratio was
based on the virus titer in highly susceptible Vero cells. Thus the
assumption that MOI 10 results in single-cycle infections is depen-
dent on the GBM cells being similarly susceptible to Lassa-VSV (see
below in Figure 3).

The extent of VSV cytopathic effect (CPE) is apparent in the bright-
field images, in which cells that were mostly flat and well spread in the
mock-infected control became rounded and shrunken, consistent
with the typical morphological changes following induction of
apoptosis by VSV.38 Cells infected with Lassa-VSV atMOI 10 showed
significant CPE by 6 h postinfection, and cells infected at MOI 0.1
showed extensive CPE by 24 h postinfection. Similarly, most of the
cells infected at MOI 10 displayed bright green fluorescent protein
(GFP) fluorescence by 6 h postinfection. However, in the case of
BTCOE 4765 and BTCOE 4810 cells, much of this GFP fluorescence
was lost by 24 h postinfection (Figures 2A and 2C), likely due tomem-
brane rupture as a late effect of VSV-induced apoptosis.38 In the mul-
tiple cycle infection at MOI 0.1, there were few cells with bright GFP
fluorescence at 6 h postinfection. However, by 24 h postinfection, the
virus had spread, resulting in many cells expressing GFP.

Experiments similar to those in Figure 2 were quantified by flow cy-
tometry analysis of GFP fluorescence (Figure 3). BTCOE 4765,
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Figure 1. Expression of GBM subtype signature genes in patient-derived

GBM cell lines

RNA was extracted from BTCOE 4765, BTCOE 4795, and BTCOE 4810 cells, and

mRNA expression was determined by RNA-seq analysis. Data were normalized to

total counts and compared to earlier microarray data from G48 cells normalized to

total signal intensity. Z scores for GBM subtype-specific signature genes27 ex-

pressed in all four cell lines for mesenchymal (A), proneural (B), and classical (C)

subtypes were calculated and are shown as mean ± SD. Cell lines were compared

by ANOVA, and groups with p < 0.05 are indicated by different letters.
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BTCOE 4795, BTCOE 4810, and G48 cells were mock infected or
infected with Lassa-VSV-GFP atMOI 10, 1, and 0.1. At 6 or 24 h post-
infection, cells were lifted off the dish and fixed in 2% paraformalde-
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hyde, and the percentage of cells expressing GFP was quantified. Data
were gated on intact cells by forward and side scattering, and the con-
trol cells were used to establish the gate for GFP-positive cells shown
in representative histograms for each cell line in Figures 3A�3D. Fig-
ures 3E and 3F show cumulative data for 4 independent experiments
as a function of MOI at 6 and 24 h, respectively.

At 6 h postinfection, nearly all of the cells were GFP positive at MOI
10, with the exception of G48 cells (Figure 3, top row), consistent with
the infection of BTCOE cells being single-cycle infections. However,
the fluorescence intensities did not follow a normal distribution, with
a main peak and shoulder (BTCOE 4765 and BTCOE 4795) or two
separate peaks (BTCOE 4810 and G48), suggesting heterogeneity in
the rate of development of VSV gene expression in these cell lines.
The percentage of cells with positive GFP expression showed a
dose-dependent increase among MOI 0.1, 1, and 10 across all cell
lines (Figures 3E and 3F), with G48 cells having consistently lower
percentages of GFP-positive cells.

Time course of loss of viability following infection with Lassa-

VSV

The viability of each GBM cell line following Lassa-VSV-GFP infec-
tion was assessed using a 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxy-
methoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium (MTS) assay.
Cells were plated in 96-well dishes and then infected with Lassa-
VSV-GFP at MOI 10 or 0.1 or mock infected. At 24 h, 48 h, and
72 h, MTS reagent was added, and absorbance was measured and ex-
pressed as a percentage of the mock-infected control (Figure 4).
BTCOE 4765 and BTCOE 4810 cells rapidly lost viability, with
nearly complete loss by 48 h postinfection regardless of whether
they were infected at MOI 10 (Figure 4A) or 0.1 (Figure 4B). G48
cells had the slowest loss of viability, and BTCOE 4795 cells had
an intermediate time course. Nonetheless, by 72 h, there was little
difference in viability among cell lines at MOI 10 and at MOI 0.1.
(Only the differences between G48 cells compared to BTCOE
4765 or BTCOE 4810 were statistically significant). Also there was
no significant difference in cell viability between infections at MOI
10 and 0.1, except for the 24-h time point of BTCOE 4765 and
48-h time point of G48 cells. The similarity of results at MOI 10
and 0.1 is consistent with a rapid time course of virus spread relative
to the time course of cell death.

RNA-seq analysis of IFN pathway activation in GBM cells

VSV is highly susceptible to inhibition by products of ISGs, and virus
spread can be controlled by the addition of IFN.21 Previous studies in
other tumor systems have, in some cases, attributed variable suscep-
tibility to oncolytic VSV to either constitutive expression of ISGs or to
ISG expression induced by virus infection.33,34 It was hypothesized
that the variable susceptibility noted in different GBM cells is due
to different levels of ISG expression with more susceptible cells having
a lower level of ISG expression.

Expression of mRNAs by the three different low-passage, patient-
derived brain tumor cells was determined by RNA-seq analysis.



Figure 2. Susceptibility of patient-derived GBM cells to Lassa-VSV in monolayer cultures

BTCOE 4765 (A), BTCOE 4795 (B), BTCOE 4810 (C), and G48 (D) cells were cultured as monolayers andmock infected or infected with Lassa-VSV, which expresses GFP at

MOI 10 and 0.1. The cells were stained with Hoechst 33342 to identify the nuclei and were imaged as live cells with bright-field and fluorescence microscopy after 6 and 24 h

infection. Expression of GFP indicated by green identified Lassa-VSV-infected cells, and nuclei are indicated by magenta.

www.moleculartherapy.org
BTCOE 4765, 4795, and 4810 were either mock infected or infected
with Lassa-VSV at MOI 10. At 6 h postinfection, RNA was isolated,
and mRNA sequences were determined and analyzed by gene set
enrichment analysis (GSEA). Table S1 shows the mRNA expression
levels used in this analysis. Pairwise comparison of mRNA levels in
each cell line was used to generate an ordered dataset of genes for
each pair based on signal-to-noise ratio of their differential expres-
sion. The results were analyzed for differential expression of curated
gene sets from the Molecular Signatures Database version (v.)6.2
(Broad Institute). Table S1 contains examples of immune or
growth-regulatory pathways that were differentially expressed. Table
S2 contains results for the Hallmark_Interferon_Alpha_Response
gene set, which comprises 97 genes related to IFN signaling. The pair-
wise comparisons among BTCOE cell lines showed that expression of
genes in the gene set occurred in the order BTCOE 4765 > BTCOE
4810 > BTCOE 4795 for both mock- and Lassa-VSV-infected cells.
Figure 5 shows mRNA expression levels for the top 10 genes that
differ in this analysis between BTCOE 4765 and BTCOE 4795
mock-infected cells. As expected from their method of selection,
expression of most of these genes reflected the order in the gene set
as a whole, BTCOE 4765 > BTCOE 4810 > BTCOE 4795. Notable ex-
ceptions were the high level of interleukin (IL)-15 mRNA expression
(Figure 5F) and the low levels of expression of IFITM2, HELZ2,
IFITM3, and PSME2 mRNAs (Figures 5D, 5E, 5H, and 5I) in BTCOE
4810 cells. Also notable were the modest and often not statistically
significant differences between mock- and Lassa-VSV-infected cells
for most of these genes (with the exception of IL-15 and ISG15 in
BTCOE 4765 cells; Figures 5F and 5J). This result is consistent with
a limited ability to mount an antiviral response against Lassa-VSV
in these cells.

BTCOE 4765 cells were among the most susceptible of the cell lines in
terms of the percent of cells infected (Figure 3E) and the induction of
cell death (Figure 4). However, they expressed the highest levels IFN-
a pathway genes. Overall, the RNA-seq analysis is inconsistent with
the hypothesis that the variable susceptibility to Lassa-VSV is due
exclusively to IFN pathway gene expression.

Susceptibility to Lassa-VSV infection of glioma stem-like cells in

tumorspheres

Glioma stem-like cells often have greater resistance to radiation and
chemotherapeutic agents.30–32 This raises the question of the degree
of susceptibility of glioma stem-like cells to Lassa-VSV. Cells were
cultured under tumorsphere-forming conditions in order to enrich
the population of glioma stem-like cells. The tumorspheres were
distributed as evenly as possible and infected with 105, 106, and 107

PFU of Lassa-VSV-GFP and incubated for 24 h. Tumorspheres
were analyzed by confocal fluorescence microscopy. Figure 6 shows
representative slices from z stacks of tumorsphere images.

Tumorspheres showed a dose-dependent increase in GFP signal; a
higher GFP signal was observed when infected with a higher PFU
of Lassa-VSV. It is difficult to quantify the MOI due to the spherical
structure of tumorspheres, but there is a qualitative difference in the
Molecular Therapy: Oncolytics Vol. 22 September 2021 235
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Figure 3. Flow cytometry quantification of Lassa-VSV infection of GBM cells

BTCOE 4765 (A), BTCOE 4795 (B), BTCOE 4810 (C), or G48 (D) GBMcells were infected with Lassa-VSV, which expressesGFP atMOI 0.1, 1, or 10 for 6 and 24 h. Cells were

detached from the dish and fixed with 2% paraformaldehyde, and GFP expression was analyzed by flow cytometry. Data were gated on intact cells by forward and side

scattering, and gates for positive GFP expression were determined from mock-infected controls. The histograms shown in columns (A�D) are from a representative

experiment after infection at MOI 10 and 0.1. The graphs shown in (E) and (F) show the mean percentage of cells with GFP expression ± SEM from 4 experiments at MOI 0.1,

1, and 10 for 6 and 24 h infection.
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number of GFP-positive cells when compared to monolayer cultures,
particularly at low virus doses, indicating that spread of virus through
the tumorspheres occurred slowly.
236 Molecular Therapy: Oncolytics Vol. 22 September 2021
Flow cytometry of GFP expression and markers for glioma stem-like
cells, CD44 and Nestin, was performed in order to quantify the level
of infectivity of glioma stem-like cells in tumorspheres. Figure 7



Figure 4. Analysis of viability of patient-derived brain tumor cells infected

with Lassa-VSV

The indicated GBM cells were mock infected or infected with Lassa-VSV at MOI 10

(A) and 0.1 (B). MTS assays for viability were performed after 24, 48, and 72 h, and

data are expressed as percent of mock-infected controls. The graphs show the

mean ± SEM of 9 experiments for 24- and 48-h time points and 5 experiments for

the 72-h time point. Statistical analysis was performed by ANOVA of the four cell

lines at 24 h (a, b, and c), 48 h (a’, b’, and c’), and 72 h (a” and b”). Groups with p <

0.05 are indicated by different letters.
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shows the distribution of cells that were mock infected or infected
with Lassa-VSV-GFP at 107 PFU from a representative experiment
(Figures 7A�7D) and cumulative data from multiple experiments
at the three different virus doses (Figures 7E and 7F). The majority
of cells in mock-infected control tumorspheres was marker positive,
ranging from approximately 50% to >90%, depending on the cell
type and marker. There was a greater fraction of cells expressing
high levels of GFP for both CD44- and Nestin-positive cell popula-
tions compared to CD44- and Nestin-negative populations (Figures
7A�7D). When individual cell lines are compared, BTCOE 4810
and BTCOE 4795 cells had the highest proportion of cells positive
for glioma stem-like markers that were infected with Lassa-VSV-
GFP (Figures 7E and 7F). This was consistently seen at the three
different doses and for both CD44- and Nestin-positive cells. G48
cells had an intermediate level of glioma stem-like cell susceptibility
to Lassa-VSV-GFP infection, and BTCOE 4765 glioma stem-like cells
were the least susceptible to Lassa-VSVGFP infection. This order of
susceptibility (BTCOE 4810 z BTCOE 4795 > G48 > BTCOE
4765) differed from that of cells grown in monolayer cultures (Fig-
ure 3E; BTCOE 4765 z BTCOE 4795 > BTCOE 4810 > G48).
DISCUSSION
The data presented here show the extent to which patient-derived
GBM cells differ in their responses to infection with Lassa-VSV.
Among the responses that are important for oncolytic activity
analyzed here are the following: (1) the ability of cells to resist virus
infection in a single-cycle infection, (2) the ability to inhibit spread
of virus in a multiple cycle infection, (3) the extent and time course
of cell death induced by virus, and (4) the ability to express antiviral
ISGs. Lassa-VSV was able to infect all four of the cell lines analyzed
here to different extents in a single-cycle infection and was able to
spread throughout the cultures in a multiple cycle infection, so that
by 24 h postinfection, nearly all of the cells were infected (Figures 2
and 3), and by 72 h postinfection, nearly all of the cells were nonviable
(Figure 4). The GBM cells were able to express some ISG mRNAs in
response to virus infection (Figure 5; Table S2), but this response was
not effective in preventing viral oncolysis. Thus, none of the GBM
cells displayed the resistance to VSV infection that has been observed
in a subset of cell lines from other tumor types such as prostate cancer
and pancreatic cancer that express high levels of ISGs nor have the
well-established human GBM cell lines analyzed previously displayed
such resistance. In the case of Lassa-VSV infection of tumorspheres,
however, the multiple cycle infection proceeded much more slowly so
that only at the highest dose of virus was a substantial fraction of cells
infected with Lassa-VSV-GFP by 24 h postinfection (Figures 5 and 6).
Nonetheless, Nestin- or CD44-positive glioma stem-like cells were
more susceptible to Lassa-VSV infection than marker-negative cells
in tumorspheres (Figures 6A�6D), suggesting that Lassa-VSV will
also have oncolytic activity against stem-like cells in GBM tumors.

Despite the observation that GBM cells were generally susceptible to
Lassa-VSV infection, there was substantial diversity in their responses
to Lassa-VSV infection. To illustrate this diversity, data from each of
the experimental series were subjected to principal component (PC)
analysis (PCA) to determine the major sources of variability among
cell lines (Table S3). The results of these analyses are summarized
in Table 1. For example, BTCOE 4795 cells were among the most sus-
ceptible to Lassa-VSV-GFP infection in terms of the percentage of
cells infected at different virus doses in monolayer cultures (Figures
3E and 3F; Table 1) but were among the least sensitive to Lassa-
VSV-induced cell death, as indicated by the loss of cell viability in
the MTS assay (Figure 4; Table 1), as well as the morphological
changes associated with VSV-induced CPE and the loss of GFP
upon cell lysis as a late stage in VSV-induced CPE (Figure 2). In
contrast to BTCOE 4795 cells, BTCOE 4810 and 4765 were the
most sensitive to Lassa-VSV-induced cell death (Figure 4; Table 1),
despite expressing lower levels of virus-encoded GFP (Figure 3; Table
1). The previously established cell line G48 was the least susceptible to
Molecular Therapy: Oncolytics Vol. 22 September 2021 237
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Figure 5. Expression of interferon pathway genes in patient-derived GBM

cell lines

BTCOE 4765, BTCOE 4795, and BTCOE 4810 cells were mock infected (M) or

infected with Lassa-VSV (V) at MOI 10. RNA was extracted at 6 h postinfection, and

mRNA expression was determined by RNA-seq analysis. Data were normalized to

total counts and analyzed by gene set enrichment analysis. Expression levels of

mRNAs for the top 10 differentially expressed genes between BTCOE 4765 and

BTCOE 4795 mock-infected cells in the Hallmark_Interferon_Alpha_Response

gene set are shown from three independent experiments together with their means

[IFITM1 (A), BST2(B), C1S (C), IFITM2 (D), HELZ2 (E), IL15 (F), IL7 (G), IFITM3 (H),

PSME2 (I), and ISG15 (J)]. Cell lines were compared by ANOVA, and groups that

were significantly different at p < 0.05 are indicated by different letters.
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Lassa-VSV both in terms of GFP expression and loss of cell viability
(Figures 3 and 4; Table 1).

It is well established that VSV induces cell death primarily by induc-
tion of apoptosis in infected cells.39 The induction of apoptosis occurs
by multiple mechanisms. One mechanism is due to the inhibition of
host gene expression by the viral matrix (M) protein. Another in-
volves induction of host gene expression, which includes a variety
of pro-apoptotic gene products. This process is most apparent in
the case of M protein mutant viruses that are defective in the inhibi-
tion of host gene expression. Also, different cell types differ in their
responses to these two mechanisms.38,39 Since Lassa-VSV has a
wild-type M protein, both mechanisms are likely to contribute to
cell death. Also, VSV activates other cell death pathways in addition
to apoptosis, which are apparent in cells in which apoptosis has been
inhibited.11 The differential activation of these multiple cell death
pathways is likely to account for the differences in the time courses
of cell death among GBM cells.

There was also significant diversity in the expression of antiviral ISGs
among the cells analyzed here, but ISG expression did not correlate
with their susceptibility to Lassa-VSV infection (Figure 5; Table 1).
ISG expression in cancer cells can occur both constitutively, due to
constitutive activation of antiviral pathways,33,34,40 and/or expression
can be induced in response to virus infection or to treatment with
IFNs.41 Constitutive ISG expression tends to be important for inhibi-
tion of early events in virus infection,33 and induced expression is
important for inhibition of later events and virus spread.41 BTCOE
4765 cells expressed the highest levels of ISG mRNAs, both constitu-
tively and induced by virus infection (Figure 5; Table 1), but were
among the most sensitive to virus infection, at least in monolayer cul-
tures. Also notable were the modest differences in ISG expression be-
tween mock- and Lassa-VSV-infected cells (Figure 5). This is also
clear in the PCA (Table S3; graph in sheet “ISG mRNA”), in which
for each cell line, mock- and Lassa-VSV-infected cells cluster closely
together. This likely reflects a combination of the suppression of anti-
viral pathways in GBM cells and the inhibitory effect of the wild-type
VSV M protein on cellular gene expression.9

The results presented here raise the question of whether there is a cor-
relation between the expression of GBM subtype-specific genes and the
response to oncolytic viruses. Clearly, the limited number of cell lines



Figure 6. Susceptibility of tumorspheres grown

frompatient-derived brain tumor cells to Lassa-VSV

infection

BTCOE 4765 (A), BTCOE 4795 (B), BTCOE 4810 (C), or

G48 (D) GBM cells were cultured under conditions to form

tumorspheres. The tumorspheres were mock infected or

infected with Lassa-VSV that expresses GFP at 105, 106,

and 107 PFU. After 24 h infection, the cells were stained

with Hoechst 33342 to identify nuclei and imaged with

confocal microscopy. Images shown here are represen-

tative images from z stacks. Expression of GFP indicated

by green shows Lassa-VSV-infected cells, and nuclei are

labeled with magenta.
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analyzed here cannot answer this question. However, evidence from
other tumor types suggests that responses to oncolytic viruses may be
independent of other genetic alterations. For example, in a transgenic
mousemodel of prostate cancer, bothVSV-sensitive andVSV-resistant
cells arise froma single genetic lesion (prostate-specific deletionofPten)
and can be altered by changes in the tumor microenvironment, such as
hormone deprivation.42 Other evidence suggests that responses to on-
colytic virus are governed by responses to tumor microenvironments
that are maintained in cancer cells by epigenetic mechanisms.43–45 A
striking feature of GBM is the heterogeneity of tumor microenviron-
ments, and it is likely that this factor may play a role in the observed di-
versity of responses to oncolytic responses to Lassa-VSVdescribedhere.

MATERIALS AND METHODS
Generation of Lassa-VSV stock

Lassa-VSV has a substitution of the Lassa virus GPC gene for the VSV
G gene and a separate transcription unit encoding enhanced GFP.37

Stocks were prepared in Vero cells infected at an MOI of 0.01 PFU/
cell. The infected Vero cells were cultured at 37�C with 5% CO2 for
36 h until CPE was noted. The culture media were collected and
centrifuged at 2,000 rpm for 15 min, and the supernatant was
collected and frozen at �80�C. Titers were determined by plaque
assay on Vero cells, which gave a titer of 2.2 � 108 PFUs/mL.
Molecular The
Patient-derived brain tumor cells

Patient-derived brain tumor cells were obtained
from the BTCOE at Wake Forest School of
Medicine. BTCOE 4765, BTCOE 4795, and
BTCOE 4810 cells are low passage (between
40 and 70 passages) and have been validated
as derived from the patient’s tumor by STR
profiling,35 and a fourth patient-derived cell
line, G48, was established earlier.36 Cells were
maintained in RPMI medium (Thermo Fisher
Scientific, Gibco, Waltham, MA, USA) with
10% fetal calf serum, 1% glucose, 1% sodium
pyruvate, and L-glutamine.

Generation of tumorspheres

Cells were detached from culture dishes using
trypsin and were resuspended in tumorsphere
medium, which lacks fetal calf serum. Tumor-
sphere medium is composed of neurobasal medium (Thermo Fisher
Scientific, Gibco, Waltham, MA, USA) with 1:20 penicillin/strepto-
mycin, 1:20 glutamine, 1%N2 100� supplement (manufacturer num-
ber 17502048; Thermo Fisher Scientific, Gibco, Waltham, MA, USA),
2% B27 50� supplement (manufacturer number 17504044; Thermo
Fisher Scientific, Gibco, Waltham, MA, USA), 100 mL fibroblast
growth factor (FGF; 0.02 mg/mL [10 mg dissolved in 500 mL sterile wa-
ter], manufacturer number PHG0024; Thermo Fisher Scientific,
Gibco, Waltham, MA, USA), and 20 mL epidermal growth factor
(EGF; 0.2mg/mL [100mg dissolved in 500mL sterile PBS],manufacturer
number PHG0311; Thermo Fisher Scientific, Gibco, Waltham, MA,
USA) for 100 mL stock media. 1� 106 cells were added to 5 mL of tu-
morspheremedia in 60mm� 15mmultra-low binding culture dishes
(Corning, Tewksbury,MA,USA) and incubated at 37�Cwith 5%CO2.
On culture day 4, the tumorspheres were placed in a 15-cc tube, centri-
fuged, and placed back in the same culture dishwith fresh tumorsphere
media. Tumorspheres were analyzed for susceptibility to Lassa-VSV
infection on days 7�10.

Lassa-VSV infection in monolayer for fluorescence microscopy

Cells were disassociated from culture dishes, resuspended in fresh
brain tumor culture media, and seeded in 6-well dishes with 1 �
106 cells per well. The following day, cells were infected with
rapy: Oncolytics Vol. 22 September 2021 239

http://www.moleculartherapy.org


Figure 7. Susceptibility of glioma stem-like cells to Lassa-VSV infection

BTCOE 4765 (A), BTCOE 4795 (B), BTCOE 4810 (C), or G48 (D) brain tumor cells grown as tumorspheres were mock infected (control) or infected with Lassa-VSV that

expresses GFP at 105, 106, and 107 PFU. After 24 h infection, cells were dissociated, surface labeled for CD44, and then permeabilized and labeled for Nestin. Flow cytometry

was performed with columns (A�D) indicating color dot plots from a representative experiment with 107 PFU. (E) and (F) show the fraction of marker-positive cells that are also

GFP positive (i.e., infected with Lassa-VSV) at three different doses. Data shown are means ± SEM from 4 experiments for infected cells and mock-infected control from 2

experiments.
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Lassa-VSV at MOIs of 0.1, 1, or 10 PFU/cell or were mock infected
as negative controls. The cells were labeled with Hoechst 33342
stain (Biotium, Fremont, CA, USA) to label nuclei and imaged
240 Molecular Therapy: Oncolytics Vol. 22 September 2021
with a Nikon Eclipse TE300 fluorescence microscope (Nikon,
Melville, NY, USA) at 6 h and 24 h postinfection without being
fixed.



Table 1. Summary of principal component analyses of data on Lassa-VSV infection of patient-derived GBM cellsa

Experimental series
Principal
component

Percent of
total variance

Major correlations
with original variablesb

Rank order of cell line
coordinatesc

Flow cytometry (Figures 3E and 3F) PC1 77%

6 h-MOI 1

4795 > 4765 > 4810 > G486 h MOI 10

24 h-MOI 0.1

Cell viability (Figure 4) PC1 78%

48 h-MOI 0.1

4810 > 4765 > 4795 > G48
24 h-MOI 10

48 h-MOI 10

24 h-MOI 0.1

ISG mRNA expression (Figure 5)

PC1 54%

IFITM1

4765 > 4795 z 4810IFITM2

HELZ2

PC2 30%

IFITM2 4795 > 4765 > 4810

____HELZ2____

4810 > 4765 > 4795IL-15

IFITM1

GBM stem-like cells flow cytometry
(Figures 7E and 7F)

PC1 81%

107 PFU-CD44

4810 > 4795 > G48 > 4765
107 PFU-Nestin

106 PFU-CD44

106 PFU-Nestin
aSummaries of principal component (PC)s that account for >75% of total variance from analyses in Table S3.
bVariables in which correlations with the PC are 0.4 or greater, regardless of whether the correlation is positive or negative.
cRank order of cell line coordinates on PCs based on magnitude of the biological effect, regardless of whether the coordinates are positive or negative.
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Lassa-VSV infection in tumorspheres for confocal microscopy

Eight-well chambered coverslips (Thermo Fisher Scientific,Waltham,
MA, USA) were coated with 1 mL Sigmacote (Millipore Sigma,
Darmstadt, Germany), washed with 1 mL sterile water three times,
and allowed to dry. 500 mL of the suspended tumorspheres was ali-
quoted to each well and infected with Lassa-VSV at 105, 106, or 107

PFU per chamber or was mock infected as a negative control.
Following a 24-h incubation period, Hoechst 33342 stain (Biotium,
Fremont, CA, USA) was applied to label nuclei, and cells were imaged
with a Nikon Eclipse Ti confocal microscope (Nikon, Melville, NY,
USA) without being fixed.

MTS viability assay

Cells were seeded into 96-well plates at 1� 104 cells per well. The cells
were allowed to incubate overnight followed by virus infection the
following day. Cells were infected in triplicate with Lassa-VSV at
MOI 0.1 and 10 and mock infected as negative controls. At 24, 48,
or 72 h, 20 mL of MTS reagent (CellTiter 96; Promega, Madison,
WI, USA) was added to each well and allowed to incubate 1�4 h ac-
cording to the manufacturer’s instruction. Once incubation was com-
plete, absorbance was measured at 490 nm on a POLARstar Omega
plate reader (BMG Labtech, Cary, NC, USA).

Flow cytometry analysis of monolayer Lassa-VSV infection

Cells were seeded at 1� 106 cells per well in 6-well dishes, allowed to
incubate overnight, and were infected with Lassa-VSV at MOI 0.1, 1,
and 10 or mock infected as a control. After 6 or 24 h, cells were
washed with PBS and lifted off the wells with trypsin. After centrifu-
gation, cells were fixed with 2% paraformaldehyde. Flow cytometry
was performed on an LSRFortessa X-20 instrument (BD Biosciences,
San Jose, CA, USA).

Flow cytometry analysis of tumorspheres labeled with

antibodies to markers for tumor stem-like cells

Tumorspheres were cultured and infected as described. The tumor-
spheres were then dissociated with Accumax (Sigma-Aldrich, Darm-
stadt, Germany) by gentle agitation and incubation at 37�C. Once the
tumorspheres were adequately dissociated, cells were resuspended in
PBS, and 200 mL aliquots were placed in a 96-well plate. Cells were
stained with anti-human CD44 antibody with allophycocyanin
(APC) fluorophore (mouse immunoglobulin G1 [IgG1], kappa iso-
type; BioLegend, San Diego, CA, USA). Cells were permeabilized
using Cytofix/Cytoperm (BD Pharmingen, San Jose, CA, USA) ac-
cording to the manufacturer’s instructions. Cells were then stained
with anti-mouse Nestin antibody with PerCP-Cy5.5 fluorophore
(mouse IgG1, kappa isotype; BD Pharmingen, San Jose, CA, USA).
Flow cytometry was performed on LSRFortessa X-20 (BD Biosci-
ences, San Jose, CA, USA).

RNA-seq analysis

BTCOE 4765, 4795, and 4810 cells in monolayer cultures were
either mock infected or infected with Lassa-VSV at MOI 10. At
Molecular Therapy: Oncolytics Vol. 22 September 2021 241
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6 h postinfection, cells were lifted off the plate and pelleted. RNA
was extracted from three independent samples of each cell popula-
tion using the RNeasy kit (QIAGEN, Germantown, MD, USA). To-
tal RNA was used to prepare cDNA libraries using the Illumina
TruSeq Stranded Total RNA with Ribo-Zero Gold Preparation kit
(Illumina, San Diego, CA, USA). RNA integrity number (RIN)
values for the samples ranged from 9.7 to 10. Briefly, 750 ng of total
RNA was rRNA depleted, followed by enzymatic fragmentation,
reverse-transcription, and double-stranded cDNA purification us-
ing AMPure XP magnetic beads (Beckman Coulter, Brea, CA,
USA). The cDNA was end repaired, 30 adenylated, with Illumina
sequencing adaptors ligated onto the fragment ends, and the
stranded libraries were pre-amplified with PCR. The library size
distribution was validated and quality inspected using an Agilent
2100 Bioanalyzer. The quantity of each cDNA library was measured
using the Qubit 3.0 (Thermo Fisher Scientific, USA). The libraries
were pooled and sequenced to a target read depth of 30 M reads
per library using single-end 76 cycle sequencing with the High
Output 75-cycle kit (Illumina) on the Illumina NextSeq 500.
Genome alignment was performed using in-house R scripts and
the Spliced Transcripts Alignment to a Reference (STAR) sequence
aligner, and gene counts for mapped reads were determined. This
work was performed by the Cancer Genomics Shared Resource
and the Bioinformatics Shared Resource of the Wake Forest Baptist
Comprehensive Cancer Center.

Statistical analysis

The RNA-seq raw count data were filtered using Gene Cluster 3.0
(Miyano Laboratory, University of Tokyo, Tokyo, Japan) to elimi-
nate genes with less than 50 counts in all samples. Counts were
normalized by dividing by total counts in each sample. GSEA (Broad
Institute, Massachusetts Institute of Technology, Cambridge, MA,
USA, and University of California, San Diego, La Jolla, CA, USA)
was performed on pairwise comparisons of the cell lines using the
Hallmark Gene Set library. Statistics were determined by 1,000 per-
mutations of the gene sets.46,47 Gene sets with nominal p values of
%0.05 and false discovery rate (FDR) q values %0.25 were consid-
ered significantly different between cell lines. For the data in Figure 5,
expression levels of mRNAs for the top 10 differentially expressed
genes between BTCOE 4765 and BTCOE 4795 mock-infected cells
in the Hallmark_Interferon_Alpha_Response gene set (Molecular
Signatures Database v.6.2; Broad Institute) were log transformed,
then compared by one-way ANOVA, followed by Tukey’s multiple
comparisons test using GraphPad Prism v.8.2.1 software for Win-
dows (GraphPad Software, San Diego, CA, USA; https://www.
graphpad.com/).

Expression of GBM subtype signature genes in BTCOE 4765, 4795,
and 4810 cells from RNA-seq data was compared to previous micro-
array data from G48 cells. RNA-seq data for each gene were normal-
ized to total counts and expressed as counts per million reads. Simi-
larly, signal intensity data from microarray analysis were normalized
to total intensity and expressed as intensity per million intensity units.
GBM signature genes expressed in all four cell lines were identified
242 Molecular Therapy: Oncolytics Vol. 22 September 2021
using MATLAB scripts; their expression levels were converted to Z
scores, and the distributions of Z scores among these genes were
compared by one-way ANOVA, followed by Tukey’s multiple com-
parisons test using GraphPad Prism v.8.2.1.

MTS and flow cytometry data were analyzed by one-way ANOVA,
followed by Tukey’s multiple comparisons test using GraphPad Prism
v.8.2.1 for Windows.

Quantitative data from each of the experimental series (Figures 3E
and 3F; Figure 4; Figure 5; and Figures 7E and 7F) were analyzed
for PCs using Cluster 3.0 for Mac OS X (C Clustering Library 1.56).
ISG mRNA expression data were log transformed prior to PCA.
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