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Live-attenuated Japanese
encephalitis virus inhibits
glioblastoma growth and elicits
potent antitumor immunity
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Glioblastomas (GBMs) are highly aggressive brain tumors that have developed
resistance to currently available conventional therapies, including surgery,
radiation, and systemic chemotherapy. In this study, we investigated the safety
of a live attenuated Japanese encephalitis vaccine strain (JEV-LAV) virus as an
oncolytic virus for intracerebral injection in mice. We infected different GBM cell
lines with JEV-LAV to investigate whether it had growth inhibitory effects on GBM
cell lines in vitro. We used two models for evaluating the effect of JEV-LAV on
GBM growth in mice. We investigated the antitumor immune mechanism of JEV-
LAV through flow cytometry and immunohistochemistry. We explored the
possibility of combining JEV-LAV with PD-L1 blocking therapy. This work
suggested that JEV-LAV had oncolytic activity against GBM tumor cells in vitro
and inhibited their growth in vivo. Mechanistically, JEV-LAV increased CD8+ T
cell infiltration into tumor tissues and remodeled the immunosuppressive GBM
microenvironment that is non-conducive to immunotherapy. Consequently, the
results of combining JEV-LAV with immune checkpoint inhibitors indicated that
JEV-LAV therapy improved the response of aPD-L1 blockade therapy against
GBM. The safety of intracerebrally injected JEV-LAV in animals further supported
the clinical use of JEV-LAV for GBM treatment.
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glioblastoma, oncolytic virotherapy, anti-tumor immunity, aPD-L1, live-attenuated
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Abbreviations: Adv, adenovirus; oPD-L1, anti-PD-L1 antibody; BBB, blood-brain barrier; GBM,
glioblastoma; GSCs, glioblastoma stem cells; HSV-1, herpes simplex virus type 1; ICIs, immune
checkpoint inhibitors; JEV-LAV, live attenuated Japanese encephalitis vaccine strain; MDSCs, myeloid-
derived suppressor cells; MV, measles virus; OVs, oncolytic viruses; PD-L1, programmed cell death ligand 1;

TAMs, tumor-associated macrophages; Tregs, T regulatory cells; ZIKV, zika virus.
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1 Introduction

Glioblastoma (GBM) is the most common and aggressive form
of primary brain tumor. The current standard care for GBM
involves the removal of the main tumor part through surgery,
followed by radiotherapy and adjuvant therapy with systemic
chemotherapeutic drugs (1). Although GBM patients respond to
these multiple approaches; their response is mediocre and the
median survival is <24 months (2). Immunotherapy is effective
against other tumors; however, the clinical trials of immunotherapy
for GBM have not provided satisfactory results (3-5).

Oncolytic viruses (OVs) can selectively kill infected tumor cells
and effectively induce antitumor immunity. The recombinant
oncolytic poliovirus PVSRIPO recently showed potential in a
phase I study involving recurrent GBM patients by extending the
overall median survival period of treated GBM patients to 2
years (6).

Japanese encephalitis virus (JEV) is a single-stranded positive-
sense RNA flavivirus transmitted by mosquitoes. It is closely related
to other emerging viral pathogens, including dengue fever virus,
yellow fever virus, West Nile virus, and zika virus (ZIKV). Like most
neurotropic flaviviruses, after entering the brain, JEV can infect
pericytes, astrocytes, and microglia, preferentially targeting
These
characteristics of flaviviruses allow the use of OVs for GBM

developing neurons and neuron precursors (7).

treatment. For instance, preclinical studies have demonstrated
that ZIKV can eliminate GBM in the mouse model by targeting
GBM stem cells (GSCs) and CD8" T cell-mediated antitumor
immunity (8, 9). Therefore, we explored whether JEV can be used
as an OV for GBM treatment.

The live attenuated Japanese encephalitis vaccine strain (JEV-
LAV) SA14-14-2 has been administered to more than 300 million
children since its clinical approval in China and other countries in
1989. Further, no vaccine-related encephalitis cases have yet been
reported from these countries (10). No reports of JEV-LAV being
used as an OV are currently available. Therefore, we here explored
the use of JEV-LAV SA14-14-2 as an OV and elucidated its
underlying action mechanism in GBM treatment.

2 Materials and methods
2.1 Animals and cell lines

Six-week-old C57BL/6] female mice were purchased from
Beijing Huafukang Bioscience (Beijing, China). 4T1, A549, 3T3,
BHK21, and GBM cell lines, including GL261, A172, T98G, U87,
and U251, were purchased from ATCC and cultured in DMEM
(Hyclone) media supplemented with 10% FBS (HyClone) at 37°C in
the presence of 5% humidified CO,. Then, GL261 cells with a
luciferase reporter gene (GL261-Iuc) were established via viral
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transduction and puromycin selection (2 pg/mL). All cell lines
were negative for mycoplasma.

2.2 JEV strains

The JEV-LAV used in the present study was an attenuated JEV
SA14-14-2 strain, which was kindly gifted by the Arbovirus Vaccine
Laboratory of China Institutes for Food and Drug Control. The
vaccine virus strain was screened as described previously (10).
Briefly, the vaccine virus strain SA14-14-2 was derived from a
wild-type JEV SA14 isolated from a pool of Culex pipiens mosquito
larvae. The SA14 virus was attenuated through a continuous
passage in primary hamster kidney (PHK) cell cultures. After 100
passages of the virus in PHK cells, followed by thrice cloning of
plaque, one less virulent clone 12-1-7 was selected from 36 plaque
clones. The selected virus was amplified in Vero cells and purified
by ultrafiltration, and the viral titers were quantified with BHK21
cells purchased from ATCC.

2.3 TCID50

BHK-21 cells (1 x 10%) were seeded into 96-well plates and
incubated overnight in 100 uL of DMEM medium supplemented
with 2% FBS. The vaccine strain SA14-14-2 was serially diluted 10-
fold in 100 UL of DMEM medium supplemented with 2%FBS and
transferred into 96-well plates. Then, an equal volume of DMEM
medium supplemented with 2% FBS was added into the two
columns that served as control. After 10 days of incubation, the
plates were read to confirm the endpoint (cytopathic effect). The
viral titers were calculated according to the method described by
Reed and Muench. Three repeated plates were used to measure
the titers.

2.4 In vitro viral infection and cell
proliferation assay

GL261 cells were plated in 12-well plates and infected with JEV-
LAV atan MOI of 0, 1, 5, and 25. The cells were stained with crystal
violet staining solution (Sigma) for 5 min after 48 h of the infection.

GL261 cells were plated in 96-well plates and infected with JEV-
LAV at an MOI of 0, 1, 5, and 25. The cell survival rates were
calculated by using the Cell Counting Kit-8 (MedChem Express)
after 48 h of the infection.

GL261, A172, T98G, U87, U251, 4T1, 3T3, and A549 cells were
plated in 96-well plates and infected with JEV-LAV at an MOI 25.
Cytotoxicity was evaluated by using CCK8 after 48 h of
the infection.
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GL261, U87, 4T1, and A549 cells were infected with JEV-LAV
at an MOI of 10 for 72 h, and the resultant supernatant was
collected. The viral titers in the cell supernatant were quantified
by TCID50 with BHK21 cells.

2.5 Tumor implantation and treatment

GL261-luc cells (1 x 10°) infected with 1 x 10° PFU JEV-LAV
for 2 h were implanted into the right frontal lobe of mice by using
stereotactic tumor establishment apparatus. A suspension of the
same number of GL261-luc cells and inactivated JEV-LAV
(achieved by heating in a 56°C water bath for 30 min) were
injected as a control. After 5 days of implantation, we monitored
the tumor development in mice through bioluminescence imaging.

Using the same coordinates as mentioned earlier, we implanted
the single-cell suspension of GL261-luc cells (1 x 10 cells in 10 uL)
into the right frontal lobe of the experimental mice. After 5 days of
implantation, we randomly selected the mice with confirmed tumor
formation and injected them intratumorally with 1.6 x 10° PFU
JEV-LAV. The injection of inactivated JEV-LAV served as a
control. On days 6, 8, 12, and 14 after implantation, the mice
received an intraperitoneal injection of PD-L1 antibodies (200 nug)
or PBS.

GL261 cells (1 x 10° cells suspended in 100 L of phosphate-
buffered solution) were injected into the right flank. After 12 days of
implantation, we randomly grouped the mice with confirmed
tumor formation and injected them intratumorally with 1.6 x 10°
PFU JEV-LAV. The injection of inactivated JEV-LAV served as a
control. On days 13, 15, 17, and 19 after implantation, the mice
received an intraperitoneal injection of PD-L1 antibodies (200 ug)
or PBS. All animal experiments were performed as per the
guidelines of the Animal Care and Use Committee of West China
Hospital, Sichuan University, China.

2.6 Bioluminescence imaging

The tumor development in the animals was monitored through
bioluminescence imaging. After receiving the intraperitoneal
injection of D-fluorescein (150 mg/kg, Gold Bio), the animals
were anesthetized with isoflurane (2%) and imaged with the
IVS50 imaging system (PerkinElmer). The data were analyzed
with the Living Image 2.6 software (PerkinElmer).

2.7 Hematoxylin and eosin,
immunohistochemical, and
immunofluorescence staining

When the tumor-bearing mice in the control group displayed
classic neurological symptoms, such as curling up into lumps, the
two groups of mice were perfused with normal saline and 4%
paraformaldehyde solution, and their brains were isolated. The
brain tissues were then fixed in 4% paraformaldehyde solution for
48 h (SigmaAldrich), embedded in paraffin, and sliced into 5-pum-
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thick sections. These paraffin sections were deparaffinized in xylene
(twice, 5 min each), gradually hydrated in a gradient series of
alcohol (100%, 90%, and 70%, for 5 min each), and stained with
hematoxylin and eosin (SigmaAldrich). To analyze the tumor-
infiltrating immune cells, we sequentially incubated the treated
sections with the primary antibodies (CD3, Abcam) and
secondary antibodies, followed by staining of the nuclei with
hematoxylin. To analyze the replication of the virus in a tumor,
these brain sections were incubated with a primary mouse anti-JEV
NS3 protein antibody (JeneTex; 1:500 dilution) overnight at 4°C
and goat anti-mouse IgG conjugated with TRITC (1:500) at 37°C
for 60 min, after which the nuclei were stained with DAPI (1:1,000
dilution) for 10 min at room temperature. The relevant images were
acquired by confocal laser scanning microscopy (Zeiss).

2.8 Virus RNA detection by quantitative
real-time PCR

The experimental mice were treated with inactivated JEV-LAV
and JEV-LAV as described earlier and sacrificed on day 5 of the
treatment, after which their brain and tumor tissues were harvested
and weighed. Viral RNA was extracted with the Viral RNA
Extraction Kit (Hengya). The viral RNA was quantified by qRT-
qPCR using the Japanese Encephalitis Virus Detection Kit (Xybio)
as per the manufacturer’s instruction.

2.9 Flow cytometry analysis

To analyze the effect of JEV-LAV on infiltrating immune cells in
tumors and the PD-L1 expression of GBM tumor cells, we sacrificed
the tumor-bearing mice 17 days after tumor inoculation (12 days
after the administration). The brain-tumor quadrants were excised
from the sacrificed mice and digested into a single-cell suspension.
For the detection of the PD-L1 expression in GBM tumor cells in
vivo, we only stripped the tumor tissues. After filtering through a
70-um filter, the dead cells were stained with the Fixable Viability
Stain 620 (BD Biosciences). The single-cell suspension was then
incubated with Fc-block (BD Biosciences) for 10 min before
staining. The following antibodies were used based on the cell
surface staining procedure: APC/cy7 anti-CD3, FITC anti-CD4, PE/
cy7 anti-CD8, PE anti-PD-1, APC anti-TIM-3, PE anti-CD25,
APC/cy7 anti-CD45, Percp anti- CD11b, FITC anti-F4/80, APC
anti-Gr-1, and PE anti-CD206. PE anti-Foxp3 was stained
intracellularly according to the intracellular-staining protocol.

2.10 Safety evaluation of intracerebral
administration of JEV-LAV in mice

Using the same methods as mentioned earlier, 6-week-old
C57BL/6] female mice were intracerebrally inoculated with 1.6 x
10° PFU (consistent with the therapeutic dose) JEV-LAV, while PBS
injection served as control. After injection, we monitored the
physical state and weight of the mice every week for 2 weeks.
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Two weeks after the injection, we conducted various tests, including
open field, elevated plus maze, rota-rod, and tail suspension, as
described previously (8).

2.11 Statistical analyses

All data were analyzed using GraphPad Prism8. The statistical
significance of total photon flux from the tumors was calculated by
Sidak’s multiple-comparisons test. Kaplan-Meier survival curves
were employed to assess the animal survival, and statistical
significance was analyzed by the log-rank test. The statistical
significance of other experiments was analyzed by unpaired
Student’s t-test. *P < 0.05; **P < 0.01; **p < 0.0001; ns, no
statistical significance.

2.12 Study approval

The animal experiments were approved by the West China
Hospital of Sichuan University Biomedical Ethics Committee, and
all experiments conformed to all relevant regulatory standards.

3 Results

3.1 Safety evaluation of intracerebrally
administered JEV-LAV

To test the safety of JEV-LAV, four behavioral tests were
conducted to determine whether intracerebrally administered
JEV-LAV causes adverse reactions in mice. These tests were the
open field test, elevated plus maze test, tail suspension test, and
rotarod test. We injected 1.6 x 10° PFU JEV-LAV intracranially into
C57BL/6] mice. At 2 weeks after JEV-LAV administration, no
abnormalities were observed in the mice (erected fur, diarrhea,
loss of appetite, lethargy, and gait instability), except a slight weight
loss (Figure 1A). The mice restored the lost weight in the third week.
Results of the behavioral tests conducted after 2 weeks revealed that
JEV-LAV- or PBS-injected mice exhibited the same degree of
spontaneous exploration behavior, anxiety, depression, and
exercise ability (Figures 1B-]). Until the 50th day of observation,
no mouse from any of the groups died (Figure 1K). These results
indicate that JEV-LAYV is safe for intracerebral injection as OVs.

3.2 Oncolytic activity of JEV-LAV against
GBM tumor cells in vitro

First, the inhibitory effect of JEV-LAV on GBM GL261 (mouse
glioma 261) cells infected at different multiplicities of infection
(MOLI: 0, 1, 5, and 25) was investigated after 48 h (Figures 2A, B).
JEV-LAV dose-dependently inhibited GL261 growth. Because no
report demonstrates the role of JEV in GBM treatment, we
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continued to characterize the oncolytic effect of JEV-LAV on
several GBM cell lines to investigate whether JEV-LAV exhibits a
broad killing effect. Thus, human A172, T98G, U87, and U251 cells
were infected, and JEV-LAV was found to significantly inhibit the
growth of all the GBM cells after 48 h (Figure 2C). However, JEV-
LAV exhibited no inhibitory effect against the growth of breast and
lung cancer cells. Similarly, JEV-LAV had no inhibitory effect on
the growth of the mouse embryonic fibroblast cell line (NTH 3T3)
(Figure 2C). Furthermore, the JEV-LAV infectious titers in the
culture supernatant of GBM cells were significantly higher than
those in the culture supernatant of other non-nervous system tumor
cells (Figure 2D).

3.3 JEV-LAV inhibits GBM growth in
vivo and prolongs the survival of tumor-
bearing mice

We used two models for evaluating the effect of JEV-LAV on
GBM growth in mice. For the in vivo tumor formation experiment,
non-inactivated and inactivated JEV-LAV-infected GL261 cells
were intracranially injected into immunocompetent mice.
Bioluminescence imaging revealed rapid GBM progression in
mice inoculated with inactivated JEV-LAV-infected GL261 cells;
all mice exhibited classic neurological symptoms and died within 19
days (Figures 3A-C). However, the mice inoculated with non-
inactivated JEV-LAV-infected GL261 cells exhibited slow GBM
progression (Figures 3A, B), and the median survival time was
significantly extended from 17 days to 28 days (Figure 3C).

To analyze the JEV-LAV therapeutic efficacy in vivo, we
intracranially injected GL261-luc cells into the right hemisphere
of mouse brains. After 5 days, we confirmed tumor formation
through bioluminescence and intratumorally injected the tumor-
bearing mice with non-inactivated or inactivated JEV-LAV.
Bioluminescence imaging revealed that the signal intensities of
GBM tumors in the non-inactivated JEV-LAV-injected tumor-
bearing mice were significantly weaker than those in inactivated
JEV-LAV-injected mice (Figures 3D, E). In addition, GBM
progression was slower in the non-inactivated JEV-LAV-injected
mice than in the inactivated JEV-LAV-injected mice. Moreover, the
median survival time of the non-inactivated JEV-LAV-injected
mice was 8 days more than that of the inactivated JEV-LAV-
injected mice (Figure 3F). Hematoxylin and eosin staining of
brain sections revealed that the tumor size was smaller in the
non-inactivated JEV-LAV group than in the inactivated JEV-LAV
group on the 17th day after tumor implantation (12 days after JEV-
LAV treatment). Tumors in the non-activated JEV-LAV group
mice had fewer bleeding points and slower tumor progression than
those in the inactivated JEV-LAV group mice (Figures 3G, H).
Immunofluorescence staining revealed that the virus antigen was
abundantly expressed in tumors from the JEV-LAV-treated mice
(Figure 3I). In addition, viral RNA accumulation in the brain and
tumors of the treated mice suggested that JEV-LAV selectively
replicates in the tumor tissues (Figure 3J).
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FIGURE 1

Days after injection

Safety evaluation of intracerebral administration of JEV-LAV in the experimental mice. (A)Weight changes in the mice after 2 weeks of injection
(B-J) C57BL/6J mice were intracerebrally inoculated with 1.6 x 10° PFU (consistent with the therapeutic dose) JEV-LAV, while PBS injection served
as control. The clinical signs and survival of the animals were monitored daily. Behavioral testing was conducted after 2 weeks. (B) The motion track
of the mice in the open field test. (C) Overall distance covered by the mice in the open field test. (D) Movement distance in the center of the mice in
the open field test. (E) Residence time in the center of the mice in the open field test. (F) The motion tracking of mice in the elevated plus-maze
test. (G) The overall distance of mice in the open arm. (H) The residence time of mice in the open arm. (I) Total time of mice on the rod in the rota-
rod teat. (J) Immobile time of mice within 5 min of tail suspension in the tail-suspension test. (K) Survival (n = 8/group). *P < 0.05; **P < 0.01; ***P <

0.0001; ns, no statistical significance

3.4 JEV-LAV increases D8* T cell
infiltration into tumor tissues

Using flow cytometry, we analyzed immune cells in tumor
tissues 17 days after tumor implantation. The JEV-LAV group
tissues had significantly increased (P < 0.05) number of CD45" total
leukocytes, CD3" T cells, CD3" CD4™T cells, and CD3" CD8"T cells
compared with the control group tissues (Figures 4A-D, Figure
S1A, B). Consistent with the flow cytometry results, CD3 staining of
the coronary brain slices also indicated that tumor infiltration with
lymphocytes increased after JEV-LAV injection (Figures 4E, F).
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Overall, JEV increased lymphocyte infiltration in tumors, thereby
improving the immune lymphocyte deficiency in GBM.

3.5 JEV-LAV remodels the
immunosuppressive GBM
microenvironment

The major cellular players mediating GBM immunosuppression
are CD4" CD25" Foxp3" T regulatory cells (Tregs), myeloid-
derived suppressor cells (MDSCs), and M2 polarized tumor-
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associated macrophages (TAMs). Moreover, the immune
checkpoint coinhibitory receptors PD-1, CTLA-4, and TIM-3
highly expressed in T cells compete with the costimulatory
receptor CD28 for binding to ligands CD80 and CD86, thereby
inhibiting T cell activation. Therefore, we investigated whether JEV-
LAV treatment can remodel the immunosuppressive GBM
microenvironment. According to the flow cytometry analysis,
although PD-1"TIM-3" CD4" T cell infiltration increased in the
tumors of the JEV-LAV-injected mice (Figure 5A, Figures SIB,
S2AB), this infiltration decreased significantly (Figure 5B, Figures
S1B, S2A, B). Similarly, the number of CD4"CD25" Foxp3™ Tregs
and the ratio of Tregs to CD8+ T cells also significantly decreased (P
< 0.05) (Figure 5C, Figure S1C). On analyzing the myeloid cells, we
noted that the decrease in the number of M2-TAMs
(CD45"CD11b"F4/80"CD206") may have resulted in the decrease
in the total number of TAMs (CD45"CD11b"F4/80%) (Figure 5D, E,
Figure S1A). At the same time, MDSC (CD45"CD11b*Gr-17)
infiltration was significantly reduced (P < 0.05) (Figure 5F,
Figure S1A). These observations indicate that JEV-LAV therapy
can effectively transform the immunosuppressive GBM
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microenvironment into an immunostimulatory state conducive
to immunotherapy.

3.6 JEV-LAV therapy improves the
response of aPD-L1 blockade therapy

Viral infection triggers the innate immune system-mediated
IFN-y response. IFN-y upregulation stimulates tumor cells to
increase the expression of immunomodulatory molecules (such as
programmed cell death ligand 1, PD-L1). These molecules
negatively regulate the antitumor immune response. Therefore,
we tested whether in vitro infection and intratumoral injection of
JEV-LAV change PD-L1 expression in GL261 cells and GBM tumor
cells, respectively. PD-L1 expression was upregulated after 48 h of in
vitro JEV-LAV infection (Figure 6A, Figure S2C). Similarly, the
percentage of PD-L1" cells among total GBM tumor cells 1 week
after intratumoral JEV-LAV injection was close to 100%
(Figures 6B, C).
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JEV-LAV inhibits the growth of GBM in vivo and prolongs the survival of tumor-bearing mice. (A—C) C57BL/6J mice were intracranially implanted
with 1 x 10° GL261-luc cells infected with 1 x 10® PFU JEV-LAV for 2 h or HI-JEV-LAV (control). (A) Individual tumor growth via bioluminescence at
the indicated times. (B) Quantification of total photon flux from each animal. (C) Survival. (D—J) C57BL/6J mice were intracranially implanted with 1
x 10° GL261-luc cells and injected intratumorally with 1.6 x 10° PFU JEV-LAV or HI-JEV-LAV after 5 days. (D) Individual tumor growth via
bioluminescence at the indicated time points. (E) Quantification of total photon flux from each animal. (F) Survival. (G, H) Representative pictures of
hematoxylin and eosin staining of coronal brain slices on day 12 after JEV-LAV treatment. Scale bars = 2000 um (left panel) and 50 um (right panel)
The immune cells infiltrating into the tumor are indicated by arrows. (I) Representative pictures of immunofluorescent staining of the glioma paraffin
sections for JEV NS3 protein (red) and DAPI (blue). (J) Distribution of JEV-LAV in the brain and tumor of mice after 5 days of intracerebral
administration. *P<0.05, **P<0.01, ***P<0.001,****p<0.0001, ns no statistical significance.

We further evaluated whether JEV-LAV treatment in
combination with anti-PD-L1 antibody (oPD-L1) can enhance
the overall therapeutic effect in GL261 orthotopic glioma mice.
JEV-LAV and oPD-L1 antibodies were injected intratumorally and
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intraperitoneally in the glioma mice, respectively, according to the
schedule (Figure 6D). Bioluminescence imaging revealed that the
signal intensities of GBM tumors in mice injected with JEV-LAV
+0-PD-L1 were significantly weaker than those in the control group
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FIGURE 4

JEV-LAV treatment increases the infiltration of CD8" T-cells into the tumor tissues. C57BL/6J mice were intracranially implanted with 1 x 10°
GL261-luc and injected intratumorally with 1.6 x 10° PFU JEV-LAV or inactivated JEV-LAV after 5 days. On day 17 after tumor implantation, the
tumors were harvested, dissociated, stained with fluorescent dye-conjugated anti-mouse antibodies, and analyzed by multicolor FACS.
Representative flow cytometry scatter plots and statistical analyses of the percentage of (A) CD45*cells, (B) CD3™ cells, (C) CD4™ cells in CD3™ cells,
and (D) CD8" cells in CD3" cells. (E) Representative images of CD3 immunohistochemical staining of the coronal brain sections at day 17 of tumor
inoculation. Scale bars = 50 um. (F) Quantification of the numbers of CD3™ cells in each field of view of the microscope at 20x. The cell counts
were obtained from at least three random fields/tumor sections. n = 4 or 5 per group. *P<0.05, **P<0.01, ***P<0.001.

mice (P < 0.05), JEV-LAV-injected mice, and o-PD-LI-injected Typically, in GL261 studies, tumors are not detected on
mice (Figure 6E, F). The median survival time of mice treated with ~ magnetic resonance imaging scans before days 10-14. Therefore,
JEV-LAV+0-PD-L1 was significantly prolonged compared with  to investigate the efficacy of JEV-LAV+0.-PD-LI in the treatment of
that of those in other groups (Figure 6G). larger tumors, in vivo antitumor studies were conducted on C57/Bl6
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mice bearing subcutaneous GL261 GBMs. The results of tumor
volume and survival curve suggest that JEV-LAV enhances the
antitumor effect of o-PD-L1 therapy (Figures 6H, I).

4 Discussion

GBM is among the most fatal malignant brain tumors. An in-
depth understanding of GBM classification and underlying
pathogenesis has been achieved through comprehensive molecular
profiling technology; however, precision oncology approaches have
not offered any satisfactory clinical insights (11, 12). This is mainly
because of adaptive mutations and drug resistance resulting from
molecular heterogeneity and redundant signaling pathways in GBM
(13, 14). Cancer immunotherapy has recently made remarkable
progress. The monoclonal antibodies ipilimumab, nivolumab, and
pembrolizumab block the immune checkpoint and induce long-
lasting remission of many cancer types. These antibodies have
received approval for the treatment of various malignant tumors
including melanoma, urothelial bladder cancer, head and neck
squamous cell carcinoma, non-small cell lung cancer, and
classical Hodgkin lymphoma (15, 16). Furthermore, cellular
immunotherapy for cancers has achieved immense success in the
treatment of hematological malignancies. Tisagenlecleucel and
axicabtagen-ciloleucel, the two CDI19-targeting chimeric antigen
receptor T cell therapies, have been successfully applied for the
treatment of acute lymphoblastic leukemia and diffuse large B-cell
lymphoma. These therapies have also received FDA and EMA
approval for clinical use (17, 18). Therefore, immune-based
therapeutic approaches are good options for GBM.

The concept of the central nervous system (CNS) with immune
privilege originates from the preliminary experimental data
reported by Peter Medawar’s team 60 years ago (19, 20). Until
2015, the brain was believed to lack special lymphatic channels,
which were speculated to limit antigen presentation from the brain
to immune cells. However, recent data have expanded our
understanding of active immune mechanisms in the CNS. CNS
resident cells include microglia in the brain parenchyma (tissue-
resident cells, TRM) and border-related macrophages (BAMs).
TRMs support neuron development and function (21). BAMs are
located in the CNS boundary area, which is related to their special
barrier function and immune regulation (22). Moreover, the CNS in
a stable state has been examined immunologically (23, 24). After
infection in the CNS, the interaction between infiltrating T cells and
activated microglia can maintain the function of T effector cells in
CNS parenchyma (23, 25). Thus, these findings support that
although the brain is a different part of immunology, the immune
microenvironment provides sufficient opportunities for
immunotherapy for the treatment of brain tumors.

However, immunotherapy for GBM has limited efficacy
compared with that for other solid tumors. Several factors may
limit the efficacy of immunotherapy against GBM. First, brain
tumors with low lymphocyte infiltration are less responsive to
immunotherapy (26). Second, the immunosuppressive GBM
microenvironment is the primary reason for the aforementioned
limited efficacy, especially for T cells, including immunosuppressive
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immune cells (Tregs, MDSCs, and TAMs), tumor cell-derived
inhibitory cytokines, and the upregulated expression of immune
checkpoint receptors on T cells and of PD-L1 on tumor cells. In
addition to the immunosuppressive GBM microenvironment, a lot
of evidence indicates that systemic GBM immunosuppression is
also a major problem associated with conventional treatments and
immunotherapy (27-29). Furthermore, the inability of ICIs to cross
the blood-brain barrier (BBB) and disrupt immune checkpoint
signaling in situ may be a reason for only a subset of advanced
cancer patients responding to a single-agent immune checkpoint
blockade (30). Some studies have shown that neurotropic viruses
enter the CNS by breaching the BBB (31, 32). One study showed
that laboratory-attenuated rabies virus, which is the same
neurotropic virus as JEV, enhances BBB permeability (33).

OV are natural or genetically modified viruses that specifically
infect and lyse tumor cells, leading to the release of tumor antigens
and induction of an antitumor immune response (34). Oncolytic
virotherapy is a novel type of cancer immunotherapy. We here
found that JEV-LAV has excellent replication ability and a potent
oncolytic effect on GBM cells. JEV-LAV did not inhibit the growth
of non-nervous system tumor cells and healthy cells. Furthermore,
we conducted in vivo anti-mouse glioma experiments in
immunocompetent mice to investigate the effect of JEV-LAV on
the GBM immune microenvironment. Subsequently, the tumor
tropism of JEV-LAV on human GBM cells will be examined in
nude mice in the following experiments. The pre-existing
attenuation properties of SA14-14-2 (the JEV-LAV used in this
study) as a human vaccine strain are also crucial for being OV
candidates (35). Currently, the oncolytic platforms for GBMs
derived from human vaccine strains, including the vaccinia virus,
poliovirus, and MVs, have entered the clinical stage (36). SA14-14-2
has cleared the clinically reliable safety verification by being used for
vaccinating children and has been monitored for genetic stability
and neurotoxicity through intracranial inoculation in mice (37-39).
Although Chen et al’s study demonstrated that JEV-LAV
intracranially injected into 3-week-old BALB/c nude mice can
induce lethal neurovirulence. Notably, intracranially injected JEV-
LAV did not cause the death of C57BL/6] mice in our study. The
neurovirulence of JEV-LAV has been tested in several laboratory
animals, including weaned mice and rhesus monkeys (10). In
immunocompetent mice, a dose of intracranially administered
10° PFU of JEV-LAV was deemed non-lethal (40). However, in
rare cases, mice died with intracranially injected JEV-LAV (41).
This extremely low incidence is related to several factors influencing
the experiment, such as mice age and strain, particularly the
differences in the mouse genetic background (42). For example, a
noticeable variability in mortality was reported when two lineages
of age-matched outbred ICR mice were intracranially inoculated
with a mutant of ChimeriVax-JE that contained two amino acid
substitutions (F'*’L and K'*®E) in the SA14-14-2 E protein-coding
region. Therefore, the difference between our and past study results
may be attributable to differences in mouse strains. Thus, JEV-LAV
is a safe candidate OV agent for GBM treatment at this stage.

The conflict between OV and host immunity has always been
controversial. Pre-existing antiviral immunity generally leads to
premature OV clearance and causes the damage to the systemic
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delivery, replication, and therapeutic gene expression of OVs.
The relative contribution of immune responses against tumors
and/or viruses in OV efficacy is being debated (43). A study
demonstrated that the efficacy of oHSV in GBM treatment
correlates with tumor- and viral antigen-specific cytotoxic T-
cell infiltration (44). Furthermore, recent results have suggested
that the antiviral response is an opportunity for GBM OV
therapy. For example, a study showed that tumor-bearing mice
immunized with newcastle disease virus (NDV) before treatment
exhibited better therapeutic effects than naive mice (45).
Coincidentally, by comparing the efficacy and immune
response of immature mice or mice immunized with VG161, an
HSV-1 OV in a phase 2 clinical trial, another study reported that
pre-existing antiviral immunity may enhance OV-induced
antitumor immunity (46). Studies have shown that anti-virus T
cells may cross-react with tumor-associated antigens homologous
to viral peptides and actively participate in tumor clearance (47).
Many current methods attempt to prevent antibody-mediated
virus neutralization, such as those involving liposomes,
nanoparticles, and other OV delivery systems under
development, and virus retargeting or chemical modification
(48-51).

OVs can remodel the tumor microenvironment, which is the
key reason for their antitumor effect. First, OVs universally induce a
large T cell infiltration to transform “cold” tumors into “hot”
tumors. Here, JEV-LAV also increased CD8" T cell infiltration
into the tumors. Second, OV can also reduce the number of mediate
immunosuppression-mediating immune cells in the tumor
microenvironment to offer favorable immune stimulation
conditions for T-cell activation. For instance, oncolytic Adv
targeted GBM by reducing Treg infiltration and increasing the
number of IFNY"CD8'T cells (52). Furthermore, in NDV-treated
tumors, IFN-y" T cell infiltration increased, whereas MDSC
accumulation decreased (53). Our results also revealed that JEV-
LAV reduced the number of Tregs and MDSCs in tumor tissues.
JEV-LAV treatment also reduced the total number of TAM:s,
possibly due to a significant reduction in M2-TAMs. Treatment
of a subcutaneous xenograft tumor model in nude mice with
oncolytic VV GLV-1H68 significantly upregulated the expression
of pro-inflammatory cytokines (IFN-y, IP-10, and M-CSF-1) and
enhanced pro-inflammatory macrophage infiltration (54).

Although OVs are considered a promising cancer treatment
strategy, the ideal antitumor effect cannot be achieved with OV
monotherapy. OV combination therapy represents the ideal
therapeutic strategy for future exploration. The GBM
microenvironment creates a greater challenge to single oncolytic
virotherapy. Innate immune cells and GSCs inhibit the effective
replication and spread of viruses. GBM tumor cells exhibit a high
degree of immunosuppression, high PD-L1 expression on tumor
cells and its upregulation on TAMs, and a high expression of
immune checkpoints on T cells. Therefore, OV-induced CD8" T
cells infiltrating tumor tissues may not have sufficient activity.
Nowadays, GBM treatment strategies involving ICIs are under
continuous development (55-57). Several clinical trials testing
ICIs for GBM are underway, including ipilimumab (blocks
CTLA-4) and nivolumab (blocks PD-1) (NCT04817254,
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NCT03576612). The OV+ICI combination therapy is worthy of
further investigation. On the one hand, OVs can increase the
effectiveness of ICIs in GBM with low T-cell infiltration by
recruiting T cells and inducing an antitumor T-cell response. On
the other hand, OV-induced upregulation of PD-1 expression on T
cells and PD-L1 on tumor cells after an inflammatory response also
increases GBM sensitivity to ICIs (58, 59). Through in vitro and in
vivo experiments, we showed that after JEV-LAV infection, the
expression of the immune escape molecule PD-L1 increases,
providing basic support for the combined PD-1/PD-L1 blockade.
Subsequent in vivo antitumor experiments also revealed an
increased therapeutic effect of this combination compared with
OV monotherapy.

The current results highlighted the great potential of JEV-LAV
as an OV for GBM treatment. We also demonstrated the excellent
therapeutic effect of JEV-LAV on glioma-bearing mice. JEV-LAV-
induced remodeling of the GBM microenvironment was further
used for immune checkpoint-blocking therapy. Moreover, this
study presented an excellent safety profile of JEV-LAV, further
backing its use as cerebral oncolytic virotherapy.

Data availability statement

The original contributions presented in the study are included
in the article/Supplementary Material. Further inquiries can be
directed to the corresponding author.

Ethics statement

The animal study was reviewed and approved by West China
Hospital of Sichuan University.

Author contributions

ZQ designed the research, performed the experiments, and
wrote the initial manuscript. JZ participated in the revision of the
manuscript and completed relevant experiments. YL provided the
Live-attenuated Japanese encephalitis vaccine virus strain. PC
provided constructive guidance to the experiment design and
contributed to the final manuscript. ZQ, BZ, and SH were
involved in the construction of the GBM orthotopic animal
models and treatments. SH and other authors were involved in
the flow cytometry assay. All authors read and approved the
final manuscript.

Funding

This work was supported by the National Science and
Technology Major Projects of New Drugs (2018Z2X09201018-
013), the National Science and Technology Major Project for

frontiersin.org


https://doi.org/10.3389/fimmu.2023.982180
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Qi et al.

Infectious Diseases Control (20172X10203206-004), the National
Natural Science Foundation of China (81101728).

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or

References

1. Stupp R, Mason WP, van den Bent MJ, Weller M, Fisher B, Taphoorn MJ, et al.
Radiotherapy plus concomitant and adjuvant temozolomide for glioblastoma. N Engl |
Med (2005) 352:987-96. doi: 10.1056/NEJMo0a043330

2. Delgado-Lopez PD, Corrales-Garcia EM. Survival in glioblastoma: a review on
the impact of treatment modalities. Clin Trans Oncol (2016) 18:1062-71. doi: 10.1007/
$12094-016-1497-x

3. Brown CE, Alizadeh D, Starr R, Weng L, Wagner JR, Naranjo A, et al. Regression
of glioblastoma after chimeric antigen receptor T-cell therapy. N Engl ] Med (2016)
375:2561-9. doi: 10.1056/NEJMoal610497

4. Curry WT, Lim M. Immunomodulation: checkpoint blockade etc. Neuro Oncol
(2015) 17(Suppl 7):vii26-31. doi: 10.1093/neuonc/nov174

5. Wen PY, Reardon DA, Armstrong TS, Phuphanich S, Aiken RD, Landolfi JC,
et al. A randomized double-blind placebo-controlled phase II trial of dendritic cell
vaccine ICT-107 in newly diagnosed patients with glioblastoma. Clin Cancer Res (2019)
25:5799-807. doi: 10.1158/1078-0432.Ccr-19-0261

6. Desjardins A, Gromeier M, Herndon JE, Beaubier N, Bolognesi DP, Friedman
AH, et al. Recurrent glioblastoma treated with recombinant poliovirus. N Engl | Med
(2018) 379:150-61. doi: 10.1056/NEJMoal716435

7. Laureti M, Narayanan D, Rodriguez-Andres ], Fazakerley JK, Kedzierski L.
Flavivirus receptors: Diversity, identity, and cell entry. Front Immunol (2018) 9:2180.
doi: 10.3389/fimmu.2018.02180

8. Chen Q, WuJ, Ye Q,MaF, Zhu Q, Wu 'Y, et al. Treatment of human glioblastoma
with a live attenuated zika virus vaccine candidate. mBio (2018) 9:13. doi: 10.1128/
mBio.01683-18

9. Nair S, Mazzoccoli L, Jash A, Govero J, Bais SS, Hu T, et al. Zika virus oncolytic
activity requires CD8+ T cells and is boosted by immune checkpoint blockade. JCI
Insight (2021) 6(1): €144619. doi: 10.1172/jci.insight.144619

10. Yu Y. Phenotypic and genotypic characteristics of Japanese encephalitis
attenuated live vaccine virus SA14-14-2 and their stabilities. Vaccine (2010) 28:3635-
41. doi: 10.1016/j.vaccine.2010.02.105

11. Ostrom QT, Gittleman H, Truitt G, Boscia A, Kruchko C, Barnholtz-Sloan JS.
CBTRUS statistical report: Primary brain and other central nervous system tumors
diagnosed in the united states in 2011-2015. Neuro Oncol (2018) 20:iv1-iv86.
doi: 10.1093/neuonc/noy131

12. Tan AC, Ashley DM, Lopez GY, Malinzak M, Friedman HS, Khasraw M.
Management of glioblastoma: State of the art and future directions. CA: Cancer J Clin
(2020) 70:299-312. doi: 10.3322/caac.21613

13. Barker A, Gerhard D, Vockley J, Collins F, Good P, Guyer M. Comprehensive
genomic characterization defines human glioblastoma genes and core pathways.
Nature (2008) 455:1061-8. doi: 10.1038/nature07385

14. Muir M, Gopakumar S, Traylor J, Lee S, Rao G. Glioblastoma multiforme: novel
therapeutic targets. Expert Opin Ther Targets (2020) 24:605-14. doi: 10.1080/
14728222.2020.1762568

15. Gong J, Chehrazi-Raffle A, Reddi S, Salgia R. Development of PD-1 and PD-L1
inhibitors as a form of cancer immunotherapy: a comprehensive review of registration trials
and future considerations. ] immunother Cancer (2018) 6:8. doi: 10.1186/s40425-018-0316-z

Frontiers in Immunology

13

10.3389/fimmu.2023.982180

claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/
fimmu.2023.982180/full#supplementary-material

SUPPLEMENTARY FIGURE 1

Gating strategies for all flow experiments. (A) Gating strategies for
CD45%cells, TAMs (CD45*CD11b*F4/80%), M2-TAMs (CD45*CD11b*F4/
80*CD206™), and MDSCs (CD45*CD11b*Gr-1%). (B) Gating strategies for T
cells. (C) Gating strategies for Tregs (CD4"CD25"* Foxp3™).

SUPPLEMENTARY FIGURE 2
FMOs of some of the flow experiments (A) FMO of PD-1+T cells. (B) FMO of
TIM-3+T cells. (C) FMO of PD-L1+ GL261 cells

16. Hodi FS, O'Day SJ, McDermott DF, Weber RW, Sosman JA, Haanen JB, et al.
Improved survival with ipilimumab in patients with metastatic melanoma. N Engl |
Med (2010) 363:711-23. doi: 10.1056/NEJMoal003466

17. Maude SL, Laetsch TW, Buechner J, Rives S, Boyer M, Bittencourt H, et al.
Tisagenlecleucel in children and young adults with b-cell lymphoblastic leukemia. N
Engl ] Med (2018) 378:439-48. doi: 10.1056/NEJMoal709866

18. Neelapu SS, Locke FL, Bartlett NL, Lekakis L], Miklos DB, Jacobson CA, et al.
Axicabtagene ciloleucel CAR T-cell therapy in refractory Large b-cell lymphoma. N
Engl ] Med (2017) 377:2531-44. doi: 10.1056/NEJMoal707447

19. Billingham RE, Brent L, Medawar PB. Actively acquired tolerance of foreign
cells. Nature (1953) 172:603-6. doi: 10.1038/172603a0

20. Medawar PB. Immunity to homologous grafted skin; the fate of skin homografts
transplanted to the brain, to subcutaneous tissue, and to the anterior chamber of the
eye. Br ] Exp Pathol (1948) 29. doi: 10.1186/s12917-014-0261-0

21. Butovsky O, Weiner HL. Microglial signatures and their role in health and
disease. Nat Rev Neurosci (2018) 19:622-35. doi: 10.1038/s41583-018-0057-5

22. Mildenberger W, Stifter SA, Greter M. Diversity and function of brain-
associated macrophages. Curr Opin Immunol (2022) 76:102181. doi: 10.1016/
j.01.2022.102181

23. Ai S, Klein RS. Update on T cells in the virally infected brain: friends and foes.
Curr Opin Neurol (2020) 33:405-12. doi: 10.1097/wc0.0000000000000825

24. Mundt S, Greter M, Becher B. The CNS mononuclear phagocyte system in
health and disease. Neuron (2022) 110:3497-512. doi: 10.1016/j.neuron.2022.10.005

25. Dave VA, Klein RS. The multitaskers of the brain: Glial responses to viral
infections and associated post-infectious neurologic sequelae. Glia (2023) 71(4): 803—
18. doi: 10.1002/glia.24294

26. Topalian SL, Taube JM, Anders RA, Pardoll DM. Mechanism-driven
biomarkers to guide immune checkpoint blockade in cancer therapy. Nat Rev Cancer
(2016) 16:275-87. doi: 10.1038/nrc.2016.36

27. Gustafson MP, Lin Y, New KC, Bulur PA, O'Neill BP, Gastineau DA, et al.
Systemic immune suppression in glioblastoma: the interplay between CD14+HLA-
DRlo/neg monocytes, tumor factors, and dexamethasone. Neuro Oncol (2010) 12:631-
44. doi: 10.1093/neuonc/noq001

28. Otvos B, Alban TJ, Grabowski MM, Bayik D, Mulkearns-Hubert EE, Radivoyevitch
T, et al. Preclinical modeling of surgery and steroid therapy for glioblastoma reveals changes
in immunophenotype that are associated with tumor growth and outcome. Clin Cancer Res
(2021) 27:2038-49. doi: 10.1158/1078-0432.Ccr-20-3262

29. Panagioti E, Kurokawa C, Viker K, Ammayappan A, Anderson SK, Sotiriou S,
et al. Immunostimulatory bacterial antigen-armed oncolytic measles virotherapy
significantly increases the potency of anti-PD1 checkpoint therapy. J Clin Invest
(2021) 131(13):e141614. doi: 10.1172/jcil41614

30. Lim M, Weller M, Chiocca EA. Current state of immune-based therapies for
glioblastoma. Am Soc Clin Oncol Educ book Am Soc Clin Oncol Annu Meeting (2016)
35:e132-139. doi: 10.1200/edbk_159084

31. Al-Obaidi MM], Bahadoran A, Wang SM, Manikam R, Raju CS, Sekaran SD.
Disruption of the blood brain barrier is vital property of neurotropic viral infection

frontiersin.org


https://www.frontiersin.org/articles/10.3389/fimmu.2023.982180/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fimmu.2023.982180/full#supplementary-material
https://doi.org/10.1056/NEJMoa043330
https://doi.org/10.1007/s12094-016-1497-x
https://doi.org/10.1007/s12094-016-1497-x
https://doi.org/10.1056/NEJMoa1610497
https://doi.org/10.1093/neuonc/nov174
https://doi.org/10.1158/1078-0432.Ccr-19-0261
https://doi.org/10.1056/NEJMoa1716435
https://doi.org/10.3389/fimmu.2018.02180
https://doi.org/10.1128/mBio.01683-18
https://doi.org/10.1128/mBio.01683-18
https://doi.org/10.1172/jci.insight.144619
https://doi.org/10.1016/j.vaccine.2010.02.105
https://doi.org/10.1093/neuonc/noy131
https://doi.org/10.3322/caac.21613
https://doi.org/10.1038/nature07385
https://doi.org/10.1080/14728222.2020.1762568
https://doi.org/10.1080/14728222.2020.1762568
https://doi.org/10.1186/s40425-018-0316-z
https://doi.org/10.1056/NEJMoa1003466
https://doi.org/10.1056/NEJMoa1709866
https://doi.org/10.1056/NEJMoa1707447
https://doi.org/10.1038/172603a0
https://doi.org/10.1186/s12917-014-0261-0
https://doi.org/10.1038/s41583-018-0057-5
https://doi.org/10.1016/j.coi.2022.102181
https://doi.org/10.1016/j.coi.2022.102181
https://doi.org/10.1097/wco.0000000000000825
https://doi.org/10.1016/j.neuron.2022.10.005
https://doi.org/10.1002/glia.24294
https://doi.org/10.1038/nrc.2016.36
https://doi.org/10.1093/neuonc/noq001
https://doi.org/10.1158/1078-0432.Ccr-20-3262
https://doi.org/10.1172/jci141614
https://doi.org/10.1200/edbk_159084
https://doi.org/10.3389/fimmu.2023.982180
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Qi et al.

of the central nervous system. Acta Virol (2018) 62:16-27. doi: 10.4149/
av_2018_102

32. Zorec R, Verkhratsky A. Astrocytes in the pathophysiology of neuroinfection.
Essays Biochem (2023) 67(1):131-45. doi: 10.1042/ebc20220082

33. Fang A, Yuan Y, Huang F, Wang C, Tian D, Zhou R, et al. Lab-Attenuated rabies
virus facilitates opening of the blood-brain barrier by inducing matrix metallopeptidase
8. ] Virol (2022) 96:¢0105022. doi: 10.1128/jvi.01050-22

34. Russell SJ, Barber GN. Oncolytic viruses as antigen-agnostic cancer vaccines.
Cancer Cell (2018) 33:599-605. doi: 10.1016/j.ccell.2018.03.011

35. Wollmann G, Ozduman K, van den Pol AN. Oncolytic virus therapy for
glioblastoma multiforme: concepts and candidates. Cancer ] (Sudbury Mass) (2012)
18:69-81. doi: 10.1097/PPO.0b013e31824671c9

36. Foreman PM, Friedman GK, Cassady KA, Markert JM. Oncolytic virotherapy
for the treatment of malignant glioma. Neurotherapeutics (2017) 14:333-44.
doi: 10.1007/s13311-017-0516-0

37. Feroldi E, Pancharoen C, Kosalaraksa P, Chokephaibulkit K, Boaz M, Meric C,
et al. Primary immunization of infants and toddlers in Thailand with Japanese
encephalitis chimeric virus vaccine in comparison with SA14-14-2: a randomized
study of immunogenicity and safety. Pediatr Infect Dis J (2014) 33:643-9. doi: 10.1097/
inf.0000000000000276

38. Kim DS, Houillon G, Jang GC, Cha SH, Choi SH, Lee J, et al. A randomized
study of the immunogenicity and safety of Japanese encephalitis chimeric virus vaccine
(JE-CV) in comparison with SA14-14-2 vaccine in children in the republic of Korea.
Hum Vaccines immunother (2014) 10:2656-63. doi: 10.4161/hv.29743

39. Liu X, Zhao D, Jia L, Xu H, Na R, Ge Y, et al. Genetic and neuroattenuation
phenotypic characteristics and their stabilities of SA14-14-2 vaccine seed virus. Vaccine
(2018) 36:4650-6. doi: 10.1016/j.vaccine.2018.06.040

40. Yun SI, Song BH, Kim JK, Yun GN, Lee EY, Li L, et al. A molecularly
cloned, live-attenuated japanese encephalitis vaccine SA14-14-2 virus: a
conserved single amino acid in the ij hairpin of the viral e glycoprotein
determines neurovirulence in mice. PloS Pathog (2014) 10:e1004290.
doi: 10.1371/journal.ppat.1004290

41. Eckels KH, Yu YX, Dubois DR, Marchette NJ, Trent DW, Johnson AJ. Japanese
Encephalitis virus live-attenuated vaccine, Chinese strain SA14-14-2; adaptation to
primary canine kidney cell cultures and preparation of a vaccine for human use.
Vaccine (1988) 6:513-8. doi: 10.1016/0264-410x(88)90103-x

42. Arroyo J, Guirakhoo F, Fenner S, Zhang ZX, Monath TP, Chambers TJ.
Molecular basis for attenuation of neurovirulence of a yellow fever Virus/Japanese
encephalitis virus chimera vaccine (ChimeriVax-JE). J Virol (2001) 75:934-42.
doi: 10.1128/jv1.75.2.934-942.2001

43. Vile RG. The immune system in oncolytic immunovirotherapy: Gospel, schism
and heresy. Mol Ther ] Am Soc Gene Ther (2018) 26:942-6. doi: 10.1016/
j.ymthe.2018.03.007

44. Alayo QA, Tto H, Passaro C, Zdioruk M, Mahmoud AB, Grauwet K, et al.
Glioblastoma infiltration of both tumor- and virus-antigen specific cytotoxic T cells
correlates with experimental virotherapy responses. Sci Rep (2020) 10:5095.
doi: 10.1038/541598-020-61736-2

45. Ricca JM, Oseledchyk A, Walther T, Liu C, Mangarin L, Merghoub T, et al. Pre-
existing immunity to oncolytic virus potentiates its immunotherapeutic efficacy. Mol
Ther (2018) 26:1008-19. doi: 10.1016/j.ymthe.2018.01.019

Frontiers in Immunology

14

10.3389/fimmu.2023.982180

46. Ding J, Murad YM, Sun Y, Lee IF, Samudio I, Liu X, et al. Pre-existing HSV-1
immunity enhances anticancer efficacy of a novel immune-stimulating oncolytic virus.
Viruses (2022) 14(11):2327. doi: 10.3390/v14112327

47. Fluckiger A, Daillére R, Sassi M, Sixt BS, Liu P, Loos F, et al. Cross-reactivity
between tumor MHC class I-restricted antigens and an enterococcal bacteriophage.
Science (2020) 369:936-42. doi: 10.1126/science.aax0701

48. Bah ES, Nace RA, Peng KW, Muiioz-Alia M, Russell S]. Retargeted and stealth-
modified oncolytic measles viruses for systemic cancer therapy in measles immune
patients. Mol Cancer Ther (2020) 19:2057-67. doi: 10.1158/1535-7163.Mct-20-0134

49. Briolay T, Petithomme T, Fouet M, Nguyen-Pham N, Blanquart C, Boisgerault
N. Delivery of cancer therapies by synthetic and bio-inspired nanovectors. Mol Cancer
(2021) 20:55. doi: 10.1186/s12943-021-01346-2

50. Mendez N, Herrera V, Zhang L, Hedjran F, Feuer R, Blair SL, et al.
Encapsulation of adenovirus serotype 5 in anionic lecithin liposomes using a bead-
based immunoprecipitation technique enhances transfection efficiency. Biomaterials
(2014) 35:9554-61. doi: 10.1016/j.biomaterials.2014.08.010

51. Reale A, Calistri A, Altomonte J. Giving oncolytic viruses a free ride: Carrier cells
for oncolytic virotherapy. Pharmaceutics (2021) 13(12):2192. doi: 10.3390/
pharmaceutics13122192

52. QiaoJ, Dey M, Chang AL, Kim JW, Miska J, Ling A, et al. Intratumoral oncolytic
adenoviral treatment modulates the glioma microenvironment and facilitates systemic
tumor-antigen-specific T cell therapy. Oncolmmunology (2015) 4:11. doi: 10.1080/
2162402x.2015.1022302

53. Koks CA, Garg AD, Ehrhardt M, Riva M, Vandenberk L, Boon L, et al.
Newcastle Disease virotherapy induces long-term survival and tumor-specific
immune memory in orthotopic glioma through the induction of immunogenic cell
death. Int J Cancer (2015) 136:E313-325. doi: 10.1002/ijc.29202

54. Ehrig K, Kilinc MO, Chen NG, Stritzker J, Buckel L, Zhang Q, et al. Growth
inhibition of different human colorectal cancer xenografts after a single intravenous
injection of oncolytic vaccinia virus GLV-1h68. ] Trans Med (2013) 11:79. doi: 10.1186/
1479-5876-11-79

55. Agarwalla P, Barnard Z, Fecci P, Dranoff G, Curry WTJr. Sequential
immunotherapy by vaccination with GM-CSF-expressing glioma cells and CTLA-4
blockade effectively treats established murine intracranial tumors. ] immunother
(Hagerstown Md 1997) (2012) 35:385-9. doi: 10.1097/CJ1.0b013e3182562d59

56. Wainwright DA, Chang AL, Dey M, Balyasnikova IV, Kim CK, Tobias A, et al.
Durable therapeutic efficacy utilizing combinatorial blockade against IDO, CTLA-4,
and PD-L1 in mice with brain tumors. Clin Cancer Res (2014) 20:5290-301.
doi: 10.1158/1078-0432.Ccr-14-0514

57. Zeng J, See AP, Phallen J, Jackson CM, Belcaid Z, Ruzevick J, et al. Anti-PD-1
blockade and stereotactic radiation produce long-term survival in mice with
intracranial gliomas. Int J Radiat Oncol Biol Phys (2013) 86:343-9. doi: 10.1016/
jijrobp.2012.12.025

58. Jiang H, Rivera-Molina Y, Gomez-Manzano C, Clise-Dwyer K, Bover L, Vence
LM, et al. Oncolytic adenovirus and tumor-targeting immune modulatory therapy
improve autologous cancer vaccination. Cancer Res (2017) 77:3894-907. doi: 10.1158/
0008-5472.Can-17-0468

59. Samson A, Scott KJ, Taggart D, West EJ, Wilson E, Nuovo GJ, et al. Intravenous
delivery of oncolytic reovirus to brain tumor patients immunologically primes for
subsequent checkpoint blockade. Sci Trans Med (2018) 10(422):eaam7577.
doi: 10.1126/scitranslmed.aam7577

frontiersin.org


https://doi.org/10.4149/av_2018_102
https://doi.org/10.4149/av_2018_102
https://doi.org/10.1042/ebc20220082
https://doi.org/10.1128/jvi.01050-22
https://doi.org/10.1016/j.ccell.2018.03.011
https://doi.org/10.1097/PPO.0b013e31824671c9
https://doi.org/10.1007/s13311-017-0516-0
https://doi.org/10.1097/inf.0000000000000276
https://doi.org/10.1097/inf.0000000000000276
https://doi.org/10.4161/hv.29743
https://doi.org/10.1016/j.vaccine.2018.06.040
https://doi.org/10.1371/journal.ppat.1004290
https://doi.org/10.1016/0264-410x(88)90103-x
https://doi.org/10.1128/jvi.75.2.934-942.2001
https://doi.org/10.1016/j.ymthe.2018.03.007
https://doi.org/10.1016/j.ymthe.2018.03.007
https://doi.org/10.1038/s41598-020-61736-2
https://doi.org/10.1016/j.ymthe.2018.01.019
https://doi.org/10.3390/v14112327
https://doi.org/10.1126/science.aax0701
https://doi.org/10.1158/1535-7163.Mct-20-0134
https://doi.org/10.1186/s12943-021-01346-2
https://doi.org/10.1016/j.biomaterials.2014.08.010
https://doi.org/10.3390/pharmaceutics13122192
https://doi.org/10.3390/pharmaceutics13122192
https://doi.org/10.1080/2162402x.2015.1022302
https://doi.org/10.1080/2162402x.2015.1022302
https://doi.org/10.1002/ijc.29202
https://doi.org/10.1186/1479-5876-11-79
https://doi.org/10.1186/1479-5876-11-79
https://doi.org/10.1097/CJI.0b013e3182562d59
https://doi.org/10.1158/1078-0432.Ccr-14-0514
https://doi.org/10.1016/j.ijrobp.2012.12.025
https://doi.org/10.1016/j.ijrobp.2012.12.025
https://doi.org/10.1158/0008-5472.Can-17-0468
https://doi.org/10.1158/0008-5472.Can-17-0468
https://doi.org/10.1126/scitranslmed.aam7577
https://doi.org/10.3389/fimmu.2023.982180
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

	Live-attenuated Japanese encephalitis virus inhibits glioblastoma growth and elicits potent antitumor immunity
	1 Introduction
	2 Materials and methods
	2.1 Animals and cell lines
	2.2 JEV strains
	2.3 TCID50
	2.4 In vitro viral infection and cell proliferation assay
	2.5 Tumor implantation and treatment
	2.6 Bioluminescence imaging
	2.7 Hematoxylin and eosin, immunohistochemical, and immunofluorescence staining
	2.8 Virus RNA detection by quantitative real-time PCR
	2.9 Flow cytometry analysis
	2.10 Safety evaluation of intracerebral administration of JEV-LAV in mice
	2.11 Statistical analyses
	2.12 Study approval

	3 Results
	3.1 Safety evaluation of intracerebrally administered JEV-LAV
	3.2 Oncolytic activity of JEV-LAV against GBM tumor cells in vitro
	3.3 JEV-LAV inhibits GBM growth in vivo and prolongs the survival of tumor-bearing mice
	3.4 JEV-LAV increases D8+ T cell infiltration into tumor tissues
	3.5 JEV-LAV remodels the immunosuppressive GBM microenvironment
	3.6 JEV-LAV therapy improves the response of aPD-L1 blockade therapy

	4 Discussion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Supplementary material
	References




