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Abstract
The programmed cell death-1/programmed cell death-ligand 1 (PD-1/PD-L1) path-
way is involved in preventing immune system-mediated destruction of malignant 
tumors including glioblastoma. However, the therapeutic influence of PD-1/PD-L1 
inhibition alone in glioblastoma is limited. To develop effective combination therapy 
involving PD-1/PD-L1 inhibition, we used a non-replicating virus-derived vector, he-
magglutinating virus of Japan-envelope (HVJ-E), to inhibit tumor cell PD-L1 expres-
sion by delivering siRNA targeting PD-L1. HVJ-E is a promising vector for efficient 
delivery of enclosed substances to the target cells. Moreover, HVJ-E provokes robust 
antitumoral immunity by activating natural killer (NK) cells and cytotoxic T lympho-
cytes (CTLs), and by suppressing regulatory T lymphocytes (Treg). We hypothesized 
that we could efficiently deliver PD-L1-inhibiting siRNAs to tumor cells using HVJ-E, 
and that synergistic activation of antitumoral immunity would occur due to the im-
munostimulating effects of HVJ-E and PD-1/PD-L1 inhibition. We used artificially 
induced murine glioma stem-like cells, TS, to create mouse (C57BL/6N) glioblastoma 
models. Intratumoral injection of HVJ-E containing siRNA targeting PD-L1 (siPDL1/
HVJ-E) suppressed the expression of tumor cell PD-L1 and significantly suppressed 
tumor growth in subcutaneous models and prolonged overall survival in brain tumor 
models. Flow cytometric analyses of brain tumor models showed that the propor-
tions of brain-infiltrating CTL and NK cells were significantly increased after giving 
siPDL1/HVJ-E; in contrast, the rate of Treg/CD4+ cells was significantly decreased in 
HVJ-E-treated tumors. CD8 depletion abrogated the therapeutic effect of siPDL1/
HVJ-E, indicating that CD8+ T lymphocytes mainly mediated this therapeutic effect. 
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1  | INTRODUC TION

Glioblastoma (GBM) is a devastating disease with a median OS time 
of fewer than 20 months.1,2 Although treatment modalities includ-
ing surgery, radiotherapy, and chemotherapy have improved, curing 
GBM remains challenging, highlighting an urgent need to develop 
novel therapeutic strategies from different perspectives. In recent 
years, the immune system has been found to play critical roles in 
combating tumors; however, malignant tumors including GBM avoid 
immune destruction by creating an immunosuppressive tumor mi-
croenvironment (TME) via induction of immunosuppressive cyto-
kines, expression of immune checkpoint molecules, and recruitment 
of immunosuppressive cells such as Treg.3-6

Programmed cell death-1 (PD-1) is an immune checkpoint mole-
cule expressed on the cell surface of activated lymphocytes. When 
PD-1 binds with its ligand, programmed cell death-ligand 1 (PD-L1), 
an inhibitory signal is transduced, and immune cells become inacti-
vated or exhausted. Malignant tumors, including GBM, abundantly 
express PD-L17,8 and, thus, most lymphocytes in the TME can be-
come exhausted through this immuno-inhibitory pathway. Recently, 
several immune checkpoint inhibitor (ICI) targeting the PD-1/PD-L1 
pathway have been developed; they restore the function of inacti-
vated immune cells and show therapeutic effects on many types of 
malignant tumors.9,10 However, the therapeutic influence of ICI on 
brain tumors remains to be elucidated.11 The brain is protected by 
the blood-brain barrier, which is a structural barrier that prevents 
substances with sizeable molecular weights from penetrating into 
the brain parenchyma. All ICI currently available are antibody drugs 
and have very high molecular weights;12 thus, an adequate amount 
of ICI cannot reach the tumor site.13 Also, GBM is thought to have 
relatively low immunogenicity,14,15 indicating that inhibition of the 
PD-1/PD-L1 axis alone is not sufficient to produce the potential 
benefit of antitumor immunity. Therefore, to elicit the maximum 
benefit of ICI against brain tumors, we need a unique delivery sys-
tem for ICI, and ICI should be combined with additional immunostim-
ulating agents.

To overcome these problems, we focused on a non-replicat-
ing virus-derived vector, named hemagglutinating virus of Japan-
envelope (HVJ-E). HVJ-E is a replication-defective inactivated 
virus particle made from Sendai virus (HVJ) that was treated 
with ultraviolet irradiation to destroy the viral genome RNA.16 
Although HVJ-E is inactivated, the viral envelope can fuse with 
target cells and deliver agents into the target cells. HVJ-E can be 
loaded with various types of molecules, such as RNA, DNA, and 
proteins, and efficiently deliver them to the cytoplasm of target 

cells. We have reported promising antitumoral effects of HVJ-E 
containing therapeutic siRNA against mouse brain glioma models 
in  vivo.17 Moreover, another notable feature is that HVJ-E itself 
provokes strong antitumoral immunity by activating NK cells and 
CTL, inducing them to infiltrate the tumor site, and also by sup-
pressing Treg in an IL-6-dependent manner.18-21

Thus, we hypothesized that we could efficiently deliver PD-
L1-inhibiting agents to tumor cells using HVJ-E as a vector and, 
moreover, the synergistic effects of antitumor immunity would be 
obtained via the immunostimulating effects of HVJ-E itself and im-
mune checkpoint inhibition. To test these hypotheses, we created 
subcutaneous/brain GBM models in mice and administered HVJ-E 
containing siRNA targeting PD-L1, and showed potent antitumoral 
effects of this combination therapy.

2  | MATERIAL S AND METHODS

2.1 | Cell line and mice

We used an induced murine glioma stem-like cell line, TS, which 
was originally established and kindly provided by Dr Hideyuki Saya 
(Division of Gene Regulation, Keio University School of Medicine, 
Tokyo, Japan). Briefly, primary tumors were established by ortho-
topic implantation of Ink 4a/Arf−/− neural stem and progenitor cells 
expressing GFP-tagged human HRasV12 into the brain of wild-
type mice. Then, TS cells were isolated from the primary tumors 
and sorted by fluorescence due to GFP with flow cytometry.22 TS 
cells were maintained in neural stem cell medium, consisting of 
DMEM-F-12 (D8437; Sigma-Aldrich, St Louis, MO, USA) supple-
mented with recombinant human epidermal growth factor (20 ng/
mL) (PeproTech, Rocky Hill, NJ, USA), recombinant human basic fi-
broblastic growth factor (20 ng/mL) (PeproTech), B27 supplement 
without vitamin A (Thermo Fisher Scientific, Waltham, MA, USA), 
heparan sulfate (200 ng/mL) (Amsbio, Oxfordshire, UK), and peni-
cillin (100 U/mL)-streptomycin (100 ng/mL) (P0781; Sigma-Aldrich). 
Cells were incubated at 37°C in a humidified atmosphere of 95% air 
and 5% CO2. Female C57BL/6N specific pathogen-free mice aged 
5-6 weeks were purchased from Japan SLC, Inc. (Shizuoka, Japan) 
and maintained in a temperature-controlled, pathogen-free room. 
All animals were handled according to the approved protocols and 
the guidelines of the Laboratory Animal Resource Center of the 
University of Tsukuba (approval numbers from 2017 to 2020 were 
17-122, 18-010, 19-015, and 20-024, respectively). All efforts were 
made to minimize animal suffering.

We believe that this non-replicating immunovirotherapy may be a novel therapeutic 
alternative to treat patients with glioblastoma.

K E Y W O R D S

glioblastoma, hemagglutinating virus of Japan-envelope, immune checkpoint, regulatory T 
lymphocyte, siRNA
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2.2 | siRNA targeting PD-L1 mRNA

We purchased predesigned siRNA targeting PD-L1 mRNA 
(MISSION siRNA SASI_Mm02_00326460) from Sigma-Aldrich 
Japan (Tokyo, Japan). The sequences of this siRNA are 5′-CUUCUG 
AGCAUGAACUAAUTT-3′ (sense) and 5′-AUUAGUUCAUGCUCAGA 
AGTT-3′ (antisense). We also purchased MISSION siRNA Universal 
Negative Control (SIC-001-50, Sigma-Aldrich Japan) for the negative 
control, the sequence of which is not available. siRNAs were mixed 
with PBS to a final concentration of 50 μM.

2.3 | Preparation of HVJ-E

Hemagglutinating virus of Japan (VR-105 parainfluenza1 Sendai/52, 
Z strain) was purchased from ATCC (Manassas, VA, USA), amplified 
in the chorioallantoic fluid of 10- to 14-day-old chick eggs, purified 
by centrifugation, and inactivated by exposure to ultraviolet irradia-
tion (99 mJ/cm2) as previously described.16

2.4 | Hemagglutinating virus of Japan-envelope 
vector-mediated siRNA transfection

HVJ-E suspended in PBS was used for each transfection in the present 
study. In all, 10 μL of the HVJ-E suspension (100 hemagglutinating 

units [HAU]) was mixed with 1 μL of 50 μM siRNA solution, 4.5 μL of 
3% (v/v) Triton X-100 (final concentration 0.2%), and 52 μL of PBS, 
as previously described with slight modifications.16,17 After 5 min of 
incubation at 4°C, the mixture was centrifuged (17,700 g) for 5 min 
at 4°C. After this, the pellet was washed once with 300 μL PBS to 
remove the detergent and unincorporated siRNA. Then, HVJ-E con-
taining siRNA was resuspended in PBS.

2.5 | Subcutaneous tumor model

We made subcutaneous tumor models to evaluate the changes in 
tumor volume over time (Figure 1A). Mice were anesthetized with 
an intraperitoneal injection of 80 mg/kg ketamine (Daiichi Sankyo 
Company Ltd, Tokyo, Japan) and 10  mg/kg xylazine (Bayer Japan, 
Osaka, Japan). Viable TS cells (5 × 105) were re-suspended in 100 μL 
PBS and injected into the subcutaneous space in the back of each 
mouse. Tumor cell-inoculated mice were randomly divided into three 
groups: siPDL1/HVJ-E group (treated with HVJ-E containing siRNA 
targeting PD-L1); siNC/HVJ-E group (HVJ-E containing negative 
control siRNA); control group (PBS only). On days 4, 7, and 10, 100 μL 
PBS or HVJ-E containing siRNA (200 HAU) suspended in 100 μL PBS 
was injected into the tumors. HVJ-E containing siRNA was prepared 
as described above. Tumor size was measured with slide calipers 
every 3-4 days, and tumor volume was calculated with the following 
formula: tumor volume (mm3) = length × (width)2/2. When the tumor 

F I G U R E  1   siPDL1/HVJ-E administration showed antitumor effects in subcutaneous tumor models with altered immune cell infiltration. 
Mice bearing subcutaneous tumors were divided into three groups: the control group (treated with PBS), siNC/HVJ-E group (treated 
with HVJ-E containing negative control siRNA), and siPDL1/HVJ-E group (treated with HVJ-E containing siRNA targeting PD-L1) (A). 
The therapeutic agents were injected intratumorally on days 4, 7, and 10 (black arrows on B). The mean tumor volume at 28 days after 
tumor cell inoculation of the siPDL1/HVJ-E group is significantly smaller than that of the other two groups (mean tumor volume ± SD) (B). 
Cumulative data from three independent sets of experiments were analyzed; the numbers of mice were 10 in the control group and 15 
each in the other two groups. Immunohistochemistry staining of subcutaneous tumors indicates an increasing number of tumor-infiltrating 
CD8+ T lymphocytes in the siPDL1/HVJ-E group (C). The tumor samples from each group (n = 3 each) were extracted 12 days after tumor 
cell inoculation. Scale bars represent 50 μm. *P < .05, **P < .01, ***P < .001. HVJ-E, hemagglutinating virus of Japan-envelope; PD-L1, 
programmed cell death-ligand 1; siNC, negative control siRNA; siPDL1, siRNA targeting PD-L1
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volume reached >2500 mm3, the mouse was killed. Cumulative data 
from three independent sets of experiments were analyzed.

2.6 | Brain tumor model

We made brain tumor models to compare the survival time among 
groups (Figure 2A). Mice were anesthetized with an intraperitoneal 
injection of ketamine (80 mg/kg) and xylazine (10 mg/kg) and placed 
in a stereotaxic instrument (SR-5M-HT/SM-15R/IMS-3; Narishige 
Japan, Tokyo, Japan). After scalp incision, a single trepanation was 
carried out with a 26-gauge needle at 0.3 mm posterior to the bregma 
and 2.5 mm lateral to the midline. Then, 4 × 103 viable TS cells in 
4 μL PBS were injected stereotactically over 2 minutes at a depth of 
2.5 mm below the cortical surface using a Hamilton syringe (701RN; 
Hamilton, Reno, NV, USA) with a 26-gauge needle. Tumor cell-inocu-
lated mice were randomly divided into three groups. On days 4 and 7 
under anesthesia, 6 μL PBS or HVJ-E containing siRNA (200 HAU) in 
6 μL PBS was injected into the tumor site using the same coordinates 
on the stereotactic frame. The mice were killed when they became 
lethargic and lost over 30% of their weight. Cumulative data from 
three independent sets of experiments were analyzed.

2.7 | Western blot analysis

PD-L1 protein levels were evaluated with western blot analysis. 
Tumor tissues from subcutaneous models were extracted 11 days 

after tumor cell inoculation. Each tissue lysate (50  μL/lane) was 
electrophoresed on SDS-PAGE. After transfer onto a PVDF mem-
brane, the membrane was incubated for 1 hour with blocking buffer, 
followed by overnight incubation at 4°C with primary antibodies 
(Table S1). The membrane was washed with wash buffer and labeled 
with HRP-conjugated secondary antibodies at room temperature for 
1 hour. Blotted proteins were detected using the LAS-4000 system 
(Fujifilm, Tokyo, Japan) and Luminata Forte Western HRP substrate 
(Merck, Darmstadt, Germany) according to the manufacturers’ in-
structions. Quantification measurement was done using ImageJ ver-
sion 1.53c (National Institutes of Health, Bethesda, MD, USA).

2.8 | Immunohistochemistry

For subcutaneous tumor models, three tumor-bearing mice of 
each group were killed 12 days after tumor cell inoculation, and 
the tumors were extirpated. For brain tumor models, three tu-
mor-bearing mice of each group were killed 20 days after inocula-
tion, and perfusion fixation with PBS and 10% formalin was done 
before brain extraction. Formalin-fixed and paraffin-embedded 
blocks of all tumor specimens were prepared and cut into 3-μm 
thick slices. Heat-mediated antigen retrieval was carried out with 
citrate buffer (pH 6.0) for anti-foxp3 and anti-CD161 antibodies 
or with Tris-EDTA buffer (pH 9.0) for other antibodies. Sections 
were incubated overnight with primary antibodies (Table  S1) at 
4°C. The next day, the sections were quenched in 0.3% H2O2 
in 80% methanol for 30  minutes and then processed using the 

F I G U R E  2   siPDL1/HVJ-E administration significantly prolonged overall survival (OS) in brain tumor models with altered immune cell 
infiltration. Mice with brain tumors were divided into three groups: the control group (treated with PBS), siNC/HVJ-E group (treated with 
HVJ-E containing negative control of siRNA), and siPDL1/HVJ-E group (treated with HVJ-E containing siRNA targeting PD-L1) (A). The 
therapeutic agents were given intratumorally on days 4 and 7. The survival curve shows that OS in the siPDL1/HVJ-E group is significantly 
longer than that in the other two groups (vs control, ***P < .001; vs siNC/HVJ-E, *P < .05) (B). Cumulative data from three independent sets 
of experiments were analyzed. Total numbers of mice were 10 in each group. Immunohistochemical staining of brain tumors indicates that 
tumor infiltration by CD8+ T lymphocytes seems to increase in the siPDL1/HVJ-E group (C). Brains from each group (n = 3) were extracted 
20 days after tumor cell inoculation. Scale bars represent 50 μm. *P < .05, **P < .01, ***P < .001. HVJ-E, hemagglutinating virus of Japan-
envelope; PD-L1, programmed cell death-ligand 1
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LSAB2 System-HRP (Agilent Technologies Japan, Tokyo, Japan) 
followed by the Liquid DAB  +  Substrate Chromogen System 
(Agilent Technologies Japan) according to the manufacturer’s 
instructions.

2.9 | Flow cytometry of harvested brain samples

Tumor-bearing mice were killed 20  days after tumor cell inocu-
lation. After perfusion with PBS, the brains were dissected and 
homogenized in RPMI-1640 (Sigma-Aldrich) using a Tissue Grinder 
(Wheaton, Millville, NJ, USA). Selective isolation of leukocytes 
was carried out using a Percoll density gradient (GE Healthcare, 
Chicago, IL, USA). Cells between the 70% and 30% layers of the 
gradient were collected. Single-cell suspensions were treated 
with Fc block (2.4G2; Tonbo Biosciences, San Diego, CA, USA) 
and then stained with labeled anti-mouse primary antibodies di-
luted in a mixture of 2% FBS and propidium iodide (PI) (1:2000; 
Sigma-Aldrich) in PBS. Fixation and permeabilization were carried 
out with BD Cytofix/Cytoperm (BD Biosciences, Franklin Lakes, 
NJ, USA) only for foxp3 staining. Primary antibodies used in this 
study are shown in Table  S1. Appropriate isotype controls were 
used, and cells were examined on a BD LSRFortessa system (BD 
Biosciences). Nonviable cells were excluded by forward versus 
side scatter analysis and fluorescence of PI. All data were analyzed 
using FlowJo software version 10.6.2 (FlowJo LLC, Ashland, OR, 
USA).

2.10 | Depletion study of CD8+ T lymphocytes

Mice bearing tumors in the brain were given intraperitoneal injec-
tions of anti-CD8 antibody (clone 2.43; Bio X Cell, West Lebanon, 
NH, USA) at 400  μg per mouse on post-implantation day 4 and 
200 μg on days 7 and 14.

2.11 | Statistical analyses

We used one-way analysis of variance to compare the volume of 
subcutaneous tumors and the proportion of leukocytes in flow 
cytometry; post-hoc tests were done with the Tukey-Kramer 
method. For the survival period in the brain tumor models, sta-
tistical analyses were carried out using the Kaplan-Meier method; 
the log-rank test adjusted with Holm’s method was used to assess 
group differences. All statistical analyses were carried out with 
EZR version 1.40 (Saitama Medical Center, Saitama, Japan), which 
is a graphical user interface for R commander version 2.5-1/R ver-
sion 3.5.2 (The R Foundation for Statistical Computing, Vienna, 
Austria).23 The probability value of <0.05 was considered statisti-
cally significant.

3  | RESULTS

3.1 | Hemagglutinating virus of Japan-envelope 
containing siRNA targeting PD-L1 suppressed the 
expression of tumor PD-L1 in vivo

To confirm whether siPDL1/HVJ-E could knock down the expression 
of tumor PD-L1, we created subcutaneous tumor models, treated 
them with three injections of siPDL1/HVJ-E, and extracted proteins 
from tumor tissues 11  days after tumor cell inoculation for west-
ern blotting. We also obtained tumor samples on day 12 for IHC. 
Western blot analysis showed that the level of PD-L1 protein in tu-
mors treated with siPDL1/HVJ-E reduced almost by half compared 
with those treated with PBS or siNC/HVJ-E (Figure 3A). IHC stain-
ing of subcutaneous tumor tissues also showed a decreased level 
of PD-L1 protein expression in the siPDL1/HVJ-E group (Figure 3B). 

F I G U R E  3   Knockdown of tumor programmed cell death-ligand 
1 (PD-L1) expression by hemagglutinating virus of Japan-envelope 
(HVJ-E) containing siRNA targeting PD-L1 in subcutaneous tumor 
models. The image of western blotting and the relative expression 
level of PD-L1 protein (A) show that PD-L1 protein expression in 
the siPDL1/HVJ-E group is lower by approximately 50% than that in 
the other two groups. Decreased level of PD-L1 expression in the 
siPDL1/HVJ-E group is also seen in immunohistochemistry (B). The 
tumor specimens were extracted from mouse subcutaneous glioma 
models on post-inoculation day 11 for western blotting and on 
day 12 for immunohistochemistry. The tumor-bearing mice in the 
control group, siNC/HVJ-E group, and siPDL1/HVJ-E group were 
treated with PBS, HVJ-E containing negative control siRNA, and 
HVJ-E containing siRNA targeting PD-L1, respectively. Scale bars 
represent 50 μm. expr., expression; siNC, negative control siRNA; 
siPDL1, siRNA targeting PD-L1
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Thus, we confirmed that siPDL1/HVJ-E knocked down the expres-
sion of PD-L1 in tumors in vivo.

3.2 | Combination of HVJ-E and siRNA-mediated 
PD-L1 knockdown suppressed tumor growth in the 
subcutaneous tumor model

To evaluate the therapeutic influence of siPDL1/HVJ-E, we created 
subcutaneous tumor models by injecting glioma stem-like cells, TS 
cells, in the backs of mice. The mice were divided into three groups 
(Figure 1A): the siPDL1/HVJ-E group (HVJ-E containing siRNA tar-
geting PD-L1), which was used to evaluate the combined effects of 
PD-L1 blockade and HVJ-E; the siNC/HVJ-E group (treated with 
HVJ-E containing negative control siRNA), which was used to moni-
tor the efficacy of HVJ-E alone; and the control group (PBS only). We 
followed the changes in tumor volume over time (Figure 1B). Mean 
tumor volumes at 28 days after tumor cell inoculation in the siPDL1/
HVJ-E, siNC/HVJ-E, and control groups were 432.8, 1174.0, and 
2103.9 mm3, respectively (P < .001). Post-hoc tests showed that the 
tumor volume in the siPDL1/HVJ-E group was significantly smaller 
than that in the siNC/HVJ-E group (P <  .05). Next, we carried out 
IHC staining of subcutaneous tumor samples and assessed tumor-
infiltrating lymphocytes. The number of CD8+ T lymphocytes was 
increased in siPDL1/HVJ-E-treated tumors (Figure 1C).

3.3 | Combination of HVJ-E and siRNA-mediated 
PD-L1 knockdown prolonged OS time in the mouse 
brain tumor model

We created brain tumor models in mice to elucidate the thera-
peutic effects of siPDL1/HVJ-E. Tumor cells were stereotactically 
inoculated into the right hemisphere, and therapeutic agents were 
injected intratumorally on days 4 and 7 (Figure 2A). Median OS times 
of the siPDL1/HVJ-E, siNC/HVJ-E, and control groups were 28, 26, 
and 22.5  days, respectively (P  <  .001) (Figure  2B). siPDL1/HVJ-E 
administration significantly prolonged OS time compared with the 
siNC/HVJ-E (P < .05) and control groups (P < .001). Then, we killed 
three mice from each group on day 20 for IHC staining; tumor-in-
filtrating CD8+ T lymphocytes were increased in the siPDL1/HVJ-E 
group and CD4+ T lymphocytes were increased in the siNC/HVJ-E 
and the siPDL1/HVJ-E groups (Figure 2C).

3.4 | Combination of HVJ-E and siRNA-mediated 
PD-L1 knockdown increased the proportions of brain-
infiltrating CD8+ T lymphocytes and NK cells

To understand the mechanism of the antitumoral effects of 
siPDL1/HVJ-E against the brain tumors, we extracted the brains 
of tumor-bearing mice on post-inoculation day 20 and performed 
flow cytometry to evaluate brain-infiltrating leukocytes. After 

gating each leukocyte population (Figures  S1, S2), we compared 
the proportions of brain-infiltrating CD8+ T lymphocytes (CD45.2+ 
CD3+ CD11b– CD8+ CD4–), CD4+ T lymphocytes (CD45.2+ CD3+ 
CD11b– CD8– CD4+), NK cells (CD45.2+ CD3– CD11bdim NK1.1+), 
Tregs (CD45.2+ CD3+ CD11b– CD8- CD4+ foxp3+), macrophages 
(CD45.2+ CD11b+ F4/80+ Ly6C+ CX3CR1

–), and M2 macrophages 
(CD45.2+ CD11b+ F4/80+ Ly6C+ CX3CR1

– CD206+). The propor-
tions of brain-infiltrating CD8+ and NK cells per CD45.2+ leuko-
cytes (all leukocytes) were significantly increased in the siPDL1/
HVJ-E group compared with the other two groups (Figure 4A) (vs 
siNC/HVJ-E, P <  .05; vs control, P <  .001). The brain-infiltrating 
CD4+ T lymphocytes seemed to increase after siPDL1/HVJ-E ad-
ministration, but the difference was not significant compared to 
siNC/HVJ-E. In contrast, the proportions of Treg among CD4+ 
T lymphocytes were significantly lower in the two groups with 
HVJ-E administration (siPDL1/HVJ-E and siNC/HVJ-E groups); 
siNC/HVJ-E and siPDL1/HVJ-E showed similar results regarding 
the Treg proportion. The proportion of M2 macrophages, known 
to have immunosuppressive properties, in the macrophage popu-
lation was almost the same between the three groups. These ob-
servations suggested that the therapeutic effect of siPDL1/HVJ-E 
was mediated by an increase in CD8+ T lymphocytes and NK cells 
and a decrease in the Treg proportion. Then, we evaluated the 
expression levels of PD-1 on the lymphoid cells. The PD-1 mol-
ecules were abundantly expressed on CD8+ T lymphocytes and 
CD4+ T lymphocytes, moderately on Tregs, but little on NK cells 
(Figure 4B; S3).

3.5 | Therapeutic effects of siPDL1/HVJ-E were 
dependent on CD8+ T lymphocytes

We carried out CD8 depletion to evaluate the contributions of CD8+ 
T lymphocytes. Intraperitoneal injections of anti-CD8 antibody en-
tirely ablated CD8+ T lymphocytes but not for other cell fractions 
(Figure 5A). We divided brain tumor-bearing mice into the siPDL1/
HVJ-E and the siNC/HVJ-E groups. CD8 depletion abrogated the 
difference in OS time between the two groups, indicating that CD8+ 
T lymphocytes mediated the combinational therapeutic effect of 
PD-L1 blockade and HVJ-E (Figure 5B).

4  | DISCUSSION

In the present study, we delivered siRNA targeting PD-L1 into tumor 
cells using HVJ-E as a vector and found reduced expression of PD-L1 
in tumors in vivo. siPDL1/HVJ-E showed significant antitumoral ef-
fects both in the subcutaneous and brain GBM models. Based on 
the results of flow cytometry, siPDL1/HVJ-E administration induced 
effector lymphocytes such as CD8+ T lymphocytes, CD4+ T lympho-
cytes, and NK cells to infiltrate the tumor sites. In contrast, the pro-
portion of Treg among CD4+ T lymphocytes was significantly lower 
in the two groups with HVJ-E administration. These alterations in 
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immune cell distribution may have played a critical role in the an-
titumor effects of this combination therapy. In particular, CD8+ T 
lymphocytes were observed to be an essential immune cell subset 
as shown with the CD8 depletion study.

HVJ-E itself promotes maturation of dendritic cell (DC) and 
induces the production of various cytokines, such as type-I IFN, 
IL-6, and CXCL-10, by mature DC.19-21 These cytokines activate NK 
cells and attract them to the tumor sites through CXCL-10/CXCR-3 

F I G U R E  4   Proportions of brain-infiltrating CD8+ T lymphocytes and natural killer (NK) cells significantly increased after giving siPDL1/
HVJ-E. We extracted brain samples from each group (n = 10 each for lymphoid cells and n = 7 each for myeloid cells) 20 days after tumor cell 
inoculation. We evaluated the brain-infiltrating leukocytes with flow cytometry. Each leukocyte fraction was defined as follows (Figures S1, 
S2): CD8+ T lymphocytes (CD45.2+ CD3+ CD11b− CD8+ CD4−), CD4+ T lymphocytes (CD45.2+ CD3+ CD11b− CD8− CD4+), NK cells (CD45.2+ 
CD3− CD11bdim NK1.1+), Treg (CD45.2+ CD3+ CD11b− CD8− CD4+ foxp3+), macrophages (CD45.2+ CD11b+ F4/80+ Ly6C+ CX3CR1

−), and 
M2 macrophages (CD45.2+ CD11b+ F4/80+ Ly6C+ CX3CR1

− CD206+). Brain infiltration by CD8+ T lymphocytes and NK cells per CD45.2+ 
leukocytes is significantly increased in the siPDL1/HVJ-E group compared with the other two groups. Proportions of Treg among CD4+ 
T lymphocytes are significantly lower in the two groups with HVJ-E administration (ie, siNC/HVJ-E and siPDL1/HVJ-E groups) (A). We 
evaluated the expression levels of PD-1 on the lymphoid cells. Cumulative data from two independent sets of experiments are shown (B) 
(n = 7 in each group). CD8+ and CD4+ T lymphocytes, including Treg, markedly express PD-1 molecules, whereas NK cells hardly express PD-
1. *P < .05, ***P < .001. HVJ-E, hemagglutinating virus of Japan-envelope; MFI, mean fluorescence intensity; n.s., not significantly different; 
PD-1, programmed cell death-1; siNC/HVJ-E, group treated with HVJ-E containing negative control siRNA; siPDL1/HVJ-E, group treated 
with HVJ-E containing siRNA targeting PD-L1; Treg, regulatory T lymphocyte;
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signals, and suppress Treg in an IL-6-dependent way. Also, acti-
vated NK cells secrete high levels of IFN-γ that upregulate CXCL9-
11 chemokines or cell adhesion molecules, resulting in recruitment 
and activation of CTL and additional NK cells, and subsequent 
strong antitumor immunity.19-21,24,25 Various other viruses have 
been reported to have potential to induce antitumor immunity by 
using the natural antiviral immune response.26 When used for viral 
vectors in gene therapy or engineered oncolytic viruses, these vi-
ruses commonly induce tumor antigen-specific CD8+ T lympho-
cytes as well as NK cells.26,27 In contrast, suppression of Treg is 
a comparatively unique feature to HVJ-E. Regarding IFN-γ secre-
tion induced by HVJ-E, IFN-γ also upregulates tumor PD-L1 ex-
pression that can cause CTL exhaustion and inactivation through 
PD-1/PD-L1 interactions.4,28 In terms of immunosuppression as a 
result of IFN-γ-dependent PD-L1 upregulation, combination treat-
ment with siRNA-mediated PD-L1 knockdown and HVJ-E-induced 

antitumor immune responses may resolve this undesirable con-
comitant immunosuppression.

Flow cytometric analyses showed that not only CD8+ T lympho-
cytes but also CD4+ T lymphocytes and NK cells seemed to increase 
in the siPDL1/HVJ-E group (Figure  4A). Although NK cells poten-
tially have intense tumoricidal activity, little is known about the rela-
tionship between the PD-1/PD-L1 axis and murine NK cells. Several 
previous studies have mentioned the possible enhancement of NK 
cell responses to tumors by PD-1/PD-L1 blockade.29,30 However, the 
PD-1 expression level in NK cells is highly variable and is particularly 
low in mice.30 Also, whether and how the PD-1/PD-L1 axis influ-
ences the antitumoral activity of NK cells remains debatable. Our 
flow cytometric data showed that an increased proportion of NK 
cells infiltrated the brains in the siPDL1/HVJ-E group. Nevertheless, 
brain-infiltrating NK cells in the present study expressed little or no 
PD-1 molecules (Figure 4B, S3), and thus, the underlying mechanism 

F I G U R E  5   CD8 depletion abrogated 
the therapeutic effects of siPDL1/HVJ-E. 
We carried out CD8 depletion with 
intraperitoneal injections of anti-CD8 
antibody (800 μg/mouse) and evaluated 
overall survival (OS) of the brain tumor-
bearing mice. Immunohistochemical 
staining of brain tumor samples from 
20 days after tumor cell inoculation 
shows that only CD8+ T lymphocytes are 
entirely ablated in the anti-CD8 antibody 
administered groups (A). CD8 depletion 
abrogates the difference in OS between 
the siNC/HVJ-E and the siPDL1/HVJ-E 
groups (B) (n = 10 each). Scale bars 
represent 50 μm. HVJ-E, hemagglutinating 
virus of Japan-envelope; n.s., not 
significantly different; siNC/HVJ-E, group 
treated with HVJ-E containing negative 
control siRNA; siPDL1/HVJ-E, group 
treated with HVJ-E containing siRNA 
targeting PD-L1
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for the increase in NK cells associated with siPDL1/HVJ-E treatment 
is indirect and may be cytokine-dependent. Further, as shown by the 
result of the CD8 depletion experiment, NK cells played a minimal 
role in the enhanced antitumoral effects of this combination ther-
apy. Taken together, these results suggest that PD-1/PD-L1 block-
ade is unlikely to independently elicit antitumoral activity by NK cells 
in mouse brain tumors.

CD4+ T lymphocytes can be either antitumoral (T helper cells) 
or pro-tumoral (ie, Treg). Treg is predisposed to increase in the TME 
compared to non-tumor circumstances.4,5 Most Treg in the TME 
express PD-1 molecules on their surface,31 and PD-1/PD-L1 inhi-
bition functionally activates not only CD8+ T lymphocytes but also 
Treg, which can result in hyperprogression of malignant tumors.32 
In another report, CD4 depletion may decrease the tumor volume 
when the PD-1/PD-L1 pathway is inhibited.33 These data suggest 
that inhibiting the PD-1/PD-L1 axis without concern for Treg may 
be perilous. HVJ-E reduces the number of Treg and suppresses their 
functions in an IL-6-dependent manner through the maturation of 
DC,19 indicating that HVJ-E has excellent chemistry with PD-1/
PD-L1 pathway inhibition.

Although the brain was once thought to be an immune-privi-
leged site, we now know that the immune system is active in the 
brain and that most human GBM express PD-L1.7,8 Thus, PD-1/
PD-L1 pathway blockade is theoretically beneficial for GBM treat-
ment. However, the efficacy of PD-1/PD-L1 pathway inhibition 
in human GBM has yet to be shown.11 A possible reason is the 
relatively low immunogenicity of GBM. GBM is considered to be 
a “cold tumor” because it has relatively low immunogenicity due 
to the limited number of targetable antigens from genomic muta-
tions34 and its immunosuppressive TME.4,5 PD-1/PD-L1 blockade 
can re-activate exhausted effector immune cells, but it cannot ac-
tivate naïve immune cells. Accordingly, ICI is generally considered 
to work better in combination with immune-stimulating therapies 
(such as vaccinations or viral therapies),35,36 or enhancers of ef-
fector cell infiltration as represented by anti-angiogenic thera-
pies.37,38 HVJ-E can activate cells of the innate immune system 
such as DC and NK cells and recruit them to tumor sites, leading to 
the activation of acquired immunity.19-21

In the present study, we incorporated siRNAs into HVJ-E to sup-
press tumor PD-L1 expression and demonstrated the additional ben-
efit in both subcutaneous and brain tumor mouse models. Currently, 
several clinical trials using HVJ-E (GEN0101, manufactured by 
GenomIdea, Inc., Osaka, Japan) against malignant melanoma and 
malignant mesothelioma are ongoing in Japan. HVJ-E is well toler-
ated and safe for clinical use.39,40 Moreover, HVJ-E is more effective 
in human-derived tumors than in mouse-derived tumors because of 
the direct killing effects of HVJ-E on malignant cells by apoptosis41 
and necroptosis.42 Therefore, we expect the combination of HVJ-E 
and siRNA-mediated PD-L1 knockdown therapy to be more potent 
for clinical use in human patients.

In summary, we used a novel approach to take full advantage of 
the immune-activating and Treg-suppressive features of HVJ-E itself 
with siRNA-mediated PD-L1 inhibition. This combination therapy 

showed promising therapeutic performance both in subcutaneous 
and brain GBM models with altered immune cell infiltration. CD8+ 
T lymphocytes mediated the therapeutic effects. We believe this 
non-replicating immunovirotherapy may be a novel therapeutic al-
ternative for treatment of patients with GBM.
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