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ABSTRACT
Background  Glioblastoma (GBM), a highly 
immunosuppressive and often fatal primary brain tumor, 
lacks effective treatment options. GBMs contain a 
subpopulation of GBM stem-like cells (GSCs) that play a 
central role in tumor initiation, progression, and treatment 
resistance. Oncolytic viruses, especially oncolytic herpes 
simplex virus (oHSV), replicate selectively in cancer 
cells and trigger antitumor immunity—a phenomenon 
termed the “in situ vaccine” effect. Although talimogene 
laherparepvec (T-VEC), an oHSV armed with granulocyte 
macrophage-colony stimulating factor (GM-CSF), is Food 
and Drug Administration (FDA)-approved for melanoma, 
its use in patients with GBM has not been reported. 
Interleukin 2 (IL-2) is another established immunotherapy 
that stimulates T cell growth and orchestrates antitumor 
responses. IL-2 is FDA-approved for melanoma and renal 
cell carcinoma but has not been widely evaluated in GBM, 
and IL-2 treatment is limited by its short half-life, minimal 
tumor accumulation, and significant systemic toxicity. We 
hypothesize that local intratumoral expression of IL-2 by 
an oHSV would avoid the systemic IL-2-related therapeutic 
drawbacks while simultaneously producing beneficial 
antitumor immunity.
Methods  We developed G47Δ-mIL2 (an oHSV expressing 
IL-2) using the flip-flop HSV BAC system to deliver IL-2 
locally within the tumor microenvironment (TME). We then 
tested its efficacy in orthotopic mouse GBM models (005 
GSC, CT-2A, and GL261) and evaluated immune profiles 
in the treated tumors and spleens by flow cytometry and 
immunohistochemistry.
Results  G47Δ-mIL2 significantly prolonged median 
survival without any observable systemic IL-2-related 
toxicity in the 005 and CT-2A models but not in the GL261 
model due to the non-permissive nature of GL261 cells 
to HSV infection. The therapeutic activity of G47Δ-mIL2 
in the 005 GBM model was associated with increased 
intratumoral infiltration of CD8+ T cells, critically dependent 
on the release of IL-2 within the TME, and CD4+ T cells as 
their depletion completely abrogated therapeutic efficacy. 
The use of anti-PD-1 immune checkpoint blockade did not 
improve the therapeutic outcome of G47Δ-mIL2.
Conclusions  Our findings illustrate that G47Δ-mIL2 
is efficacious, stimulates antitumor immunity against 
orthotopic GBM, and may also target GSC. OHSV 
expressing IL-2 may represent an agent that merits further 
exploration in patients with GBM.

INTRODUCTION
Glioblastoma (GBM), the most common 
primary malignant brain tumor, is highly 
immunosuppressive and has no effective 
treatments.1 Even immune checkpoint inhib-
itor (ICI) immunotherapy has proven ineffec-
tive in GBM.2 Additionally, GBM contains a 
subpopulation of GBM stem-like cells (GSCs) 
that play a central role in tumor initiation, 
progression, maintenance, and recurrence.3 
They self-renew, efficiently form heteroge-
neous tumors,4 and exhibit phenotypic and 
genotypic similarity to primary GBM.5 Thus, 
GSCs may be responsible for the high rate of 
drug resistance seen in GBM and could be 
important therapeutic targets.

WHAT IS ALREADY KNOWN ON THIS TOPIC
	⇒ Glioblastoma (GBM) is highly immunosuppressive 
and contains a subpopulation of GBM stem-like 
cells (GSCs) associated with drug resistance. While 
oncolytic herpes simplex virus (oHSV), including 
the FDA-approved T-VEC, holds promise in cancer 
immunotherapy, its effectiveness in GBM remains 
unreported. Similarly, although systemic interleu-
kin-2 (IL-2) cytokine therapy is FDA-approved for 
cancer, its systemic administration is associated 
with toxicities.

WHAT THIS STUDY ADDS
	⇒ The study introduces a novel oHSV expressing IL-2 
(G47Δ-IL2), aiming to leverage the “in situ vaccine” 
effect, demonstrating a significant extension of me-
dian survival in mice bearing GSC-derived orthot-
opic tumors without systemic IL-2-related toxicity, 
and the therapeutic effects hinge on the local re-
lease of IL-2, with CD4+ T cells playing a critical role.

HOW THIS STUDY MIGHT AFFECT RESEARCH, 
PRACTICE OR POLICY

	⇒ The therapeutic activity of G47Δ-IL2 in stimulat-
ing antitumor immunity and targeting GSC-derived 
tumors suggests its potential as a novel treatment 
for GBM, warranting further exploration and clinical 
investigation.
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GBM tumor cell lines generated from patient-derived 
GSCs recapitulate GBM histology in immunodeficient 
mice,6 but this model is not suitable for evaluating 
antitumor immunity. Thus, we developed an immuno-
competent mouse GSC-derived (005) orthotopic brain 
tumor model,7 which originated from GSCs that were 
isolated from GBM induced with lentiviral transduction 
of brains with H-RasV12 and activated Akt in Cre-GFAP/
p53+/− mice.8 This model recapitulates histological and 
immunosuppressive features of human GBM,7–10 such 
as low immunogenicity,7 10 high tumorigenicity, invasive-
ness7 11 with heterogeneous histopathology,7 immuno-
suppressive tumor microenvironment (TME),7 9 11 and 
limited responsiveness to ICI.9 10 Notably, the tumor-
infiltrating immune cell profile of 005 tumors resembles 
that of GBM patients.12 Like the 005 GBM model, the 
carcinogen-induced CT-2A GBM model retains GSC-like 
features,13–15 immunosuppression,15 and insensitivity to 
ICI treatments.10 Both 005 and CT-2A models, because of 
their phenotypic similarity to human GBM, are suitable 
for testing new anti-GBM immunotherapeutics.

Oncolytic viruses (OVs) such as oncolytic herpes 
simplex virus (oHSV) represent a promising anticancer 
approach.16 OHSV selectively replicates in cancer cells 
(sparing normal cells), including human GSCs,17 and 
induces antitumor immunity (ie, in situ vaccine effect).16 
An oHSV armed with GM-CSF (T-VEC) is FDA-approved 
for advanced melanoma.18 However, the safety and effi-
cacy of T-VEC in GBM patients have not been reported. 
OHSV G47Δ, designed similarly to T-VEC but lacking 
GM-CSF expression,19 is approved in Japan for recur-
rent GBM.20 However, G47Δ-Empty (a derivative of G47Δ 
lacking transgene) produces limited anti-GBM efficacy, as 
demonstrated in the 005 GSC model.7 Given the HSV-1 
genome can accommodate foreign transgene expres-
sion, we sought to develop a G47Δ-based oHSV vector 
expressing a potent immune stimulatory gene.

Interleukin 2 (IL-2) is a proinflammatory cytokine 
known for its diverse effects, including stimulating T cell 
growth and coordinating the immune system’s cytotoxic 
T lymphocyte (CTL)-mediated antitumor response.21 
Given these properties, IL-2 is regarded as a pivotal proin-
flammatory cytokine in combating cancer, and high-dose 
IL-2 has received clinical approval for treating advanced 
renal cell carcinoma and melanoma. Despite FDA 
approval, systemic IL-2 therapy falls short of delivering 
anticipated antitumor effects due to its short half-life and 
low tumor accumulation.22 Moreover, frequent high-dose 
systemic IL-2 administration requires intensive patient 
monitoring and can result in life-threatening toxicities, 
such as vascular leak syndrome.23 We hypothesized that 
IL-2 expression by an oHSV within the TME would avoid 
systemic IL-2-related therapeutic toxicity while simultane-
ously producing beneficial antitumor immunity.

Therefore, we used oHSV G47Δ19 to generate a novel 
oHSV expressing murine IL-2 (G47Δ-mIL2) for local 
intratumoral expression of the IL-2. Subsequently, we 
evaluated anti-GBM efficacy of G47Δ-mIL2 in mouse 

GBM models (005 GSC and CT-2A). Our findings demon-
strate that G47Δ-mIL2 significantly extends the median 
survival of mice-bearing 005 GSC- or CT-2A-derived brain 
tumors. Local release of IL-2 following viral treatment 
within the 005 tumor is necessary for therapeutic benefit 
and correlated with increased infiltration of T cells, 
notably CD8+ T cells, into the TME. In this model, the 
therapeutic effects were also dependent on CD4+ T cells 
as G47Δ-mIL2 treatment was completely abrogated in the 
absence of CD4+ T cells. These results have implications 
for translation into human clinical trials of GBM.

METHODS
Cells and viruses
005 GSCs were grown as neurospheres in serum-free stem 
cell medium following previously established protocols.7 10 
Mouse CT-2A glioma cells and mouse GL261 cells were 
grown on plastic in Dulbecco's Modified Eagle Medium 
(DMEM) supplemented with 10% fetal calf serum. All 
cultures were maintained at 37 °C in 5% CO2. Only low-
passage single cells, confirmed to be mycoplasma-free 
(LookOut mycoplasma kit; Sigma), were employed in our 
experiments.

G47Δ-mIL2 was created using G47Δ, which features 
deletions in the γ34.5 and α47 genes and an inactivating 
insertion of LacZ into ICP6,19 following the established 
protocol of the flip-flop HSV-BAC system.24 Briefly, 
murine IL-2 cDNA, driven by the HSV immediate-early 
(ie,4/5) promoter, linked to a mCherry protein via a P2A 
peptide, that is, mIL2-P2A-mCherry, was inserted into 
the backbone of oHSV (G47Δ), using the flip-flop HSV-
BAC system, in the deleted ICP6 region24 (figure  1A). 
G47Δ-mIL2 was grown in Vero cells (purchased from 
ATCC) after a low multiplicity of infection (MOI) and 
purified as described in Nguyen et al.25

Cytotoxicity assay and fluorescence microscopy
For the cytotoxicity assay, dissociated mouse 005 GSCs were 
seeded into 96-well cell culture plates, the virus was added 
at indicated doses immediately after seeding, and cells 
were incubated for 4 days at 37°C before conducting MTS 
assays (Promega). Each experiment was independently 
repeated at least twice and performed in triplicate. Dose-
response curves and IC50 values were calculated using 
Prism 9 software V.9.5.1. For mCherry expression, mouse 
005 GSCs (100,000 cells/well) were inoculated with 
phosphate-buffered saline (PBS) or G47Δ-mIL2 at a MOI 
of 1.0, incubated at 37°C, and images were captured at 
24-hour post-treatment by light/fluorescent microscopy.

Mouse survival studies
C57BL/6 or athymic mice (7–8 weeks old) were purchased 
from the National Cancer Institute (Envigo). Dissociated 
005 GSCs (2×104 cells/mouse), CT-2A cells (1×104 cells/
mouse), or GL261 cells (3×104 cells/mouse) in 3 µL of 
their respective media were implanted into the striatum 
by stereotactic injection (2.2 mm lateral from Bregma 
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and 2.5 mm deep) to establish orthotopic intracranial 
tumors. On indicated days after tumor implantation, 
mice were randomly allocated into groups and received 
a single intratumoral injection of G47Δ-mIL2 (as indi-
cated) or PBS in 2 µL at the same stereotaxic coordinates. 
IL-2 neutralizing antibodies anti-murine IL-2 (anti-mIL-2; 
clone JES6-1A12; 10 mg/kg followed by 7.5 mg/kg), ICI 
anti-murine PD-1 antibodies (anti-mPD-1; clone RMP1-
14; 10 mg/kg), immune cell depletion antibodies, such 
as anti-CD4 (clone GK1.5; 10 mg/kg), anti-CD8 (clone 
2.43; 10 mg/kg), anti-NK1.1 (clone PK136; 10 mg/kg), 
or combination of anti-CD8 plus anti-NK1.1 (10 mg/kg 
each), or control IgGs were obtained from BioXcell and 
administered intraperitoneally on indicated days after 
tumor implantation. Mice were followed for neurolog-
ical symptoms and body weight and euthanized before 
becoming moribund. Animal caretakers were blinded to 
the treatment. The presence of the tumor at sacrifice was 

evaluated macroscopically or after histological staining of 
sections.

ELISA
Mouse IL-2 was quantified from cell culture supernatants 
(infected at MOI=0.1), brain supernatants, or mice sera 
using the Mouse IL-2 Quantikine ELISA kit (M2000) 
(Bio-Techne, R&D Systems). Each cell culture, tumor 
homogenate, or serum sample was assessed in duplicate.

Multicolor flow cytometry
C57BL/6 mice were intracranially implanted with mouse 
005 GSCs. On day 22, these mice were treated intratumor-
ally with either PBS or G47Δ-mIL2 and euthanized on day 
29. Brain tumor quadrants were harvested, minced, and 
single-cell suspensions were prepared as described.26 The 
samples were preincubated with purified anti-CD16/32 
unconjugated antibodies (clone 93) to block Fc receptors 
prior to surface staining with fluorochrome-conjugated 

Figure 1  (A)  Construction of G47Δ-mIL2. Murine IL-2 (mIL2) was inserted into the backbone of G47Δ using the flip-flop HSV-
BAC system.24 G47Δ is a third-generation oHSV with deletions in the γ34.5 and α47 genes and an inactivating LacZ insertion 
into infected cell protein 6 (ICP6).19 G47Δ-mIL2 contains an insertion of murine IL-2 in the deleted ICP6 region driven by the 
HSV immediate-early (ie, 4/5) promoter. Murine IL-2 was linked with a bright red monomeric fluorescent protein (mCherry) by 
a P2A peptide. TRL or S, terminal repeat long or short; IRL or S, internal repeat long or short. (B) G47Δ-mIL2 expresses mCherry 
monomeric fluorescent red protein. Mouse 005 GSCs were inoculated with PBS or G47Δ-mIL2 at a multiplicity of infection (MOI) 
of 1.0, incubated at 37°C, and images were captured at 24-hour post-treatment by light/fluorescent microscopy. Upper panel: 
A phase contrast image of PBS-treated 005 GSC-derived neurospheres; Lower panels: A phase contrast image of G47Δ-mIL2-
infected 005 GSCs (lower left) and a merged image showing mCherry expression from G47Δ-mIL2-infected 005 GSCs (lower 
right). (C) Dose-response curve of G47Δ-mIL2 in mouse 005 GSCs in vitro. 005 GSCs (2000 cells/well) were seeded on a 96-well 
tissue culture plate. Immediately after plating, 005 GSCs were inoculated with various MOI of G47Δ-mIL2, incubated at 37°C for 
96 hours, and relative cell viability was measured by MTS cytotoxicity assay (Promega). The graph represents the mean±SEM 
of two experiments performed in triplicate. (D) G47Δ-mIL2 secretes murine IL-2. Vero cells were plated on a 6-well tissue culture 
plate (200 000 cells/well) and incubated for 12 hours at 37°C. Afterward, cells were washed twice with PBS, inoculated with 
G47Δ or G47Δ-mIL2 with an MOI of 0.1, and incubated for 2 hours at 37°C. Then, the virus inoculum was removed, washed 
with PBS twice to remove free viral particles, added fresh Vero cell growth medium (containing 1% fetal bovine serum), and 
incubated at 37°C for 24–48 hours. Supernatants were collected at 24 hours or 48 hours postvirus inoculation and tested for the 
presence of murine IL-2 by ELISA (Bio-Techne). The data are presented as mean±SEM, and the experiments were performed in 
duplicate. GSC, GBM stem-like cells; HSV, herpes simplex virus. PBS, phosphate-buffered saline.
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anti-mouse monoclonal antibodies against CD45 (clone 
30-F11), CD3 (clone 17A2), CD4 (clone GK1.5), CD8a 
(clone 53-6.7), CD279 (clone 29F.1A12), as well as appro-
priate isotype control antibodies.26 Fixable Viability Dye 
eFluor 506 (eBioscience) was used to stain dead cells. 
Intracellular FOXP3 and Ki67 staining were performed 
using color-conjugated anti-mouse FOXP3 (clone MF-14) 
and anti-mouse Ki-67 (clone 16A8), respectively, following 
the intracellular staining protocol (eBioscience). All anti-
bodies were purchased from BioLegend. For multicolor 
FACS staining of spleens and tumor-draining lymph 
nodes, single-cell suspensions from these organs were 
prepared26 and stained as above. Fluorescent minus one 
(FMO) controls were included.10 Data were acquired on 
BD Fortessa and analyzed with FlowJo software V.10.6.1 
(Tree Star). The scientific person involved in acquiring 
and gating the data was blinded to the treatments.

Immunohistochemistry for tumor-infiltrating immune cells
C57BL/6 mice implanted with 005 GSCs were treated 
intratumorally with PBS or G47Δ-mIL2 on day 22. On 
day 29, mice were sacrificed, brains removed and fixed in 
10% formalin, embedded in paraffin, and 5 µm sections 
subjected to immunohistochemical (IHC) staining 
for CD3 (clone SP7), CD4 (clone 4SM95), CD8 (clone 
4SM15), FoxP3 (clone FJK-16s), CD68 (polyclonal), 
or phospho-STAT1 (clone 58D6) as described in Saha 
and Rabkin.27 The number of positive cells was counted 
from 3 to 5 fields/tumor sections (1 section/mouse) 
(one section/mouse). The counter was blinded to the 
treatments.

Statistical analysis
Survival data were analyzed by Kaplan-Meier survival 
curves, and comparisons were performed by log-rank test. 
Flow cytometric data and immunohistochemistry counts 
were compared using an unpaired Student’s t-test (two-
tailed). P values of less than 0.05 were considered signif-
icant. All statistical analyses were performed using Prism 
9 software V.9.5.1.

RESULTS
G47Δ-mIL2 expresses IL-2 and efficiently lyses murine 005 
GSCs in vitro
We engineered an oHSV called G47Δ-mIL2 (figure 1A), 
armed with murine IL-2 and a mCherry fluorescent 
reporter, using the flip-flop HSV-BAC system,24 similar 
to the method employed for engineering an oHSV 
expressing murine interleukin 12 (G47Δ-mIL12).7 
Following established protocols, the presence of IL-2 and 
mCherry insertions in G47Δ-mIL2 was initially confirmed 
through PCR and restriction endonuclease digestion 
(data not shown).24

The G47Δ-mIL2 virus must enter the mouse cancer 
cells to produce direct oncolysis in vitro.7 However, typi-
cally, mouse cells do not exhibit a high degree of suscep-
tibility to oHSV infection.19 Thus, before assessing the 

cytolytic activity of G47Δ-mIL2 in vitro, we first investi-
gated whether G47Δ-mIL2 enters mouse 005 GSCs. For 
this, we treated 005 GSCs with G47Δ-mIL2 at a MOI of 1.0 
or PBS for 24 hours and then imaged the cells by fluores-
cence microscopy. The expression of the mCherry fluo-
rescent reporter confirmed that G47Δ-mIL2 efficiently 
infected mouse 005 GSCs (figure 1B).

Previous research indicated that our base G47Δ virus 
(oHSV without cytokine expression) is efficiently onco-
lytic against various cancer cell lines,17 28 including 
human GSCs,17 29 but produces no cytotoxic effects in 
noncancerous healthy cells.28 Here, using an MTS cyto-
toxicity assay, we tested the sensitivity of mouse 005 GSCs 
to G47Δ-mIL2. G47Δ-mIL2 infection resulted in dose-
dependent oncolysis of mouse 005 GSCs in vitro, with an 
IC50 value of MOI 0.63 (figure  1C). This oncolytic effi-
ciency of G47Δ-mIL2 is comparable to that of other G47Δ 
derivatives, such as G47Δ-Empty (no cytokine expression) 
or G47Δ-mIL12 (IL-12 expression), in various mouse 
cancer cells, including 005 GSCs.7 30–32

Cytokines must be released from cytokine-armed oHSV-
infected cancer cells to bind to IL-2 receptors on T cells 
and induce antitumor immunity.7 To investigate whether 
G47Δ-mIL2 infected cells release IL-2, we treated Vero 
cells with G47Δ-mIL2 (or control G47Δ vector) at low 
MOI of 0.1, collected culture supernatant at 24 hours 
and 48 hours postinfection, and measured IL-2 levels by 
ELISA. G47Δ-mIL2 infection of Vero cells resulted in the 
release of IL-2 in the culture supernatant, with secretion 
increasing from 1224 ng/mL (24 hours) to 1527 ng/mL 
(48 hours). In contrast, G47Δ infection did not result in 
any measurable IL-2 production (figure 1D). These data 
are consistent with the previous study demonstrating 
a time-dependent release of IL-12 from G47Δ-mIL12-
infected mouse 005 GSCs.7

These in vitro studies demonstrate that G47Δ-mIL2 
expresses the fluorescent mCherry reporter protein, 
produces oncolysis against mouse brain cancer cells, and 
releases the encoded IL-2.

G47Δ-mIL2 demonstrated antitumor effects in orthotopic 
immunocompetent mouse GBM models
To evaluate the anti-GBM efficacy of G47Δ-mIL2 in vivo, 
C57BL/6 mice bearing intracranially established 005 
GSC-derived brain tumors received a single intratumoral 
injection of G47Δ-mIL2 or PBS on day 8 post-tumor 
implantation (figure 2A). G47Δ-mIL2 treatment resulted 
in a significant extension of median survival by 63% 
(median survival=58 days) compared with PBS (median 
survival=35.5 days; p=0.0027) (figure 2B). In our in vivo 
studies, G47Δ-Empty was not included as an additional 
control because of its minimal effect in the 005 model.7 
For example, in contrast to G47Δ-mIL2, the antitumor 
efficacy of G47Δ-Empty (ie, an oHSV without IL-2 expres-
sion) was modest at best, with median survival extended 
by 10% only (vs PBS) and apparently no antitumor 
immune responses were seen even after two consecu-
tive intratumoral injections on days 8 and 12.7 The stark 
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Figure 2  (A–C)  Antitumor efficacy of G47Δ-mIL2 in C57BL/6 mice bearing orthotopic mouse 005 GSC-derived brain tumors. 
(A) Experimental schema. C57BL/6 mice were intracranially/stereotactically implanted with mouse 005 GSCs (2×104 cells/
mouse) on day 0, treated intratumorally with G47Δ-mIL2 (5×105 pfu/mouse) or PBS on day 8 (n=4 for PBS and n=5 for G47Δ-
mIL2), and mice were followed for survival and body weights. (B) Kaplan-Meier survival curve. The median survival of the PBS 
group (35.5 days) is significantly different from the G47Δ-mIL2 treatment group (median survival=58 days, p=0.0027). Log-
rank (Mantel-Cox) test; **p<0.01. Note: Medium containing 005 cells came out during intracranial implantation in one mouse 
in the PBS group, and thus, this mouse was excluded from the study. (C) Bodyweight of tumor-bearing mice (from B) after 
treatment. The data are presented as mean±SEM. No significant differences were observed between PBS and G47Δ-mIL2 
treatment groups (unpaired two-tailed Student’s t-test). (D–F) Antitumor efficacy of G47Δ-mIL2 treatment in CT-2A and GL261 
GBM models. (D) Experimental schema. C57BL/6 mice intracranially/stereotactically implanted with CT-2A (1×104 cells/mouse) 
or GL261 cells (3×104 cells/mouse) on day 0, treated intratumorally with PBS or G47Δ-mIL2 (5×105 pfu/mouse) on day 4 (for 
GL261) or 5 (for CT-2A), and mice were followed for survival. (E) Kaplan-Meier survival curve in the intracranial CT-2A GBM 
model. The median survival time of G47Δ-mIL2 treatment (29 days; n=7) significantly differs from the PBS group (21.5 days, 
p=0.0051; n=6). (F) Kaplan-Meier survival curve in the intracranial GL261 GBM model. The median survival time of G47Δ-mIL2 
(20.5 days; n=8) is not significantly different from the PBS group (19 days, p=0.0623; n=7). Log-rank (Mantel-Cox) test; **p<0.01, 
ns=not significant. (G–H) In vivo levels of mouse IL-2 after intratumoral treatment with G47Δ-mIL2. (G) Experimental schema. 
C57BL/6 mice were intracranially/stereotactically implanted with mouse 005 GSCs (2×104 cells/mouse) on day 0 and treated 
intratumorally with G47Δ-mIL2 (5×105 pfu/mouse) or PBS on day 22 (n=6/group). Tumor-bearing mice were euthanized on day 1 
(ie, day 23, n=3/group) and 3 (ie, day 25, n=3/group) post-treatment and tumor and serum collected for IL-2 ELISA (Bio-Techne). 
(H) ELISA for murine IL-2 in tumor homogenates. The data show the presence of IL-2 only in the G47Δ-mIL2 treatment group 
on day 1. No IL-2 was detected on day 3 in the tumor homogenate or on days 1 and 3 in serum samples; thus, they were not 
graphed. Each animal sample was assessed in duplicate, and each shape indicates one animal (unpaired two-tailed Student’s 
t-test). PBS, phosphate-buffered saline.
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difference between G47Δ-Empty (10% extension vs PBS)7 
and G47Δ-mIL2 (63% extension vs PBS) (figure 2B) indi-
cates the importance of IL-2 expression in vivo in medi-
ating superior survival benefit. No neurological morbidity 
(data not shown) nor significant loss of body weight was 
noticed in the G47Δ-mIL2 treatment group (vs PBS) 
(figure 2C).

We also evaluated the antitumor efficacy of G47Δ-mIL2 
in two additional immunocompetent orthotopic mouse 
GBM models, CT-2A and GL26114 (figure  2D). CT-2A 
GBM cell-derived GBM tumors are clearly more aggres-
sive than 005 GSC-derived GBM tumors, with a median 
survival of mock group being 21.5 days after intracranial 
implantation of 1×104 CT-2A cells (figure 2E) compared 
with 35.5 days of median survival of mock group following 
intracranial implantation of 2×104 005 GSCs (figure 2B). 
Like the CT-2A GBM model, GL261 cells are also 
carcinogen-induced33 and similarly aggressive to CT-2A 
cells in forming orthotopic GBM tumors, with a median 
survival of PBS-treated mice 19 days following intracra-
nial implantation of 3×104 cells (figure 2F). In the CT-2A 
model, a single intratumoral injection of G47Δ-mIL2 
resulted in a significant extension of median survival 
by 35% (p=0.0051 vs PBS) (figure 2E), analogous to the 
survival advantage of G47Δ-mIL2 treatment observed in 
the 005 GBM model (figure 2B). However, in the GL261 
model, a single intratumoral injection of G47Δ-mIL2 did 
not result in significant survival benefit (p=0.0623 vs PBS) 
(figure  2F), which is likely due to the non-permissive 
nature of GL261 cells to oHSV infection.34 35

G47Δ-mIL2 releases IL-2 in vivo
We then examined if G47Δ-mIL2 treatment secreted 
IL-2 in vivo. C57BL/6 mice bearing established 005 GSC-
derived orthotopic brain tumors were treated on day 
22 post-tumor implantation with a single intratumoral 
injection of G47Δ-mIL2 or PBS. On days 1 and 3 post-
treatment, brain tumors and serum were collected for 
IL-2 ELISA (Bio-Techne) (figure  2G). Murine IL-2 was 
detected in brain tumor homogenates on day 1 following 
G47Δ-mIL2 treatment but not on day 3 postvirus treat-
ment. No IL-2 was detected in the serum, neither on day 1 
nor day 3 postvirus treatment (figure 2H), indicating that 
secreted IL-2 remained localized within the TME.

G47Δ-mIL2 induces recruitment of CD8+ T cells to the TME
To understand how G47Δ-mIL2 treatment extends the 
median survival of mice, we performed phenotyping of 
infiltrated cells in tumors and spleens via two comple-
mentary methods: multicolor flow cytometry staining 
of cells harvested from the 005 brain tumor quadrants 
and spleens (figure 3) and IHC staining of immune cells 
in the 005 brain tumors (figure 4). For flow cytometry, 
C57BL/6 mice bearing established 005 tumors treated 
with G47Δ-mIL2 or PBS on day 22 post-tumor implan-
tation, harvested brain tumor quadrants and spleens 
7 days later, processed, and subjected to flow cytometry 

staining and analysis as we described10 26 32 36 (see also the 
“Methods” section for details) (figure 3A).

At 22 days following treatment, G47Δ-mIL2 treat-
ment did not result in any significant alteration in the 
percentage of GFP+ 005 GSCs (p=0.1645 vs PBS) while 
significantly increasing the percentage of CD8+ T cells 
in the tumors (p=0.0301 vs PBS) (figure  3B). Following 
G47Δ-mIL2 treatment, significant alteration of prolif-
erating T cells such as CD4+Ki67+ and CD8+Ki67+ cells 
were observed in the virus-treated group compared 
with the PBS group (figure 3B). No significant changes 
were noted in the frequency of FoxP3+ and PD1+ subsets 
in T cells (figure  3B). Previous study with intratumoral 
G47Δ-mIL12 in the orthotopic 005 model demonstrated 
that cytokine expression by oHSV is localized within the 
tumors, resulting in no significant changes in immune 
cell population systemically in spleens.7 Similarly, IL-2 
released from intratumoral G47Δ-mIL2 treatment 
remained confined within the TME (figure 2H) without 
being detected in the peripheral circulation. Thus, 
as expected, probably due to the absence of systemic 
IL-2, G47Δ-mIL2 treatment did not result in significant 
changes in any tested immune cell populations systemi-
cally in spleens (figure 3C).

Similar to the flow cytometry analysis, we confirmed 
immune cell accumulation in the TME by IHC evaluation 
of different immune cell markers for T cells and macro-
phages in 005 brain tumor specimens. For IHC staining, 
we followed the same experimental/treatment schedule 
as the flow cytometry. Briefly, C57BL/6 mice bearing 
orthotopic 005 tumors received intratumoral injections 
of G47Δ-mIL2 or PBS on day 22 post-tumor implantation, 
harvested brains 7 days later (figure  4A), and formalin-
fixed paraffin-embedded brain tumor sections subjected 
to immunochemical staining as we described9 10 27 30 32 
(see also the “Methods” section for details). Intratumoral 
G47Δ-mIL2 treatment resulted in a 2-fold increase in the 
number of CD8+ T cells (p=0.0104 vs PBS), and a 1.8-fold 
increase in the number of total T cells (CD3+) in the 
TME (p=0.0232 vs PBS) (figure  4B,C). Compared with 
the mock-treated group, intratumoral G47Δ-mIL2 treat-
ment did not result in any significant alteration in the 
number of CD4+ T cells, total tumor-associated macro-
phages (TAMs, CD68+), and M1-like TAMs as measured 
by pSTAT1+ cells10 (figure 4B,C). Consistent with our flow 
cytometry data (figure 3B), IL-2 expression by G47Δ-mIL2 
did not significantly increase FoxP3+ Tregs within 005 
tumors (figure 4C).

Role of immune cells in the survival efficacy of G47Δ-mIL2 
treatment
IL-2 promotes the infiltration and proliferation of T cells 
and induces antitumor activity.21 Here, we observed that 
viral expression of IL-2 within brain tumors is associated 
with increased infiltration of T cells, such as CD3+ and CD8+ 
T cells, but not macrophages into the TME (figures 3B and 
4B,C). Given these observations, we wanted to confirm 
if T cells are responsible for the treatment efficacy seen 
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in the 005 GBM model in C57BL/6 mice. For this, we 
first used athymic nu/nu mice (which are devoid of T 
cells) bearing 005 tumors, treated them with a single 
intratumoral injection of G47Δ-mIL2 or PBS on day 8 
post-tumor implantation, and followed mice for survival 
and body weights (figure  5A). Compared with the PBS 
group, G47Δ-mIL2 treatment resulted in an extension of 
median survival by only 16% in athymic mice (figure 5B), 
as opposed to 63% in C57BL/6 mice (figure  2B). The 
reduced efficacy of G47Δ-mIL2 in T cell-deficient athymic 
mice indicates the importance of T cells for G47Δ-mIL2 
treatment. Like G47Δ-mIL2 treatment in C57BL/6 mice 
(figure 2C), no treatment-related toxicities nor significant 

loss of body weight were observed in athymic mice after 
a single intratumoral injection of G47Δ-mIL2 (vs PBS) 
(figure 5C).

Given the role of T cells in G47Δ-mIL2 treatment, we 
then evaluated which subsets of T cells (CD4+ or CD8+ 
T cells) are essential in mediating G47Δ-mIL2-induced 
survival benefit. In addition, we also tested the role of 
natural killer (NK) cells in the G47Δ-mIL2-mediated 
treatment benefits since IL-2 enhances the cytolytic 
activity of NK cells.21 For these purposes, C57BL/6 mice 
bearing intracranial 005 tumors received a single intra-
tumoral injection of G47Δ-mIL2 or PBS on day 8 post-
tumor implantation. Simultaneously, mice received 

Figure 3  Flow cytometric analysis of immune cells in 005 GSC-derived orthotopic brain tumors and spleens after G47Δ-
mIL2 treatment. (A) Experimental schema. C57BL/6 mice were intracranially/stereotactically implanted with mouse 005 GSCs 
(2×104 cells/mouse) on day 0, injected intratumorally with PBS (n=5) or G47Δ-mIL2 (5×105 pfu/mouse; n=5) on day 22, and 
animals euthanized on day 29. Brains and spleens were harvested, single-cell suspensions were prepared and stained with 
fluorochrome-conjugated anti-mouse antibodies/dye, and multicolor fluorescence-activated cell sorting (FACS) was performed. 
(B, C) Bar graphs represent percentages of live sorted positive cells in brain tumors (in B) and spleens (in C). Each bullet point 
indicates one animal. The data are presented as mean±SEM. Only data that show *p<0.05 are indicated (unpaired two-tailed 
Student’s t-test). GSC, GBM stem-like cell. PBS, phosphate-buffered saline.
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intraperitoneal injections of anti-CD4, anti-CD8, anti-
NK1.1, anti-CD8 plus anti-NK1.1 antibodies for immune 
subset depletion, or control IgGs on days 4, 7, 10, 13, 
20, and 27 post-tumor implantations, and followed mice 
for survival (figure 5D). The data presented in figure 5E 
show that depletion of CD4+ T cells (G47Δ-mIL2 plus 
anti-CD4; median survival=33 days) completely abro-
gated the anti-GBM efficacy of G47Δ-mIL2 virus (median 
survival=47.5 days) to the level of mock-treated mice 
(median survival=35 days; p=0.1857 vs G47Δ-mIL2 plus 
anti-CD4), indicating that the antitumor effects of 
G47Δ-mIL2 are fully reliant on CD4+ T cells. However, 
infiltration of CD4+ T cells in the TME (in response to 
G47Δ-mIL2 treatment) was not statistically significant 
(figures 3B and 4B,C).

In addition to CD4+ T cells, CD8+ T cells also play a 
therapeutic role since there was a significantly increased 
infiltration of CD8+ cells into G47Δ-mIL2-treated tumors 
(vs PBS) (figures  3B and 4B,C). CD8+ T cell depletion 
(G47Δ-mIL2 plus anti-CD8; median survival=38.5 days) 
reduced the G47Δ-mIL2-mediated survival benefit, with 
the borderline statistical significance of p=0.0505 vs 

G47Δ-mIL2 plus anti-CD8 (figure  5E). Depletion of 
NK1.1+ cells (G47Δ-mIL2 plus anti-NK1.1; median 
survival=53.5 days) did not significantly affect the treat-
ment efficacy of the G47Δ-mIL2 therapy (median 
survival=47.5 days; p=0.4451) (figure 5E). However, inter-
estingly, depletion of NK1.1+ cells in the G47Δ-mIL2 plus 
anti-NK1.1 treatment group resulted in 2/6 long-term 
survivors compared with none in the G47Δ-mIL2 treat-
ment group, implying that NK cells may have impeded the 
efficacy of G47Δ-mIL2 treatment.37 Finally, survival was 
reduced with the depletion of both NK1.1+ and CD8+ T 
cells (G47Δ-mIL2 plus anti-CD8 plus anti-NK1.1; median 
survival=38.5 days), similar to CD8+ T cell depletion, but 
without statistical significance (p=0.1075 vs G47Δ-mIL2 
plus IgG).

Overall, immune cell analysis and depletion studies 
(figures 3–5) indicate that both CD4+ and CD8+ T cells 
are important for the efficacy of G47Δ-mIL2 treatment, 
with CD4+ T cells playing the key role in determining the 
treatment benefits of G47Δ-mIL2 virotherapy.

Figure 4  Immunohistochemical staining of immune cell markers in 005 GSC-derived orthotopic brain tumors after G47Δ-
mIL2 treatment. (A) Experimental schema. C57BL/6 mice were intracranially/stereotactically implanted with mouse 005 GSCs 
(3×104 cells/mouse) on day 0, injected intratumorally with PBS (n=5) or G47Δ-mIL2 (5×105 pfu/mouse; n=4) on day 22, animals 
euthanized on day 29, and brains harvested. (B) Formalin-fixed paraffin-embedded brain tumor sections (5 µm in size) were 
subjected to immunohistochemical staining for various mouse antigens such as CD3, CD4, CD8, FoxP3, CD68, or pSTAT1. 
Representative images with positive cells-stained brown are presented; scale bars=200 µm. (C) Average number of positive cells 
from each individual mouse. Each bullet point represents one animal, and cells were counted from 3 to 5 fields/tumor section 
(one section/mouse). The mean±SEM of all mice is presented. The statistical analysis was performed using the unpaired two-
tailed Student’s t-test; *p<0.05. PBS, phosphate-buffered saline.
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IL-2 expression is critical for G47Δ-mIL2-mediated 
therapeutic responses
Two consecutive intratumoral injections of G47Δ-Empty 
(no IL-2 expression) resulted in only 10% extension of 
median survival (vs PBS),7 whereas median survival was 
extended by 63% with G47Δ-mIL2 treatment (vs PBS) 
(figure  2B). This suggests that IL-2 expression within 
tumors may be important for improved therapeutic 
activity. Based on this, we hypothesized that in vivo neutral-
ization of IL-2 would abrogate the antitumor effects of 

G47Δ-mIL2 treatment. To test this, C57BL/6 mice bearing 
orthotopic 005 tumors were treated intratumorally with a 
single intratumoral injection of G47Δ-mIL2 or PBS on day 
8 post-tumor implantation. Simultaneously, to inhibit the 
activity of IL-2, mice received intraperitoneal injections of 
anti-murine(m) IL-2 or control IgG before and after virus 
injection, that is, on days 7, 9, 11, and 14 (figure  6A). 
Similar to what we observed in figure  2B G47Δ-mIL2 
treatment resulted in a 76% extension of median survival 
(p=0.0029 vs PBS) (figure  6B). However, neutralization 

Figure 5  (A–C)  Role of T cells in G47Δ-mIL2 treatment of intracranial 005 GSC-derived brain tumors in T cell-deficient mice. 
(A) Experimental schema. T cell-deficient athymic nu/nu mice were intracranially/stereotactically implanted with mouse 005 
GSCs (2×104 cells/mouse) on day 0, injected intratumorally with PBS (n=7) or G47Δ-mIL2 (5×105 pfu/mouse; n=8) on day 8, 
and mice were followed for survival and body weights. (B) Kaplan-Meier survival curve. The median survival of the PBS group 
(25 days) is significantly different from the G47Δ-mIL2 group (median survival=29 days, p=0.0136). Log-rank (Mantel-Cox) test; 
*p<0.05. (C) Bodyweight of tumor-bearing mice (from B) after treatment. Mean±SEM, no significant differences were observed 
between PBS and G47Δ-mIL2 treatment groups (unpaired two-tailed Student’s t-test). (D, E) Role of immune cell subtypes in 
the treatment efficacy of G47Δ-mIL2. (D) Experimental schema. C57BL/6 mice intracranially/stereotactically implanted with 
mouse 005 GSCs (2×104 cells/mouse) on day 0 and treated intratumorally with PBS or G47Δ-mIL2 (5×105 pfu/mouse) on day 
8. Concurrently, mice were injected intraperitoneally with anti-CD4 (clone GK1.5; 10 mg/kg), anti-CD8 (clone 2.43; 10 mg/kg), 
anti-NK1.1 (clone PK136; 10 mg/kg), combination of anti-CD8 plus anti-NK1.1 (10 mg/kg each), or control IgG, on days 4, 7, 10, 
13, 20, and 27, and mice were followed for survival. (E) Kaplan-Meier survival curve. Median survival of mice was determined 
by log-rank (Mantel-Cox) test: PBS+IgG (mock; n=4), 35 days; G47Δ-mIL2+IgG (n=4), 47.5 days, G47Δ-mIL2+anti-CD4 (n=6), 
33 days; G47Δ-mIL2+anti-CD8 (n=6), 38.5 days; G47Δ-mIL2+anti-NK1.1 (n=6), 53.5 days; and G47Δ-mIL2+anti-CD8 + anti-
NK1.1 (n=6), 38.5 days. PBS+IgG (mock) was compared with G47Δ-mIL2+IgG (p=0.0414), G47Δ-mIL2+anti-CD4 (p=0.1857), 
G47Δ-mIL2+anti-CD8 (0.0094), G47Δ-mIL2+anti-NK1.1 (0.0203), or G47Δ-mIL2+anti-CD8 + anti-NK1.1 (p=0.0345). Similarly, 
G47Δ-mIL2+IgG was compared with G47Δ-mIL2+anti-CD4 (p=0.0116), G47Δ-mIL2+anti-CD8 (p=0.0505), G47Δ-mIL2+anti-
NK1.1 (p=0.4451), G47Δ-mIL2+anti-CD8+anti-NK1.1 (p=0.1075), or PBS+IgG (p=0.0414). Two long-term survivors from the 
G47Δ-mIL2+anti-NK1.1 group were terminated on day 82, and no tumors were present. Log-rank (Mantel-Cox) test; *p<0.05, 
**p<0.01, ns=not significant. Note: There were technical issues in three mice during surgeries (one from the PBS+IgG and two 
from the G47Δ-mIL2+IgG groups); thus, these mice were excluded from the study. GSC, GBM stem-like cell; NK, natural killer; 
PBS, phosphate-buffered saline.
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of IL-2 abrogated the antitumor efficacy of G47Δ-mIL2 
to the level of the mock group (p=0.1062 for mock vs 
G47Δ-mIL2 plus anti-mIL2) (figure 6B), confirming the 
role of local IL-2 expression in the G47Δ-mIL2 treatment-
mediated antitumor effect.

IL-2 induces T cell exhaustion by enhancing the 
expression of the PD-1 immune checkpoint exhaustion 
marker on T cells38 and may compromise the efficacy 
of the G47Δ-mIL2 virotherapy. Thus, we evaluated if 
anti-PD-1 improves the activity of G47Δ-mIL2 treat-
ment. Mice received intraperitoneal injections of anti-
murine(m) PD-1 on days 8, 11, and 14 (figure 6A). We 
observed that the combination therapy (G47Δ-mIL2 
plus anti-PD-1) further enhanced the median survival of 
G47Δ-mIL2 treatment by 26% (ie, the median survival 
increased from 63.5 days for G47Δ-mIL2 plus IgG to 
80 days for G47Δ-mIL2 plus anti-PD-1); however, this 
improvement was not statistically significant (p=0.1539; 
G47Δ-mIL2 plus anti-PD-1 vs G47Δ-mIL2 plus IgG) 
(figure 6C).

DISCUSSION
Numerous preclinical studies with IL-2 armed viral 
vectors, such as adenoviruses, vaccinia viruses, Newcastle 
disease viruses, Sendai viruses, parvoviruses, tanapox-
viruses, and HSV, have illustrated the effective local 
delivery of IL-2 to the TME, with encouraging anti-tumor 
outcomes while maintaining safety.22 Oncolytic HSVs 
offer great potential for GBM treatment through both 
direct cytotoxic effects and immune-stimulating mecha-
nisms.39 Several genetically engineered oHSVs have been 
tested or are undergoing trials in GBM patients, demon-
strating safety following direct inoculation into human 
brain.39 Recently, oHSV G47Δ received approval in Japan 
for GBM treatment.20 Arming oHSV with cytokines, such 
as IL-2,40 41 demonstrated efficacy in mouse models.22 Yet, 
none of these studies tested IL-2-armed oHSV, specifically 
in GBM or GSC-derived GBM models.

The multifaceted characteristics of IL-2, such as stim-
ulation of T cell growth and coordinating CTL-driven 
antitumor responses, establish IL-2 as a pivotal proin-
flammatory and anticancer cytokine.21 42 43 Notably, it 

Figure 6  Role of neutralization of IL-2 or immune checkpoint blockade in G47Δ-mIL2 treatment. (A) Experimental schema. 
C57BL/6 mice intracranially/stereotactically implanted with mouse 005 GSCs (2×104 cells/mouse) on day 0 and treated 
intratumorally with PBS or G47Δ-mIL2 (5×105 pfu/mouse) on day 8. Concurrently, mice were injected intraperitoneally with 
anti-murine IL-2 (anti-mIL-2) on days 7 (ie, 1 day prior to virotherapy), 9 (ie, 1 day after virus injection), 11 (ie, 3 days after virus 
injection), and 14 (ie, 6 days after virus injection) (clone JES6-1A12; 10 mg/kg on days 7, 9, and 11, and 7.5 mg/kg on day 14), 
anti-murine PD-1 (anti-mPD-1) on days 8, 11, and 14 (clone RMP1-14; 10 mg/kg), or control IgG, and mice were followed 
for survival. Median survival of mice was determined by Log-rank (Mantel-Cox) test: PBS+IgG (mock; n=7), 36 days; G47Δ-
mIL2+Igg (n=6), 63.5 days, G47Δ-mIL2+anti-mIL-2 (n=7), 43 days, and G47Δ-mIL2+anti-mPD-1 (n=7), 80 days. Virus solution 
came out during intracranial injections in three mice (two from the G47Δ-mIL2+IgG and one from the G47Δ-mIL2+anti-mPD-1 
groups); thus, these mice were excluded from the study. (B) Neutralization of IL-2 abrogates antitumor efficacy of G47Δ-mIL2 
treatment. G47Δ-mIL2+IgG is significantly different from G47Δ-mIL2+anti-mIL-2 (p=0.0149) or PBS+Igg (p=0.0029), but IL-
2 neutralization (ie, G47Δ-mIL2+anti-mIL-2) is not significantly different from PBS+IgG (p=0.1062). (C) Immune checkpoint 
blockade (anti-mPD-1) somewhat improves the antitumor efficacy of G47Δ-mIL2 treatment. G47Δ-mIL2+anti-mPD-1 is 
significantly different from PBS+Igg (p=0.0001). Although G47Δ-mIL2+anti-mPD-1 extends the median survival of mice (80 
days) compared with that of G47Δ-mIL2+Igg (63.5 days), this extension is not statistically significant (p=0.1539). In (B, C) the 
values are from a single experiment, with PBS+IgG and G47Δ-mIL2+IgG groups being the same in B and C. Three long-term 
survivors (one from G47Δ-mIL2+IgG and two from G47Δ-mIL2+anti-mPD-1 groups) were terminated on day 100, and no tumors 
were present. Log-rank (Mantel-Cox) test; *p<0.05, **p<0.01, ***p<0.001, ns=not significant. PBS, phosphate-buffered saline.
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holds the distinction of being the first FDA-approved 
cytokine for cancer treatment among all interleukins.44 
IL-2 cytokine therapy for cancer requires frequent high-
dose administration, which leads to adverse systemic 
events.23 Conversely, low doses might compromise IL-2’s 
anticancer effectiveness23 and may also preferentially 
foster Treg expansion,45 an undesirable outcome in 
cancer immunotherapy. Despite attempts to enhance 
safety through different delivery methods, altered dosing, 
binding affinity modifications, and combinations with 
fusion proteins, the safety of IL-2 cytokine therapy has 
seen only marginal improvements.46–48

OHSVs offer an effective means for targeted delivery 
and expression of cytokine like IL-2 within the TME. 
Their specificity toward tumors and capacity to trigger a 
controlled antitumor adaptive immune response aligns 
well with the amplifying immunostimulatory effects of 
IL-2. Here, we evaluated the antitumor effects of oHSV 
expressing IL-2 (G47Δ-mIL2) in mouse GBM models, 
including the mouse 005 GSC-derived GBM model. 
Previous studies demonstrated that G47Δ-mIL12 (an 
oHSV expressing IL-12) efficiently kills mouse 005 GSCs 
in vitro, with an IC50 of MOI 0.7.30 32 One study also 
indicated the time-dependent release of cytokine from 
the oHSV-infected cells.7 Similarly, our investigation 
illustrated that the newly developed G47Δ-mIL2 virus 
efficiently enters (as evidenced by mCherry expres-
sion) and kills mouse 005 GSCs in vitro, with an IC50 
of MOI~0.67. We also observed a time-dependent 
release of IL-2 from G47Δ-mIL2-infected cells. Further-
more, the overall viral entry and the cytolytic activity of 
G47Δ-mIL2 remain comparable to other G47Δ deriva-
tives, such as G47Δ-mCherry (expressing mCherry only) 
or G47Δ-Empty (lacking transgene expression), respec-
tively.7 This suggests that the expression of both trans-
genes, mCherry plus murine IL-2, by the G47Δ-mIL2 
virus, does not negatively impact viral entry, replication, 
or cytotoxicity.

Mouse cancer cells exhibit lower susceptibility to 
oHSV infection in comparison to human cancer cells.19 
However, G47Δ derivatives, such as G47Δ-Empty or 
G47Δ-mIL12, can infect and replicate within 005 GSCs in 
vitro.7 Notably, two consecutive intratumoral/intracranial 
injections of G47Δ-mIL12 into the 005 tumors lead to the 
intratumoral release of IL-12, indicating in vivo oHSV 
infection.7 The viral replication increases from day 1 to 
day 2 postinfection and decreases by day 3.7 Likewise, our 
newly constructed G47Δ-mIL2, following a single intra-
tumoral/intracranial injection into the 005 tumors, also 
resulted in IL-2 release within the TME, indicating in vivo 
infection. Importantly, we observed that IL-2 secretion 
following G47Δ-mIL2 injection remained confined within 
the TME by day 1 postinfection, with no detectable IL-2 
in the serum on days 1 and 3 postinfection. This absence 
of IL-2 in the systemic circulation after G47Δ-mIL2 treat-
ment is vital in avoiding systemic IL-2-related adverse 
events. Notably, our study confirms the safety nature of 
G47Δ-mIL2 since we found no significant changes in the 

body weights of mice following G47Δ-mIL2 treatment 
when compared with the PBS-treated group.

The replication of G47Δ-mIL2 and subsequent IL-2 
release in the TME likely contributed to extending median 
survival by 63% (compared with the PBS group) in the 
005 GBM model. Indeed, we confirmed the essential role 
of in vivo IL-2 expression for G47Δ-mIL2-mediated anti-
tumor efficacy. We achieved this by administering intra-
peritoneal injections of neutralizing antibodies against 
IL-2 before and after G47Δ-mIL2 treatment, resulting in 
the nullification of G47Δ-mIL2’s antitumor efficacy to a 
level similar to the PBS-treated group. These support a 
role for IL-2 expression in the antitumor effects observed 
in the 005 GBM model, where in previous studies, G47Δ-
Empty (lacking cytokine expression) showed limited effi-
cacy, providing only a 10% extension in median survival 
compared with the PBS group.7

Mouse CT-2A cells somewhat support oHSV repli-
cation, as demonstrated previously.35 Similar to the 
observed G47Δ-mIL2-mediated survival advantage in the 
005 GBM model, as anticipated, we were able to replicate 
to some extent the antitumor effectiveness of G47Δ-mIL2 
treatment in a secondary orthotopic mouse CT-2A GBM 
model. In contrast to both the 005 and CT-2A GBM cells, 
GL261 GBM cells are non-permissive to oHSV infec-
tion.34 35 Consequently, G47Δ-mIL2 treatment remains 
ineffective against orthotopic GL261 tumors in vivo.

The GBM TME is often described as lacking immune 
activity or termed as an immunologically deserted 
field.49 Prior studies indicate that increased levels of T 
cells infiltrating the GBM TME, such as CD8+ T cells, 
correlate with decreased recurrence rates and prolonged 
survival in GBM patients.50 51 Like IL-12, IL-2 is a major 
anticancer cytokine that can drive T-cell proliferation 
and cytotoxicity.22 52 More specifically, IL-2 drives the 
proliferation and cytotoxic activity of T cells, whereas 
IL-12 further skews T-cells toward cytolytic phenotype 
by inducing IFN-γ production.22 52 Despite these differ-
ences, the survival benefit of oHSV expression of IL-12 
(G47Δ-mIL12) is quite similar to that of oHSV expres-
sion of IL-2 (G47Δ-mIL2) (figure 2B)7 and is associated 
with increased infiltration of T cells to the 005 tumors.10 
Similarly, here, we demonstrated that the G47Δ-mIL2 
treatment-mediated survival advantage in the 005 GBM 
model was associated with a significantly increased 
infiltration of CD8+ T cells, not CD4+ T cells or macro-
phages, in the TME. IL-2 is known to drive expansion of 
both CD4+ and CD8+ T cell populations.22 Interestingly, 
immune cell depletion studies revealed that the anti-
tumor efficacy of G47Δ-mIL2 treatment was dependent 
on CD4+ T cells and, to a lesser extent, on CD8+ T cells. 
Murine 005 GSCs lack expression of both MHC class I7 
and MHC class II (data not shown); however, IFNγ stimu-
lation leads to induction of MHC class I expression only,7 
indicating CD8+ T cells are more likely to be involved in 
mediating direct killing effects. Similar to G47Δ-mIL2 
treatment in the 005 GBM model, the antitumor efficacy 
of G47Δ-mIL12 plus dual checkpoint inhibitors was also 
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completely lost in the absence of CD4+ T cells.10 Although 
we cannot rule out a direct killing role of CD4+ T cells, the 
CD4-dependent efficacy of virotherapy in this model and 
lack of MHC class II expression by 005 GSCs seem to indi-
cate that CD4+ T cells are indirectly involved in priming 
a CD8+ T cell anti-GBM response following G47Δ-mIL2 
treatment. Additionally, an increasing body of research 
outlines the destruction of tumors facilitated by CD4+ 
T cells, which involves the indirect elimination of MHC 
II-deficient tumor cells and the cytokine activity of CD4+ 
cells.53 In addition, in our prior study with G47Δ-mIL12 
plus dual checkpoint inhibitor treatment in the 005 GBM 
model,10 we demonstrated that depletion of CD4+ T cells 
leads to a large change in proportions of other immune 
cells, such as CD8+ T cells, in the 005 tumors,10 indicating 
the interaction of CD4+ T cells with other immune cell 
types in mediating the survival benefit. Future research 
could aim at defining the local cytokine profile and/or 
other immune cells in the presence and absence of CD4+ 
T cells to elucidate their role in G47Δ-mIL2 treatment of 
GBM.

Prior studies demonstrated that mice devoid of NK cell 
cytotoxicity receptors have increased oHSV titers with an 
improved oHSV efficacy against GBM,37 suggesting that 
the presence of NK cells impedes oHSV therapy in GBM. 
Similarly, in figure 5E, the depletion of NK cells appeared 
to improve the efficacy of G47Δ-mIL2 treatment, with 
33% of mice surviving 70 days, although this was not 
statistically significant (vs G47Δ-mIL2 treatment alone). 
However, like the published evidence,37 our finding with 
the depletion of NK cells suggests that NK cells may have 
played some role in determining the anti-GBM efficacy of 
G47Δ-mIL2 treatment in the 005 GBM model. Like eluci-
dating the role of CD4+ T cells in G47Δ-mIL2 treatment 
of GBM, future research could also aim at understanding 
the role of NK cells in G47Δ-mIL2 replication and IL-2 
expression.

One of the major drawbacks of viral expression of 
IL-2 is that IL-2 can enhance the expansion of Tregs, an 
unwanted scenario in cancer immunotherapy.45 Interest-
ingly, G47Δ-mIL2 treatment did not produce a significant 
effect on the infiltration of FoxP3+ Tregs into 005 tumors. 
This could be attributed to G47Δ, the backbone of the 
G47Δ-mIL2 virus, which negatively impacts Treg recruit-
ment7 and may have potentially mitigated IL-2’s ability 
to stimulate the expansion of Tregs within the tumors. 
Another shortcoming of IL-2 expression is that it can 
induce the expression of PD-1, an exhaustion marker, 
on T cells.38 However, our data indicate that G47Δ-mIL2 
treatment did not notably upregulate PD-1 expression 
on the analyzed T cell subsets in the tumors and spleens. 
Consequently, anti-PD-1 immune checkpoint blockade 
did not significantly enhance the survival advantage 
provided by G47Δ-mIL2 treatment.

In summary, we show for the first time that oHSV expres-
sion of IL-2 (G47Δ-mIL2) is effective in improving the 
median survival of mice bearing orthotopic GBM tumors, 
including those composed of GSCs, without producing 

any observable toxicities. Mechanistically, T cells, espe-
cially CD4+ T cells, are the key cellular mediators asso-
ciated with G47Δ-mIL2-induced therapeutic responses 
in GBM. The data suggest that G47Δ-mIL2 may mediate 
antitumor activity against GBM with minimal systemic 
toxicity. Considering the safety profile of other oHSVs in 
development for GBM treatment,39 our findings provide 
the rationale for translating G47Δ-IL2 into the clinic for 
evaluation in patients with GBM.
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