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Abstract
Background. Combined immunotherapy approaches are promising cancer treatments. We evaluated anti–programmed cell death protein 1 (PD-1) treatment combined with gene-mediated cytotoxic immunotherapy (GMCI)
performed by intratumoral injection of a prodrug metabolizing nonreplicating adenovirus (AdV-tk), providing in
situ chemotherapy and immune stimulation.
Methods. The effects of GMCI on PD ligand 1 (PD-L1) expression in glioblastoma were investigated in vitro and
in vivo. The efficacy of the combination was investigated in 2 syngeneic mouse glioblastoma models (GL261 and
CT-2A). Immune infiltrates were analyzed by flow cytometry.
Results. GMCI upregulated PD-L1 expression in vitro and in vivo. Both GMCI and anti–PD-1 increased intratumoral
T-cell infiltration. A higher percentage of long-term survivors was observed in mice treated with combined GMCI/
anti–PD-1 relative to single treatments. Long-term survivors were protected from tumor rechallenge, demonstrating durable memory antitumor immunity. GMCI led to elevated interferon gamma positive T cells and a lower proportion of exhausted double positive PD1+TIM+CD8+ T cells. GMCI also increased PD-L1 levels on tumor cells and
infiltrating macrophages/microglia. Our data suggest that anti–PD-1 treatment improves the effectiveness of GMCI
by overcoming interferon-induced PD-L1–mediated inhibitory signals, and GMCI improves anti–PD-1 efficacy by
increasing tumor-infiltrating T-cell activation.
Conclusions. Our data show that the GMCI/anti–PD-1 combination is well tolerated and effective in glioblastoma
mouse models. These results support evaluation of this combination in glioblastoma patients.
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Importance of the study
Here, we used murine glioblastoma models to investigate the combination of anti–PD-1 checkpoint blockade with GMCI, an immunostimulatory approach
using a nonreplicating adenovirus vector to deliver
the herpes simplex virus thymidine kinase gene to

T-cell activation is tightly controlled by ligand/receptor
interactions that restrain the adaptive immune response,
and which cancer cells hijack to evade antitumor immunity.1 Immune checkpoint inhibitors (ICIs), which allow T
cells to overcome these inhibitory signals, have emerged
as an important approach for cancer treatment.2 Several
ICIs, including antibodies targeting programmed cell
death protein 1 (PD-1), PD ligand 1 (PD-L1), and cytotoxic
T-lymphocyte associated antigen 4 (CTLA-4) have demonstrated durable long-term clinical responses in various
tumor types, leading to regulatory approvals.3–5 However,
typically less than 30% of patients exhibit a durable
response and outcomes are dependent on tumor neoantigen load, preexisting inflammatory infiltrates, intratumoral
PD-L1 expression, and intact interferon gamma (IFNγ) signaling, as well as yet unknown factors.6,7 Efforts to
improve the proportion of responders include combining
multiple ICIs, combining ICIs with immunostimulatory
therapies including chemotherapy, and specifically targeting inhibitory cells.8–11
Gene-mediated cytotoxic immunotherapy (GMCI) is a
gene transfer approach that has been evaluated in clinical
trials for recurrent and primary glioblastoma.12–14 GMCI
involves intratumoral injection of aglatimagene besadenovec (AdV-tk), a nonreplicating adenovirus, expressing the
herpes simplex virus thymidine kinase (HSV-tk) gene, followed by administration of the prodrug ganciclovir (GCV).
Thymidine kinase (TK) converts GCV into a toxic nucleotide analog, acting as an in situ chemotherapeutic. GMCI
results in activation of adaptive and innate immunity,
with type I immune responses having been observed,15
creating a microenvironment that can produce acute and
memory responses to protect against tumor growth.15–18
GMCI has shown efficacy in the treatment of murine cancer models and encouraging results in human clinical trials, including a phase II clinical trial in newly diagnosed
glioblastoma.19–21
Glioblastoma is the most common malignant primary brain tumor and has a median survival of less than
15 months.22,23 Glioblastoma is generally not considered to
be immunogenic, possessing a relatively moderate mutational burden and being highly immunosuppressive.24,25
So far, the only reported responses to immune checkpoint
blockade in glioblastoma have been in case studies of individuals with somatic mutations that cause a hypermutated
phenotype, which are rare in glioblastoma.26 Nonetheless,
a range of immunotherapies are being examined for
glioblastoma.27
In a recently published clinical study of GMCI in newly
diagnosed glioblastoma, median overall survival was
17.1 months for GMCI with standard of care (SOC) versus

tumor cells, which metabolizes ganciclovir to a toxic
metabolite. Our data show the combination results in
high numbers of long-term survivors in mouse models of glioblastoma and provide strong support for
clinical trials.

13.5 months for SOC alone.14 Analysis of glioblastoma
tissue in patients treated with GMCI showed increased
tumor-infiltrating CD8+ T cells, supporting an immunostimulatory role for GMCI.14,21 Notably, patients who
had gross total surgical tumor resection had significantly increased median overall survival of 25.1 months
with GMCI compared with 16.3 months in patients with
SOC alone.
We hypothesized that GMCI treatment of glioblastoma
would be enhanced if combined with immune checkpoint
blockade to increase antitumor T-cell responses. Here we
report that in murine glioblastoma models, GMCI resulted
in upregulation of PD-L1 in the tumor microenvironment
and that addition of an anti–PD-1 blocking monoclonal
antibody resulted in higher numbers of long-term survivors, with durable long-term antitumor immunity. Analysis
of infiltrating T cells indicated that GMCI improves anti–
PD-1 efficacy by increasing the activation of tumor-infiltrating CD8+ T cells, suggesting that the effectiveness of
this combination is due to a mutually beneficial reciprocal
enhancement of the activity of the 2 modalities. Building
on existing evidence of single-agent clinical safety and efficacy, the data reported here support clinical trials to evaluate the combination of GMCI and anti–PD-1 therapy for
glioblastoma.

Materials and Methods
Cell Culture and Reagents
GL261Luc2 glioma cells were purchased from Perkin-Elmer.
CT-2A glioma cells were from Thomas Seyfried and transduced with luciferase-expressing lentivirus (Genecopeia).
Cells were grown in Dulbecco’s modified Eagle’s medium
(Life Technologies) containing 100 μg/mL G418 or 4 μg/
mL puromycin, respectively, supplemented with 10% fetal
bovine serum (Sigma-Aldrich) and 1% penicillin-streptomycin. Human glioblastoma stemlike cells (GSCs) were
maintained in neurobasal medium supplemented with B27
(Invitrogen), 100 μg/mL penicillin/streptomycin, GlutaMAX
(Invitrogen), and 20 ng/mL each of human epidermal
growth factor and fibroblast growth factor 2 (PeproTech).
Cells were mycoplasma free and their identities confirmed
by short tandem repeat profiling (IDEXX Laboratories).
Good Manufacturing Practices–grade nonreplicating serotype 5 adenovirus containing the HSV TK gene driven by a
Rous sarcoma virus long terminal repeat promoter in the
region of the deleted E1 wild-type adenoviral genes (AdVtk) was produced by Advantagene. The vector has been
characterized and approved for clinical use.
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All cell lines were plated at 200 000 cells per well in 6-well
plates. For human cells, plates were precoated with 2.5 μg/
mL fibronectin (EMD Millipore). The next day, 500 μL of
media containing diluted vector stock was added. After 3
hours, media containing 5 μg/mL GCV was added. Treated
cells were stained with sulforhodamine B. In some experiments, cells were treated with IFN-β (1000 U/mL) (PBL
Assay Science) and/or MAR1-5A3 monoclonal antibody
against IFNAR1 (BioXcel) (10 μg/mL).

Fluorescence Microscopy
Anti-mouse PD-L1 (124301, BioLegend) and anti-H2AX Ser139
(9718, CST) were used for immunofluorescence microscopy.
Cells were seeded on 24-well plates containing a circular
glass coverslip (#1 thickness) the day before transduction.
Four days posttransduction, cells were fixed with 4% paraformaldehyde (Sigma-Aldrich) in phosphate buffered saline
(PBS) (pH 7.4). After blocking with 5% donkey serum/0.5%
Tween 20, 0.02% TX100/ PBS for 1 hour at room temperature,
cells were washed 3 times with washing buffer (0.5% Tween
20, 0.02% TX100/ PBS) and stained with PD-L1 (1:100) or
H2AX Ser139 (1:100). The next day the samples were washed
and incubated for 2 hours with secondary antibody (1:500
Donkey anti-rat Alexa488 or Alexa594, Jackson Laboratories)
plus Hoechst 33342 (1:3000, H3570, Life Technology). Images
were captured with a Zeiss LSM710 confocal microscope.

Enzyme-Linked Immunosorbent Assay and Flow
Cytometry In Vitro
A murine IFN-β ELISA (BioLegend) was used to detect IFNβ after vector transduction. Flow cytometry was performed
using anti–hPD-L1, anti–mPD-L1, and 7-aminoactinomycin
D (BD Bioscience).

The bioluminescent signal was captured over time, starting
as soon as feasible after D-luciferin injection with 15 images
collected every 2 min. Radiance was measured using the
region of interest analysis tool to obtain maximum/plateau
value of signal for each animal.

Rechallenge Experiments
GL261Luc2 cells (100 000) were injected intracranially into
the contralateral hemisphere in mice who survived over
100 days post initial tumor implantation as well as control
tumor naïve, age-matched C57BL/6 mice. Tumor growth
was monitored by BLI.

Characterization of Immune Response
Brains were harvested from treated mice at day 21 and
homogenized using enzymatic (1.5 mg/mL collagenase IV,
200 U/mL DNase I, HBSS with calcium and magnesium) and
mechanical tissue disaggregation. Cells were resuspended
in 25% Percoll Plus (Sigma-Aldrich) for myelin removal and
leukocyte isolation. Red blood cells were removed using
a Ficoll gradient (GE Life Sciences). The following antibodies were used for flow cytometry: anti-CD45 (30-F11), antiCD3 (17A2), anti-CD4 (RM4-5), anti-CD8 (53–6.7), anti–PD-L1
(10F.9G2), anti–Tim-3 (B8.2.C12), anti–CTLA-4 (UC10-4B9),
anti-CD11c (N418), anti-CD11b (M1/70) (BioLegend), and anti–
PD-1 (RMP1-30; eBioscience). Dead cells were excluded using
the Zombie NIR Fixable Viability kit (BioLegend). For intracellular staining, cells were treated with the FoxP3 Fixation/
Permeabilization kit (eBioscience). The following antibodies were used: anti-FoxP3 (MF-14), IFN-γ (XMG1.2), CTLA-4
(UC10-4B9) (BioLegend), and anti-Granzyme B (NGZB;
eBioscience). Data acquisition and compensation were performed on an LSR Fortessa SORP HTS flow cytometer (BD
Biosciences) and analyzed using FlowJo X 10.7.7r2 (Tree Star).

Statistics
In Vivo Studies
Six-week-old female C57BL/6 mice were purchased from
Envigo. GL261Luc2 (100 000 cells) or CT-2ALuc (500 000 cells)
in 5 μL Hanks’ Balanced Salt Solution (HBSS) was injected
intracranially (2 mm right lateral, 1 mm frontal to the bregma,
and 3 mm deep). After 7 days, 3 μL of AdV-tk (2 × 108 vector
particles [vp]/μL) was injected intratumorally using the same
coordinates. Anti–PD-1 antibody (200 μg) was administered
intraperitoneally every 3 days from day 10 (4 injections). The
murine anti-mouse PD-1 monoclonal antibody was generated in specific gene-deficient mice, in the laboratory of Dr
Gordon Freeman (PD-1—29F.1A12, mouse IgG1). Twenty
milligrams per kilogram GCV was administered twice daily
intraperitoneally for 10 days starting one day after virus
injection. For fluorescence microscopy, brains were perfused, fixed, and frozen before making 30-μm sections on
a cryostat. Bioluminescence imaging (BLI) was performed
using a Perkin-Elmer IVIS Lumina 3. Animals received 100 μL
intraperitoneal injection of 30 mg/mL sterile D-luciferin in
0.9% NaCl. For imaging, animals were anesthetized with 1%
isoflurane/oxygen and placed on a heated stage in the IVIS.

Two sample t-tests (adjusted with Bonferroni’s method)
and one-way ANOVA (with Greenhouse–Geisser correction) were used. Kaplan–Meier survival curves were compared using a log-rank (Mantel–Cox) test. P-values <0.05
were considered statistically significant. Quantitative analysis was performed with GraphPad Prism 6.

Study Approval
All mouse experiments and procedures described in this
study were approved by BWH Institutional Animal Care
and Use Committee.

Results
GMCI Induces DNA Damage, Cell Death, and
PD-L1 Expression in Glioblastoma Cells
GMCI is a vector and prodrug-based therapy that causes
double stranded DNA breaks and cell death. To confirm
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the effectiveness of GMCI in mouse glioblastoma cell
lines, GL261Luc2 and CT-2ALuc cells were transduced with
increasing concentrations of AdV-tk in the presence or
absence of GCV. Both cell types showed dose-dependent
cytotoxicity (Fig. 1A). GMCI, but not AdV-tk or GCV alone,
induced high levels of DNA damage in GL261Luc2 and
CT-2ALuc cells as measured by immunostaining for phosphorylated nuclear γH2AX (Fig. 1B).28
To determine whether GMCI could influence immune
checkpoint expression, we investigated levels of PD-L1
in GMCI treated cells. PD-L1 is one of the major immune
checkpoint ligands expressed on tumor cells and antigenpresenting cells.29 We examined PD-L1 levels on glioblastoma cells by flow cytometry after GMCI treatment in vitro.
PD-L1 levels were upregulated in all cell lines examined
(4 human and 2 mouse) (Fig. 1C, D). Flow cytometry after
gating for live tumor cells showed an increase in PD-L1–
expressing cells 4 days after GMCI treatment (from a
median of 37.7% to 64.0% in human GSCs, and from 2.2%
to 15.5% in mouse glioblastoma cells) which was time
dependent (Fig. 1D).

Type I Interferon Signaling Is Upregulated by
GMCI and Increases PD-L1 Levels
PD-L1 levels can be regulated by type I and type II interferon signaling in cancer cells.30,31 Additionally, type I interferons are known to be induced by viruses and by DNA
damage.32,33 We observed upregulation of IFN-β in both
GL261Luc2 and CT-2ALuc cell lines (Fig. 2A), and the effect
was greatest with AdV-tk plus GCV, suggesting that DNA
damage may be an important driver of this upregulation.
In GL261Luc2 cells, no effect was observed with AdV-tk
alone, with a moderately significant effect observed in
CT-2ALuc cells. We then analyzed PD-L1 expression in
response to exogenous IFN-α and IFN-β by flow cytometry.
Upregulation of PD-L1 was observed in both GL261Luc2
and CT-2ALuc cells, with IFN-β showing the strongest effect
(Fig. 2B). We also analyzed PD-L1 expression by immunofluorescence microscopy in the presence and absence
of a monoclonal antibody that blocks type I IFN signaling via binding to the mouse type I interferon receptor
IFNAR-1 (MAR1-5A3).34 Incubation with MAR1-5A3 completely blocked the IFN-β–mediated upregulation of PD-L1
on GL261Luc2 cells (Fig. 2C). However, upregulation of
PD-L1 after GMCI treatment was not completely blocked
by MAR1-5A3, indicating that type I interferon signaling may play a partial role in the autocrine upregulation
of PD-L1 in response to GMCI. To provide further evidence
of the involvement of type I interferon signaling in PD-L1
upregulation, we blocked interferon signaling via short
hairpin RNA knockdown of the type I interferon receptor
IFNAR1 in CT-2A cells. This led to a block of PD-L1 upregulation consistent with a role for type I interferon signaling
(Supplementary Figure S1).

Increased Intratumoral PD-L1 Expression Is
Observed Post-GMCI
The in vivo impact of GMCI on PD-L1 expression was investigated in GL261Luc2 tumor-bearing animals. Animals

were treated 7 days post intracranial tumor implantation
and tumors were harvested 17 days post GMCI treatment.
Immunostaining showed that PD-L1 was upregulated in
GMCI treated tumors compared with controls (Fig. 3A).
Flow cytometry of immune infiltrates showed a significant
upregulation of PD-L1 on macrophages and microglia after
GMCI, but not in controls (Fig. 3B). These data demonstrate
that immune checkpoint pathways are induced in response
to GMCI, supporting the concept of combining GMCI with
anti–PD-1 in the treatment of glioblastoma.

Combined GMCI and Anti–PD-1 Therapy Leads
to Improved Survival in Syngeneic Intracranial
Glioblastoma Models
To test the efficacy of GMCI combined with PD-1 immune
checkpoint blockade, we performed a survival study
using intracranially implanted GL261Luc2 cells in syngeneic C57BL/6 mice. This model has previously been
shown to be moderately responsive to immune checkpoint blockade.35 Seven days post tumor implantation,
and after confirmation of the presence of tumor by BLI,
6 × 108 AdV-tk particles were injected intratumorally
in 3 μL PBS, followed by daily GCV administration. Ten
days post tumor implantation, anti–PD-1 antibody was
administered and tumor growth was monitored by BLI.
This study showed that although no untreated animals
survived beyond day 30, both GMCI alone and anti–PD-1
treatment alone resulted in long-term survival (LTS)
(≥100 days) in 30%–50% of the animals, and the combination of GMCI and PD-1 blockade resulted in 88% (7/8)
LTS mice (Fig. 4A), with no BLI signal in these animals
(Fig. 4B). Similar outcomes were observed in repeat studies (data not shown). LTS and tumor-naïve age-matched
control mice were rechallenged by injection of the same
cells (GL261Luc2) into the contralateral hemisphere of
the brain. Neither group in this study received any treatment. While none of the age-matched controls survived
past the expected time point (30 days), all of the previously treated LTS mice (13/13) were protected and survived beyond 150 days after rechallenge (Fig. 4C). Lack
of tumor growth in the LTS group was confirmed by BLI
(Fig. 4D). This indicates that durable memory immunity
was established in all long-term survivors (P ≤ 0.01). It
has been suggested that GCV may alleviate T-cell exhaustion in vitro.36 However, incubation of isolated T cells with
GCV did not change levels of PD-1 (Supplementary Figure
S2A, B), and treatment of GL261-bearing mice with GCV
alone had no effect on animal survival; combination with
anti–PD-1 led to 1/6 long-term survivors, compared with
anti–PD-1 alone, which led to 2/6 long-term survivors
(Supplementary Figure S2C). Thus there was no independent effect of GCV in our models. A second survival
study was performed using CT-2ALuc cells. Higher LTS
numbers were also seen with the combination therapy
in this model (Fig. 4E). Interestingly, the CT-2ALuc model
was less responsive than GL261Luc2 to anti–PD-1 monotherapy. This may reflect differences in neoantigen load,
although this is not known at present. Nonetheless, the
combination of GMCI and anti–PD-1 was still very effective in this model.
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Fig. 1 Cytotoxic effects and PD-L1 induction by GMCI in glioblastoma cell lines in vitro. (A) Mouse glioblastoma cell lines were transduced with
AdV-tk at the indicated concentration and treated with 10 μg/mL of GCV/day for 4 days. Cytotoxicity was determined by the Presto blue (MTT)
assay after 6 days treatment. (B) H2AX Ser139 quantification of 2 mouse glioblastoma cell lines (GL261Luc2 and CT-2ALuc) after AdV-tk, GCV, and
GMCI treatments compared with mock 4 days after treatment. Confocal microscopic images of CT-2ALuc cells after AdV-tk, GCV, and GMCI treatments showing nuclear staining with phospho-histone H2AX (Ser139) in green and Hoechst in blue. Scale bars: 20 µm. (C–D) Human glioblastoma
stemlike cells (hGSCs, G33, G35, G146, and G157) and mouse glioblastoma cell lines were infected with 10 vp/μL AdV-tk, and 10 μg/mL GCV was
added daily for 4 days. (C) Representative flow cytometry contour plots from one human GSC (G35) (left) and aggregate plots from 4 human GSCs
(right). (D) PD-L1 expression in mouse glioblastoma cell lines after GMCI compared with mock. Flow data are shown for CT-2ALuc cells (left). Graph
shows a time-dependent increase in PD-L1 cell surface expression in CT-2ALuc and GL261Luc2 cells (right). One-way ANOVA was used to determine statistical significance (***P ≤ 0.001, **P ≤ 0.01, *P ≤ 0.05, ns, not statistically significant).
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Fig. 2 Type I interferon induction by GMCI and stimulation of PD-L1 expression. (A) IFN-β released from infected CT-2ALuc and GL261Luc2
tumor cells was detected 4 days after GMCI treatment by ELISA assay. (B) GL261Luc2 and CT-2ALuc cells were treated with 1000 U/mL IFN-α and
IFN-β for 4 days followed by flow cytometry for cell surface PD-L1 detection. (C) Representative immunofluorescence images of PD-L1 expression (red) in GL261Luc2 cells after treatment with IFN decoy antibody MAR1-5A3. Ten micrograms per milliliter of MAR1-5A3 antibody and 1000
U/mL or 10 μg/mL/day GCV were added to the tumor cells 3 h after treatment with 10 vp/μL AdV-tk. Scale bar: 50 µm. One-way ANOVA was used
to determine statistical significance (***P ≤ 0.001, **P ≤ 0.01).

GMCI Induces Increased IFN-α and Granzyme B+
T-Cell Infiltrates in Treated Animals
Differences in treatment-induced immune responses
were evaluated by comparing immune cell infiltrates in
each of the treatment groups (Fig. 5). Immune cells were
extracted from each brain 21 days after tumor implantation and phenotypically characterized by flow cytometry
(Supplementary Table S1). Gating examples areshown in
Supplementary Figure S3A. This revealed an increase of
infiltrating lymphocytes (CD3+ cells) and CD8+ cytotoxic
T cells, but not CD4+ T cells after PD-1 blockade and combination therapy compared with controls (Fig. 5A, B, C).
Importantly, an increase of IFN-γ was detected only in mice
receiving GMCI, either alone or as combination therapy,

suggesting an important role of GMCI in inducing an
active immune response (Fig. 5D). The increase of IFNγ was observed mainly on CD4+ T cells (Supplementary
Figure S3B, C). Granzyme B was upregulated in all treatment groups, and most significantly in the combination
group (Fig. 5E). Finally, due to the increase in cytotoxic T
cells, the CD8+/regulatory T cell (Treg) ratio was also significantly increased in both GMCI and anti–PD-1 treatment
groups compared with untreated controls (P ≤ 0.001 and
P ≤ 0.0001, respectively) and was greater after GMCI therapy versus anti–PD-1 alone, both as a single agent and in
combination (P ≤ 0.01) (Fig. 5F). There was no difference
observed between GMCI and the GMCI/anti–PD-1 combination. These data suggest that GMCI plays an important
role in inducing cytotoxic T-cell activity.
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Fig. 3 GMCI induces an increase in PD-L1 levels in vivo. (A) Immunofluorescent staining of PD-L1 in untreated and GMCI treated GL261Luc2bearing mice. Nuclei were stained with Hoechst (blue), tumor cells stained for vimentin (red) and PD-L1 (green). Scale bars: 20 µm. (B) Flow
cytometry analysis of PD-L1 expression in infiltrating macrophages and microglia in the brains of mice bearing GL261Luc2 tumors at day 21.
Macrophages were gated CD45highCd11c-Cd11b+ and microglia were gated CD45lowCd11c-C11b+. Long horizontal bars indicate the mean values. Shorter horizontal bars indicate the standard deviation. One-way ANOVA was used to determine statistical significance (***P ≤ 0.001, **P
≤ 0.01).

Influence of Combination Treatments on T-Cell
Immune Checkpoint Molecules
Infiltrating lymphocyte populations were analyzed for the
presence of the immune-inhibitory receptors PD-1, T-cell
immunoglobulin and mucin-domain containing-3 (TIM-3),
lymphocyte-activation gene 3 (LAG-3), CTLA-4, and T-cell
immunoreceptor with immunoglobulin and immunoreceptor tyrosine-based inhibition motif domains (TIGIT) by flow
cytometry. PD-1, LAG-3, and TIGIT expression were comparable among the different groups (Fig. 6A and data not
shown). We observed changes in TIM-3 expression on T-cell
infiltrates, which showed a trend toward higher levels after
PD-1 blockade and were significantly reduced after GMCI
treatment (Fig. 6B). Also, the T-cell population coexpressing
PD-1 and TIM-3 significantly decreased after GMCI and combination therapy (Fig. 6C). This indicates a potential role of
immunostimulation by GMCI in inhibiting TIM-3‒mediated
T-cell dysfunction. In contrast, CTLA-4 upregulation was
detected in all treatment groups, indicating an inhibitory
effect of the different treatments and suggesting a rationale
for additional combination therapies (Fig. 6D). No significant
changes were observed in PD-1, TIM-3, and CTLA-4 in CD4+
cells (Supplementary Figure S3C–E). Overall, our immune
characterization demonstrates that while each of the single
therapies may induce activation of the adaptive immune
response, the combination of GMCI with PD-1 blockade provides a reciprocal enhancement of the effectiveness of each

agent by the other that leads to an increase in the proportion
of responders compared with single-agent treatment.

Discussion
In the current study, the combination of immunostimulatory GMCI with anti–PD-1 immune checkpoint blockade was
investigated in syngeneic glioblastoma mouse models. The
combination of GMCI plus anti–PD-1 increased the numbers
of LTS animals compared with monotherapies. As single
agents, GMCI and anti–PD-1 both increased the numbers
of LTS mice (30%–50%) relative to untreated controls (0%).
However, combination treatment significantly elevated
the percentage of LTS animals (88%). Flow cytometry data
suggest a reciprocal enhancement mechanism underlying
these observations; GMCI and anti–PD-1 treatments both
induced intratumoral accumulation of cytotoxic CD8+ T-cell
infiltrates. However, these T cells appear to be more active
in GMCI, as they express higher levels of IFN-γ, and CD8+/
Treg ratios are higher in GMCI-treated animals. On the other
hand, GMCI upregulates PD-L1 through INF signaling,37
which can be overcome with anti–PD-1 treatment. Anti–
PD-1 T-cell infiltrates express lower levels of IFN-γ, suggesting they are less active. Anti–PD-1 driven tumor-infiltrating
CD8+ T cells also have elevated TIM-3 levels, which appear
to be strongly inhibited by GMCI. The significance of this
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Fig. 4 GMCI/anti–PD-1 combination therapy improves outcome in the syngeneic GL261Luc2 mouse glioblastoma tumor model. (A) Treatment
scheme and Kaplan–Meier survival curves following intratumoral delivery of AdV-tk at day 7 after GL261Luc2 injection (1 × 105 cells) in the right
hemisphere of the brain. Twenty milligrams per kilogram GCV/twice daily for 10 days and 4 doses of 200 μg anti–PD-1 were systemically administered. (B) BLI data for 3 tumor-bearing mice from each treatment group at day 21. (C) Long-term tumor-free survivors (LTS, >100 days) initially
treated with the GMCI, anti–PD-1, and combination, or treatment-naïve controls following intracranial inoculation of 1 × 105 GL261Luc2 cells. No
treatment was given after tumor rechallenge in the left hemisphere. (D) BLI data for 3 rechallenged mice from each treatment group at day 15
post tumor implantation. All the LTS-mice show no residual tumor. (E) Kaplan–Meier survival curves following intratumoral delivery of AdV-tk at
day 4 after CT-2ALuc injection (4 × 105 cells). The Mantel–Cox test was used to determine statistical significance (***P ≤ 0.0001, ***P ≤ 0.001, **P
≤ 0.01, *P ≤ 0.05).

observation is not clear at present, as TIM-3 is a marker of
both T-cell activation and dysfunction. However, our observations would suggest that TIM-3 may be functioning as a
redundant checkpoint system after treatment with anti–
PD-1. Another immune checkpoint molecule, CTLA-4, was
elevated in T-cell infiltrates in all treatment groups, suggesting the need to explore this in further combination studies.
The glioblastoma tumor microenvironment is highly
immunosuppressive.38 Recently, focus has been placed on

the expression of PD-L1 in glioblastoma.39 PD-L1 is a ligand expressed on tumor cells and antigen-presenting cells
that activates PD-1 on T lymphocytes, suppressing immune
responses during antigen-presenting cell/T-cell interactions.40
Similarly, activation of TIM-3 and CTLA-4 can suppress T-cell–
mediated immune responses.41,42 In an immunohistochemical analysis, 61% of patients with glioblastoma had detectable
tumor expression of PD-L1.43 In preclinical models of glioblastoma, blockade of PD-1 with an anti–PD-1 monoclonal
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Fig. 5 Immune cell infiltrates following GMCI, PD-1 blockade, and combination therapy. GL261Luc2 tumors were established and treated as
described in Fig. 4. Tumor-infiltrating lymphocyte populations were prepared from brains on day 21. (A) CD3+ as a percentage of live CD45+ cells.
(B) CD8+ effector T cells as a percentage of live CD45+CD3+ cells. (C) CD4+ T cells as a percentage of live CD45+CD3+ cells. (D) IFN-γ+ as a
percentage of live CD45+CD3+ cells. (E) Quantification of CD8+/Granzyme B+ effector T cells as a percentage of live CD45+CD3+CD8+ cells. (F)
Ratio of effector CD8+ T cells to Tregs. Long horizontal bars indicate the mean values. Shorter horizontal bars indicate the standard deviation.
One-way ANOVA was used to determine statistical significance (***P ≤ 0.001, **P ≤ 0.01).

antibody extended animal survival.44 Several clinical trials of
this immune checkpoint therapy are under way for glioblastoma. The success of these therapies will be influenced by the
balance of many factors systemically and in the tumor microenvironment. Combined immunostimulation with blocking of
immunosuppressive mechanisms is attractive because of the
potential for synergistic interactions.45
GMCI has shown promise in animal models and clinical
trials, including in malignant gliomas.21 Viral components,
immunogenic cell death, and tumor antigen release lead
to activation of innate immunity (eg, IFN response) and
adaptive immunity (eg, intratumoral lymphocytic infiltrate
and systemic immune surveillance).21 Clinical evidence of
increased intratumoral immune cell infiltrates after GMCI
treatment has been demonstrated in various tumor types
as well as increased PD-L1 expression.46 This supports
the concept that combination of GMCI with immune PD-1
checkpoint blockade may provide enhanced activity.46 There
are a number of additional similar types of prodrug metabolizing therapies which may benefit from this type of combination—for example, Toca511.47 Cell damage caused by
these approaches may act as an immunostimulant and be
readily combined with ICIs, although the viral component
would likely have a greater influence on immune responses
in these agents.47 Oncolytic agents have been shown to
elicit antitumor immunity in the GL261 glioma model.48

GMCI elicits cancer cell death via DNA damage caused
by local in situ chemotherapy. Chemotherapy has been
increasingly linked to immunogenic cell death and immune
stimulation.11,33 Mice that survived after GMCI, anti–PD-1,
or the combination were protected from subsequent intracranial challenge with the same tumor. This may indicate
that in the case of minimal residual disease, even if the
therapy does not completely clear all of the tumor cells, the
induced immune memory response can maintain vigilance
against recurrence.
Our long-term question is whether the combination of
GMCI with immune checkpoint inhibitors can overcome the
potential resistance of newly diagnosed glioblastoma to
immune checkpoint blockade. Indeed, primary glioblastoma
has a lower neoantigen burden compared with responsive
tumors, and exerts multiple mechanisms of immunosuppression.24,37 GMCI may address some of these hurdles. The
current study did not investigate the effects of tumor burden or of combination with SOC, and was also performed
in immunogenic chemically induced glioma cell lines.
Future experiments will investigate combinations with SOC,
and investigate less immunogenic genetically engineered
glioblastoma mouse models. The present study presents
encouraging safety and efficacy data in the animal models
and supports the further investigation of this combination in
animal models and the initiation of pertinent clinical trials.
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Fig. 6 Effect of GMCI and anti–PD-1 on immune checkpoint receptors in treated tumor bearing animals. (A) PD-1+ CD8+ T cells as a percentage of live CD45+CD3+ cells, and (B)TIM-3+ cells as a percentage of live CD45+CD3+ cells. (C) PD-1+/TIM-3+ T effector cells as a percentage of
live CD45+CD3+CD8+ cells. (D) Representative images of CD8+/CTLA-4+ effector T cells as a percentage of live CD45+CD3+ cells for untreated,
anti–PD-1, GMCI, and GMCI/anti–PD-1 combination. (D) Quantification of CD8+/CTLA-4+ effector T cells as a percentage of live CD45+CD3+CD8+
cells. Graphs include values for individually analyzed mice and the mean ± SD per treatment group. Long horizontal bars indicate the mean
values. Shorter horizontal bars indicate the standard deviation. One-way ANOVA was used to determine statistical significance (***P ≤ 0.0001,
***P ≤ 0.001, **P ≤ 0.01, *P ≤ 0.05).
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