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Oncolytic viruses, such as oncolytic herpes simplex virus (oHSV), are a new class of cancer therapeutic,
which selectively replicate and kill cancer cells, while inducing an inflammatory microenvironment, im-
munovirotherapy. Recently, an oHSV (talimogene laherparepvec) has been approved for the treatment of
advanced melanoma. Glioblastoma (GBM) is an almost always lethal primary tumor in the brain that is
highly immunosuppressive, and posited to contain GBM stem-like cells (GSCs). Immune checkpoint block-
ade has revolutionized therapy for some cancers, but not GBM. We have used a syngeneic GSC-derived
orthotopic GBM model (005) to develop immunotherapeutic strategies. Curative therapy required oHSV
expressing IL-12 in combination with two checkpoint inhibitors, anti-PD-1 and anti-CTLA-4. This response
required CD4+ and CD8+ T cells, and macrophages in a complex interplay.
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Glioblastoma, glioblastoma stem-like cells & immunosuppression
Glioblastoma (GBM) is the most common and aggressive form of primary malignant brain tumor with no effective
treatments [1]. Despite significant advances in molecular understanding, diagnosis and the development of molecular
targeted therapies, the current standard of care (surgical resection, radiation therapy and chemotherapy) only yields
a median survival of approximately 15 months [2]. There are a number of factors that contribute to this: intratu-
moral heterogeneity, GBM stem-like cells (GSCs), tumor invasiveness, angiogenic and hypoxic microenvironment,
blood–brain tumor-barrier and limited drug delivery, and immunodistinct location and immune suppression [2,3].
GBM is one of the most immunosuppressive tumors, due to a variety of mechanisms: impairment of MHC class
I presentation and downregulation of co-stimulatory molecules (CD80, CD86); activation of STAT3 and upregu-
lation of IDO; expression of a broad range of secreted immunosuppressive molecules, IL-1, TGFβ, IL-10, CSF-1,
PGE-1; recruitment of immunosuppressive Tregs and T-cell exhaustion; influx of myeloid-derived suppressor cells
and protumoral M2-like macrophages/microglia; and low mutational load, which contributes to poor tumor
immunogenicity [3–5]. Tumor heterogeneity affects all treatment strategies, including immune-mediated, and is
facilitated by tumor evolution and the presence of a subpopulation of cancer stem cells or GSCs, which contribute
to tumor initiation, progression, maintenance, drug resistance and tumor relapse [6]. GSCs isolated from patient
GBM specimens maintain the genetic/epigenetic features of the patient, and have characteristics of self-renewal,
differentiation into more mature phenotypes of multiple lineages, and efficient formation of tumors in immune
deficient mice that recapitulate the patients’ histopathology [6,7]. In addition, GSCs induce immunosuppression
through recruitment or polarization of the macrophages/microglia toward immunosuppressive M2-like pheno-
types [8,9]. Thus, GSCs are increasingly becoming a critical immunotherapeutic target, with GSC-derived tumor
models representative of human GBM increasingly important.
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Figure 1. In vivo differentiation of 005 GSCs and triple combination therapy in 005 GSC-derived GBM model. (A) 005
glioblastoma stem-like cells (GSCs) differentiate in vivo into cells expressing neuronal marker (NeuN). Mice implanted
with 005 GSCs (2 × 104) on day 0, sacrificed on day 24 and formalin-fixed paraffin-embedded brain tumor sections
were double stained for GFP+ 005 tumor cells (blue; anti-GFP) and NeuN+ neuronal cells (red nuclear; anti-NeuN), as
described [17]. A representative image obtained at 20× magnification is presented. Cells positive for both GFP and
NeuN (GFP+NeuN+) are indicated by arrows. *nontumor area. Scale bar = 100 μm. (B) Triple combination therapy in
005 GSC-derived tumor model. Mice implanted with 2 × 104 005 GSCs on day 0 and treated with G47� (5 × 105 pfu)
or phosphate-buffered saline (PBS) injected intratumorally on day 8 and anti-CTLA-4 (5 mg/kg) and anti-PD-1
(10 mg/kg) or isotype control IgG intraperitoneally on days 8, 11 and 14 (n = 8/group). Median survival of mock group
(PBS+IgG) was significantly different from the dual combination (anti-PD-1+anti-CTLA-4; p = 0.001) or triple
combination (anti-PD-1+anti-CTLA-4+G47�; p = 0.006). However, the triple combination treatment was no different
compared with the dual combination treatment (anti-PD-1+anti-CTLA-4; p = 0.76) (log-rank analysis).

Immune competent GBM stem cell model (005 GSC) recapitulates immune suppressive
features of human disease
Immunotherapy is currently a revolutionary treatment modality in a subset of cancers and patients [10], unfor-
tunately, GBM has so far not been successfully included in this revolution [11]. There are relatively few mouse
syngeneic glioma models, many of which are immunogenic [12]. In addition, there are inducible genetically engi-
neered mouse in situ arising brain tumor models, such as lentivirus transduced [13], which so far have not been used
to evaluate oncolytic viruses. In order to test and develop new immunotherapeutic modalities for brain tumors,
a new GSC-derived immunocompetent syngeneic orthotopic preclinical GBM model (005 GSCs) was recently
described [14,15]. 005 GSCs expressing a GFP reporter gene were isolated from gliomas that arose after intracranial
injection of lentivirus expressing activated oncogenic proteins H-Ras and Akt into GFAP-Cre tumor suppressor
gene p53 heterozygous C57BL/6 mice [16]. 005 GSC-derived tumors recapitulate the afore-mentioned complex
features of immunosuppressive GBM, such as: low levels of MHC class I and immune checkpoint PD-L1 expres-
sion, indicating this model is poorly immunogenic; however, both MHC class I and PD-L1 can be upregulated
following treatment with IFN-γ [14,17]; lack of MHC class II expression, even after IFN-γ stimulation [17]; lack
of cell surface expression of CD40, CD80 and CD86 [14]; low somatic mutation burden [5], with two known
somatic mutations [16]; immunosuppressive tumor microenvironment (TME), including accumulation of Tregs
and myeloid-derived suppressor cells [14,17–18]; and differentiate in vivo into mature phenotypes, such as expressing
NeuN (neuronal marker) (Figure 1A), with heterogeneous histopathology [14]. This representative nonimmunogenic
005 GBM model has been used to test immunotherapeutic strategies for GBM.

Oncolytic herpes simplex viruses for cancer therapy
Oncolytic viruses (OVs), a unique class of anticancer agent, are naturally occurring or genetically engineered to
selectively replicate in and kill cancer cells while sparing normal tissue [19,20]. Immunovirotherapy takes advantage
of the natural inflammatory responses to virus infection and immune responses to OV-induced cancer cell death to
drive antitumor immunity [21–23]. This natural inflammatory response can be further enhanced through expression
of various cytokines or other immunomodulatory molecules engineered into the virus [22,24]. Replication-competent
oncolytic herpes simplex virus (oHSV) is designed for both oncolytic activity and safety [24,25]. OHSV replication
in cancer cells leads to a cascade of antitumoral (antiviral) immunological events (in situ vaccine): activation of
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innate cytokine/chemokine signaling, oHSV propagation and cancer cell lysis (oncolysis), release of viral/tumor
antigens and induction of innate and finally adaptive host immune responses [26]. Nine different oHSVs have
been in or are in clinical trials, including 5 for GBM, with no serious adverse events attributed to the virus
(NCT03152318) [19,24]. OHSV talimogene laherparepvec (T-Vec; expressing GM-CSF) was recently approved by
the US FDA for patients with advanced melanoma, the first OV approved in the USA [25]. G47�, similar to T-Vec,
but safe in the brain [27], is currently under clinical trial for recurrent GBM, as well as olfactory neuroblastoma
and prostate cancer in Japan (UMIN000015995, UMIN000011636). G47� contains multiple genetic alterations:
inactivation of ICP6, required for nucleotide metabolism, limits viral replication to cycling cells and attenuates
pathogenicity; deletion of γ 34.5, the major determinant of oHSV neurovirulence that blocks antiviral innate
host responses in normal cells; deletion of ICP47, which inhibits MHC class I presentation and complements
growth defects of γ 34.5-deleted HSV; and insertion of a reporter gene LacZ, coding for β-galactosidase [24]. In
the 005 GBM model, intratumoral G47� treatment significantly reduced the proportion of immunosuppressive
Tregs (CD4+CD25+FoxP3+) within the tumor microenvironment; however, the extension of overall survival was
limited [14]. GBM selective oHSV can also be constructed by retargeting to cell surface receptors like EGFRvIII or
use of miRNA targets to miRNAs expressed in the nervous system but not GBM [28].

IL-12 armed oHSV enhances antitumor immune responses & efficacy
OHSV can easily accommodate insertions of large amounts of DNA (∼20 kb), and thus be ‘armed’ with therapeutic
transgenes, including immunomodulatory (i.e., GM-CSF in T-Vec, IL-12 in G47�, NV1042 and M032), and
antiangiogenic (i.e., angiostatin, endostatin, IL-12, PF4 and Vstat120) transgenes [24,29]. IL-12 is a master regulator
of antitumor immunity that is particularly potent in oHSV, promoting proliferation of activated T- and NK cells,
stimulating Th1 differentiation, and inducing IFN-γ production [30]. Systemic administration of IL-12 causes
serious toxicity in patients [30]. No detrimental effects were reported when IL-12 was expressed locally from oHSV
in 005 tumors [14,17] or in normal nonhuman primate brain [31]. In G47�-mIL12, the IL-12 fusion transgene
is inserted in the ICP6 gene, with expression driven by the CMV immediate-early promoter [14]. In the 005
GBM model, local expression of IL-12 after intratumoral injection of G47�-mIL12 improved survival compared
with virus without IL-12 transgene expression (G47�-empty) [14]. Two injections of G47�-mIL12 were better
than a single injection [14,17]. G47�-mIL12 treatment was associated with a significant reduction of GFP+ 005
tumor cells (oncolysis), increased intratumoral infiltration of CD3+ T cells, reduction of Tregs (CD4+FoxP3+) with
increased T-effector (CD8+)/Tregs (CD4+FoxP3+) ratio, increase in M1-like macrophages (pSTAT1+ and iNOS+),
stimulation of Th1 differentiation (T-bet+) and increased IFN-γ production [14,17]. In the periphery, oHSV NV1042
expressing IL-12 significantly inhibited tumor growth in prostate and breast cancer transgenic tumor models [32].
The diverse antitumor immune properties of G47�-mIL12 indicate that combining G47�-mIL12 with other
immunotherapeutic strategies might improve the therapeutic outcome.

Immune checkpoints
Immune checkpoint molecules, such as CTLA-4, PD-1 and its ligand PD-L1 play critical roles in regulating
antitumor immune responses [33–35]. CTLA-4 is expressed on T cells and competes with co-stimulatory receptor
CD28 for binding to their ligands CD80 (B7.1) and CD86 (B7.2), thereby inhibiting T-cell activation and
stimulating Tregs [33,34]. PD-1 is expressed on a broad range of immune cells and is often upregulated in the TME,
while PD-L1 is upregulated on activated leukocytes and myeloid cells and many cancer cells, often by IFN-γ [34,36].
PD-1 negatively regulates T effector cells to maintain homeostasis; however, chronic stimulation leads to exhaustion,
as in tumors [36]. The role of PD-1 on Tregs, B cells, myeloid cells and NK cells is poorly understood. CTLA-4
and PD-1 regulate different T-cell inhibitory pathways; blocking co-stimulation, likely early in T-cell activation,
and TCR signaling, likely blocking T-cell killing, respectively [37]. Although blocking CTLA-4 or PD-1 removes
inhibitory signaling, antitumor activity is dependent on existing immune activation and T-cell recognition of tumor
cells. Blocking either or both of these receptors by means of antibodies unleashes antitumor immunity mostly in
cancers with an immunologically ‘hot’ TME (e.g., subsets of non-small-cell lung cancer and melanomas) [34,38–39]. In
the TME, checkpoint blockade responses are associated with elevated levels of CD8+ TILs at the tumor periphery [40],
expression of PD-L1 [41] and IFN-γ [42], high mutational and clonal neoantigen burden [43] and mismatch repair
deficiency [44,45]. On the other hand, for cancers with an immunologically ‘cold’ TME (e.g., GBM, even a subset of
melanomas), immune checkpoint blockade immunotherapy alone has not been successful so far [35,46], including
a recently failed Phase III clinical trial of anti-PD-1 (nivolumab) in GBM (CheckMate-143) [11]. Similar to the

future science group www.futuremedicine.com 781



Special Report Saha, Martuza & Rabkin

results in the clinic with checkpoint inhibitors for GBM, treatment of mice bearing 005 GSC-derived tumors,
representative of immunologically ‘cold’ tumors, with systemic immune checkpoint antibodies (anti-PD-1 or anti-
PD-L1 or anti-CTLA-4) provided only modest prolongation of survival [17]. This contrasts with the results seen
with mouse GL261 syngeneic tumors [47–49]. Even the combination of two antibodies (anti-PD-1+anti-CTLA-
4) was not successful in the 005 GSC model, only delaying tumor progression without cures [17]. This limited
antitumor efficacy of checkpoint blockade antibodies (either alone or in combination) was not due to the inability
of the antibodies to cross the blood–brain or tumor barrier, since immune checkpoint antibodies (anti-PD-1 or
anti-PD-L1) were detected in the tumor after intraperitoneal administration [17]. It is unclear whether this is true
in patients, however, oHSV could be armed with immune checkpoint inhibitor transgenes.

Immune checkpoint inhibitor combinations with oHSV
Infection with oHSV induces antitumor responses [26]. T-Vec was shown to activate T-cell responses and induce
regression of distant lesions in clinical trials for advanced melanoma [25]. With this complementary activity to that
of immune checkpoint inhibitors, it was reasonable to combine T-Vec with immune checkpoint inhibitors [50].
The combination of T-Vec with anti-CTLA-4 antibody (ipilimumab) in advanced melanoma was more effective
than ipilimumab alone, without additional toxicities [51]. A Phase IB clinical trial combining T-Vec with anti-PD-1
antibody (pembrolizumab) found that patients with ‘cold’ tumors (baseline lack of CD8+ T-cell infiltration or
IFN-γ signature) had a high objective response rate (33% complete responses) compared with prior single agent
pembrolizumab [52]. T-Vec induced an immunologically ‘hot’ TME, with increases in CD8+ T-cell infiltration and
IFN-γ gene expression [52]. In the mouse 005 GBM model, dual combination treatment (G47�-mIL12+anti-
CTLA-4) produced only a modest prolongation of survival, with increased tumor infiltration of CD3+ T cells
and increased T effector (CD3+CD8+)/Tregs (CD4+FoxP3+) ratio [17]. Similar limited survival benefits were also
observed when G47�-mIL12 was combined with anti-PD-1 or anti-PD-L1 antibodies [17]. This indicates that
immune effects of the dual combination treatment were insufficient in the immunosuppressed 005 TME, likely
reflective of the large immune differences between melanoma and GBM.

Triple combination therapy (systemic anti-PD-1, anti-CTLA-4 & intratumoral G47�-mIL12)
cures mice from GBM
Since PD-1/PD-L1 and CTLA-4/B7 are two independent immune inhibitory pathways [37,53], we hypothesized
that combination of systemic anti-CTLA-4 (which affects immune priming) and anti-PD-1 (which works on
activated immune cells) would synergize with intratumoral G47�-mIL12 treatment. Indeed, triple combination
therapy (systemic anti-PD-1, anti-CTLA-4 and intratumoral G47�-mIL12) cured 77% of treated mice with 005-
derived tumors [17]. All cured mice from the triple combination therapy had immunological memory protection,
since they remained protected following lethal tumor rechallenge even 6 months after initial treatment. These
findings were reproduced in a second aggressive carcinogen-induced mouse glioma model, CT-2A [12]. This
combination was safe, as no toxicity was observed in the treated mice [17]. Local IL-12 expression is required
for triple combination efficacy, as the combination with G47� was not significantly better than dual checkpoint
inhibitors (anti-PD-1+anti-CTLA-4) in extending survival, although one animal was cured (Figure 1B). The
unprecedented curative antitumor efficacy of the triple combination therapy in 005 model was associated with
a significant reduction of tumor cells (GFP+005), increased infiltration of T effector cells (CD3+CD8+) and
proliferating T cells (CD3+Ki67+), reduction of Tregs (CD4+FoxP3+), increased T-effector/T-regulatory cell ratio,
influx of macrophages (CD68+) with polarization to an antitumoral M1-type (CD68+pSTAT1+) and a significant
reduction of PD-L1+ cells [17]. Immune cell depletion/inhibition studies demonstrated that CD4+, CD8+ T cells
and macrophages are each required for triple combination therapeutic efficacy, with CD4+ T cells playing a critical
role [17]. Interestingly, depletion of a single cell type leads to a large perturbations in the other cell types, indicating
a complex interconnectedness between immune cell types.

Conclusion
In a representative mouse GCS-derived tumor model neither single (oHSV-IL12 or checkpoint blockade) nor dual
combination (oHSV-IL12 plus checkpoint blockade) therapies were efficacious in overcoming GBM immuno-
suppression. However, the triple combination, oHSV expressing IL12 (G47�-mIL12) in combination with two
systemic immune checkpoint inhibitors (anti-CTLA-4 and anti-PD-1), successfully cured GBM in the represen-
tative GSC-derived immune-competent 005 GBM model, that recapitulates human GBM. Multiple immune cell
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types, especially CD4+ T cells were involved in the therapeutic efficacy. This triple combination therapeutic strategy
should be translatable to the clinic in GBM and other poorly immunogenic or nonimmunogenic cancers.

Future perspective
In recent clinical trials for advanced melanoma, often checkpoint responsive or immunologically ‘hot’ tumors, the
combination of oHSV T-Vec and ipilimumab (anti-CTLA-4) had an objective response rate of 39%, much greater
than ipilimumab alone (18%) [51]. Despite the promising results over half the patients did not respond, indicating
that additional interventions are needed. For immunologically ‘cold’ tumors, like GBM, the prognosis is much
worse, as illustrated by the failure of the Phase III CheckMate 143 trial with anti-PD-1 (nivolumab) [11]. We propose
that for nonimmunogenic tumors like GBM, multiple immune modulations, such as the combination described
here (oHSV-IL12 + anti-PD-1 + anti-CTLA-4), will be necessary to overcome the immunosuppressive TME and
produce durable complete responses. It will be important to determine which specific immune cell subtypes, within
the necessary CD4+ and CD8+ T cells and macrophages, and how they mediate this triple combination curative
therapy. New techniques, such as mass cytometry [37] and single cell RNA-seq [54], will identify further complexicity
to decipher. Understanding the immune changes occurring after this combination therapy should identify other
targets/strategies to beneficially manipulate the immune response, such as other immune checkpoints, myeloid cell
modifiers or the microbiome. Strategies developed for GBM should be applicable to other nonimmunogenic or
checkpoint nonresponsive cancers. There are a variety of other OVs in clinical trial for GBM (poliovirus, retrovirus,
adenovirus, measles virus, reovirus, parvovirus and Newcastle disease virus) [19], and it remains to be determined
how well they will interact with immune checkpoint blockade. It will be interesting to examine whether arming
oHSV with immune stimulatory molecules or co-stimulatory ligands will similarly improve efficacy and whether
other cytokines/chemokines expressed from oHSV synergize with immune checkpoint blockade in GBM. Is this
strategy translatable to other nonimmunogenic cancers? Although this is an exciting time for immunotherapy and
immunovirotherapy, much additional research will be needed to translate its success to the majority of cancer
patients.
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Executive summary

Glioblastoma, glioblastoma stem-like cells & immunosuppression
• Glioblastoma (GBM) is a relatively nonimmunogenic/immunosuppressed tumor.

• GBM stem-like cells (GSCs) contribute to immunosuppression and tumor recurrence, and thus they are critical
targets for therapeutics.

Immune competent GBM stem cell model (005 GSC) recapitulates immune suppressive features of human disease
• Mouse 005 GSC-derived brain tumors are immunologically ‘cold’ and provide a representative preclinical model

to test immunotherapies.
Oncolytic herpes simplex viruses for cancer therapy
• Oncolytic herpes simplex viruses (oHSV) talimogene laherparepvec has been approved for the use in advanced

melanoma.

• Despite reducing Tregs, G47� treatment did not significantly improve the survival in 005 GBM model.
IL-12 armed oHSV enhances antitumor immune responses & efficacy
• OHSV can be ‘armed’ with therapeutic transgenes to improve efficacy.

• Intratumoral viral expression of IL-12 (G47�-mIL12) enhances survival, but only modestly.
Immune checkpoint inhibitor combinations with oHSV
• Intralesional injection of talimogene laherparepvec in melanoma patients turns immunologically ‘cold’ tumors

into ‘hot’ tumors and promotes checkpoint inhibitor clinical responses.

• Checkpoint inhibitor antibodies cross the blood–brain and tumor barrier.
Triple combination therapy (systemic anti-PD-1, anti-CTLA-4 & intratumoral G47�-mIL12) cures mice from GBM
• Triple combination therapy cures most mice in two representative GBM models (005 and CT-2A) and protects
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• Curative therapy is associated with large increases in M1-like macrophages and T effector cells, and decreases in T
regulatory cells.

• CD4+ T cells are required for efficacy, while CD8+ T cells and macrophages contribute to therapeutic benefits.
Conclusion
• Multiple immunotherapeutic interventions (e.g., oHSV, local IL-12 and two checkpoint inhibitors) are required to

cure poorly immunogenic cancers like GBM.

• Multiple immune cells contribute to therapeutic efficacy.

• The triple combination approach may be effective in other minimally immunotherapy-responsive cancers.
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