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Abstract: Glioblastoma (GBM) is a lethal primary malignant brain tumor with no current 
effective treatments. The recent emergence of immuno-virotherapy and FDA approval of 
T-VEC have generated a great expectation towards oncolytic herpes simplex viruses 
(oHSVs) as a promising treatment option for GBM. Since the generation and testing of the 
first genetically engineered oHSV in glioma in the early 1990s, oHSV-based therapies have 
shown a long way of great progress in terms of anti-GBM efficacy and safety, both 
preclinically and clinically. Here, we revisit the literature to understand the recent advance-
ment of oHSV in the treatment of GBM. In addition, we discuss current obstacles to oHSV- 
based therapies and possible strategies to overcome these pitfalls. 
Keywords: glioblastoma, oncolytic herpes simplex virus, armed oHSV, re-targeted oHSV, 
combination therapy

Introduction
Oncolytic viruses (OVs)1,2 such as oncolytic herpes simplex virus (oHSV) are 
an emerging treatment strategy for glioblastoma (GBM).3–10 GBM is the most 
common primary malignant brain tumor that is almost always lethal and has no 
effective treatments.11,12 OVs selectively replicate in and kill cancer cells and 
induce immunogenic cell death while stimulating anti-tumor immunity (ie, 
in situ vaccine effect).13,14 Among all OVs, oHSV is the furthest along in 
the clinic, with an oHSV talimogene laherparepvec (T-VEC) approved for use 
in advanced melanoma.15 The highly stable genome, potent cytolytic capabil-
ity, convenience in genome engineering, and availability of effective anti- 
herpetic drugs to treat adverse reactions make oHSV an attractive class of anti- 
cancer therapeutic.16 The first genetically modified oHSV for glioma treatment 
was reported in 1991.17 Since then, many oHSVs such as unarmed – geneti-
cally modified oHSVs but not armed with transgene, re-targeted – genetically 
altered for tumor receptor-specific viral entry, and armed – engineered to 
express therapeutic transgene variants, etc., have been developed and tested 
in GBM preclinically, either alone or in combination with other anti-cancer 
agents (Table 1–3, Figure 1–3). Some of them are currently under clinical trial 
evaluation and early oHSV trials confirmed their safety and signs of efficacy in 
GBM patients (Table 4, figure 1). Despite significant therapeutic advancement, 
various challenges to oHSV therapy still currently exist (such as suboptimal 
viral delivery, inefficient viral entry to cancer cells, limited oHSV replication/ 
spread in the tumor microenvironment (TME), host’s anti-viral response, etc.) 
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that compromise oHSV-mediated anti-tumor efficacy 
(Figure 4).4,18 With the advance in biotechnology and 
immuno-oncology, many multimodal strategies are 
budding out for GBM to overcome existing challenges 
(Figure 4).4,18 In this review, we will first highlight 
the recent preclinical and clinical studies 

conducted in GBM using oHSVs (unarmed, re- 
targeted, or armed), either as monotherapy or in com-
bination. We will then provide a short overview of the 
current pitfalls of oHSV-based therapies and outline 
potential strategies to overcome the existing treatment 
hurdles.

Table 1 List of Unarmed oHSVs for GBM Treatment

oHSV Strain Genomic 
Modification

Tumor 
Model

PFU (Doses) Results and References

dlsptk F -TK U87 Subcutaneous: 

5x106 (1st dose) 

and 1x107 (2nd 

dose)

Virus treated tumors were smaller than control 

tumors at day 28.17

Intracerebral: 
1x105 (1 dose)

Treatment with dlsptk significantly extended survival 
compared to mock group.17

hrR3 F ∆ICP6, +LacZ U87 5x106 (1 dose) The mean tumor growth rate was significantly 

inhibited by hrR3 treatment compared to control 

treatment.210

HSV1716 17+ -/-γ34.5 NT2 - HSV1716 treated mice survived significantly longer 

than saline-treated group (25 weeks vs 9 weeks).24

Toxicity 

study in 
naïve mice

LD50 7x106 (1 

dose)

Non-neurovirulent in mice following intracerebral 

injection.21

HSV3616 F -/-γ34.5 U87 2x107 (1 dose) R3616 treatment led to tumor eradication by day 60 
in 3/21 animals versus all mice in control group 

treated with buffer solution died by day 30.25

G207 F -/-γ34.5, ∆ICP6, +LacZ U87 5x107 (1 dose) Mean tumor volume was significantly reduced by 

G207 treatment compared to control treatment.26

G47∆ F -/-γ34.5, ∆ICP6, 

∆ICP47, +LacZ

U87 5x106 (2 doses) Average tumor volume was significantly smaller in 

G47Δ group compared to G207 and control 

groups.31

rQNestin34.5v.2 F -γ34.5, ∆ICP6, γ34.5 

driven by nestin 
enhancer/promoter, 

+EGFP

U87∆EGFR 3.5x107 (1 dose) rQNestin34.5v.2 significantly extended survival 

compared to mock group.35

HSVQ1 F -γ34.5, ∆ICP6, +EGFP

C130 AD169/ 
F

-/-γ34.5, HCMV-TRS1 U87 5x105 (1 dose) C130 or C134 significantly extended survival 
compared to both doses of C101.39

C134 AD169/ 
F

-/-γ34.5, HCMV-IRS1

C101 F -/-γ34.5, +EGFP 5x105 (1 dose) 
1x107 (1 dose)

MG18L F -US3, ∆ICP6, +LacZ BT74 2x106 (1 dose) MG18L significantly extended survival compared to 
mock group.181

Abbreviations: PFU, plaque forming unit; (-), single deletion; (-/-), diploid deletion; ∆, mutation/inactivation; (+), insertion.
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Unarmed oHSVs for GBM
The HSV genome comprises several essential and non- 
essential genes that can be modified to ensure selective 
replication in cancer cells while sparing normal cells.16 

The frequently mutated gene to engineer HSV is γ34.5 – 
a pivotal determinant for viral neuropathogenicity. When 
HSV infects normal cells, protein kinase R (PKR) phos-
phorylates eukaryotic translation initiation factor-alpha 
(eIF2α) and prevents viral protein synthesis. HSV with 
intact γ34.5 complexes with protein phosphatase 1 alpha 
(PP1α) to dephosphorylate eIF2α and overcomes anti-viral 
responses in healthy cells.19 Deletion of γ34.5 in HSV 
results in no eIF2α dephosphorylation, no viral protein 
translation, and thus, no viral replication in healthy 
cells.20 On the other hand, γ34.5-deleted oHSV freely 
replicates in cancer cells due to the defective anti-viral 
PKR-eIF2α pathway. HSV1716 and R3616 are the first 
generation oHSVs with γ34.5 diploid deletion.21,22 Both 
were safer than their wild-type parent viruses21–23 and 
demonstrated superior anti-tumor efficacy than the control 

treatment.24,25 Later, the second generation of oHSV (eg, 
G207) was engineered, with diploid deletion of γ34.5 
combined with inactivation of ICP6 – a larger subunit of 
ribonucleotide reductase (RR).26 G207 effectively lysed 
human glioma cells, controlled tumor growth, and pro-
longed survival of mice bearing orthotopic and subcuta-
neous brain tumor xenografts.26 Although γ34.5 deletion 
improves safety, loss of γ34.5 genes severely compro-
mised virus replication in GBM stem cells (GSCs),27 

which are oftentimes associated with resistance to standard 
therapies and immunosuppression.28–30 To counter this 
issue, the next generation of G207-derivative virus, 
G47∆, was created with the deletion of an additional 
gene, ICP47.31 ICP47 deletion complements the loss of 
γ34.5 and restores oHSV replication in GSCs.32 G47∆ was 
safe and significantly more efficacious than its parent 
G207 in controlling tumor growth in vivo in both immu-
nodeficient and immunocompetent brain tumor models.31 

Intratumoral G47∆-Empty (G47∆-E, a derivative of G47∆ 
without transgene expression) treatment resulted in 

Table 2 List of Re-Targeted oHSVs for GBM Treatment

oHSV Strain Modifications GBM Model Unit (Doses) Results and References

R-LM113 F Nectin 1/HVEM-de- 
targeted, hHER2-re- 

targeted

mGBM-HER2 3x105 pfu (1 dose) R-LM113 significantly extended median survival 
compared to UV-inactivated R-LM113 group in 

both models.46,211BALB/c-HGG- 

HER2

5.5x105 pfu (1 

dose)

R-115 F Nectin 1/HVEM de- 

targeted, hHER2-re- 
targeted, 

+mIL-12

mHGGpdgf-hHER2 2x106 pfu (1 dose) R-115 treatment led to tumor eradication in 30% 

of animals and these long-term survivors resisted 
tumor re-challenge. The efficacy of R-115 was 

associated with production of antibodies against 
mHGGpdgf-hHER2 cells in 83% treated animals 

compared to 40% in R-LM113 (IL-12 unarmed)- 

treated or 0% in mock-treated mice.47

KNE KOS EGFR-re-targeted GBM30 8.6x108 gc (1 

dose)

All PBS-treated mice died within 35 days (median 

survival 23 days) of tumor cell implantation. In 
contrast, 63–73% of mice treated with KNE 

survived for 90 days.42

KGE-4: 

T124

KOS EGFR-re-targeted, +4 

tandem miR-124 target 

sites in ICP4

GBM30 1.8x108 gc (1 

dose)

The median survival of PBS-treated group was 21.5 

days, which was significantly shorter than the 

median survival (85.5 days) of KGE-4:T124-treated 
group. The median survival of KGE-4:T124 was no 

different than control KGE virus.49

KMMP9 KOS EGFR/EGFRvIII-re- 

targeted, +4 tandem miR- 

124 target sites in ICP4, 
+MMP9

GBM30 1x104 pfu (1 dose) KMMP9 treatment resulted in 70% long-term 

survivors compared to 0% in KGW (MMP9- 

unarmed)-treated mice.51

Abbreviation: PFU, plaque-forming unit; gc, genome copy; (+), insertion.
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a significant but modest extension of survival of mice 
bearing orthotopic immunocompetent 005 GSC-derived 
tumors, which was associated with a significant reduction 
of regulatory T cells (vs mock) and T cell-dependent anti- 
tumor efficacy.33

Another strategy being utilized to counteract attenuated 
oHSV replication is restoring one copy of γ34.5 under the 
transcriptional control of the nestin promoter/enhancer 
element. rQNestin34.534 and rQNestin34.5v.235 were engi-
neered using this strategy. Nestin-driven γ34.5 expression 
exclusively takes place in GBM cells, which have an over-
whelmingly higher level of nestin expression compared to 
healthy cells.34,35 rQNestin34.5 injection in mouse brain 
was safe and significantly prolonged survival of mice 
bearing orthotopic U87∆EGFR tumors compared to 
control.35 Cassady et al described a different approach to 
improve oHSV replication and generated chimeric oHSVs 
that express the human cytomegalovirus (HCMV) genes, 
TRS1 (designated C130) or IRS1 (designated C134).36 

TRS1 and IRS1 are PKR evasion genes that evade the 
PKR-eIF2α translational shutoff pathway,37 and therefore, 
transfer of these HCMV genes to γ34.5-deleted oHSV 
resulted in virus replication/production and killing of 
GBM cells as efficient as wild-type HSV.38 C130 and 
C134 chimeric oHSVs demonstrated superior anti-glioma 
efficacy than C101 (a γ34.5-deleted oHSV without TRS1 
or IRS1 expression) in an immunodeficient U87 glioma 
model.39 C134 treatment also elicited a durable and circu-
lating anti-tumor memory response in an immunocompe-
tent neuro2A brain tumor model.40 Intracerebral injections 
of C134 did not produce toxicity in HSV-susceptible CBA/ 
J mouse and non-human primates.41

Overall, unarmed or chimeric oHSVs are safe but their 
anti-GBM efficacy is modest at best (see Table 1), and in 
view of this observation, extensive research efforts have 
been made (which we have discussed below) to develop 
novel oHSVs and oHSV-based treatment strategies (such 
as receptor re-targeting, arming with therapeutic 

Figure 1 Strategy to enhance efficacy of oHSV as monotherapy. This figure represents different strategies to enhance the anti-GBM efficacy of oHSV. (A–B) Wild-type HSV 
can be genetically modified to remove or inactivate various genes to create unarmed oHSV. This is to ensure virus replication selectively occurs in cancer cells, thus 
enhancing the safety of oHSV (eg, dlsptk, hrR3, 1716, 3616, G207, G47∆, HSVQ1, rQNestin34.5, MG18L). (C) To further enhance oHSV efficacy, different transgene variants 
are incorporated into oHSV genome to generate armed oHSV. Transgene expression increases oHSV anti-cancer efficacy through enhancement of viral spread (eg, OV- 
CDH1, OV-ChaseM) or activation of the host immune response (eg, G47∆-mIL12, αMPD-1 scFv) or other means (See Table 3). (D) In addition, insertion of transgene that 
has similar function to oHSV genes but originating from other viruses is an alternative approach to enhance oHSV replication/oncolysis. oHSVs that are engineered by this 
method are defined as chimeric oHSV (eg, C130, C134). (E) Wild-type HSV can also be modified to enhance cancer-specificity, based on cellular surface receptor expression 
profile. They are known as re-targeted oHSVs, which selectively interact with various receptors that exclusively overexpressed in GBM cells but not in normal neurons/or 
glial cells (eg, R-LM113, KNE). This approach allows maximal oncolysis because HSV genome remains intact. (F) To enhance safety and avoid off-target effects, re-targeted 
oHSVs (E) can be further genetically modified to include miRNA recognition binding sites (such as miR-124 in KGE-4:T124) whose expression are distinct in GBM cells 
compared to healthy neurons/glial cells. These recognition-binding sites are incorporated into the untranslated region (UTR) of important genes responsible for viral 
pathogenicity. Based on the difference between GBM cells and healthy neurons/glial cells, these recognition binding sites can be occupied and the sequential genes are not 
translated in normal cells, whereas the recognition binding sites are free and viral translation takes place in GBM cells. In addition, re-targeted oHSVs (E) can be armed with 
different transgene of interest (G) to further enhance anti-tumor efficacy (eg, R-115, KMMP9).
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Figure 2 Armed oHSVs for GBM treatment. This figure represents different transgene variants that are inserted in the oHSV genome to enhance the anti-tumor efficacy of 
oHSV. (A) oHSV armed with cytokine such as IL-12, which induces Th1 differentiation, stimulates growth and cytotoxicity of NKs, increases IFN-γ production, and inhibits 
angiogenesis. (B) oHSV armed with angiogenic inhibitors decrease tumor vascularity (CD31+ vessels) or VEGF, inhibit anti-viral macrophages, and increase viral spread. (C) 
oHSV can be engineered to replace one copy of γ34.5 with GADD34. GADD34 binds to PP1 and promotes eIF-2α dephosphorylation - a function that corresponds to γ34.5 
in HSV. Since GADD34 does not possess beclin-1-binding motifs of γ34.5, it does not produce neurotoxicity as wild-type HSV containing both copies of γ34.5. (D) Localized 
expression of anti-PD-1 by an oHSV inhibits PD-1/PD-L1 engagement, prevents T cell exhaustion and unleashes anti-tumor immunity. (E) oHSV can be armed with CDH-1 
gene, which encodes for E-cadherin – an adhesion molecule and a ligand for an inhibitory receptor expressed on NK cells (KLRG1). E-cadherin can cooperate with nectin-1 
and promote cell-to-cell adherent junctions and enhance cell-to-cell oHSV spread. Another strategy to increase viral spread is to create an oHSV that expresses 
chondroitinase ABC, which removes side chain of CSPG, prevents extracellular space tortuosity, and thus, facilitates viral spread. (F) PTENα expressed by an oHSV 
metabolizes PIP3 prevents activation of the PI3K/AKT/mTOR signaling pathway and inhibits tumor growth and migration. (G) oHSV armed with ULBP3 enhances anti-tumor 
immunity. ULBP3 is a ligand for NKG2D. ULBP3-NKG2D interaction augments the anti-tumor activity of NK cells. (H) oHSV can be armed with pro-drug activating genes 
such as CYP2B1 (which converts CPA to PM) and shiCE (which converts CPT11 to SN-38) to enhance the conversion of these pro-drugs into their anti-cancer active 
metabolites. 
Abbreviations: IL-12, interleukin-12; NKs, natural killer cells; IFN-γ, interferon-gamma; VEGF, vascular endothelial growth factor; GADD34, growth arrest and DNA 
damage-inducible protein 34; Bcl-1, beclin-1; PD-1, programmed death-1; CDH-1, cadherin-1; KLRG1, killer cell lectin-like receptor G1; CSPG, chondroitin sulfate 
proteoglycan; PTENα, phosphatase and tensin homolog deleted on chromosome 10 alpha; PIP3, phosphatidyl inositol (3,4,5)-trisphosphate; PI3K/AKT/mTOR, phosphoinosi-
tide 3-kinase/AKT/mammalian target of rapamycin; ULBP3, UL16-binding protein 3; NKG2D, natural killer group 2; member D; CPA, cyclophosphamide; CPT11, irinotecan; 
CYP2B1, CPA-activating cytochrome P4502B1; shiCE, CPT11-activating secreted human intestinal carboxylesterase; PM, phosphoramide mustard.
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Figure 3 oHSV-based combination therapies for GBM. This figure represents strategies to combine oHSV with different anti-cancer therapies for GBM treatment. (A) oHSV can be 
synergistically combined with TMZ, a DNA-alkylating agent and an immunomodulator, to induce DNA damage response in MGMT-negative GBM cells. (B) oHSV replication promotes 
degradation of Rad51 and Chk1 whose functions are important for SSB repair mechanism. Inhibition of PARP in DNA-damaged cells facilitates the conversion of SSB to DSB. The 
combination of oHSV and PAPRi synergistically induces cell cycle arrest in GBM. (C) HDAC is an enzyme that controls cancer cell survival/progression and upregulates IFN genes. 
Treatment with HDAC inhibitors prior to oHSV infection inhibits induction of anti-viral IFN genes, resulting in increased transcription of viral genes and improved virus replication. (D) 
Bortezomib is a proteasome inhibitor, which induces unfolded protein response (UPR), characterized by induction of heat-shock proteins (HSP) 40, 70 and 90, and ER stress in cancer
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transgenes, combination therapies, etc.) to improve 
oHSV’s cancer selectivity and anti-GBM efficacy, without 
compromising safety.

Re-Targeted oHSVs for GBM
oHSVs can be engineered to specifically infect cancer cells 
based on their receptor expression profile.42 Epidermal growth 
factor receptor (EGFR) is overexpressed in ~60% of primary 
GBMs.43 To specifically target EGFR+ GBM, an EGFR- 
retargeted gB:NT recombinant virus (designated KNE) was 
generated by replacing 2–24 amino acid residues of HSV 
glycoprotein D (gD, a natural oHSV receptor) with a single- 
chain fragment variant (scFv) antibody directed against 
EGFR.42 KNE significantly controlled tumor growth and pro-
longed survival of mice in an orthotopic GBM xenograft 
model.42 Like EGFR, human epidermal growth factor receptor 
2 (HER2) is also expressed by ~80% of primary GBMs, but 
not by neurons or glial cells.44,45 Therefore, prior to KNE, an 
oHSV-1 re-targeted to HER2 receptor (designated R-LM113) 
was developed.46 R-LM113 was significantly efficacious 
against HER2 overexpressing murine GBM xenografts, as 
demonstrated by 21-day extension of median survival com-
pared to the control group.46 R-115 is another HER2 re- 
targeted oHSV-1, which is armed with murine IL-12.47 

R-115 treatment (vs control) also significantly prolonged the 
median survival of mice bearing orthotopic poorly immuno-
genic high-grade gliomas. Most importantly, R-115 treatment 
led to the eradication of established tumors in about 30% of 
animals and they were protected lethal tumor re-challenge, 
indicating a cancer-specific immunological memory 

response.47 This promising anti-tumor efficacy of R-115 
monotherapy was associated with the production of antibodies 
against implanted tumor cells in 83% treated animals (com-
pared to 40% in IL-12 unarmed R-LM113 group or 0% in 
mock group) and increased infiltration of CD4+ and CD8+ 

T cells in the tumor mass.47 Despite re-targeted oHSVs elicited 
promising oncolytic activity and cancer selectivity, most can-
cer cell surface markers are shared with normal cells. 
Therefore, to further enhance cancer specificity, an additional 
mechanism was explored to better localize re-targeted oHSV 
replication within GBM cells. GBM has a distinguished 
microRNA (miRNA) expression profile compared to the nor-
mal brain.48 miRNA-124 (miR-124) is specifically expressed 
in neurons but not in GBM cells.48 To utilize this distinct miR- 
124 feature, FGE-4:T124, the next generation of EGFR re- 
targeted KNE virus, was engineered, which contains the inser-
tion of four copies of miR-124 recognition site (T124+) into 
the 3′UTR of the viral ICP4 gene.49 ICP4 is critically required 
for transcription of early/late proteins and viral DNA 
synthesis.50 The normal healthy cells have a high expression 
of miR-124, which binds to miR-124 recognition sites and 
inhibits T124+ virus replication. In contrast, the T124+ virus 
replicated robustly in glioma cells, and lentiviral expression of 
miR-124 in tumor cells selectively blocked its replication, 
confirming tumor-specificity of T124+.49 Re-targeted oHSVs 
can be armed with various transgene variants to further 
enhance the antitumor efficacy. For instance, KMMP9 is an 
EGFR/EGFRvIII re-targeted oHSV that has an insertion of 
repeated miR-124 recognition site into the viral ICP4 gene and 
armed with matrix metalloproteinase 9 in the UL3-UL4 

cells. Bortezomib-induced ER stress and UPR significantly enhance oHSV replication and synergistic killing of GBM cells. (E) TGF-β plays a critical role in GBM pathogenesis and in 
maintaining the stemness of GSCs. In TMZ-resistant GSC model, the combination of oHSV and TGF-βi synergistically kills TMZ-resistant recurrent GSCs, increases oHSV replication and 
induces JNK-MAPK signaling blockade, and eventually inhibits tumor progression. (F) oHSV infection of tumor cells leads to activation of notch signaling in adjacent non-infected tumor 
cells. Notch signaling pathway plays a critical role in cell-cell interaction and viral spread. Inhibition of notch signaling pathway such as GSI results in increased killing of GBM cells after 
oHSV therapy. (G) ITGB1, also referred as CD29, plays a critical role in tumor cell proliferation and progression. OS2966 (a humanized CD29 blocking antibody) blocks CD29, reduces 
the expression of anti-viral genes (IFNα, IFNβ, Stat1, OAS1, OAS2, IRF3, IRF9, and PKR), suppresses oHSV-induced macrophage activation, resulting in enhanced oHSV replication and 
oncolysis. (H) GBM cells that are infected by oHSV upregulate HMGB1. HMGB1 causes upregulation of ICAM and VCAM, increases vascular permeability and PMBC infiltration to the 
tumor, leading to edema that might cause CNS injuries. Thus, combination of anti-HMGB1 and oHSV increases survival by reducing brain injuries. (I) Recruitment of NKs after oHSV 
administration can limit oHSV replication and oHSV-mediated anti-tumor efficacy. Transient inhibition of anti-viral effects of NKs by TGF-β inhibitors enhances viral replication and viral 
yield. (J) Similarly, transient blockade of TNFα, produced from anti-viral macrophages, by TNFα blocking antibodies or inhibition of STAT1/3 phosphorylation by C16 enhances oHSV 
replication. In addition, virus-infected cells upregulate CCN1, which in turn activates an intracellular type I IFN response and increases infiltration of macrophages to the site of infection. 
Treatment with anti-CCN1 reduces virus clearance by macrophages, resulting in better anti-tumor efficacy. (K) Administration of immune checkpoint blockade such as anti-PD-1, anti- 
PD-L1, anti-CTLA4 prevents T cell exhaustion and enhances oHSV-mediated-anti-tumor immunity. (L) Bevacizumab binds to VEGF, reduces tumor vascularization, decreases vascular 
permeability, and inhibits tumor growth; however, it also induces tumor cell invasion. An oHSV expressing anti-angiogenic vasculostatin that contains an integrin-antagonizing RGD (Arg- 
Gly-Asp) motif significantly inhibits glioma cell migration/invasion following bevacizumab treatment, leading to a significant extension of survival compared to bevacizumab monotherapy. 
Abbreviations: TMZ, temozolomide; MGMT, O-6-methylguanine-DNA methyltransferase; DSB, double-strand break; SSB, single-strand break; PARP, poly(ADP-ribose) 
polymerase; DDR, DNA damage response; HDAC, histone deacetylase; IFN, interferon; UPR, unfolded protein response; ER, endoplasmic reticulum; TNF-α, tumor necrosis 
factor-alpha; TGF-β, transforming growth factor-beta; GSC, glioma stem cells; RBPJ, recombination signal binding protein for immunoglobulin kappa J region; JNK, c-Jun 
NH2-terminal kinases; ICAM, intercellular adhesion molecule; VCAM, vascular cell adhesion molecule; MAPK, mitogen-activated protein kinase; GSI, gamma-secretase 
inhibitor; ITGB1, integrin β1; OAS1, 2ʹ-5ʹ-Oligoadenylate Synthetase; IRF, interferon regulatory factor; PKR, protein kinase R; HMGB1, high mobility group box 1; CNS, 
central nervous system; STAT, signal transducer and activator of transcription; CCN1, cellular communication network factor 1; PD-1, programmed death-1; PD-L1, 
programmed death ligand-1; CTLA4, cytotoxic T-lymphocyte-associated protein 4.

← 
Figure 3 (Continued).    
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intergenic region.51 At a low viral dose, KMMP9 exhibited 
significantly enhanced anti-tumor efficacy with 70% long- 
term survivors compared to 0% with re-targeted unarmed 
KGW virus in a GBM xenograft model.51 The preclinical 
efficacy of several re-targeted oHSVs in GBM is listed in 
Table 2. Overall, the re-targeting strategy not only confers 
tumor specificity/safety but also ensures enhanced oncolytic 
activity with promising anti-GBM efficacy.

Armed oHSVs for GBM
While OVs possess an inherent ability to selectively replicate 
and lyse cancer cells, the success of oncolytic virotherapy 
requires the inevitable contribution of the host immune 
system.52 Therefore, the focus of OV therapies has recently 
shifted from their direct oncolytic effect to secondary effects 
(such as immunomodulation and anti-angiogenesis), which 

can be better achieved by localized expression of different 
immunomodulatory or anti-cancer transgenes. The unique 
ability of OVs to selectively replicate in cancer cells makes 
them a good candidate to safely deliver anti-cancer agents 
locally in the TME and reducing the possible systemic side 
effects. For example, systemic delivery of interleukin 12 (IL- 
12) as an immunotherapeutic agent induces toxicity,53 but 
local IL-12 expression by an OV in the TME54 or in the 
cerebellum55 was found safe and showed better anti-tumor 
response compared to parental unarmed OVs.54 Research in 
armed oHSVs and their application in GBM have bloomed in 
recent years, as indicated by the development of a significant 
number of oHSVs expressing various anti-cancer agents 
(Table 3, Figure 2). In this section, we will provide an over-
view of the pre-clinical therapeutic efficacy of recently 
developed armed oHSVs for GBM treatment.

Table 4 Clinical Studies with oHSVs in GBM

oHSV Combination Condition N Phase Status Country References

HSV1716 N/A Recurrent malignant glioma 9 N/A Completed UK [187]

N/A High-grade glioma 12 N/A Completed UK [188]

N/A High-grade glioma 12 N/A Completed UK [186]

Dexamethasone Refractory or recurrent high-grade 

glioma

2 1 Terminated US NCT02031965

G207 N/A Recurrent malignant glioma 21 1 Completed US [190]

N/A Recurrent Brain Cancer 65 1b/2 Completed US NCT00028158

N/A Recurrent GBM 6 1b Completed US [191]

Radiation Recurrent malignant glioma 9 1 Completed US [101]

Radiation Progressive or recurrent 
supratentorial brain tumors

12 1 Active, not 
recruiting

US [194] 
NCT02457845

Radiation Recurrent or refractory cerebellar 
brain tumors

15 1 Recruiting US [196] 
NCT03911388

Radiation Recurrent high-grade glioma 30 2 Not yet 
recruiting

US NCT04482933

G47∆ N/A Progressive GBM 21 1/2 Completed 
recruiting

Japan UMIN000002661

N/A Residual or recurrent GBM 30 2 Completed 
recruiting

Japan UMIN000015995

M032 N/A Recurrent/progressive GBM 36 1 Recruiting US NCT02062827

rQNestin34.5v.2 Cyclophosphamide Recurrent malignant glioma 108 1 Recruiting US NCT03152318

C134 N/A Recurrent GBM 24 1 Active, not 

recruiting

US NCT03657576

Abbreviations: N, number of participants; N/A, not applicable.
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Arming with Cytokines
Among many cytokines explored to enhance the anti- 
tumor efficacy of OVs, IL-12 is the most commonly used 
cytokine.54,56 IL-12 regulates innate and adaptive immu-
nity, induces Th1 differentiation, stimulates growth and 

cytotoxicity of natural killer cells (NKs), increases IFN-γ 
production, and inhibits angiogenesis.33,56 Cheema et al 
constructed G47∆-mIL12 (an oHSV expressing murine IL- 
12), which has similar genomic modifications as G47∆33 

(Table 3), with the additional insertion of murine IL-12 

Figure 4 Barriers of current oHSV therapy in GBM and their potential solutions. This figure represents various obstacles of oHSV therapy in GBM (left side) and proposed 
solutions to overcome these hurdles (right side). (A) Viral delivery – oHSV can be delivered systematically (IV) or locally (IT). IT injection can cause backflow of virus solution to the 
needle or catheter, leading to insufficient viral dose. IV can be another alternative route to deliver oHSV. Systemic administration of naked OVs can be inactivated by host serum/ 
complement and other immune factors. Systemically delivered oHSVs can be protected from serum/immune factors if delivered by carrier cells, such as MSCs. (B) Viral entry and 
replication – The higher the expression of HSV’s entry surface receptors such as nectin-1, the higher the entry of oHSVs (such as G207, M032) to cancer cells. Genomic 
modification attenuates virus replication (such as G207) in tumor cells, especially in GSCs. In contrast, receptor (EGFR, HER2, etc.) re-targeting enhances oHSV entry/replication in 
cancer cells overexpressing these receptors; however, receptor re-targeting can produce off-target effects in healthy cells that also express the same receptors. This issue can be 
overcome by incorporating miRNA recognition binding sites (such as miR-124 in KGE-4:T124) whose expression are distinct in GBM cells compared to healthy neurons/glial cells. 
(C) Viral replication and spread – Condensed ECM can limit viral spread in the TME. oHSVs can be engineered to express E-cadherin, chondroitinase ABC, and/or MMP-9 to 
destroy the ECM components and facilitate viral spread. In addition, anti-viral innate immunity can also limit viral replication/spread in the TME, as characterized by recruitment of 
macrophage or NKs that clear virus or virus-infected cells. Transient inhibition of anti-viral innate immune response by pre-treatment with different therapies such as TNF-α or 
TGF-β inhibitors can help to increase oHSV replication/spread. (D) Immune exhaustion – Successful viral delivery, entry, replication and spread will eventually activate the host’s 
adaptive anti-tumor immunity, leading to recruitment of T cells to the TME. The recruited T cells oftentimes fail to produce anti-cancer effects due to the expression of T cell 
exhaustion markers. The presence of Tregs and angiogenesis also contribute to GBM immunosuppression. oHSVs can be combined with systemic ICI or systemic anti-angiogenic 
mAb, or oHSVs can be engineered to locally express scFv of ICI or anti-angiogenic mAb that should overcome GBM immunosuppression. In addition, oHSVs can be armed with 
different transgene variants (such as cytokines, co-stimulatory ligands) and testing them in combination with ICIs or other immunotherapies such as anti-cancer vaccines (eg, DCs 
loaded with tumor-associated antigens) to improve anti-tumor efficacy. 
Abbreviations: IV, intravenous; IT, intra-tumoral; MSCs, mesenchymal stem cells; TME, tumor microenvironment; ECM, extracellular matrix; MMP, matrix metalloprotei-
nase; NK, natural killer cells; TNF-α, tumor necrosis factor-alpha; TGF-β, transforming growth factor-beta; scFv, single-chain fragment variant; ICI, immune checkpoint 
inhibitor; mAb, monoclonal antibody; VEGF, vascular endothelial growth factor; T-reg, regulatory T cell; T-ex, exhausted T cell; T-eff, effector T cell.
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cDNA in the ICP6 region.33 G47∆-mIL12 treatment sig-
nificantly inhibited GBM angiogenesis and extended sur-
vival (vs unarmed oHSV) in orthotopic U87 and human 
GSC-derived GBM xenograft models.57 Although G47∆- 
mIL12 was efficacious in xenograft models, the contribu-
tion of the immune system to the efficacy of oHSV or 
oHSV product (ie, IL-12) could not be evaluated in those 
models. In immunocompetent orthotopic mouse 005 GSC- 
derived GBM model, intratumoral G47∆-mIL12 treatment 
led to a significant extension of median survival with 10% 
mice surviving long term compared to treatment with 
unarmed G47∆-Empty (G47∆-E).33 The promising G47∆- 
mIL12’s efficacy was associated with a significant reduc-
tion of tumor cells (GFP+ 005 GSCs) and CD4+FoxP3+ 

regulatory T cells (Tregs), and inhibition of CD31+ tumor 
vascularity, and the efficacy was dependent on T cells but 
not NK cells.33 Another IL-12 expressing oHSV, M002, 
showed a trend of improved median survival in three 
patient-derived pediatric or adult xenograft GBM models 
compared to unarmed G207.58 Like 005 model, M002 was 
extremely efficient in an intracranial syngeneic 4C8 mur-
ine glioma model, since M002 treatment resulted in 80% 
long-term survivors.59 Like IL-12, other cytokines such as 
FMS-like tyrosine kinase 3 ligand (Flt3L) or tumor necro-
sis factor-related apoptosis-inducing ligand (TRAIL) were 
inserted into the backbone of G47∆ and generated G47∆- 
Flt3-L60 and oHSV-TRAIL viruses,61 respectively. Both 
G47∆-Flt3-L and oHSV-TRAIL were efficacious in 
GBM60–62 (Table 3). Importantly, recently, Jahan et al 
demonstrated that oHSV-TRAIL can overcome TMZ- 
resistance in GBM.62 For instance, intracranial oHSV- 
TRAIL treatment of mice bearing TMZ-insensitive, recur-
rent human GSC-derived orthotopic tumors led to potent 
inhibition of tumor growth (examined by in vivo imaging) 
and extension of survival with a 40% cure rate. The treat-
ment efficacy of oHSV-TRAIL in chemo-resistant tumors 
was associated with robust induction of tumor apoptosis.62 

TRAIL has a short half-life and produces off-target 
toxicity63 and the clinical trials of TRAIL receptor agonist 
have been discontinued in the clinic due to insufficient 
evidence of anti-cancer efficacy.64 Local expression of 
TRAIL by an oHSV offers a promising strategy to avoid 
systemic off-target toxicity.

Arming with Angiogenic Inhibitors
Preclinical studies with oHSV expressing various angioge-
netic inhibitors consistently exhibited improved survival 
outcomes compared to mock or unarmed viruses.57,65–67 

G47∆-mAngio, an oHSV armed with murine angiostatin 
(mAngio), controlled tumor burden and significantly 
extended median survival compared to G47∆-E in two 
immunodeficient intracranial GBM models.57,67 A closer 
look at the TME revealed that G47∆-mAngio treatment 
resulted in significantly increased virus spread (LacZ 
expression), decreased tumor vascularity (CD31+ vessels) 
and anti-viral macrophage density, and reduced expression 
of vascular endothelial growth factor (VEGF) compared to 
G47∆-E.57

Zhang et al constructed an oHSV expressing endosta-
tin-angiostatin (endo-angio) fusion gene (designated VAE) 
by deleting both copies of γ34.5, inactivating ICP6, and 
inserting endo-angio fusion gene into ICP6 region.65 VAE 
demonstrated a significant improvement in median survi-
val in two (subcutaneous and intracranial) GSC-derived 
xenograft models compared to γ34.5/ICP6-deleted r-HSV- 
1 and recombinant human endostatin (Endostar).65 The 
better response in VAE-treated group was associated with 
a reduction in mean micro-vessel density (MVD) com-
pared to r-HSV-1 or Endostar.65 Tomita et al recently 
described antitumor efficacy of RAMBO – an oHSV 
(γ34.5/ICP6 deleted) expressing vasculostatin 
(Vstat120) – in athymic mice bearing intracerebral 
U87∆EGFR tumors.66 The median survival of PBS- 
treated mice was significantly shorter (17 days) than 
mice treated with RAMBO (28 days).66 Mechanistically, 
Vstat120 expression inhibited TNF-α production by block-
ing brain-specific angiogenesis inhibitor 1 (BAI1)- 
mediated macrophage response to viral infection, resulting 
in an increased viral spread.68

Arming with Growth Arrest and DNA 
Damage-Inducible Protein 34 (GADD34)
GADD34 or protein phosphatase 1 regulatory subunit 15A 
(PPP1R15A) is a member of a group of genes whose 
transcript levels are increased by DNA damage, growth 
factor deprivation, and other forms of cell stress.69 

GADD34 binds to PP1 and promotes eIF-2α 
dephosphorylation,70 a function that corresponds to γ34.5 
in HSV.71 Interestingly, while GADD34 shares sequence 
homology with the C terminus of γ34.5,70 it does not 
possess the beclin-1-binding motifs of γ34.5 – a feature 
that is responsible for neurotoxicity by HSV.72 Therefore, 
the replacement of γ34.5 by GADD34 is thought to reduce 
neurotoxicity. Based on this principle, NG34, a novel 
oHSV (γ34.5/ICP6-deleted) expressing GADD34, was 
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created.72 Noticeably, in NG34, GADD34 expression is 
transcriptionally controlled by a nestin promoter/enhancer; 
thus, its expression occurs selectively in GBM.72 NG34 
demonstrated a similar replication/propagation pattern in 
GBM cells as the parental unarmed rQNestin34.5 virus.72 

In both human xenograft and immunocompetent GBM 
models, NG34 produced therapeutic efficacy, which was 
as potent as rQnestin34.5 but with better tolerability.72

Arming with Programmed Death-1 
(PD-1) Inhibitor
Immune checkpoint co-inhibitory molecule PD-1 and its 
ligand PD-L1 play a critical role in regulating immune 
responses and suppressing anti-tumor immunity. Anti- 
PD-1 inhibits PD-1/PD-L1 interaction, prevents T cell 
exhaustion, and unleashes anti-tumor immunity.73,74 

Despite being extensively studied, late-phase clinical 
trials with anti-PD-1 in GBM did not signify its ther-
apeutic benefits.75,76 The inability of anti-PD-1 to cross 
the blood-brain barrier (BBB) and highly immunosup-
pressive TME with a low number of tumor-infiltrating 
lymphocytes (TILs) are probably the major contributors 
to treatment failure.77 Local oHSV expression of anti- 
PD-1 may overcome these obstacles. OVH-aMPD-1, an 
oHSV encoding a single-chain fragment variable anti-
body against PD-1 (αMPD-1 scFv), was generated that 
demonstrated a promising anti-tumor efficacy (ie, 
enhanced antigen presentation, T cell-mediated cytotoxi-
city, and reduction of tumor burden) in a liver cancer 
model, but its efficacy has not been tested yet in 
GBM.78 Recently, Passaro et al constructed another 
oHSV by inserting an scFv against PD-1 (designated 
as NG34scFvPD-1) in the previously mentioned NG34 
backbone.79 In a syngeneic GL261N4 immunocompetent 
GBM mouse model, in situ expression of a PD-1 block-
ade by NG34scFvPD-1 produced a durable response and 
long-term memory protection, but surprisingly, these 
anti-tumor effects were statistically similar to that of 
parental NG34 virus.79

Arming with Cadherin-1 (CDH-1)
The limited virus spread in the TME due to rapid innate 
immune clearance of the virus is considered as one of the 
major obstacles of oHSV virotherapy.80 The interaction 
between viral glycoprotein D (gD) and nectin-1 receptor 
is an important step for HSV-1 entry.81 CDH-1 gene 
encodes for E-cadherin – an adhesion molecule and 

a ligand for killer cell lectin-like receptor G1 (KLRG1), 
which is an inhibitory receptor expressed on NK cells.82 

E-cadherin can cooperate with nectin-1 and promote cell- 
to-cell adherent junctions,83 and thus, its overexpression 
can enhance cell-to-cell oHSV spread. Xu and colleagues 
engineered an oHSV to express CDH-1 (named OV- 
CDH1).84 In vitro, OV-CDH1 infection resulted in ectopic 
expression of E-cadherin that enhanced viral spread/entry 
by promoting cell-to-cell infection and reduced viral clear-
ance by protecting infected GBM cells from KLRG1+ NK 
cell killing.84 In vivo, OV-CDH1 treatment significantly 
prolonged median survival compared to unarmed virus 
(OV-Q1) in two xenografts and one immunocompetent 
GBM models.84 The better outcome in OV-CDH1-treated 
group in the immunocompetent GBM model was asso-
ciated with an improved viral spread rather than inhibition 
of the activity of NK cells.84

Arming with Chondroitinase ABC
Chondroitinase ABC is a bacteria-derived enzyme that 
cleaves and removes the side chain of chondroitin sulfate 
proteoglycans (CSPG).85 CSPG is upregulated in 60–65% 
GBM cases,86 tortoises the extracellular space, and limits 
OV spread.85,87 In a mathematical model, chondroitinase 
ABC enhanced OV spread and anti-tumor efficacy.87 An 
oHSV expressing chondroitinase ABC (designated OV- 
Chase) exhibited widespread three-dimensional glioma 
cultures compared to the control virus (rHSVQ). In vivo, 
OV-Chase treatment (vs rHSVQ) significantly extended 
median survival in subcutaneous and intracranial GBM 
models.85 The humanized version of OV-Chase (desig-
nated OV-ChaseM) also enhanced median survival of 
athymic mice bearing GBM xenograft (33 days vs 22 
days in the mock group).88

Arming with Phosphatase and Tensin 
Homolog Deleted on Chromosome 10 
Alpha (PTENα)
PTEN is a tumor suppressor protein phosphatase that 
metabolizes phosphatidylinositol (3,4,5)-trisphosphate 
(PIP3), which directly opposes activation of the PI3K/ 
AKT/mTOR signaling pathway.89 Loss or mutation of 
PTEN, commonly occurred in GBM,89,90 activates the 
PI3K/AKT pathway and promotes cell growth/survival 
and migration.91 Local expression of PTENα, an isoform 
of PTEN, by an oHSV (termed HSV-P10) significantly 
prolonged median survival with 30% long-term survivors 
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in a U87∆EGFR xenograft model compared to 10% in the 
unarmed oHSV (HSVQ) group.92

Arming with UL16-Binding Protein 3 
(ULBP3)
Human ULBP3, a ligand for NKG2D (natural killer group 2, 
member D), is overexpressed on certain tumor cells,93 

including brain tumors.94 ULBP3-NKG2D interaction aug-
ments the anti-tumor activity of NK cells.93 To exploit this 
anti-tumor mechanism, an oHSV armed with human ULBP3 
gene (OHSVULBP3) was created and tested in a genetically 
engineered IDH wild-type GBM mouse model (XFM-Luc: 
PDGF, Cre).95 Intra-tumoral oHSVULBP3 treatment inhibited 
tumor growth and prolonged survival, whereas oHSV lack-
ing ULBP3 did not.95 The survival efficacy was associated 
with an increased accumulation of activated macrophages 
and CD8+ T cells in the TME. The same group later reported 
an increased tumoral expression of VEGF and matrix metal-
loproteinase 9 (MMP-9) by oHSVULBP3 treatment. A vast 
portion of virally enhanced VEGF remained trapped in the 
extracellular matrix96 and cannot fully exert its effects until 
trapped VEGF is cleaved by MMP-9 and subsequently 
released.97 To determine the role of MMP-9 on VEGF sig-
naling and its subsequent effect on oHSVULBP3 efficacy, 
Wirsching et al engineered an oHSVULBP3-MMP9 to co- 
express ULBP3 and MMP-9.96 Although oHSVULBP3 sig-
nificantly prolonged survival of mice bearing XFM-Luc: 
PDGF, Cre GBM tumors compared to mock, MMP-9 expres-
sion, ie, oHSVULBP3-MMP9 treatment nearly abolished the 
survival benefit of oHSVULBP3 to a mock level.96 The use 
of a VEGF-neutralizing antibody (B20) rescued anti-tumor 
effects of oHSVULBP3-MMP9, confirming the role of VEGF in 
abrogating treatment efficacy.96 Another oHSV (designated 
ONCR-1) was engineered by deleting one copy of γ34.5, 
inserting miR-124 binding sites into the ICP4 locus and 
arming with both ULBP3 and MMP-9.98 Although ONCR- 
1 controlled tumor growth and extended survival in mice 
bearing subcutaneous or orthotopic human U251 GBM 
tumors, it was not determined whether the absence of 
MMP-9 expression would have facilitated a better spread/ 
efficacy of a single transgene (ULBP3)-armed virus.98

Arming with Prodrug-Activating Genes
Oncolytic effects of an oHSV can be enhanced by arming 
with pro-drug activating genes.99 MGH2 is an oHSV 
armed with two prodrug-activating genes, cyclophospha-
mide (CPA)-activating cytochrome P4502B1 (CYP2B1) 

and CPT11-activating secreted human intestinal carboxy-
lesterase (shiCE).99 CYP2B1 converts cyclophosphamide 
(CPA) into active anti-cancer DNA-alkylating metabolite, 
phosphoramide mustard (PM), whereas shiCE converts 
irinotecan (CPT11) into active topoisomerase I inhibitor, 
SN-38. In athymic mice harboring human GBM tumor 
(Gli36ΔEGFR), MGH2 was not effective alone (vs PBS), 
but in combination with CPA and CPT11, MGH2 dis-
played a significantly robust anti-tumor efficacy in com-
parison to controls.99 MGH2 was later modified to exclude 
a green fluorescent protein (GFP) expression cassette from 
its genome, and named MGH2.1, for its assessment in 
clinical trials.100 The intracerebral administration of 
MGH2.1 was safe and did not affect the endogenous 
metabolism of CPA and CPT11.100

The aforementioned reported studies illustrate that 
oHSVs armed with therapeutic transgene(s) in general 
produce superior anti-tumor efficacy than unarmed 
oHSVs (Table 3). The therapeutic efficacy of armed 
oHSVs varied from model to model, and none of the 
armed oHSVs led to complete tumor eradication in 100% 
of animals tested compared to unarmed oHSVs or control 
treatments (Table 3), indicating further research is needed 
to improve the efficacy of armed oHSVs.

Carrier Cell-Based oHSV 
Treatment for GBM
Intra-tumoral injection is the primary mode of viral 
delivery.101–104 Intra-tumoral injection can cause backflow 
of virus solution to the needle or catheter, leading to 
significant loss of infused solution, and thus, patients 
may not receive the required virus dose.104,105 Although 
this hurdle can be overcome by multiple injections into 
several sites, each injection increases the risk of intracra-
nial bleeding and influx of cerebrospinal fluid into the 
resection cavity that could further rinse out the injected 
virus.5,104 Intravenous administration is another important 
viral delivery method; however, systemic (even local) 
administration of naked OVs can be inactivated by host 
serum/complement and other immune factors,14 and thus, 
alternative approaches were explored. In 2008, Sonabend 
et al reported the first study utilizing mesenchymal stem 
cells (MSCs) as a carrier to deliver OV for GBM 
treatment.106 In 2014, Duebgen et al loaded human 
MSCs with oHSVs (MSC-oHSVs) and demonstrated that 
MSC-oHSVs were effective in producing oHSV progeny 
and anti-tumor efficacy.107 Intracranial injection of 
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synthetic extracellular matrix-encapsulated MSC-oHSVs 
resulted in a significant extension of median survival 
compared to naked oHSV in a preclinical model of GBM 
resection.107 Similarly, MSC-oHSV-TRAIL (MSC loaded 
with oHSV-TRAIL)62 effectively induced apoptosis- 
mediated killing of oHSV- and TRAIL-resistant GBM 
cells and prolonged median survival of mice bearing 
orthotopic tumors.107 Although MSC-oHSV and MSC- 
oHSV-TRAIL were efficacious in immunodeficient GBM 
models, it is not clear whether they will be similarly 
effective against syngeneic GBM tumors.108,109 Recently, 
few more research groups utilized a similar carrier cell- 
based treatment approach for GBM.110–112 These studies 
provide an excellent platform to further investigate oHSV- 
loaded carrier cells in GBM.

oHSV-Based Combination 
Therapies for GBM
As discussed above, anti-tumor efficacy of unarmed, even 
armed viruses is limited. Thus, the focus of oHSV research 
has been shifted from monotherapy to combination ther-
apy. Multimodal approaches were implemented to com-
bine oHSV with chemotherapy, antiangiogenic agents, etc. 
(Figure 3). Here, we have covered different combinatorial 
treatment strategies that were developed in recent years.

Combination with Standard 
Chemotherapy
Temozolomide (TMZ), an oral DNA-alkylating agent and 
immunomodulator,113 is the first-line chemotherapy in 
GBM; however, at least 50% of GBM patients do not 
respond to TMZ.114 Expression of O-6-methylguanine- 
DNA methyltransferase (MGMT) is primarily associated 
with TMZ resistance, in addition to mutations in DNA 
mismatch repair proteins.114,115 OV-ChaseM sensitized 
glioma cells to TMZ and enhanced survival.88 It was not 
clear from this study whether OV-ChaseM can overcome 
MGMT-mediated TMZ resistance. TMZ was also shown 
to synergize with G47Δ in killing human GSCs in vitro 
and enhancing survival in human GSC-derived orthotopic 
tumors in vivo.116 TMZ-oHSV interaction can be immu-
nologically antagonistic since TMZ abrogated the efficacy 
of G47Δ-mIL12 in an immunocompetent orthotopic 005 
GSC-derived GBM model.117 The antagonistic interaction 
was probably associated with MGMT expression and 
immune inhibitory effects of TMZ.117 The addition of an 
MGMT inhibitor, O6-BG, to TMZ did not overcome the 

negative effects of TMZ.117 Synergy in the human GSC 
model and antagonistic effects in the mouse model can be 
explained by the fact that (i) human cancer cells are 
typically more permissive to oHSV replication than 
mouse cancer cells;31 (ii) oHSV impairs DNA damage 
response in human GSCs,116 but it is not known whether 
this occurs in mouse GSCs; and (iii) the schedule of TMZ 
treatment can also affect oHSV efficacy, since OV treat-
ment prior to TMZ significantly extended survival in 
GL261 GBM model,118 whereas antagonism observed 
when G47Δ-mIL12 and TMZ were concurrently applied 
in the 005 model.117

Inhibition of Glioma Invasion and 
Angiogenesis
GBM is a highly vascularized and invasive tumor.119,120 

Anti-angiogenic therapy is somewhat effective in 
GBM121–123 and synergizes with oHSV.57,67,124 

Bevacizumab, an anti-VEGF monoclonal antibody, inhi-
bits GBM growth by reducing tumor vascularity;122,123 

however, bevacizumab can cause tumor invasion and 
resistance via several mechanisms including an integrin 
pathway-mediated invasion.125,126 To overcome bevacizu-
mab-induced/integrin pathway-mediated invasion,66 

Tomita et al utilized RAMBO, an oHSV expressing anti- 
angiogenic vasculostatin (Vstat120) that contains an integ-
rin-antagonizing RGD (Arg-Gly-Asp) motif,127 which sig-
nificantly inhibited glioma cell migration/invasion 
following bevacizumab treatment in vitro. In vivo, the 
combination (RAMBO + Bevacizumab) significantly 
reduced the depth of tumor invasion and extended survival 
of mice bearing orthotopic GBM xenograft compared to 
bevacizumab monotherapy.66 Mechanistically, RAMBO 
prevented bevacizumab-induced cysteine-rich protein 61 
(CCN1) expression and AKT phosphorylation and even-
tually suppressed glioma invasion.66 Like RAMBO, 
G47Δ-mAngio67 was also effective in reducing bevacizu-
mab-induced tumor invasion in vivo and extending survi-
val in a U87 glioma model.67 The combination efficacy 
was associated with inhibition of tumoral VEGF and 
expression of invasion markers such as matrix metallopro-
teinases-2 (MMP2), MMP9, and collagen.67 Like the 
G47Δ-mAngio virus, G47Δ-mIL12 is also highly anti- 
angiogenic33 due to the presence of anti-angiogenic cyto-
kine IL-12. G47Δ-mIL12 in combination with a VEGFR 
tyrosine kinase inhibitor axitinib significantly prolonged 
survival of mice bearing mouse or human GSC-derived 
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GBM tumors compared to monotherapies via multifaceted 
mechanisms: direct oncolysis, increased macrophage 
recruitment, reduction of CD34+ tumor vascularity, and 
inhibition of PDGFR/ERK pathway in an immunodeficient 
model, and T cell-dependent efficacy in an immunocom-
petent model.124 No additional benefit was observed when 
anti-CTLA4 was added to the combination therapy (G47Δ- 
mIL12+axitinib).124

Manipulation of DNA Damage Response 
(DDR)
oHSV G47Δ induces DDR and synergizes with DNA- 
damaging agents such as TMZ.116 Poly (ADP-ribose) 
polymerase (PARP) plays a critical role in DNA repair. 
Ning et al128 demonstrated that PARP activity is uniformly 
inhibited by PARPi (such as Olaparib) in both PARPi- 
sensitive and PARPi-resistant GSCs. Importantly, oHSV 
synergistically interacted with PARPi and induced cyto-
toxic effects against GSCs, irrespective of their sensitivity 
to PARPi, through proteasomal degradation of DDR pro-
teins, Rad51 and Chk1. The combination (Olaparib + 
oHSV-MG18L) significantly extended the survival of 
mice bearing PARPi-sensitive or PARPi-resistant GSC- 
derived tumors compared to monotherapies. This combi-
nation strategy is unique and should also be effective to 
other solid tumors, irrespective of their sensitivity to 
PARPi.

Inhibition of Histone Deacetylase 
(HDAC)
Otsuki et al129 demonstrated that treatment of glioma cells 
with valproic acid (VPA), a commonly used antiepileptic 
agent that inhibits HDAC (an enzyme that controls cancer 
cell survival, progression, and differentiation130), prior to 
oHSV infection inhibited induction of anti-viral interferon 
genes, resulting in increased transcription of viral genes 
and improved virus replication in vitro. VPA pre-treatment 
also increased oHSV propagation and oHSV-mediated 
anti-tumor efficacy in vivo in GBM xenograft model.129 

VPA can also enhance oHSV efficacy through suppression 
of anti-viral innate immunity.131 For instance, VPA admin-
istration prior to oHSV therapy reduced NK cell activity 
against oHSV-infected GBM cells through inhibition of 
STAT5/T-bet signaling and IFN-γ production.131 Like 
VPA, tubacin (an HDAC6-specific inhibitor) also 
increased rQNestin34.5 replication in GSCs by counter-
acting antiviral effects of type I interferons and by altering 

the post-entry trafficking of oHSV toward nuclei rather 
than to the lysosome,132 and improved survival in an 
orthotopic GSC-derived xenograft model.132

Inhibition of Proteasome
Proteasomes are cellular protein complexes that degrade 
damaged proteins through proteolysis. Proteasome inhibi-
tion can result in the induction of unfolded protein 
response (UPR) and endoplasmic reticulum (ER) stress, 
and thus, it offers a way to target GBM.133,134 Bortezomib 
(a proteasome inhibitor) induces ER stress and UPR, 
which contributed to significantly enhanced oHSV 
(34.5ENVE) replication and synergistic killing of glioma 
cells.135 HSP90 was found to be the most critical UPR for 
increased oHSV replication. In an intracranial human 
GBM model, the combination therapy dramatically 
enhanced survival compared to monotherapies.135 In 
a follow-up study,136 the same group demonstrated that 
bortezomib pre-treatment of tumor cells enhanced oHSV- 
induced necroptotic cell death through induction of RIPK1 
and mitochondrial reactive oxygen species (ROS). This 
coincided with an increased secretion of IL1α from com-
bination-treated tumor cells.136 To confirm whether IL-1α 
sensitizes tumor cells to natural killer (NK) cells,137,138 

a co-culture study (treated brain tumor cells and naïve NK 
cells) was conducted and revealed a significantly increased 
secretion/expression of killer cytokines (IFN-γ and TNF- 
α) and apoptotic markers (cleaved caspase 3, 8 and cleaved 
PARP) in the combination group than single treatment 
groups. In vitro findings were also reproduced in vivo 
and it was reported that the addition of an NK cell-based 
adjuvant therapy to the combination further significantly 
enhanced the efficacy.136

Blockade of TGF-β Signaling
Transforming growth factor-beta (TGF-β) plays a critical 
role in GBM pathogenesis and maintaining GSC 
stemness.139 In a TMZ-resistant GSC-derived recurrent 
GBM model, the combination of oHSV (MG18L) and 
TGF-β receptor kinase inhibitor (TGF-βi) synergistically 
killed GSCs in vitro and produced 60% long-term survi-
vors in vivo (vs 0% with monotherapies).140 In clinical 
setting, galunisertib (a TGF-βi) in combination with TMZ/ 
radiotherapy was not effective,141 therefore, further pre- 
clinical research is needed to understand/optimize the 
therapeutic potential of TGF-βi in the context of combina-
tion therapies.
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Inhibition of Notch Signaling
Notch signaling pathway is important for cell–cell interac-
tions, tumor progression, GSC maintenance, and treatment 
resistance.142 oHSV infection of tumor cells activated notch 
in adjacent tumor cells, and miR-H16 was found to be 
responsible for notch induction through downregulation of 
FIH1 (a direct target of miR-H16).143 Notch inhibition, prior 
to oHSV treatment, by a gamma-secretase inhibitor (GSI) 
(RO4929097) resulted in increased killing of glioma cells 
and improved survival compared to monotherapies.143 

Several GSIs were evaluated in the clinic, and hence, 
oHSV + GSI combination has translational significance.

Inhibition of Integrin Signaling
Integrin β1 (ITGB1), also referred to as CD29, plays an 
important role in tumor progression144 and resistance to 
bevacizumab.145 Blockade of ITGB1 with OS2966 (a 
humanized CD29 blocking antibody) overturned bevacizu-
mab-induced resistance.145 Although OS2966 enhanced 
oHSV replication and GBM cell cytotoxicity in vitro,146 

systemic OS2966 delivery did not enhance the anti-tumor 
efficacy of oHSV (rHSVQ1-IE4/5-Luciferase) in vivo. 
Insufficient delivery of OS2966 to the brain may have 
contributed to the failure to obtain a combination effect. 
To overcome this issue, OS2966 was directly injected intra-
cranially into GBM xenograft 2 days prior to oHSV treat-
ment, and this time, the combination significantly extended 
survival compared to monotherapies.146 In contrast to 
OS2966, systemic delivery of cilengitide (another integrin 
inhibitor) significantly enhanced the anti-glioma efficacy of 
RAMBO compared to single treatments.147 Cilengitide has 
been evaluated in GBM patients148 and could be a better 
choice than OS2966 for combination studies.

Inhibition of NK Cell-Related Anti-Viral 
Response
Intra-tumoral oHSV treatment recruits NK cells within 
hours of infection,14 which substantially limits oHSV 
efficacy.149 Han et al150 demonstrated that TGF-β1 (an 
immunosuppressive cytokine) pre-treatment impaired 
NK’s anti-viral activity, leading to significantly increased 
virus yield from infected glioma cells in a co-culture study. 
In an orthotopic U87ΔEGFR model, systemic delivery of 
TGF-β1 prior to intracranial oHSV treatment significantly 
increased oHSV titers compared oHSV monotherapy, and 
this TGF-β1-mediated oHSV replication was dramatically 
decreased following treatment with 1D11 (a TGF-β 

neutralizing antibody). In a syngeneic 4C8 GBM model, 
a single dose of TGF-β prior to oHSV therapy inhibited 
recruitment/activation of NK cells (and macrophages), 
leading to efficient tumor control and extension of 
survival.150 NK depletion also enhanced oHSV efficacy, 
which was similar to the observed efficacy with TGF-β1 + 
oHSV combination.150 This study did not test whether 
transient inhibition of innate immunity has had any detri-
mental impact on adaptive immunity.

Inhibition of Macrophage-Mediated 
Anti-Viral Immunity
Infiltrating macrophages/resident microglia following 
HSV infection151,152 induce an early anti-viral 
response,153 including the production of TNF-α,154 which 
negatively influences virus replication in glioma cells and 
oHSV (rQNestin34.5)-induced efficacy in an intracerebral 
U87ΔEGFR model.151 Transient TNFα blockade abro-
gated the negative effects of TNF-α, and thereby, increased 
oHSV replication and anti-GBM efficacy in a xenograft 
model.151 Pointer et al155 and Yoo et al156 also reported 
potentiation of oHSV virotherapy in GBM by TNF-α 
inhibition using a TNF-α blocking antibody or a MEK 
kinase inhibitor (trametinib), respectively. These studies 
suggest that FDA-approved TNF-α inhibitors157 can be 
utilized to improve oHSV efficacy.

Cysteine-rich 61 (CCN1), an extracellular matrix pro-
tein, is upregulated in GBM cells in response to oHSV 
infection.158 Virally enhanced CCN1 activates type I IFN 
response159 and increases macrophage migration/activa-
tion that contributes to viral clearance.160 Anti-CCN1 neu-
tralizing antibody nullified the anti-viral effects of CCN1 
and improved oHSV efficacy in vivo, compared to 
control.160 Besides CCN1 activation, recently, Delwar 
et al reported limited oHSV replication in macrophages/ 
microglia due to STAT1/3 phosphorylation, which even-
tually formed a non-permissive barrier and prevented 
oHSV dissemination in the glioma TME.161 STAT1/3 inhi-
bition by C16, a derivative of oxindole/imidazole, rescued 
oHSV-1 replication, both in vitro and in vivo.161

Immune Checkpoint Inhibition
GBM is a highly immunosuppressive tumor and does not 
respond to immune checkpoint inhibitor (ICI).75,162 

Immunosuppression in GBM is governed by various 
mechanisms163 including, but not limited to, T-cell expres-
sion of co-inhibitory molecules such as PD-1, PD-L1, CTLA- 
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4, etc.164–168 Inhibition of PD-1/PD-L1 and/or CTLA-4/B-7 
interaction can be a critical turning point to improve oHSV 
efficacy.152,169,170 In ICI-resistant GSC-like GBM models 
(005 and CT-2A),152,163,171–174 intra-tumoral IL-12 expres-
sion by G47Δ-mIL12 dramatically sensitized tumors to ICIs 
(anti-PD-1 + anti-CTLA-4), leading to 50–89% long-term 
survivors and memory protection.152 This remarkable thera-
peutic efficacy was associated with macrophage polarization 
and total dependence on CD4+ T cells.152 ICI therapy also 
demonstrated synergy with oHSVULBP3,95 as evidenced by 
inhibition of contralateral tumor growth and extension of 
survival of mice bearing bilateral ICI-resistant XFM-Luc: 
PDGF, Cre IDH wild-type GBM tumors.95

Inhibition of the Mammalian Target of 
Rapamycin (mTOR)
mTOR is a key mediator of EGFR/PI3K/Akt signaling that 
regulates cell growth, proliferation, and survival via two 
functionally and structurally distinct multiprotein com-
plexes known as mTORC1 and mTORC2.175,176 GBM 
patients treated with rapamycin, a solely allosteric inhibitor 
of mTORC1, exhibited a high rate of resistance and worse 
progression due to mTORC1-mediated feedback and 
mTORC2 activation.175 Interestingly, rapamycin was pre-
viously shown to enhance oHSV production and spread in 
several difficult-to-treat human tumors.177 Recently, a new 
generation of mTOR inhibitor, ATP-competitive active-site 
mTORC1 and 2 inhibitors (asTORi) enhanced ICP0-deleted 
HSV1 infection specifically in transformed cells (such as 
human GBM cells) via inhibition of cellular type-I IFN 
responses, while reducing infection in non-transformed 
cells.178 The promising outcome of this combination study 
warrants further pre-clinical research in vivo in GBM mod-
els and clinical translation in GBM patients.

Other Combination Therapies
In addition to the above-described combination studies, 
many other oHSV-based combination therapies were 
described in the past.179 For example, combining oHSV 
with ionizing radiation,180 PI3K/Akt pathway inhibitors,181 

etoposide182 or HMGB1 blockade183 significantly enhances 
anti-tumor efficacy in preclinical GBM models.

Clinical Evaluation of oHSVs in 
GBM and Other Brain Malignancies
Six oHSVs (1716, G207, G47∆, M032, C134, and 
rQNestin34.5v.2) have been or are being tested in patients 

with brain tumors (Table 4).5,10,184,185 Early trials with 
HSV1716 demonstrated no evidence of HSV-mediated 
adverse events or toxicities.186–188 In the very first study, 
nine recurrent high-grade glioma (HGG) patients received 
a stereotactic injection of HSV1716, with doses escalating 
from 103–105 plaque-forming unit (pfu) in 1 mL.187 Four 
patients survived longer than 14 months following 
treatment.187 No evidence of shedding or reactivation of 
HSV was observed.187 In the second study, 12 HGG 
patients were intratumorally injected with 105 pfu of 
HSV1716.188 Tumors were resected 4–9 days after treat-
ment. Infectious HSV was recovered from injected sites in 
two patients. The viral DNA was detected in 10 patients at 
the injected site and in 4 patients at the distal tumor site.188 

An immune response (ie, changes in the levels of IgG and 
IgM) to HSV1716 was observed in two patients. Overall, 
this study confirmed the safety and replication of HSV in 
HGG tumors. In the third study, 12 recurrent or newly 
diagnosed HGG patients first underwent maximal surgical 
resection and then received HSV1716 (105 pfu) into 8 to 
10 sites in the cavity wall.186 Three patients were clinically 
stable for 15–22 months following virotherapy. Like 
the second trial, two of three seronegative patients were 
seroconverted. Imaging demonstrated a reduction of the 
residual tumor over a period of 22 months.186 A Phase 
I trial using HSV1716 in pediatric patients with surgically 
removable refractory or recurrent HGG was terminated in 
2016 and no results of this trial were posted thus far 
(NCT02031965).

The safety and efficacy of G207 were reported 
preclinically.189 Four Phase I/Ib clinical studies involving 
G207, either alone or in combination with radiation, were 
reported in patients with malignant glioma or recurrent 
GBM.101,184,190,191 In the first study, which was the first 
oHSV clinical trial in the US, 21 recurrent HGG patients 
received an intra-tumoral injection of G207 up to 3 × 109 

pfu at five sites.190 G207 was safe with no virus shedding 
observed in saliva or conjunctival secretions. Four patients 
survived 7–19 months following virus inoculation.190 

Next, a Phase Ib trial was initiated in six recurrent GBM 
patients who received two doses of G207 totaling 1.15 × 
109 pfu, with 13% of this dose injected stereotactically 
into the tumor, followed by en bloc tumor resection and 
administration of the remaining virus dose at multiple sites 
into the resected cavity wall. Replication and antitumor 
activity (ie radiographic and neuropathologic response) of 
G207 were reported.191 Markert and Colleague published 
a case report demonstrating that G207 treatment (1 × 107 

Oncolytic Virotherapy 2021:10                                                                                              submit your manuscript | www.dovepress.com                                                                                                                                                                                                                       

DovePress                                                                                                                          
19

Dovepress                                                                                                                                                    Nguyen and Saha

Powered by TCPDF (www.tcpdf.org)

http://www.dovepress.com
http://www.dovepress.com


pfu in 120 μL volume stereotactically injected into the 
enhancing region of the resected tumor) with minimal 
adjunctive chemotherapy in a recurrent GBM patient led 
to 6 years of disease-free survival, indicating a long-term 
response.192 G207 was also tested in combination with 
irradiation in a Phase I clinical trial in recurrent GBM.101 

Nine progressive recurrent malignant glioma patients 
(seven of them bearing GBMs) were stereotactically/intra-
tumorally treated with G207 (1 × 109 pfu) 24 hours prior 
to single focal 5 Gy radiation. The combination therapy 
was well tolerated and no patients developed HSV-related 
encephalitis. Three instances of marked radiographic 
response to treatment were observed.101 Based on the 
safety/efficacy of three published G207 studies101,190,191 

and the high sensitivity of pediatric brain tumors to killing 
by G207,193 the same group designed a clinical trial pro-
tocol to evaluate G207, either alone or in combination with 
radiation, in six pediatric brain tumor patients (five GBM 
and one anaplastic astrocytoma).194 Patients were safely 
implanted with 3–4 intra-tumoral silastic catheters for 
delivery of G207.195 Recently, the same group has also 
designed a first-in-human immunotherapy Phase I clinical 
trial to treat pediatric recurrent cerebellar malignancies 
and a Phase II trial to treat pediatric recurrent HGG with 
G207 combined with single low-dose radiation (5 Gy). No 
results are available from these studies yet196 

(NCT04482933).
In comparison to G207, G47∆ (which is constructed 

from G207 by adding a deletion of ICP47 gene) is 
a relatively newer version of unarmed oHSV. G47Δ was 
found safe in Phase I–IIa clinical trial in 21 patients with 
recurrent GBM (UMIN000002661).197 In a follow-up 
Phase II clinical trial in patients with residual or recurrent 
GBM (UMIN000015995), G47Δ demonstrated anti-tumor 
efficacy. In this study, G47Δ (1 × 109 pfu as used for G207 
in)101 was stereotactically injected into the tumor twice 
within 2 weeks and every 4 weeks thereafter for 
a maximum of 6 times. The treatment was well tolerated.197

Like the G47∆ virus, the safety and efficacy of C134 
and rQNestin34.5v.2 are also being tested in recurrent 
GBM patients (NCT03657576 and NCT03152318).5,6 

Since M002 (an oHSV expressing murine IL-12) was 
efficacious in mouse GBM models,198–200 the same 
group generated M032 virus (the clinical version of 
M002 but expressing human IL-12) and demonstrated its 
safety after intracerebral administration to HSV-sensitive 
non-human primates.55 M032 is currently in a clinical trial 
in patients with recurrent or progressive GBM.201 The 

promising safety profile and preliminary signs of efficacy 
exhibited by several oHSVs in patients warrant a further 
clinical evaluation in a larger patient cohort.

Current Challenges and Potential 
Remedies
FDA approval of T-VEC in 2015 and its promising efficacy 
in non-GBM cancers have fueled the field of oncolytic 
virotherapy. Since then, oHSV therapy for GBM has 
evolved rapidly preclinically. Currently, several oHSVs are 
under clinical trial evaluation and early trial results demon-
strated safety and signs of efficacy in GBM patients (Table 
4). Despite significant advancement, there are various treat-
ment challenges to oHSV exist, which include but are not 
limited to: suboptimal viral delivery, insufficient viral entry/ 
replication, limited oHSV spread, and host anti-viral 
immune response (Figure 4).4,14 As discussed above, 
although direct oHSV injection into the tumor is the most 
commonly used viral delivery method, it is not ideal for 
tumors that are located in an eloquent area of the brain or 
when the tumor is metastatic. In addition, the risks asso-
ciated with neurosurgical procedures make repeated virus 
administration difficult. Systemic intravascular delivery can 
be useful in these scenarios, but systemic injection has also 
a significant number of drawbacks, such as (i) loss of virus 
through liver metabolism; (ii) potential risk of off-target 
distribution/replication; (iii) serum/complement factors can 
neutralize oHSVs; (iv) BBB can limit viral entry to the 
tumor, etc. To overcome such limitations, other approaches 
were explored, such as intraventricular injection24,190,202 

and carrier cell delivery.106,107,110–112 GBM has aberrant 
vasculature and its outgrowth can destroy BBB.203 

Intraventricular method may provide viral access to the 
tumor without the need for repeated invasive surgical pro-
cedures. However, this approach requires further preclinical 
validation to assess its risk and effectiveness. Delivery of 
oHSV by MSCs could be another potential treatment 
approach, which avoids serum inhibitory factors and 
demonstrated promising efficacy preclinically. Carrier cell- 
based approach is under at developmental stage and needs 
to be extensively tested in immunocompetent/immunodefi-
cient GBM models to determine its utility for patients.

Following viral delivery, the next important step for 
effective treatment response is efficient viral entry/replica-
tion. HSV uses heparan sulfate proteoglycans, herpes virus 
entry mediators, and nectin-1 for its entry into host 
cells,204 and thus, their expression on tumor cells may 
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predict the treatment efficacy. Recently, Friedman et al 
demonstrated that sensitivity of pediatric brain tumor 
cells to oHSVs (G207, M032) was correlated with high 
nectin-1 expression,58 indicating receptor expression pro-
file is critical for optimal efficacy. Based on the abundance 
of tumor cell surface receptors (such as nectin-1, EGFR 
and HER2), re-targeted oHSVs can be used to enhance 
viral entry to cancer cells.42,46,47,49,51 Although re- 
targeting strategy looks promising, new oHSVs with 
advanced combinations of targets will be needed to 
address intra- or inter-tumoral heterogeneity. In addition, 
re-targeted oHSVs might produce off-target effects on 
healthy cells, since the same receptors (EGFR and 
HER2) can be shared with non-cancerous cells.205,206 To 
overcome this issue, re-targeted oHSVs can be further 
modified to allow virus replication selectively in GBM 
cells that have distinguished miRNA expression profile 
compared to normal/healthy brain cells.49,51

Another important issue that needs to be addressed 
before utilizing the full potential of oHSVs is maximizing 
oHSV replication/spread. The anti-viral innate immunity 
and condensed extracellular matrix play important role in 
limiting viral replication/spread. Various approaches have 
been employed to address these issues such as the devel-
opment of HCMV/HSV – a chimeric oHSV that replicates 
in a similar fashion as wild-type virus,36,38–41 or genera-
tion of armed oHSVs that express E-cadherin,84 chondroi-
tinase ABC,88 or MMP-996 to enhance cell-cell oHSV 
spread, or transient inhibition of anti-viral innate immunity 
prior to oHSV infection to improve virus replication and 
spread.150,151,155,156,160,161 It is still not completely clear 
how the host’s innate resistance mechanisms/pathways (eg 
IFN signaling pathways and cGAS/STING pathway) limit 
oHSV replication/spread in cancer cells/TME or whether 
inhibition of innate (macrophage- or NK-related) immune 
pathways150,151,155,156,160,161 will somewhat compromise 
adaptive anti-tumor immunity. Further understanding of 
the host’s anti-viral signaling pathways will help to design 
new combination strategies for GBM.

Successful viral delivery, entry, replication and spread 
should eventually activate the host’s adaptive anti-tumor 
immunity, leading to recruitment of T cells to the TME. 
However, recruited T cells are often counter-balanced by 
the expression of the exhaustion markers such as PD-1. Anti- 
PD-1 monotherapy failed to reach intended treatment goals 
in GBM (Phase III CheckMate-143),75,207 illustrating that 
poor tumor immunogenicity and immunosuppression led to 
treatment-insensitive lesions.207,208 In advanced melanoma 

patients, T-VEC promoted intratumoral T cell infiltration and 
sensitized tumors to anti-PD-1.170 A combination of ICIs and 
oHSV was shown to eradicate the intracranial tumor in 
a murine GSC model,152 indicating the potential promise of 
this combination approach for poorly immunogenic GBMs. 
Even though T-VEC + ICI combination trials are currently 
running in non-GBM cancers, more research is needed to 
optimize new viral vectors and design more rationale combi-
nation clinical trials for GBM. This may include the genera-
tion of new oHSVs expressing immune modulators (eg, IL-2, 
CD40L, OX40L and 4–1BBL) and testing them in combina-
tion with ICIs or other anti-cancer therapies. Viral oncolysis 
exposes tumor antigens to dendritic cells (DCs); thus, new 
oHSVs can also be combined with tumor antigen-loaded DC- 
based vaccine to provoke a tumor-specific T-cell response.209
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