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Abstract

Introduction: High-grade gliomas (HGG) are the most common malignant primary brain tumors
in adults, with a median survival of ~18 months. The standard of care (SOC) is maximal

safe surgical resection, and radiation therapy with concurrent and adjuvant temozolomide. This
protocol remains unchanged since 2005, even though HGG median survival has marginally
improved.

Areas covered: Gene therapy was developed as a promising approach to treat HGG. Here we
review completed and ongoing clinical trials employing viral and non-viral vectors for adult and
pediatric HGG, as well as the key supporting preclinical data.

Expert opinion: These therapies have proven safe, and pre- and post-treatment tissue analyses
demonstrated tumor cell lysis, increased immune cell infiltration, and increased systemic immune
function. Although viral therapy in clinical trials has not yet significantly extended survival of
HGG, promising strategies are being tested. Oncolytic HSV vectors have shown promising results
both for adult and pediatric HGG. A recently published study demonstrated that HG47A improved
survival in recurrent HGG. Likewise, PVSRIPO has shown survival improvement compared to
historical controls. It is likely that further analysis of these trials will stimulate the development
of new administration protocols, and new therapeutic combinations which will improve HGG
prognosis.
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1. Introduction

In 2022, it is estimated that High-grade glioma (HGG) will lead to 18,000 deaths in the
United States [1]. Decades of ongoing preclinical and clinical research have led to an
improved understanding of the biological mechanism of HGG and some improvements

in clinical outcomes [2-5]. Presently, patients with newly diagnosed HGG will live, on
average, between one and two years after being diagnosed. The current clinical standard of
care (SOC) for patients with newly diagnosed HGG involves maximal safe surgical resection
and radiation therapy (RT) with concurrent temozolomide (TMZ) followed by adjuvant
TMZ. This regimen resulted from a randomized-controlled Phase 3 study conducted by
Stupp and colleagues, comparing RT combined with concomitant and adjuvant TMZ therapy
to RT alone in patients with newly diagnosed HGG, published in 2005 [6]. The experimental
arm in this study resulted in a median overall survival (OS) of 14.6 months in the TMZ plus
RT arm vs. 12.1 months in the RT alone arm. In follow-up of this patient cohort, the 5-year
OS of the experimental group was 9.8% vs. 1.9% in the control group [7].

While certain tumors — i.e., harboring methylguanine methyltransferase (MGMT) promoter
methylation — may benefit from alkylating chemotherapy (TMZ) [8], RT has anti-tumor
activity regardless of molecular subtype and has been shown to improve progression-free
survival (PFS) as well as OS among newly diagnosed patients.

The critical role of RT in the treatment of HGG was stregthed over the past several decades,
with numerous studies showing that radiation (if delivered in a “sufficiently high” dose)

is responsible for improving multiple disease-related endpoints. Historically, to improve
treatment HGG, early clinical trials demonstrated that (beyond surgery) RT was more
beneficial than agents such as BCNU (carmustine), CCNU (lomustine), and bleomycin [9].
Compared to supportive care, RT was also noted to be superior in improving outcomes
(BTSG 69-01)[9]. Several decades later, this was again demonstrated by a more modern
French trial (which concluded in 2005) examining elderly patients; the study was terminated
early when it was determined that patients not undergoing RT were significantly more
likely to die from their disease sooner [10]. Importantly, clinical trials also showed that

a cumulative dose of up to 60 Gy was associated with the best overall outcomes and

large fields such as whole-brain radiotherapy (WBRT) were unnecessary [11]. Since then,
dose escalation attempts have shown no benefit with doses higher than 60 Gy, such as in
clinical trials like RTOG 7401, RTOG 9006, and RTOG 9305 (which utilized stereotactic
radiosurgery as a “boost”) [12-14]. For most patients, modern fractionated radiotherapy

is undertaken to utilize “standard fractionation” (i.e. < 2Gy/daily fraction of treatment)

to a cumulative dose of 60 Gy delivered in 6 weeks. For patients who are older or

with poor performance status, there are also clinical trial data that support the use of
“hypofractionated” approaches (i.e., abbreviated courses with up to 3.5Gy/day) finishing in
< 3 weeks [15-18].
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Modern treatment planning utilizes intensity-modulated highly-conformal RT which delivers
radiation to the tumor/cavity plus surrounding areas at risk of microscopic involvement.
After three-dimensional definition, software-assisted expansion (typically of 2 cm) is used
to define the target/treatment volume [19]. Depending on the approach utilized, this may

or may not incorporate expansions beyond any non-enhancing abnormality seen on MRI
T2/FLAIR sequences; if the latter is incorporated into the treatment approach, a lower dose
of 46-50 Gy may be utilized to comprehensively cover areas of hon-enhancing disease.
After target volume definition, sophisticated computer-assisted optimization helps enhance
treatment metrics to minimize irradiation of normal critical structures.

Subsequently, the addition of tumor-treating fields (TTFields), a low-intensity alternating
electric field delivered via transducers on the scalp, to maintenance TMZ in the up-front
treatment setting led to an increase in median OS increase from 16.0 months to 20.9 months
and PFS from 4.0 months to 6.7 months when compared to maintenance TMZ alone [20].
Though some barriers remain in the use of TTFields in large numbers of patients with

HGG globally, including access to the device, device cost, and inconvenience of use, it has
been suggested that the use of TTFields treatment be discussed with all newly diagnosed
patients with HGG [21]. Additionally, meta-analysis of several clinical trials revealed that
the addition of bevacizumab to RT led to improved PFS, but similar improvement was not
seen in the median OS or OS at 6 months (OS6) from diagnosis [6,22].

Numerous recent Phase 111 studies have been conducted with cytotoxic chemotherapy,
targeted therapy, and immunotherapy. However, these studies have failed to meet their
primary efficacy endpoints and recommended up-front treatment for patients with HGG
remains unchanged [23-27]. Despite advances in surgical, imaging, and therapeutic
techniques, the median survival for patients with HGG has improved marginally at best
during the past several decades, highlighting the need to expand our clinical/translational
research efforts to improve outcomes.

Pediatric diffuse HGG (pHGG) is a particularly devastating childhood cancer, accounting for
10-25% of all pediatric central nervous system (CNS) tumors, with few patients surviving
more than two years after diagnosis [28,29]. Although clinical presentation and tumor
histology of HGG and pHGG are often very similar, these two entities are distinct in the
genetic and epigenetic alterations found in these two tumor types [30-32].

The most recent updates to the WHO Classification of Tumors of the CNS (51" edition,
2021) have led to significant changes in how pediatric CNS tumors are classified, shifting
from the use of histologic features to a predominantly molecularly based classification
system [33]. According to this updated classifier, pediatric-type HGGs are divided into

four subtypes: diffuse midline glioma (DMG), H3K27 altered; diffuse hemispheric glioma,
H3G34 mutant; diffuse pHGG, H3 wildtype and /DH wildtype; and infant-type hemispheric
glioma [33]. Each subtype varies in its frequently concurrent genetic alterations and overall
prognosis while DMG remains incurable, infant-type hemispheric gliomas display a less
aggressive clinical behavior and has frequent mutations in receptor tyrosine kinases that
might become targetable with tyrosine kinase inhibitors [34,35].
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Treatment approaches that have become SOC in adult HGG patients have not led to
equivalent improvements for pediatric patients, despite several parallel treatment regimens
studied in children and adolescents [32,36—38]. There remains some debate about the

SOC treatment of pHGG, in part because it is now understood that pHGG includes

several distinct subtypes and, therefore, previous clinical trials included very heterogenous
patient populations. Currently, non-DMG pHGG is treated with focal RT combined with
concomitant and adjuvant cytotoxic chemotherapy (TMZ +/- lomustine) or adjuvant
targeted therapy based on tumor-specific mutations. A distinct entity of pHGG, unique to
the pediatric and adolescent population, is DMG, which occurs in midline structures, most
commonly the pons and thalamus [39]. Traditional cytotoxic chemotherapy has been studied
in several variations in patients with DMG with no improvement in outcome when combined
with focal RT compared to focal RT alone, and therefore focal RT remains the standard
clinical approach for patients with DMG [40-43].

Due to treatment resistance and infiltrative nature of HGG, gene therapy arises as a
promising approach. Gene therapy employs genetic material to transduce in tumor cells

to fight disease. A variety of viral vectors have been proposed for HGG and are currently
ongoing Phase | and Il clinical trials studying safety and efficacy in both adult and pediatric
HGG. This review covers clinical trials using gene therapy for the treatment of HGG. We
used ClinicalTrial.gov (accession date: October 2022) database to create a summary table
containing the vector used, ID number, phase, status, and age of the patients (Table 1).

We have also included key supporting pre-clinical data for these studies and the published
clinical trial studies results.

2. Gene therapy vectors

Unprotected nucleic acids (RNA or DNA) are not stable for long periods within a biological
environment. Furthermore, RNA needs to reach the cell cytoplasm, to perform its function,
and DNA must enter the cell nucleus to be transcribed and edit the cell’s genome. Therefore,
the major challenge in gene therapy is the delivery of effectors to cells. There is a wide
variety of delivery methods, but they can broadly be divided into two groups: Viral and
non-viral vectors.

2.1 Viral Vectors

Viral vectors employ a wide range modified viral species (Fig. 1 highlights the viral vectors
employed in clinical trials for HGG). Generally, they employ strong promoters to induce
high-level gene expression. The nucleic acid content of each virus greatly influences its
gene expression signature. Single-stranded RNA (ssRNA) genomes exhibit rapid initiation
of transgene expression, but they are transient. DNA-based vectors are also transient, but
typically generate long-term expression based on their ability to integrate into the host
genome. Likewise, retroviruses, carrying RNA genomes, can establish long-term expression
through chromosomal integration. In addition, viral vectors can have oncolytic features,
and therefore trigger immunogenic cell death (ICD) (Fig. 2). Oncolytic viruses are weakly
pathogenic that have been genetically modified, or naturally occurring, to replicate in host
cancer cells, without harming normal cells, resulting in enhanced anti-cancer effects.
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2.1.1 Adenovirus vectors—Adenoviruses (AdV) are non-enveloped double-stranded
DNA viruses. Their genome is a linear molecule of 26—45 kb with an icosahedral protein
capsid. They have the ability to remain stable to physical and chemical changes [44].

AdV are very effective vectors for gene delivery, due to their easy genetic manipulation,
effortless transfection, and high transduction efficiency. They can deliver transgenes of ~8
kb, and up to 30 kb in the newer generation helper-dependent vectors. However, their main
disadvantage is that they induce immune reactivity [45].

AdV have genes controlling two stages of the virus life cycle: Early and Late. Early genes
are involved in entering the host cell, delivering the genome to the nucleus, and replicating
the viral DNA (regions E1 to E4). Late genes orchestrate transcription/translation of the
structural parts of the virus (regions L1 to L5). First generation AdV vectors have a deletion
of the E1a and E1b genes and can have an insertion cassette of up to 3—4 kb of foreign DNA,
or deletion of E1 and E3, with the ability to hold 5-6 kb of DNA. However, because of

the induced immunogenicity against transduced cells, second generation AdV were created
with the deletion of E1 and E2 or E1 and E4 genes. Second generation of AdV are more
complex to produce but have a decreased hepatotoxicity and a greater stability /n vivo.
Nonetheless, they still induce immunological challenges [44]. The last generation of AdV
are called gutless or helper virus-dependent, where the entire viral coding sequences are
removed, therefore reducing immunogenicity and enhancing safety. These vectors have the
end sequences of the genome, the ITRs sequence required for DNA replication and the
packaging signal (\¥) of the virus [44-46].

One of the main strategies involving AdV is suicide gene therapy. This method induces

the expression of an enzyme that can convert a nontoxic prodrug to an active toxic
compound, therefore causing the death of transduced cells. This approach is lethal for
replicating cells, which allows targeting brain tumor cells, without harming non-dividing
brain cells. AdV inducing the expression of herpes simplex virus-thymidine kinase (HSV-
TK) is accompanied by a pro-drug, ganciclovir (GCV), that can be activated by this enzyme.
HSV-TK phosphorylates GCV, and monophosphorylated GCV gets further phosphorylated
into triphosphate-GCV (3P-GCV). When cells initiate replication, 3P-GCV is incorporated
in de novo DNA strands, which causes DNA replication to be halted, followed by apoptosis.

The viral therapy using AdV-TK combined with GCV was studied in a randomized Phase
Il clinical trial (NCT00870181) for patients with recurrent grade I11 and IV malignant
gliomas. The study was deemed to be safe and displayed improvement of PFS at 6 months,
PFS and OS in patients treated with AdV-TK compared with SOC treatment [47]. To
further study this therapy, a prospective Phase I clinical trial (NCT00589875) for newly
diagnosed malignant gliomas studied gene-mediated cytotoxic immunotherapy (GMCI). The
patients received AdV-TK along with valacyclovir (valine ester of GCV, that has improved
bioavailability in the brain), combined with standard radiation and chemotherapy. Reports
showed improvement in patients with greater tumor resection, with a median OS of 25
months of the combined therapy versus 16.9 months for SOC alone and 3-year survival of
32% vs 6%, respectively [48]. Moreover, a Phase | clinical trial for pediatric brain tumors
(NCT00634231) combining AdV-TK intratumoral injection and GMCI along with SOC,
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proved to be safe and a survival of more than 24 months was obtained by 3 of the 8 patients,
including 2 patients with no tumor progression at 37.3 and 47.7 months after therapy [49].

There are several completed (NCT00751270) or ongoing clinical trials (NCT03596086 and
NCT03603405) for newly diagnosed or recurrent HGG using AdV-HSV1-TK/valacyclovir.
Also, there are trials exploring the combination of AdV-HSV1-TK/valacyclovir with
AdV-FIt3L (NCT01811992), or with immune check point inhibitors drug (Nivolumab)
(NCT03576612). However, further studies are needed using AdV in combination with other
therapies to assess the actual efficacy of these approaches.

Another approach of viral therapy is AdV-p53, which employs a replication deficient Ad

to restore wild type p53 gene function. This is the case of the first gene therapy product
approved by a government agency, Gendicine. It was approved in 2003 by the China Food
and Drug Administration (CFDA), to treat head and neck cancer. There have been two
completed clinical trials of AdV-p53 for glioma in the United States (NCT00004041 and
NCTO00004080). However, the only one that published its results shows that at the dose and
schedule employed, transduced cells were found only close to the injection site [50].

Non-replicative AdV therapies have also been used as immune boosting therapies to
enhace the antitumor immune response. A new strategy has been developed using an
AdV expressing interleukin-12 (IL-12) under the control of the RheoSwitch System®
(Ad-RTS-hiL-12) combined with the activator Veledimexin (VDX) [51]. This approach
has been tested in a Phase | clinical trial (NCT02026271) for recurrent HGG and

proved to be safe and showed promising preliminary results, with increased lymphocyte
tumor infiltration, possibly a response to IL-12 [52]. Nonetheless, corticosteroids reduced
the OS. This resulted in a Phase | sub-study (NCT03679754) to analyze IL-12 as a
monotherapy in patients with GBM. This viral strategy was also employed in Phase | dose
escalation clinical trial (NCT03636477), where Ad-RTS-hIL-12/VDX was administered
in combination with Nivolumab for recurrent glioblastomas. The results showed a safe
outcome of the combination treatment and is now headed to a Phase |1 clinical trial using
Ad-RTS-hIL-12 plus Veledimex in combination with Cemiplimab-rwlc for patients with
recurrent glioblastoma (NCT04006119) [53]. In the pediatric field, a Phase-I clinical trial
(NCT03330197) explored the effect of Ad-RTS-hIL-12/VVDX therapy for pediatric brain
tumors but it was terminated in 2021 due to slow accrual.

Also, AdV have been used to induce the expression of interferon beta (IFN-B). A Phase |
clinical trial for recurrent glioma administered a pretreatment of a stereotactic injection of
Ad-IFN-B, followed 4-8 days later by surgical removal of tumor and additional injections
of Ad.hIFN-B into the tumor bed (NCT00031083). Resected tumor exhibited necrosis, and
more infiltration of neutrophils, macrophages, and monocytes compared with pretreated
tumors. One subject developed confusion and presented swelling and edema and died

83 days post initial injection. Postmortem examination showed hemorrhagic necrosis and
inflammation involving the leptomeninges, consistent with direct contact with cerebrospinal
fluid (CSF) containing virus [54].
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Another approach employing Ad vectors is VB-111. This non-replicating AdV carries a
proapoptotic Fas-chimera transgene (Fas and human TNF receptor 1) under the control

of a modified murine pre-proendothelin promoter (PPE-1-3x) [55]. VB-111 targets and
damages blood vessels. A Phase I/11 study for recurrent GBM evaluated the safety,
tolerability, and efficacy of single and multiple doses of intravenous infusion of VB-111
with and without bevacizumab (anti- Vascular endothelial growth factor A) (NCT01260506).
Patients treated with VVB-111 monotherapy that continued to be treated with bevacizumab
after progression showed significant survival and PFS advantage [56]. This was followed

by a Phase 11 clinical trial, where patients were randomized 1:1 to receive VB-111

in combination with bevacizumab or bevacizumab monotherapy. In this study, upfront
concomitant administration of VB-111 and bevacizumab failed to improve outcomes in
recurrent GBM. (NCT02511405)[57]. Currently VVB-111 is being analyzed under a different
administration protocol in a Phase Il clinical trial (NCT04406272) where a group of patients
receive VB-111 before and after the surgery, while the other group only receives it after
surgery.

Oncolytic adenovirus therapy is another approach investigated for the treatment of
glioblastomas. This therapy is based on the engineered modification of AdV to conditionally
replicate in tumor cells and induce cell lysis, exposing cancer cell antigens and

finally stimulating the immune response [58,59]. The oncolytic adenovirus DNX-2401
(Tasadenoturev) was generated to target replicating tumor cells with retinoblastoma pathway
mutations [60]. Several clinical trials have been recently completed or are ongoing with

this agent. The first clinical trial administering DNX-2401 was a Phase I, dose-escalation
study for patients with recurrent HGG (NCT00805376). It was reported that 20% of patients
survived for >3 years, and 3/37 patients presented >95% tumor reduction. DNX-2401
treatment generated an antitumor response, possibly due to its oncolytic effects [61].

Similarly, another Phase I/11 clinical trial using DNX-2401, intratumoral administration
directly into the tumor mass, has been performed in the Netherlands (NCT01582516). The
cerebrospinal fluid (CSF) analysis from these patients showed that DNX-2401 treatment
increased cytokines levels such as interleukin 6 (IL-6), tumor necrosis factor alpha (TNF-
a), and Interferon gamma (IFN-v). Follow up experiments performed /n vitro evaluated

the effects of patients” CSF on macrophages and showed an increment of CD64 (M1
pro-inflammatory polarization)[62]. Another strategy is the combination of DNX-2401 with
immune therapies. Ongoing Phase I1 clinical trial (CAPTIVE, NCT02798406) is studying
the effect of Pembrolizumab, an anti-PD-1 antibody, treatment in combination with the
oncolytic DNX-2401. In addition, a Phase | trial combining oncolytic DNX-2401 therapy
and TMZ is ongoing for recurrent glioblastoma (NCT01956734). Further, a first Phase | trial
is testing a third generation of DNX-2440 expressing the co-stimulatory molecule OX40L,
for recurrent glioblastoma (NCT03714334). For pediatric brain tumors (DIPG), a Phase |
clinical trial evaluating DNX-2401 treatment (NCT03178032) is currently ongoing. Another
combination studied was intratumoral administration DNX-2401 alone versus DNX-2401
with interferon gamma (IFN). This Phase Ib study results showed the addition of IFN did not
improve survival [63].
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2.1.2 HSV vectors—Herpes virus simplex 1 (HSV-1) are human infectious virus from
the Herpesviridae family. They are enveloped virus with a 152 kb viral genome of double-
stranded DNA. The genome of HSV contains 74 known ORFs and two unique regions called
long region (UL) containing 56 viral genes and a short region (US) containing 12 genes.
HSV are highly infectious and can infect several cell types; many genes are not necessary
for growth in vitro and can be removed to create space to insert exogenous transgenes.
HSV-1 can be grown with minimal requirements for replication and packaging (Patel, 2011).
HSV-1 has neurotropic properties that help for targeting neural pathologies. Furthermore,
the deletion of the y34.5 gene reduces the neurovirulence and neuropathogenicity. HSV-1
induces tumor cell death, and also initiates and improves the antitumor immune response
[64,65].

The first oncolytic virus engineered to treat brain tumors was an HSVvirus [66]. HSV-G207
is a vector carrying the deletion of two copies of -y34.5 and the insertion of E. Coli
R-galactosidase gene (LacZ) in the UL39 gene, thus inhibiting replication of HSV-1 in
normal cells. Also, this vector expresses the thymidine-kinase (TK) gene, whose cytotoxicity
can be activated with systemic GCV. This therapy is based on the ability to induce glioma
cell death by oncolysis, while also enhancing the tumor infiltration of cytotoxic immune
effectors (Fig. 2). There have been two clinical trials, Phase I and 11, (NCT00157703

and NCT00028158), employing a single dose of HSV-G207 for glioma treatment. Results
proved the treatment to be safe and indicated a potential treatment response [67-69]. For
pediatric brain tumors, the use of the oncolytic HSV-G207 is currently ongoing. A Phase

I clinical trial (NCT02457845) administrating HSV-G207 with radiation showed no toxic
effects, clinical, radiographic, and pathological responses in 11 of 12 patients showed
significant increased tumor infiltrating lymphocyte [70]. There are two ongoing studies
aiming to describe the effect of this vector: a Phase Il clinical trial administering HSV-G207
with a single radiation dose in pediatric recurrent HGG (NCT04482933); and a Phase |
clinical trial in recurrent cerebellar brain tumors (NCT03911388).

Further evolution of HSV-207 includes a modification (M032-HSV-1) by inserting the
proinflammatory cytokine IL-12 to increase the activation of the adaptive immune
response[71]. A Phase I clinical trial (NCT02062827) using this approach for the treatment
of recurrent HGGs is currently in progress, as well as a Phase I/11 in combination

with Pembrolizumab (NCT05084430). Several ongoing trials are testing HSV variants in
patients with GBM, such as HSV-1716 (NCT02031965), MVR-C252 (NCT05095441),
C134 (NCT03657576) have been conducted or are ongoing in patients with GBM.

Another oncolytic HSV-1 is G47A. This is a triple mutated third generation HSV-1,
generated by deleting the a47 gene and overlapping US11 promoter from parental second
generation G207, that carried deletions in both copies of the y34.5 gene and an inactivation
of the ICP6 gene [72]. G47A was proved to be safe when administered to patients with
GBM in Japan (UMIN-CTR: UMINO000002661). Follow up, a Phase Il clinical trial was
(UMIN-CTR: UMINO000015995) for adult patients with residual or recurred HGG after
initial therapy of surgery, radiation and temozolomide. The protocol of administration was
intratumoral injection of G47A, and repeatedly for up to six doses, employing MRI-guided
stereotactic surgery at intervals of 5-14 days for the initial and second doses, and up to six
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doses at intervals of 4 + 2 weeks for the subsequent doses. Results indicate that HSV G47A
was able to improve survival, keeping a safety profile. OS was 20.2 (16.8-23.6) months after
treatment initiation and 28.8 (20.1-37.5) months from the initial surgery [73]. This trial was
submitted in 2014, by then glioma patients were not tested on regular basis for isocitrate
dehydrogenase 1 (IDH1) mutation, therefore the status of IDH1 mutation was not included
as a covariate in this study. Pos hoc analysis determined that 6 of 19 patients had IDH1
mutation. Regardless, authors did not find a statical difference considering the IDH status in
the OS [73].

A different strategy employing HSV is a vector that was generated by including one deletion
of the -y34.5 gene and a second copy of this gene under the control of the nestin promoter
(rQNestin -y34.5v2). This construct enables viral replication in tumor cells that have a
high expression of nestin. Thus, viral replication occurs in glioma tumor cells sparing
normal cells [74]. There is an active Phase I clinical trial employing rQNestin -y34.5v2
(NCT03152318) for recurrent HGG. Treatment is administered intratumorally during
surgery, with and without cyclophosphamide. Preliminary results showed this treatment
mediated NOTCH induced infiltration of myeloid derived suppressor cells (MDSCs) and
increased CCL2 and IL-10, marking suppressed anti-tumor immunity. This led the authors
to propose a combination with pharmacologic blockade of NOTCH signaling to overcome
MDSC recruitment and immune suppression [75].

2.1.3 Retroviral vectors—Retroviruses are single-stranded RNA oncolytic enveloped
viruses. Their genome has two copies of highly condensed RNA molecules of 7-12 kb [76].
One of the most common retroviral used is the murine leukemia virus-derived replication-
competent gamma-retroviruses, that allows the incorporation of up to 8 kb of foreign DNA
and has de ability to transfect only replicating cells [77]. The first genetic delivery systems
tested in the clinic to treat brain tumors were retroviral vectors, encoding for HSV-TK

plus systemic administration of cytovene (GCV) (NCT00001328) [78-80]. The preliminary
results revealed an anti-tumor activity in patients with smaller tumors and recurrent glioma
[79]. A Phase I1I, multicenter, randomized, open-label, controlled trial for newly diagnosed
HGG. However, the treatment efficiency was lower than expected, and OS did not support
further studies. The failure of the protocol was attributed to a presumably poor rate of
delivery of the HSV-TK gene to tumor cells. The authors proposed that in the future delivery
should be improved[78].

Another approach using retrovirus was Vocimagene amiretrorepvec (Toca 511), a tumor-
targeted, replication-competent gamma-retrovirus that induces the expression of cytosine
deaminase (CD). The prodrug 5-flucytosine (5-FC) is metabolized by CD into 5-fluorouracil
(5-FU). 5-FU interferes with thymidylate synthase and incorporation into RNA and

DNA, which leads to cell death [81]. Toca 511 plus 5-FC was tested in combination

with TMZ and was able to improve treatment in TMZ-sensitive glioma [82—84]. This
combined treatment (Toca 511 + 5-FC) was reported to sensitize glioma to radiation

therapy [85]. Several clinical trials tested this combination for the treatment of patients

with HGG (NCT04105374; NCT01156584; NCT01985256; NCT02598011; NCT02414165;
NCTO04327011). In a Phase I trial, patients treated with Toca 511 plus Toca FC exhibited

a promising response, therefore this treatment was further evaluated in a randomized Phase
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I11 clinical trial [86]. Unfortunate, treatment failed to meet expectations, since there were no
significant differences against the active control group (mOS: 11.10 vs. 12.22 months) [57].

2.1.4 Newcastle disease virus—Newcastle disease virus (NDV) is a highly
pathogenic avian single-strand RNA virus. NDV-based vectors have oncolytic and
immunostimulatory capabilities, with a natural tropism for tumor cells [87]. Recombinant
NDV vectors were generated by reverse genetics to be used as a potential cancer therapy
agent [88]. The Hebrew University Jerusalem (HUJ) strain of NDV (NDV-HUJ) was
tested in a Phase I/11 trial for patients with recurrent HGG, in a protocol of intravenous
administration (NCT01174537) [89], however this trial was withdrawn, and there are no
published results.

2.1.5 Measles virus—Measles virus (MV) is an enveloped single-strand RNA oncolytic
virus. MV hemagglutinin glycoprotein has a high affinity for receptors such as nectin-4

and CD46 on host cells, and its fusion protein mediates cell-cell fusion, inducing

apoptosis of these cells [90,91]. CD46 is a receptor overexpressed by neoplastic cells

[90]. The highly attenuated Edmonston strain (MV-Edm) genetically engineered to produce
carcinoembryonic antigen (CEA) has potential therapeutic efficacy in gliomas [92,93]. A
Phase | dose-escalating clinical trial of MV-CEA exhibit no dose-limiting toxicities in
patients with recurrent HGG (NCT00390299) [93]. Another approach is a modification

of MV-Edm genetically engineered to produce human thyroidal sodium iodide symporter
(NIS). Expression of NIS allows cells to actively transport iodide ions into the cell.
MV-NIS-infected cells express NIS, and can uptake radioiodine, thus providing the basis
for in vivo radioiodine imaging studies to reveal the location of MV-NIS-infected cells.
MV-NIS has been evaluated in a Phase I clinical trial (NCT02962167) for children and
young adults with recurrent medulloblastoma or recurrent atypical teratoid rhabdoid tumors
(ATRT) [58,94].

2.1.6 Reovirus vectors—Reovirus is a double-stranded RNA oncolytic virus. It is
generally nonpathogenic in humans, with oncolytic properties having been observed in

a broad range of tumor types, including carcinoma, myeloma, and melanoma, and the
wild-type strain pelareorep (Reolysin) has received orphan drug designation by the FDA.
They are able to infect and lyse tumor cells but not normal cells because Reovirus
employs activated Ras signaling pathway present in glioma cells to elicit proteolytical
viral disassembly [95]. A Phase I trial using single intratumoral injections of reovirus

to treat recurrent malignant glioma patients showed it was well tolerated. Ten patients
exhibited tumor progression, one had stabilization, and one was not evaluable for response.
Median survival was 21 weeks (range, 6-234) (NCT00528684)[96]. Another active trial
is employing this virus in combination with Sargramostim (recombinant granulocyte
macrophage colony-stimulating factor (GM-CSF)) (NCT02444546).

2.1.7 Poliovirus vectors—Polioviruses (PV) are single-stranded RNA viruses in the
Enterovirus genus and Picornaviridae family responsible for poliomyelitis. PVSRIPO is
an oncolytic recombinant nonpathogenic polio—rhinovirus chimera. It nonlethally infects
antigen-presenting cells, eliciting proinflammatory cytokine responses and enabling T-cell
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stimulation while simultaneously causing lethal cytotoxicity in neoplastic cells, illustrating
that this gene therapy could be a potential counter to tumor immunosuppression as well as
a method to initiate antitumor immunity [97]. PVSRIPO was initially tested in a Phase |
clinical trial for the treatment of recurrent HGG (NCT01491893). This study reported no
neurovirulent potential and an increased OS of PVSRIPO-treated patients in comparison
with historical controls. Patients who received PVSRIPO had a 24- and 36-month survival
rate was 21% (11 out of 33 patients)[97]. An active Phase Il clinical trial is now trying to
establish its efficacy as a monotherapy for HGG treatment (NCT02986178). Combination
of PVSRIPO with Atezolizumab, an anti-PD-L1 monoclonal antibody, has been proposed
in a Phase 1b/1l for adult HGG (NCT03973879). Although this trial was withdrawn, it is
registered that a re-submission is planned. There are two currently active PVSRIPO clinical
trials, a Phase | for pediatric grade I11/1VV malignant gliomas (NCT03043391), and a Phase Il
multi-institutional clinical trial for adult HGG (NCT04479241).

2.1.8 Parvovirus—Parvoviruses are single-stranded DNA viruses in the Parvoviridae
family. Parvovirus H-1(H1PV) infects rats and is nonpathogenic to humans. Preclinical

data of oncolytic H1PV infection of glioma cells demonstrated strong cytotoxicity [98].
H1PV has been employed in a Phase I/11 clinical trial for adults with recurrent HGG
(NCT01301430). It had 2 groups, group 1 received an intratumoral injection and a follow up
administration into the walls of the tumor cavity during tumor resection; In group 2 H1PV
was administered intravenously and afterwards, into the surrounding brain tissue during
tumor resection. In the 6-month follow-up period, 12/18 of the subjects had recurrent disease
or died. H-1PV was confirmed to have crossed the blood brain barrier (BBB) and, subjects
with the higher dose had an increase in antibodies [99].

2.1.9 Vaccinia virus—Vaccinia viruses (VACV) are enveloped double-stranded DNA
oncolytic viruses in the Poxviridae family. They have a large genome that can carry
transgenes to enhance its oncolytic ability [100].

Several solid tumors have been clinically treated with different VACV, with promising
results [101]. A highly attenuated variant VACYV, called TG6002, was developed by deleting
two genes from Copenhagen strain VACV. TG6002 expresses fusion suicide gene (FCU1)
that encodes for a bifunctional fusion protein combining cytosine deaminase (CD) and
uracil phosphoribosyl transferase activity (UPRTase)[102]. FCU1 can convert 5-FC into
toxic metabolites 5-FU and 5-fluoro-uridilyl monophosphate (5-FUMP), which induce
cytotoxicity due to the inhibition of DNA and protein synthesis. There is currently a

Phase 1/11 clinical trial for HGG using TG6002 plus 5-FC in combination with SOC
(NCT03294486), but it has no published results yet.

2.1.10 Lentiviral vectors—Lentiviruses are positive-sense single-stranded RNA viruses
[103]. Lentiviral vectors (LV) integrate into the host genome, and can replicate in non-
dividing cells. [104]. In comparison to gamma-retroviruses, LV area able to hold a
substantially bigger transgenes cassette (up to 18 kb) [105], and third-generation HIV-based
vectors present an increased transduction efficacy. These vectors can be engineered to

have tissue tropism through pseudotyping. They have also been shown to have a low
immunogenicity because they lack viral protein synthesis expression [103].
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Glioma cells present a higher transduction efficiency than other brain cells, when infected
with LV pseudotyped with Lymphocytic Choriomeningitis Virus glycoproteins [106,107].
LV are widely used for silencing RNA [108] or to induce T cells specific chimeric antigen
receptors expression against glioma antigens [109]. A LV with a p2A peptide enabled a
multi expression system of tumor suppressor proteins, growth arrest-specific (GAS)-1, and
Phosphatase and tensin homolog (PTEN), under the control of a CMV promoter [110].
This vector inhibited human glioma cell growth /n vitro, and diminished progression a
murine xenograft model of human HGG [110]. LV encoding a ShRNA for the orphan
nuclear receptor TLX (NR2E1), inhibited tumorigenicity of human glioma stem cell in mice.
This receptor plays key roles in neurogenesis during early embryogenesis and is crucial to
maintain stemness and control the differentiation of adult neural stem cells in the central
nervous system.

The Clustered Regularly Interspaced Short Palindromic Repeats (CRISPR) and CRISPR-
associated (Cas) 9 systems have also been encoded using LV. This approach has been
used for the ablation of the Transcriptional Enhancer Factor 1 (TEADL) in human HGG
cells, which showed a decreased movement of the cells and altered the migratory and
epithelial-mesenchymal transition (EMT) transcriptome signatures[111].

In pre-clinical gene therapy models, LV have been used for the expression of several RNA
molecules, e.g., mMiRNAs, AntagomiRs, siRNAs, and shRNAs, with potencially encouraging
results for their application in humans [112-117]. LV-mediated silencing of the vascular
endothelial growth factor (VEGF)/VEGF receptor (VEGFR) signaling pathway correlated
with smaller tumor size, decreased matrix metalloproteinase 9 (MMP9) and increased tumor
necrosis, in xenograft models of glioma[118].

2.1.11 Adeno-associated virus vectors—Adeno-associated viruses (AAV) are small
ssDNA non-enveloped viruses with replication defects that belong to the non-pathogenic
parvovirus family [119-121]. AAV are non-autonomous, and require a helper virus to
replicate inside the host cell [122]. AAV are able to infect a wide variety of dividing and
nondividing cells with high efficiency [123], and their small size allow them to better
infiltrate solid tumors like gliomas [124]. In the absence of helper virus, AAV genomes
enter into latency and remain largely as episomes. Only a small percentage of AAV
genomes integrate into the host cell’s genome, therefore copy number is reduced with each
cell division, making them preferable for short-term transgenic expression [119,125,126].
In pre-clinical models of HGG, the AAV-mediated genetic alteration of tumor cells by
inducing the expression of anti-tumor proteins has demonstrated encouraging outcomes.
The main advantages of AAV are the reduced immunogenicity compared to AdV, the high
titer production, and the option of pseudotyping. The encouraging supporting pre-clinical
gene therapy research employing AAV promotes the clinical testing of these vectors for

the treatment of HGG[127]. In human and mouse HGG models, intracranial injection of
AAV encoding human IFN- induced glioma cell death and produced long-term survival
[128,129]. In a xenograft mouse model of invasive glioma, intracranial administration of
AAV engineered to produce soluble tumor necrosis factor-related apoptosis-inducing ligand
(STRAIL), coupled with lanatoside C prolonged median survival [130]. Newly engineered
CNS-tropic AAV was developed by genetically inserting 14 cell-penetrating peptides into
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the AAV9 capsid, overcoming the inability of AAV9 to penetrate the BBB. This molecule
was able to reach a fivefold-to-tenfold greater efficiency in penetrating the BBB than AAV9
in primates[131]. This modifications on AAV9 will facilitate the clinical translation of gene
therapies for the CNS.

2.1.12 Baculovirus vectors—Baculovirus (BV) are enveloped dsDNA viruses, that
generally infect insects and do not replicate in human cells, making them very safe [132].
The BV genome is approximately 134 kb, can harbor large transgenes, and is comparatively
easy to engineer [132,133]. There is no pre-existing anti-BV immunity in humans, proposing
them as a potentially effective therapy option, but there are no clinical trials employing them
yet [134]. The BV can avoid some of the problems carried by mammalian viral vectors,
while also providing another option for cancer gene therapy. BV encoding diphtheria toxin
A gene has acceptable enhanced efficacy against malignant glioma [135].

2.2. Non-viral Vectors

Non-viral vectors have been frequently studied in recent years. Compared to viral vectors,
they are less cytotoxic, immunogenic, and mutagenic. However, they face significant
challenges such as gene transfer efficiency, specificity, duration of gene expression, and
safety. In the last decade, non-viral vectors have become a fast-paced research topic in
gene delivery. One of the major challenges of treating HGG is that therapeutic agent must
cross the BBB and be in sufficient concentrations to be effective. To achieve this, synthetic
non-viral vectors are developed with these features. On the other hand, cell therapies are
able to migrate to tumor sites and cross the BBB, making them excellent tools for gene
delivery. These properties make them also a good delivery system for viral therapies.

2.2.1 Nanoparticles and Liposomes—L.iposomes, nanoparticles, and polymeric
vectors have been proposed for HGG therapies since they present a low risk of
immunogenicity and cytotoxicity[136]. Liposomes are non-toxic, biocompatible, and
biodegradable 0.4-2.5 pm vesicles that containing a liquid phase [137]. Nanoparticles have
a diameter of 1-1000 nm and are often synthesized from biocompatible polymers. They are
also uniquely able to target multiple ligands (e.g., antibodies, peptides, small molecules, cell
surface proteins); later they degrade on site over the course of weeks. These vectors are
fabricated to able to cross the BBB and therefore reach HGG tumors [138]. Although there
are no non-viral vectors currently FDA approved for the treatment of HGG, several have
entered clinical trials as described below.

SGT-53 is a tumor-targeted nanomedicine, that employs a nanocomplex containing a
plasmid encoding human wild-type p53 (wtp53)[139]. SGT-53 can cross the BBB to deliver
p53 cDNA to HGG cells, to introduce the expression of wtp53. A Phase | clinical trial
(NCT00470613) in 2013 exhibited minimal side effects of SGT-53 therapy in patients with
solid tumors of several types of cancers [139]. It showed a strong antitumor activity in 7 of
11 patients and expression of p53 transgene only in the targeted metastatic tumors but not
normal skin tissue. Recent work showcased SGT-53 in combination with TMZ to improve
chemosensitivity, resulting in a sensibilization of tumor cells to TMZ, and apoptosis in a
HGG mouse model [140]. A Phase Il clinical trial of SGT-53 combined with SOC for the
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treatment of recurrent HGG began in 2015 but was terminated in 2021 due low enrollment
(NCT02340156). Currently, there is an active, but not yet recruiting, Phase | clinical trial
exploring SGT-53 in combination with SOC, for pediatric malignancies of central nervous
system (NCT03554707).

NU-0129 is a spherical gold nanoparticle containing silencing RNA (siRNA) targeting the
oncoprotein BCL-2-like protein 12 (Bcl2L.12) [139,141]. A 2019 Phase 0 clinical trial of
HGG patients demonstrated that NU-0129 cross the BBB, accumulate in the tumor, and
dimmish Bcl2L12 protein expression, without short or long-term toxicity (NCT03020017).

A synthetic protein nanoparticle (SPNP) made of polymerized human serum albumin

(HSA) and oligo ethylene glycol (OEG), containing siRNA targeting Signal Transducer

and Activation of Transcription 3 factor (STAT3i), and equipped with the cell-penetrating
peptide iIRGD, engineered to target brain tumors. In HGG mouse models, this nanoparticle
penetrated the BBB, and delivered siRNA against STAT3 throughout the tumor. SPNP in
combination with irradiation resulted in tumor regression and long-term survival in 87.5% of
mice [142].

2.2.2 Stem cells—Stem cells (SC) are undifferentiated multipotent progenitor cells,
which have the capacity to self-renew, migrate, and differentiate. There are different types
of SC; mainly they can be clustered into 2 groups: Embryonic Stem Cells (ESC) and Adult
Stem Cells (ASC).

ASC are undifferentiated precursors that are present in all differentiated tissue and can
repopulate damaged tissue [143,144]. This group of cells includes Hematopoietic Stem
Cells (HSC), Mesenchymal Stem Cells (MSC), and Neural Stem Cells (NSC). HSC can

be obtained from peripheral blood, umbilical cord blood, or bone marrow, being the most
accessible adult SC. They can give rise to both myeloid and lymphoid lineages [145]. MSC
are stromal cell that can be isolated from many different tissues (e.g., umbilical cord, bone
marrow, adipose tissue). NSC are the only endogenous brain SC. This population is mainly
located within the subventricular zone (SVZ) of the forebrain, and hippocampus. In rodents
they give rise to neurons, astrocytes, and oligodendrocytes [146].

SC are part of cell repair in local tissue, but they have also showcased the ability to migrate
to tumor site, even crossing the BBB, making them a great tool for gene delivery [147,148].
Both MSC and NSC exhibit a tropism for malignant gliomas [147,149].

Glioma extra cellular matrix (ECM), as well as secreted factors, induce cell migration

of several cell types [150]. Tumors display similarities with chronic injury, like hypoxia,

and inflammation [151]. Both, angiogenic and proinflammatory factors are produced by
microglia and astrocytes in brain tumors [152].The chemokines produced by them, as well
as tumor cells and infiltrating tumor cells, such as VEGF, HIFla, CCL-25, IL-6, CXCL186,
and CXCL12, attract SC [153-155]. Studies using mouse models have demonstrated that
both MSC and NSC migrate to brain tumors [156]. NCS express CCR2, which induces
migration to Monocyte chemoattractant protein-1(MCP-1/ CCL2), which is highly expressed
in brain neoplastic lesions [157]. The lack of major histocompatibility complex type 11
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(MHC 11) in NSC allows the implantation of these cells which are able to escape host
immune responses upon transplantation [158]. Although there are several chemokines
mediating SC tropism to brain tumors, there is still much to learn, and the molecular
mechanisms involved. Nevertheless, the migratory potential of SC strongly supports their
therapeutic use, especially to possibly target tumor cells located far from the main tumor
mass.

One of the most explored pathways for SC-based induced cytotoxicity is the use of tumor
necrosis factor-related apoptosis inducing ligand (TRAIL) interaction with death receptor
(DR), which is expressed by tumor cells, and when ligated activates caspase-mediated
apoptosis. This is supported by the fact that HGG exhibits TRAIL-mediated apoptosis [159-
162]. Delivery of soluble TRAIL (STRAIL) deployed by NSCs in xenograft models of
glioma showed an improved survival with a significant reduction of tumor burden [163].
Although TRAIL has been studied in animal models it has not reached yet human trials.

SC have been proposed for suicide gene therapy, transducing SC to express the enzyme
capable of pro-drug activation. NSC can be genetically modified to express HSV1-TK,
allowing them to catalyze conversion of GCV into 3P-GCV, or to express CD allowing the
conversion of 5-FC pro-drug into 5-FU. Both mechanisms were described above. Another
combination of enzyme pro-drug activation is the rabbit carboxylesterase, that converts
irinotecan into toxic topoisomerase-1 inhibitor SN-38 [164].

The only SC procedure approved by the FDA is HSC administration, which is employed for
the treatment of multiple myelomas, leukemia, and blood disorders [165]. The first human
study in neuro-oncology employing SC for was performed by Portnow et al.[166]. Fifteen
patients with recurrent HGG, received a single dose injected intracranially of genetically
modified NSC, expressing CD, plus prodrug 5-FC, as a single dose (NCT01172964).

It displayed no difference in OS. But this study establishes the safety of NSC, and
effectiveness of these cells to locally produce chemotherapy, 5-FU [166]. Brain autopsy
determined that NSC were not tumorigenic and also that they had migrated to distant tumor
sites. Next, a dose-escalation, with multiple-treatment rounds of NSC-CD plus 5-FC, in
combination with 5-FC and folinic acid (Leucovorin) (NCT02015819), was performed HGG
patients to determine a safe dose to take forward to Phase II.

Administration of NSC modified to express carboxylesterase plus the prodrug irinotecan

is being studied in a currently active, not yet recruiting, Phase | clinical trial for recurrent
HGG. There will be two administrations of carboxylesterase-expressing allogeneic NSC on
days 1 and 15 (NCT02192359).

SC-based therapy can also be employed to load these cells with oncolytic virus, and
therefore take advantage of SC tropism to the tumor. In a xenograft murine model of glioma,
human MSC transfected with replication-competent oncolytic adenovirus (CRAd) were able
to reach the brain and deliver CRAd to glioma cells, when injected away from tumor site
[167]. SC-based delivery could improve oncolytic virotherapy for HGG.

A Phase I clinical trial (NCT03072134) was conducted for newly diagnosed HGG
employing NSC engineered to deliver an oncolytic adenovirus, CRAd-S-pk7. NSC-CRAd-
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S-pk7 were administered intracranially after initial surgery. The results from this study prove
the safety of the treatment [168]. Moving forward, the not yet recruiting Phase I clinical

trial (NCT05139056) will employ NSC-CRAd-S-pk?7 in recurrent HGG, administered
intracerebrally once weekly for up to 4 doses. In the pediatric field, a currently recruiting
Phase I/11 clinical trial for Diffuse Intrinsic Pontine Glioma (DIPG) uses AloCELYVIR

as a treatment. AIoOCELY VIR is a bone marrow-derived allogenic MSC infected with an
oncolytic adenovirus ICOVIR-5 (NCT04758533). The administration will be a weekly
infusion of AIoCELYVIR for 8 weeks. Results should be forthcoming.

Another viral therapy combined with SC is bone marrow derived MSC loaded with
oncolytic adenovirus DNX-2401. This approach was studied in Phase | clinical trial
(NCT03896568) for patients with recurrent HGG. To date, this trial has not published any
results.

Currently, active Phase I clinical trial MGMT unmethylated HGG employs autologous
CD34+HSC modified with a lentiviral vector.to express an MGMT mutant (MGMT-P140K)
characterized by normal methyltransferase activity coupled with low affinity for the MGMT
inhibitor O6-benzylguanine (BG). This would enable patients to receive and tolerate a higher
dose of TMZ and BG with minimal toxicity (NCT01269424). Reported results registered
moderate toxicity, and viral transduction range was from 3-75%[169].

3. Conclusion

There is an enormous variety of viral vectors that is currently being tested in clinical

trials for HGG (Fig. 1, Table 1), There is also a large set of pre-clinical data supporting

its promising for application to this disease. Different therapeutic approaches using viral
vectors have been proposed: suicide gene therapy, introduces a foreign gene coding for an
enzyme to convert a prodrug into a toxic metabolite; oncolytic viruses, targeting glioma
cells and potentially replicating throughout tumors; and transduction of immune stimulatory
molecules to reduce gliomas immune suppression.

Oncolytic viruses can induce ICD eliciting a potent and long-lasting anti-cancer immunity
(Fig. 2). ICD in combination with SOC has a solid mechanistic basis for a synergistic
effect, since many viruses inhibit cellular DNA repair pathways, as a defense mechanism.
Oncolytic viruses can induce radiosensitivity selectively and enhanced on glioma cells,
sparing normal tissue. There is evidence indicating suicide gene therapy induces also ICD,
and therefore also can be synergistic with radiotherapy.

The Phase I/11 clinical trials reviewed here were able to demonstrate that viral therapies are
safe, while exhibiting much promise for the treatment of HGG. Nonetheless, the Phase 1l
trials failed to generate an efficient and approved therapy.

4. Expert Opinion

HGG are highly aggressive tumors that possess inter- and intratumor heterogeneity. The
current SOC for HGG, which has remained unchanged since 2005, is maximal safe
surgical resection, RT plus TMZ followed by adjuvant TMZ. Since 2005 there has been no
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significant improvement in survival for HGG patients. The ability of glioma cells to infiltrate
healthy tissue makes it impossible to eliminate tumor growth by surgical resection alone,
leading to tumor recurrence and poor long-term prognosis. Despite the field constantly
thriving to improve surgical and imaging techniques, survival has not improved.

Gene therapy is a versatile and promising technique to be employed in neuro-oncology.
Viral vectors used for gene therapy can be administered locally during initial surgery and
reach infiltrating cells that cannot be resected, therefore overcoming therapeutic resistance
and reducing recurrence. The high infection efficiency of viral vectors has made them
widely popular for gene therapy in HGG clinical trials. Furthermore, several different
vectors employing a variety of genome editing strategies have been proven to be safe.
Histopathological analyses of pre- and post-treatment tissue has demonstrated not only virus
activity in vivo, but also lysis of tumor cells and an increase of immune cell infiltration and
activation. Despite these promising data, several Phase Il clinical trials have been conducted
with suicide gene therapy, targeted therapy, and immunotherapy without achieving an
increase in survival for patients suffering from HGG.

Going forward, efforts to improve viral therapy efficacy will be directed to achieving

a tumor microenvironment more favorable to the immune system, potentiating
immunogenicity and synergizing with immune system anti-tumor response. One of the main
downsides of viral therapy is the biodistribution and diffusion of virus within the tumor.
Studies concerning the physical barriers of infections, such as the extracellular matrix,
necrosis areas, calcification areas, and hypoxia, among others, are now being considered

as factors contributing to reduced diffusion throughout the tumor. A combination of viral
therapies and extracellular matrix modifiers (such as metalloproteinases) might allow a
better viral distribution, allowing the vectors to reach deep infiltrating cells.

Concomitant stimulation of the immune system has been a goal of the latest clinical trials.
Checkpoint blockade such as PD-1/PD-L1 have been proven to work successfully in several
different types of tumors. A synergistic approach of viral therapy and checkpoint blockades,
aiming to overcome immune suppression and potentiate anti-tumor response of effectors
cells, has been used in HGG. These Phase | and Il clinical trials have shown that this
combination has an impact on the immune system response, yet they have not achieved an
increase in survival. Future Phase I11 trials will determine if there is an effective synergistic
treatment for HGG.

Even though viral therapy has exhibited a remarkable potential for treatment of HGG in
both pre-clinical and Phase I/11 clinical data, current protocols are not able to transition into
approved treatments. Undeniably, viral gene therapy provided a new therapeutic approach
and perspective in HGG treatment. HGG

Ongoing oncolytic HSV-1 derived viral therapies are showing much promise. G207
administration showed encouraging results both for adults and pediatric HGG. rQNestin
modification of HSV-1 is proposing a much safer treatment option, with strong supporting
pre-clinical data. HSV-1 G47A was able to improve survival, and therefore, has received
governmental approval as a new drug in Japan.
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Also, new virus have aroused as possible therapies for HGG. PVSRIPO has showed survival
improvement in HGG treated adults compared to historical controls. Now it is being
evaluated in pediatric HGG, as well as a Phase Il for adults with HGG. Strong preclinical
data support MV as a therapy for HGG, and now being tested both for pediatric and adult
HGG.

Deeper analysis of these trials and following ones will bring light to viral therapy, new
protocols of administration, and/or new combinations which will allow these treatments to
improve HGG prognosis.
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Avrticle highlights

. High-grade gliomas (HGG) standard of care (SOC) remains unchanged since
2005, even though HGG median survival has marginally improved.

. There are currently over 20 clinical trials using gene therapy to treat HGG.

. Administration of HSV-1 G207 showed promising results in HGG and
pediatric HGG.

. HSV-1 rQNestin offers a safer treatment option with strong supporting
preclinical data.

. HSV-1 G47A was able to improve survival and received government approval
in Japan.
. PVSRIPO showed an improvement in HGG survival compared to the

historical controls.

Expert Opin Biol Ther. Author manuscript; available in PMC 2024 February 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Varela et al.

Page 29

Adenovirus

m

N

N
Herpes Simplex Virus-1
1 {

Retrovirus

PVSRIPO

Non-enveloped, 90-100 nm
Linear dsDNA, 26-48 kb
Oncolytic and non-lytic

Icosohedral capsid

Clinical Trials for GBM: 26

Enveloped, 155-240 nm
Linear dsDNA, 150 kb
Oncolytic
Icosohedral capsid

Clinical Trials for GBM: 12

Enveloped, 100 nm
+ sense ssRNA, 7-12 kb
Oncolytic and non-lytic
Non-icosahedral capsid

Clinical Trials for GBM: 9

Non-enveloped, 27 nm
+ sense ssRNA, 7-8 kb
Oncolytic
Icosohedral capsid

Clinical Trials for GBM: 6

Measles virus

Reovirus

N7 )
Newcastle disease virus

Parvovirus

Vaccinia virus

- sense ssRNA, 16 kb
Oncolytic

Enveloped, 100-200 nm Non-enveloped, 81 nm

dsRNA, 18-30 kb
Oncolytic

Helical capsid Multi-layered icosahedral

capsid

Clinical Trials for GBM: 2 Clinical Trials for GBM: 2

Enveloped, 200-300 nm
- sense ssRNA, 16 kb
Oncolytic
Helical capsid

Clinical Trials for GBM: 1

Non-enveloped, 18-26 nm
Linear ss DNA, 5 kb
Oncolytic
Icosohedral capsid

Clinical Trials for GBM: 1

Enveloped, 300 nm
Linear dsDNA, 190 kb
Oncolytic
Dumbbell-shaped core

Clinical Trials for GBM: 1

Figure 1.

Viral vectors being tested in clinical trials for HGG.
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Figure 2.
(1) Oncolytic viruses (OV) infect glioma cells, initiating the process of immunogenic cell

death (ICD). Dying glioma cells release damage associated molecular patterns (DAMP)
and type | interferons, molecules that stimulate the host’s immune response. Following

the virus-mediated lysis of the cell, oncolytic virus is released into the surrounding

tissue and can infect adjacent glioma cells. (2) Tumor-associated antigens (TAA) recruit
immature antigen-presenting cells (APC) to the tumor. (3) APC become activated following
antigen-uptake and begin interacting with DAMP via pattern recognition receptors (toll-like
receptors (TLR) and nod-like receptors (NLR)). (4) Following this interaction, immature
antigen-capturing APC become mature APC, which are able to form and transport peptide-
loaded MHC complexes to the cell surface. (5) Mature APC migrate to a regional lymph
node where they prime naive T cells. This is followed by clonal expansion and then release
of cytotoxic CD8* T lymphocytes (CTL). (6) These tumor specific CTL are attracted

to the tumor by cytokines released from dying glioma cells. Natural killer (NK) cells,

part of the innate immune system, are attracted to the tumor by chemokine. Altogether,

this generates an anti-tumor immune response. (7) Continuous exposure of TAA to CTL
promotes immunological memory, generating memory CD8* T cells.
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