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a b s t r a c t

Diffuse intrinsic pontine glioma (DIPG) is the most frequent brainstem glioma and the most

lethal brain tumor in childhood. Despite transient benefit with radiotherapy, the prognosis

of children with this disease remains dismal with severe neurological morbidity and median

survival less than 12 months. Oncolytic immunovirotherapy is emerging as a potential

therapeutic approach in neuro-oncology. The oncolytic adenovirus Delta-24-RGD has

shown efficacy in adult patients with recurrent GBM. Our group has demonstrated that

Delta-24-RGD has oncolytic activity and triggers immune response in preclinical models of

DIPG, and has a synergistic effect with radiotherapy in animal models of this disease. In this

scenario, we conducted a first-in-human phase 1 clinical trial to evaluate the safety and

efficacy of intratumoral injection of Delta-24-RGD in pediatric patients with newly diag-

nosed DIPG prior to standard radiotherapy. The study confirmed the feasibility of this

treatment with an acceptable safety profile and encouraging efficacy results. Correlative

analyses showed a biological activity from Delta-24-RGD in DIPG. Further advanced trials are

needed to validate these results. Meanwhile, plenty of opportunities to increase the poten-

tial contribution of oncolytic viruses in the management of devastating tumors with no

current effective treatment such as DIPG need to be explored and exploited.

# 2023 Elsevier Masson SAS. All rights reserved.

Available online at

ScienceDirect
www.sciencedirect.com
1. Overview of diffuse intrinsic pontine
glioma

Brainstem gliomas are a heterogeneous group of tumors with

varying degrees of aggressivity and prognosis depending on

their clinical presentation, location, and molecular characte-
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ristics. Most of them arise within the pons, the majority of

which are poor prognosis high-grade infiltrative tumors. On

the contrary, pediatric tumors located in other areas of the

brainstem, such as the mesencephalic tectum or the cervico-

medullary junction, are more likely to be low-grade well-

circumscribed tumors with better prognosis [1,2].
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The clinico-radiological entity widely known as diffuse

intrinsic pontine glioma (DIPG) accounts for most of the

tumors occurring in the brainstem and represents about 10–

15% of all brain tumors in children and adolescents. It has an

estimated incidence of 1–2 cases per 100,000 population, with

a peak at ages between 5 and 10 years [3,4]. These figures and

the fact that it rarely occurs in adult patients reflect a potential

pathogenic link with the process of brain development,

involving possibly the neural precursor-like cell populations

located in the ventral pons [5].

Autopsy tissue and biopsy samples have recently led to

important advances in the understanding of the molecular

biology of these tumors. Irrespective of purely histopatholo-

gical features, important genomic and molecular alterations

have been identified in DIPG [6]. The hallmark of these genetic

events is histone mutations, likely representing the first

genomic event and the driver for oncogenesis in DIPG [7].

Mutually exclusive somatic mutations in H3F3A and HIST1H3B

are found in nearly 80–90% of these tumors, which result in a

lysine-to-methionine substitution at position 27 on the H3.3

and H3.1 histone tail (H3K27M), respectively [6,8,9]. Other

frequent genomic alterations involved in the tumorigenesis of

this tumor include TP53 mutations, which along with

amplification and overexpression of platelet-derived growth

factor receptor A (PDGFRA), frequently co-occur in H3.3-

mutant tumors. On the other hand, H3.1-mutant tumors

usually carry mutations in the activin A receptor type 1

(ACVR1) and the PI3-kinase pathway [6,10,11]. Contrary to

what happens in adults’ brainstem gliomas, mutations in the

isocitrate dehydrogenase type 1 (IDH1) or type 2 (IDH2) genes

are extremely rare in pediatric DIPG but not impossible [12].

The updated 2021 World Health Organization Classification of

the central nervous system tumors (CNS) defines pediatric diffuse

midline gliomas according to molecular characteristics,

particularly the presence or absence of histone mutations

[13], which indeed is not necessarily synonymous with the

clinico-radiological entity of DIPG.

Reflective of the anatomic location of the tumor in the pons

and its aggressive behavior, children with DIPG usually

present with rapidly evolving cranial nerve palsies, more

frequently sixth and seventh neuropathies, pyramidal signs

such as paresis with hyperreflexia and Babinski sign, and

cerebellar signs like dysarthria, ataxia, and dysmetria.

Along with the clinical picture, magnetic resonance

imaging (MRI) is the imaging tool of choice for supporting

the diagnosis of DIPG. MRI findings typically consist of a

diffuse infiltrative lesion expanding the pons, with T2-

hyperintense and T1-hypointense signals, and generally with

no contrast enhancement.

Because of its location in such an eloquent region and the

fear of surgery-related neurological morbidity, the diagnosis of

DIPG has traditionally relied on compatible clinical and

neuroimaging features alone, with no histopathological

confirmation usually needed to proceed with antitumor

treatment [14]. However, advances in neuroimaging and

surgical techniques have prompted a shift in this tendency,

with several studies having demonstrated that biopsy of DIPG

can be safely done with a very low complication rate, thus

ensuring an accurate histo-molecular diagnosis with some

prognostic and therapeutic implications [15,16].
Conventional radiation therapy administered in daily

fractions of 1.8 Gy to a total dose of 54–59.4 Gy still remains

the standard of care for children suffering from this disease

[17]. Treatment is however palliative since, despite initial

benefit, most patients recur within a few months [18,19]. In the

absence of more effective therapies, the prognosis of children

with DIPG is dismal: DIPG represents the leading cause of

brain-tumor-related death in the pediatric population, with

median survival times not exceeding 10–12 months and with

less than 10% of patients surviving beyond 2 years from

diagnosis [3,4]. In this scenario of lack of therapeutic progress

over the past decades, novel therapeutic approaches are

urgently needed.

2. Virotherapy as a therapeutic tool for
gliomas

2.1. Immunovirotherapy in neuro-oncology

Oncolytic immunovirotherapy is emerging as an alternative

therapeutic approach for cancer. One of the rationales behind

the use of genetically engineered or attenuated naı̈ve viruses

to treat cancer is their ability to selectively replicate in tumor

cells and induce their lysis. In addition to this intrinsic tumor

cytolytic effect, oncolytic viruses are capable of promoting

inflammation and eliciting both innate and adaptative anti-

tumor immune responses [20] (Fig. 1).

In the past years, various preclinical and clinical studies

have specifically addressed the development and potential of

this innovative treatment modality in neuro-oncology, mostly

in adult high-grade diffuse gliomas [21]. Several phase I and II

clinical trials with both DNA viruses (such as adenovirus,

herpes simplex virus-1, parvovirus, and vaccinia virus) and

RNA viruses (like Newcastle virus, measles virus, poliovirus,

and reovirus) have already been conducted or are currently

ongoing in this patient population. Despite the high variety of

oncolytic virus platforms, routes of administration, and

delivery methods, most of these early clinical studies have

suggested the feasibility and safety of this therapeutic

approach, and promising traces of antitumor effect and

clinical benefit have also been shown [22,23].

The favorable safety data observed in such adult patient

trials and promising results in preclinical research have

prompted the expansion of this potential treatment modality

to the pediatric population. Concretely, a dose-escalation

phase I trial of intratumoral administration of the herpes

simplex virus-1 G207 alone or in combination with radio-

therapy in 12 children and adolescents with recurrent

supratentorial brain tumors revealed an acceptable adverse

event profile and showed evidence of radiographic, neuropa-

thological or clinical responses in most of the patients.

Correlative studies demonstrated that treatment markedly

increased the number of tumor-infiltrating lymphocytes [24].

Another recent dose-escalation phase I trial with the

intravenous reovirus Pelareorep in combination with sub-

cutaneous GM-CSF conducted in 6 pediatric patients with

diverse recurrent supra- and infra-tentorial high-grade brain

tumors also showed acceptable tolerance but lack of efficacy at

the administered doses [25]. Currently, an ongoing phase Ib



Fig. 1 – Double mechanism of action of oncolytic viruses, inducing a direct oncolytic effect and triggering an immune

response. Created with BioRender.com.
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trial is investigating the safety of intratumoral convection-

enhanced delivery of the oncolytic poliovirus PVSRIPO in

pediatric patients with recurrent WHO grade 3 or 4 malignant

glioma (NCT03043391).

2.2. Delta-24-RGD

Our group’s research is based on the Delta-24-RGD oncolytic

virus platform. This is an oncolytic serotype 5 adenovirus

engineered with two genetic modifications conferring selec-

tive replication and enhanced infectivity in tumor cells,

respectively. The first genetic modification is a 24-base pair

deletion (Delta-24) in the E1A viral gene, which abrogates the

interaction between the mutated E1A protein and the normal

retinoblastoma (Rb) protein. This results in the inability of the

virus to replicate in normal cells with functional Rb pathway,

with viral replication being selectively confined to those cells

with abnormal or dysregulated Rb pathway, i.e., tumor cells

[26,27]. The second modification consists of the addition of an
Fig. 2 – Genetic modifications of the Delta-24-RGD oncolytic

adenovirus, responsible for selective replication and

enhanced infectivity in cancer cells. Created with

BioRender.com.
arginine-glycine-aspartic acid (RGD) motif into the viral fiber

H-loop, which enables its interaction with the surface

integrins avb3 and avb5 thus increasing its capacity to enter

or infect the tumor cells (Fig. 2). Contrary to what happens

with the natural receptor for adenovirus, i.e., the coxsackie-

adenovirus (CAR) receptors, these integrins are typically

overexpressed on tumor cells, including glioma cells [28,29].

Following the demonstration of both a direct oncolytic

effect and the induction of specific antitumor immune

response in glioma cells [27,29,30], single intratumoral

administration of different doses of Delta-24-RGD was tested

in 37 adult patients with recurrent glioblastoma (GBM) in a

phase I clinical trial aimed at evaluating its safety, efficacy,

and mechanism of action [22]. The study revealed that

treatment with up to 3 � 108 viral particles (vp) was safe with

no dose-limiting toxicity observed and was associated with

clinical benefit with long-term survival in a subset of patients

and with a more than 95% contrast-enhancing tumor

reduction in 3 patients. Analysis of post-treatment surgical

samples proved viral replication and spread within the tumor

with direct virus-induced oncolysis, as well as tumor infiltra-

tion by CD8+ and T-bet+ cells, evidencing the elicitation of an

immune-mediated antiglioma response [22]. Another recent

phase I trial showed the feasibility of convection-enhanced

delivery of this oncolytic virus in patients with recurrent GBM

[31].

3. Preclinical development of
immunovirotherapy for DIPG

The aforementioned data on the safety and potential efficacy

of Delta-24-RGD in adult patients with GBM and the need for

new and more effective treatments in children suffering from

the devastating DIPG, led our group to narrow the focus and

explore this innovative therapy in such a pediatric cancer

population.

The first step for this purpose consisted of developing a

reproducible and frameless in vivo DIPG model that allows for

rapid evaluation of tumorigenicity and efficacy of intratumo-



Fig. 3 – Example of tumor area reduction on magnetic

resonance imaging (MRI). Axial FLAIR MRI before (A) and 3

months after (B) Delta-24-RGD administration and

completion of radiotherapy.
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rally delivered therapeutic agents in the preclinical setting

[32]. This model is based on an implantable guide-screw

system [33] inserted in the skull of the mouse according to

posterior fossa anatomic landmarks and directed to the

pontine area, without the need for a stereotactic frame. In

addition to delivering cells and thus generating tumors in the

pons in a fast and reproducible manner, it allows direct

intratumoral delivery of oncolytic viruses or other therapeutic

drugs [32].

Afterward, the antiglioma effect of Delta-24-RGD was

evaluated in DIPG models [34]. After confirming both CAR

and integrins expression and viral replication, the antiglioma

effect was demonstrated in vitro in a panel of cell lines and

in vivo in immunosuppressed and immunocompetent ortho-

topic DIPG models. Delta-24-RGD resulted in a direct oncolytic

effect. Importantly, viral in vivo administration also triggered

an immune response with marked active T cell infiltration

mainly circumscribed in the tumor mass, leading to a

significant increase in the survival of treated mice. Of note,

dose-escalation studies confirmed the lack of toxicity in the

immunocompetent murine DIPG models [34].

Since radiation therapy is the standard of care for DIPG, and

on the basis that adenoviral infection inhibits the cellular DNA

repair machinery to increase its replication potency and thus

could radiosensitize infected tumor cells [35,36], a further

study evaluating the combination of Delta-24-RGD with

radiotherapy in DIPG models was conducted [37]. Indeed, this

study showed that Delta-24-RGD led to the downregulation of

relevant DNA damage repair proteins. The combination of

oncolytic virotherapy and radiotherapy resulted in a syner-

gistic antiglioma effect with increased cytotoxicity and

survival in treated mice compared to either treatment alone.

Notably, the combined treatment significantly increased the

trafficking of immune cells (CD3, CD4+, and CD8+) to the

tumor niche compared with single treatments [37].

4. Translation to clinics: phase I clinical trial

These encouraging results obtained in the preclinical field

motivated the translation of Delta-24-RGD to the clinic in a

dose-escalation phase I clinical trial [38]. The study was

conducted in 12 children and adolescents with newly

diagnosed DIPG and was aimed at evaluating the safety and

efficacy of the intratumoral injection of Delta-24-RGD prior to

standard radiotherapy. A stereotactic biopsy was performed

through the middle cerebellar peduncle, and thereafter the

virus was intratumorally delivered using the same biopsy

tract.

Intratumoral delivery of DNX-2401 at both doses of 1 � 1010

and 5 � 1010 had an acceptable tolerance, with no dose-

limiting toxicity. Most adverse events were mild to moderate

and mainly consistent with the underlying disease or with the

surgical procedure and were medically manageable. Three

clinically serious adverse events were observed, and only one

of them (transient hemiparesis) was probably related to the

procedure. The most frequently reported adverse events, in

general, were asthenia, headache, and vomiting, while the

most frequent events at least possibly related to DNX-2401

were vomiting and pyrexia. Concerning efficacy, reductions in
tumor area were observed in 9 out of 12 patients, and 3

patients achieved a confirmed partial response according to

RAPNO criteria [39] (Fig. 3). Median overall survival, regardless

of DNX-2401 dose, was 17.8 months. Notably, survival rates at

12 and 18 months were 75% and 50%, respectively [38].

Immunophenotyping of tumor samples obtained prior to

virus infusion showed scarce CD8 and CD4 T cell infiltration,

with myeloid cells being the most abundant immune popula-

tion, consistent with an immunosuppressive tumor micro-

environment. Analysis of tumor samples at recurrence from

one patient revealed a reshaping of the tumor microenviron-

ment with increased CD8+ and CD4+ T cell infiltrates and a

marked drop in the myeloid compartment. Single-cell RNA

sequencing at that timeframe showed up-regulation of

pathways in tumor-infiltrating macrophages associated with
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viral processes and enhanced immune response, including

overexpression of proinflammatory cytokines [38].

5. Future directions

In addition to the observed safety and efficacy outcomes, this

latter study has shown evidence of biological activity from

Delta-24-RGD in DIPG. Altogether, these data provide the

rationale for expanded testing in a multi-center phase 2 trial

designed to further evaluate and confirm the safety and

efficacy of Delta-24-RGD and radiation therapy in children

with DIPG.

In addition, the future landscape of oncolytic immunoviro-

therapy for DIPG and other gliomas appears encouraging, and

plenty of opportunities to increase the potential of this

therapeutic approach. There is a wide range of possibilities

for developing new-armed viruses with molecules that

modulate the immune response in order to overcome the

immunosuppressive brain-tumor microenvironment and

thus enhance its antiglioma effect [21,40].

It is in this spirit, for example, new oncolytic adenoviruses

have been engineered, such as Delta-24-RGDOX and Delta-24-

ACT, which contain the same modifications of Delta-24-RGD

but additionally incorporate OX40 and 4-1BB ligands, respec-

tively. Both OX40 and 4-1BB are co-stimulatory receptors of the

TNF superfamily, and the objective of developing these new

viruses is to induce the expression of such molecules in the

tumor cells and so increase the antitumor immune response,

as has recently been proven in DIPG models [41–43].

Moreover, apart from new-armed viruses with enhanced

immune effect, the ability of oncolytic viruses to reshape the

brain-tumor microenvironment can be of great interest for

combination strategies with other immune-oncology agents

such as immune-checkpoint inhibitors and chimeric antigen

receptor T cell therapy [20].

The potential contribution of oncolytic virus platforms in

the management of devastating tumors with no current

effective treatment, such as DIPG, merits further investigation

and development since they might already be here to stay.
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