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Abstract 
Adult and pediatric high-grade gliomas (HGGs) are aggressive cancers of the central nervous system that confer 
dismal clinical prognoses. Standard radiation and chemotherapy have demonstrated only limited efficacy in HGGs, 
motivating the accelerated investigation of novel modalities such as oncolytic virus (OV) therapies. OV centered 
therapies work through a mixed mechanism centered on oncolysis and the stimulation of an antitumor immune 
response. Three recent clinical trials utilizing herpes simplex virus-1 and adenovirus-based oncolytic virotherapy 
demonstrated not only the safety and efficacy of OVs but also novel dosing strategies that augment OV response 
potential. Considering these recent trials, herein we present a roadmap for future clinical trials of oncolytic 
immunovirotherapy in both adult and pediatric HGG, as well as persistent roadblocks related to the assessment of 
OV efficacy within and between trials.
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High-grade gliomas (HGGs) are the most frequently diagnosed 
primary central nervous system (CNS) tumor in adults and are 
the leading cause of cancer-related mortality in children.1 They 
bear a poor prognosis due to a lack of efficacious treatments 
and the high frequency of tumor recurrence.1 The median 
overall survival of newly diagnosed HGG in studies since the 
initiation of temozolomide/radiation is 15.6 months2,3; recur-
rent HGG confers an even more dismal outlook, with a median 
survival of only 6–9 months.4,5 Current standard-of-care treat-
ment regimens for newly diagnosed HGG includes maximal 
surgical resection, radiation, systemic therapy with the DNA 

alkylating agent temozolomide, and regional therapy with al-
ternating electrical fields.6 However, development of standard-
ized protocols for management of progressive disease remain 
elusive.

Oncolytic viruses (OVs) are emerging as promising treat-
ment strategies to meet the clinical challenge of HGG, as they 
confer several advantages over traditional therapies. OVs are 
capable of selectively infecting tumor cells and replicating 
within them,7 generating antitumoral effects through both in-
duction of direct oncolysis and stimulation of antitumor im-
mune activity.7 Intratumoral injection of OVs also bypasses 
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the blood–brain barrier and does not necessitate a baseline 
immunogenic tumor microenvironment, thereby avoiding 
major obstacles hindering other immunotherapeutic ef-
forts in HGG.8 Finally, OVs can be modified with genetic al-
terations that increase the safety/efficacy of the virus.

Among the ~15 different virus species currently being 
studied in adult and pediatric glioma patients, herpes sim-
plex virus-based OV therapies (oHSV) and adenovirus-
based OV therapies have been most frequently employed.9 
Many OVs have demonstrated promising results and pro-
vide clinical support that such an approach has potential 
to make strides in treating intractable CNS cancers.10–13 
We have examined these in a prior review,9 and we have 
herein elected to highlight/discuss two recent pediatric 
trials and one recent adult phase II trial given rather in-
triguing clinical results/future implications (Table 1).

In the first clinical trial of OVs in pediatric HGG, Friedman 
et al. reported on a phase 1 trial of children and adolescents 
with progressive supratentorial HGG with intratumoral 
administration of the herpesvirus (HSV-1) G207.14 Next, 
Gállego Pérez-Larraya et al. completed a phase 1 trial of 
children and adolescents with newly diagnosed diffuse in-
trinsic pontine glioma (DIPG) using intratumoral adminis-
tration of the adenovirus DNX-2401.15 In the most recently 
completed OV trial, Todo et al. completed a phase 2 trial of 
adults with supratentorial glioblastoma with intratumoral 
administration of the herpesvirus G47∆.16 Beyond the 
promising clinical data, these three trials model several 
key innovations and highlight persistent challenges in the 
implementation of OV therapy for both pediatric and adult 
HGG.

Novel OV Delivery and Dosing Strategies are 
Both Safe and Efficacious

There are many benefits to direct intratumoral inocula-
tion, including allowing OVs to bypass the blood–brain 
barrier which prevents effective delivery of systemic treat-
ments. Intraparenchymal approaches to OV delivery also 
yield high local concentrations thereby decreasing the 

incidence of systemic toxicity.17 Of note, concerns about 
procedure-associated complications and virotherapy-
associated inflammation have precluded direct inoculation 
of infratentorial tumors, such as those observed in pedi-
atric HGG patients.18

All three studies employed intratumoral delivery 
methods (Table 2). Catheter location for the first two studies 
was confirmed via postoperative imaging, and no major 
surgical and/or additional high-grade adverse events were 
observed. Crucially, Gállego Pérez-Larraya et al. directly in-
oculated pontine tumors with adenovirus-based OV with 
no significant sequelae, demonstrating for the first time 
the safety and efficacy of intratumoral dosing within the 
brainstem. Intratumoral inoculation is, therefore, a prom-
ising/practical approach to OV therapy regardless of loca-
tion; as such, future trials may employ such methods.

One patient in the DIPG trial and all the patients in the 
G47 ∆ adult trial received additional doses of OV therapy 
(Table 2), with no recorded limitations on number of doses 
and/or inoculation levels. Patients in Todo et al. study re-
ceived a maximum of 6 doses of G47 ∆ with the trial design 
having been based on preclinical data that demonstrated 
superior efficacy of multiple intratumoral doses as com-
pared with a single, albeit tenfold higher dose.19 In this trial 
patients did not suffer from more adverse events in the 
setting of repeat dosing and increased tumor infiltrating 
lymphocytes (TILs) were noted to have correlated with ad-
ditional OV doses; repeat dosing methods may therefore 
increase the efficacy of OV therapies. One of the primary 
concerns of combining this strategy with intratumoral in-
oculation is the need for repeat stereotactic biopsies/in-
jections and associated risks related to possible surgical 
complication(s). While this did not materialize, advanced 
systemic delivery methods capable of facilitating mul-
tiple rounds of inoculation without the need for repeated 
surgeries are currently under investigation, which would 
decrease the physical and financial burden(s) of repeated-
dosing strategies.20–24

The results of the Todo trial help motivate the incorpora-
tion and investigation of multiple dosing strategies in fu-
ture clinical trials of OV in HGG.16

Table 1. Study characteristics for the three clinical trials discussed.

Study Country Phase Patient populations Virus Tumor types Treatment 
Groups 

Friedman 
et al. 
202114

USA 1 Children and adolescents (ages 7–18) 
with pathologically proven malignant 
supratentoral brain tumor with diameter 
of 1.0 cm or more that progressed after 
surgery, radiotherapy, or chemotherapy

HSV-1 
G207

10 GBM
1 AA
1 HGG, not otherwise specified

Four cohorts: 107 
PFU, 108 PFU, 107 
PFU + 5 Gy radia-
tion, 108 PFU + 5 
Gy radiation

Gállego 
Pérez-
Larraya 
et al. 
202215

USA 1 Children and adolescents (ages 1–18) 
with newly diagnosed DIPG (confirmed 
by clinical and MRI features)

DNX-
2401

12 DIPG Two cohorts: 108 
viral particles, 
5 × 1010 viral par-
ticles

Todo et 
al. 202216

Japan 2 Adult pateints (age > 18) with residual 
or recurrent supratentorial glioblastoma 
after surgery, radiation therapy, and TMZ

G47∆ 19 GBM Single-arm 
study, 109 PFU*

GBM, glioblastoma; AA, anaplastic astrocytoma; HGG, high grade glioma; DIPG, diffuse intrinsic pontine glioma
*In clinical studies for lethal diseases in Japan, setting a non-curable standard-care control arm is considered unethical and not accepted.
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Lack of Standardized Response Assessment 
Criteria and Seropositivity Reporting Hinders 
Comparison of OV Clinical Trials

Response assessment(s)—Response assessment re-
mains an unsolved challenge for OV treatment of HGGs. 
False tumor enlargement, or pseudoprogression, has been 
reported in 10–30% of HGG patients within the first 12 
weeks of treatment with radiation and chemotherapy.25–27 
This phenomenon is also commonly observed following 
OV therapy due to increased immune cell infiltration, 
which is difficult to distinguish from actual tumor en-
largement/progression.25,28 Although pseudoprogression 
commonly resolves spontaneously without treatment, 
its presence complicates interpretation of outcomes such 
as progression-free survival, confounds clinical deci-
sion-making and can lead to inappropriate additional treat-
ments and/or surgical resections.29 Furthermore, the use of 
steroids to combat persistent pseudoprogression can also 
interfere with the antitumor activity of newly recruited im-
mune cells, abrogating the potential goal/success of OV 
therapy. Finally, published clinical trials implement varying 
timelines for follow-up imaging assessment of tumor pro-
gression following OV treatment. This inconsistency affects 
comparison of tumor regression vs progression timelines 
across trials and may delay opportunities for OV re-dosing 
and/or other therapeutic intervention(s) as appropriate.

Importantly, no accepted criteria yet exist for assessing 
response to intratumoral OV inoculation. Friedman et al. 
used the immunotherapy response assessment in neuro-
oncology (iRANO) criteria,25 whereas Gállego Pérez-
Larraya et al. used the response assessment in pediatric 
neuro-oncology (RAPNO) criteria.26 Both methods are sub-
optimal for the evaluation of OV therapy response(s).

The iRANO criteria, designed specifically for immu-
notherapy response assessment, might better identify 
pseudoprogression than the previous RANO criteria27,30; 
however, it is prudent to note that they were developed 
prior to the 2016 and 2021 WHO classification schemata 
which incorporated genetic and epigenetic elements into 
HGG subclassification.28,31 These genetic alterations have 
prognostic implications for survival and response to 
therapy, and future criteria will require the consideration 
of such governing biology. The RAPNO criteria for DIPG 
are newly developed recommendations that are designed 
specifically for unique characteristics in children/young 
adults that attempt to overcome the difficulties of reliably 
measuring response to DIPG therapies.26 However, their 
generalizability and ability to guide accurate, reproducible 
assessments that reflect clinical benefits remain unknown 
given the limited extent to which they have yet been val-
idated. Moreover, despite the use of RAPNO, Gállego 
Pérez-Larraya et al. still reported difficulties in determining 
progression free survival with certainty.15 Instances of 
pseudoprogression were also reported by Friedman et al.14 
Although Todo et al. reported that their response criteria 
functioned well, with 12 patients (63.2%) being able to re-
ceive the maximum 6 doses without being considered to 
have tumor progression16; the Todo trial was the only study 
which conducted repeat biopsies/injections for 6 doses 
over 5 months. Such a burr hole, injection and biopsy fre-
quency may not be feasible in larger populations including 
frail patients. Moreover, economic considerations may 
make such an approach impractical in other settings. It is 
also noteworthy that Todo et al. report a median progres-
sion free survival of 4.7 months compared to a 20.2 median 
overall survival; a difference clinically indicative of at least 
a degree of pseudoprogression.

Table 2. Details of drug delivery for the three clinical trials discussed.

Study Initial in-
oculation 
volume 
(mL) 

Infusion 
rate (mL/
hr) 

Inocu-
lation 
method 

Radiation Surgical compli-
cations 

Additional 
OV doses 

Other post-
inoculation treat-
ments (n) 

Friedman 
et al. 
202114

2.4 0.6 3–4 cath-
eters

For 2 cohorts, gross 
tumor volume plus 2-mm 
margins received 5 Gy 
radiation within 24 hr of 
inoculation

small catheter 
tract hemorrhage
CSF leak that 
required over-
sewing

None Steroids (3)
Bevacizumab (6)
Additional resec-
tion (4)
Radiation (7)
Other (6)
None (4)

Gállego 
Pérez-
Larraya et 
al. 202215

1 0.9 1 cannula 11 patients with median 
54 Gy (range 39.0–59.4) 
started median 17 days 
after inoculation (range 
10–20)

None 1 patient 
received 
second dose

Steroids (0)
Bevacizumab (2)
Additional resec-
tion (0)
Radiation (3)
Other (5)
None (6)

Todo et al. 
202216

1 0.2 manual 
injection 
in 1–3 lo-
cations

N/A None All re-
ceived 
additional 
doses 
(range 2–6)

Steroids (0)
Bevacizumab 
(12)
Additional resec-
tion (3)
Radiation (4)
Other (1)
None (5)
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Standardized guidelines for optimal response assess-
ment criteria and follow-up MRI timing will thus be impor-
tant in determining the efficacy and noninferiority of OV 
therapies in adult and pediatric HGG. Given the experi-
ence of inflammatory related pseudoprogression in these 
three trials, gadolinium-based MRI alone may not be the 
optimal modality for response assessment of OV therapy 
of HGG. An example of a complementary modality was 
shown in a recent proof-of-concept study which demon-
strated in vivo CD8-targeted positron emission tomog-
raphy (PET) imaging of murine glioma models undergoing 
OV therapy.32 Further work addressing translational chal-
lenges associated with the widespread use and clinically 
adoption of PET-based response assessment(s) is there-
fore encouraged. It is our contention that such modalities 
may ultimately aid in the determination of OV treatment 
response.32

Seroconversion—Most patients in the general population 
have been exposed to the viruses that form the backbone 
of OV therapies, but little is known about how previous 
viral exposure may influence response to OV therapy 
for HGG. Pretreatment seropositivity, or the presence of 
antiviral antibodies, for these virus families within con-
trol and treatment cohorts is not consistently reported in 
published trials, frustrating attempts to clarify its poten-
tially confounding role.14,15,22,33–35 The trials discussed in 
this commentary may add some additional insights. For 
example, Gállego Pérez-Larraya et al. reported that all pa-
tients were seropositive for adenovirus IgG before treat-
ment and that anti-adenovirus antibody titers increased 
after treatment. Friedman et al. found that the median 
survival among patients with baseline HSV-1 seropos-
itivity was shorter than those who seroconverted after 
oHSV treatment, although the analysis was limited by the 
small number of patients, while Gállego Pérez-Larraya 
et al. found that median overall survival was shorter for 
patients with higher anti-adenovirus titers after infusion. 
Todo et al., presented patient level data for HSV-1 sero-
positivity the day before G47∆ initiation. We ran a uni-
variate survival analysis based on these seropositivity 
data and observed no difference in progression free sur-
vival or in overall survival depending on pre-G47∆ sero-
positivity (data not shown). Finally, beyond these three 
trials, pre-existing antibodies have been shown to reduce 
overall survival in solid tumors36; whereas oncolytic HSV-1 
talimogene laherparepvec efficacy has been shown to not 
be reduced by seropositivity in the melanoma setting.37 
Together, these often conflicting data suggest a complex 
relationship between seropositivity and efficacy of OVs; 
of note, the integrity of the immune system and ability 
to mount a productive response should be considered in 
such instances. The impact of active viral infection at the 
time of therapy or previous infections requiring antiviral 
therapy on OV treatment for HGG also remains unknown, 
as patients with these clinical histories are commonly ex-
cluded from clinical trial cohorts.

In summary, we encourage documentation of pre-
treatment and posttreatment seropositivity for patients 
with HGG treated on OV trials in order to clarify these 

phenomena and establish guidelines for therapeutic ap-
plication in previously exposed vs. nonexposed patients.

General versus tumor-specific inflammation—Immune 
cell evasion is a classic characteristic of HGG. This is 
especially true in pediatric HGG, likely related in part 
to low mutational burden, making these tumors im-
munologically “cold.”38 Preclinical models have dem-
onstrated the effectiveness of OVs in increasing TILs 
and transitioning the tumor microenvironment to one 
that is proinflammatory.39,40 The recent clinical studies 
found results consistent with preclinical models from 
posttreatment biopsies/tissue; infiltration was persistent, 
lasting > 50 months as observed in autopsies in Todo et al. 
However, it is not clear whether this immune reaction is 
general inflammation that fails to recognize tumor-specific 
antigens or if it represents direct recognition and lysis of 
tumor cells. Moreover, even if it does represent TIL me-
diated tumor cell lysis, the fact remains that despite per-
sistent CD8 and CD4 infiltration in autopsies, patients 
died from progressive disease. One explanation could be 
upregulation of immunosuppressive mechanisms as tu-
mors evolve. PD-1, PD-L1, CTLA-4 and IDO have for ex-
ample all been shown to be upregulated following G207 
OV therapy, revealing a potential role for checkpoint in-
hibitors.41 Interrogation of general and peripheral versus 
tumor-targeted immune responses may distinguish ef-
fects specific to the OV. Although Friedman et al. found 
an increase in TILs from 2 to 9 months post inoculation, it 
is not yet clear if this phenomenon is tumor-specific. The 
influx could result from tumor antigen recognition, sup-
ported by the correlation between higher T-cell clonality 
post-treatment and progression-free survival as well as 
TILs in locations distant from inoculation sites; however, 
this may represent a generic inflammatory reaction related 
to viral antigen(s), although no viral antigen was ultimately 
recovered. Finally, although not a primary focus of these 
three trials, myeloid cells, such as tumor-associated macro-
phages and microglia, can act to both potentiate and in-
hibit OV therapy. Future efforts should be directed towards 
modulating myeloid responses to maximize antitumor re-
sponses while minimizing antiviral responses.42

Future studies should work to identify the mechanisms 
of the immune responses in order to utilize these to im-
prove OV efficacy.

The Distinct Biology of Adult and Pediatric HGGs 
must Inform OV Clinical Trial Design

Early trials of oHSVs began in the 2000s and many subse-
quent trials have since investigated OV usage in not only 
adult but also in pediatric patients (Table 3).9 OV therapy is 
an attractive alternative therapeutic strategy for pediatric 
HGG patients, who are especially susceptible to the adverse 
effects of standard chemo- and radiotherapeutic treatment 
regimens such as long-term neurocognitive/neurosensory 
impairment and endocrine function alteration.43

Clinical trials of novel treatments for HGG have histor-
ically occurred first in adult populations and significantly 
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Table 3. Current active pediatric oncolytic virotherapy clinical trials obtained on clinicaltrials.gov.

Class Virus Phase NCT 

Herpes Simplex Virus HSV G207 1 NCT02457845

HSV G207 1 NCT03911388

HSV G207 2 NCT04482933

Adenovirus AloCELYVIR 1b/2 NCT04758533

Poliovirus PVSRIPO 1b NCT03043391

Reovirus Pelareorep 1 NCT02444546

Measles Virus MV-NIS 1 NCT02962167

Friedman et
al. 2021

Gállego Pérez-
Larraya et al. 2022

Viral inoculation
Location and doses

General vs tumor-
specific inflammation

Understanding mechanisms

Seropositivity and
seroconversion

Understanding implications

Response assessment
Consensus guidelines

pHGG vs aHGG
Population-guided studies

Future directions in
oncolytic viruses

Todo et al.
2022

HSV-1 G207

100

80

60

40

20

0

DNX-2401 G47∆

Figure 1. Recent clinical trials reveal path forward for oncolytic virotherapy in adult and pediatric high-grade glioma. High-
grade gliomas (HGGs) are aggressive cancers of the adult and pediatric central nervous systems. Limited efficacy of standard chemo- and 
radiotherapy approaches motivated interest in novel therapeutic directions, including oncolytic virotherapy (OV). Three recently published clin-
ical trials using herpes simplex virus- and adenovirus-based OVs to treat adult and pediatric HGGs demonstrated the strong potential of these 
therapies to improve patient survival, presented major innovations in OV administration, and highlighted opportunities to optimize assessment of 
OV efficacy. Intratumoral OV inoculation and repeated dosing strategies were shown to be safe and beneficial to survival and should therefore 
be included in future clinical trial design. Standardized reporting of pre- and post-OV seropositivity and unification of imaging-based Response 
Assessment guidelines must be a top priority to facilitate comparison of results across trials and improve patient stratification within future clin-
ical investigations.
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inform the design of subsequent trials for the pediatric 
populations.44 However, detailed interrogation of the geno-
mics, epigenomics, and tumor microenvironments of pe-
diatric and adult HGG have demonstrated vast biological 
differences between these two entities as well as heteroge-
neity within pediatric and adult subsets of HGG, potentially 
explaining the limited efficacy of adult-based therapies ap-
plied to pediatric brain tumor patients.45,46 For instance, bi-
ological predictors of therapy response in adult HGG, such 
as MGMT promoter methylation for TMZ treatment, are not 
always observed within the pediatric HGG population.47 In 
addition, the mutation landscape of adult HGG (eg IDH1/2, 
PTEN, EGFR)48 and pediatric HGG (eg oncohistone muta-
tions [H3K27M, H3F3A, HIST1H3B], PDGFRA, tyrosine ki-
nase fusions)48 produce different malignant cell lineages 
that may confer divergent sensitivities to OVs and other 
therapies. Finally, though much remains unknown about 
the immune microenvironment of adult and pediatric 
HGG, the developmental context of each of these diseases 
contains key biological differences that may confound OV 
therapy.49

Therefore, future study design for OV use in adult and 
pediatric HGG is recommended to reflect the distinct bio-
logical pathophysiologies of these tumors. The unique cel-
lular and molecular determinants of OV therapy response 
in these disparate patient populations should also be in-
vestigated at the preclinical and clinical levels to optimize 
treatment stratification and clinical trial enrollment cri-
teria. An example of such an investigation was in the re-
positioning of G207 from the adult to the pediatric setting 
culminating in the Friedman et al. 2021 trial.14 Pediatric mu-
rine glioblastoma models using patient derived xenografts 
were shown to express Nectin-1, a cell adhesion molecule, 
at significantly greater amounts than their adult counter-
parts. The pediatric models were also shown to be 11 times 
more sensitive to G207 than the adult models. Finally, 
Nectin-1 expression was shown to correlate with sensi-
tivity of these brain tumor xenografts to G207.50 These data 
helped motivate a trial of G207 in the pediatric setting.14

Conclusion

Recently published and ongoing clinical trials continue to 
show significant promise for OV therapy for the treatment 
of HGG. The trials discussed herein demonstrate the effi-
cacy and safety of intratumoral inoculation and repeated 
dosing strategies. Till date, OV therapy has demonstrated 
a limited side-effect profile, promotion of an antitumoral 
microenvironment, and an apparent increase in overall 
survival compared to historical data in both adult and pe-
diatric patients. Continued progress necessitates adoption 
of these successful practices, unification of therapeutic re-
sponse criteria, and pre- and posttreatment seropositivity 
reporting standards (Figure 1).

Supplementary Material

Supplementary material is available online at Neuro-
Oncology Advances online.
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