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Abstract

Background. Pediatric high-grade gliomas (pHGGs), including diffuse midline gliomas (DMGs), are aggressive
pediatric tumors with one of the poorest prognoses. Delta-24-RGD and ONC201 have shown promising efficacy as
single agents for these tumors. However, the combination of both agents has not been evaluated.

Methods. The production of functional viruses was assessed by immunoblotting and replication assays. The
antitumor effect was evaluated in a panel of human and murine pHGG and DMG cell lines. RNAseq, the seahorse
stress test, mitochondrial DNA content, and yH2A.X immunofluorescence were used to perform mechanistic studies.
Mouse models of both diseases were used to assess the efficacy of the combination in vivo. The tumor immune
microenvironment was evaluated using flow cytometry, RNAseq, and multiplexed immunofluorescence staining.
Results. The Delta-24-RGD/ONC201 combination did not affect the virus replication capability in human pHGG
and DMG models in vitro. Cytotoxicity analysis showed that the combination treatment was either synergistic or
additive. Mechanistically, the combination treatment increased nuclear DNA damage and maintained the met-
abolic perturbation and mitochondrial damage caused by each agent alone. Delta-24-RGD/ONC201 cotreatment
extended the overall survival of mice implanted with human and murine pHGG and DMG cells, independent of H3
mutation status and location. Finally, combination treatment in murine DMG models revealed a reshaping of the
tumor microenvironment to a proinflammatory phenotype.

Conclusions. The Delta-24-RGD/ONC201 combination improved the efficacy compared to each agent alone in in
vitro and in vivo models by potentiating nuclear DNA damage and in turn improving the antitumor (immune) re-
sponse to each agent alone.

Key Points
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Pediatric high-grade gliomas (pHGGs), including dif-
fuse midline gliomas (DMGs), are the most aggressive
tumors with the poorest overall survival among the
pediatric population. This fact underscores the urgent
need for novel, alternative therapies. The oncolytic ad-
enovirus Delta-24-RGD and the ONC201 imipridone are
promising therapies but are insufficient as monother-
apies. In this work, we showed that the combination of
Delta-24-RGD/ONC201 was therapeutically superior to

Tumors of the central nervous system (CNS) are the most
common malignancies among children and adolescents
and have the highest mortality rates of any pediatric cancer.’
Of importance, pediatric-type diffuse high-grade gliomas
(pHGGS), including diffuse midline gliomas (DMGs), are
defined by a survival rate of 8-14 months, which is one of

either of the single agents. The combination treatment
resulted in a potent antitumor response in vitro and in
vivo mediated by the intrinsic mechanism of action of
each of the agents but also the synergistic increase in
DNA damage thatin turn increased antigen release and
promoted the antitumor immune response. These re-
sults uncover the potential of the Delta-24-RGD/ONC201
combination as a treatment regimen for pHGGs and
DMGs in a clinical scenario.

the poorest prognoses.'= In the 5th and the last editions of
the WHO classification for CNS tumors, pHGGs were classi-
fied based on histone H3 mutation status* because of their
impact on epidemiology, the location of the tumor, and
the disease prognosis.® Despite advances in imaging, neu-
rosurgery, higher knowledge of molecular pathogenesis,
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and new combinations of chemotherapy and other treat-
ment regimes, patient outcomes and approved therapies
have not changed in recent decades.®® Immunotherapy, al-
though promising in non-CNS solid tumors, has not shown
efficacy in patients with pediatric brain tumors.'® Only
CAR-T-cell therapy™'2 and virotherapy'®'* show potential
for clinical translation. However, these results are all from
early-stage clinical trials and require validation in future
multicentric clinical studies. Taken together, this context
underscores the urgent need to propel novel therapeutic
approaches that address the complex milieu of the tumor
and its microenvironment.

As mentioned above, oncolytic viruses are consolidating
as therapies for brain tumors due to their tumor cell se-
lectiveness, their capability to stimulate an antitumor im-
mune response, and their safe clinical profile, among
other reasons.’™ Delta-24-RGD (DNX-2401 in the clinic),
an oncolytic adenovirus derived from human adenovirus
5 (HAdV-C5), has demonstrated good antitumor efficacy
in both preclinical and clinical settings in pediatric and
adult gliomas.'®2" Specifically, our group has recently
demonstrated the feasibility, safety, and degree of effi-
cacy of DNX-2401 following radiotherapy in a cohort of
newly diagnosed DMG patients.’® An enhanced immune
response and remarkable T-cell recruitment were observed
after treatment. Nevertheless, there is room for improve-
ment, and combination therapy is an interesting approach.

ONC201 (dordaviprone in the clinic) is a promising small
molecule that has yielded encouraging therapeutic results in
clinical trials for treating H3K27M-mutant DMGs.?? First re-
ported as a dopamine receptor D2 (DRD2) antagonist,? re-
cent research has shown that ONC201 is also an agonist of
mitochondrial caseinolytic protease P (ClpP).2426 ONC201 in-
duces mitochondrial damage,?4%>?7 activates the integrated
stress response (ISR) signaling through activating tran-
scription factor 4 and C/EBP homologous protein (CHOP),
and induces apoptosis.?®?° Interestingly, ONC201 also led
to NK and T-cell accumulation in a colorectal tumor model.3°
ONC201 has reached the clinic in various applications for
brain tumors.?’3132 A recent work highlighted that ONC201
treatment, following initial radiation in H3K27M-mutant
DMGs, led to an encouraging response in 2 independent
multisite phase Il clinical trials.?’ Indeed, these results al-
lowed for the launch of a phase Ill study (NCT05580562) to
evaluate the efficacy in newly diagnosed patients with dif-
fuse gliomas and H3 mutations; however, this study ex-
cluded patients with DIPG tumors. Notwithstanding the
positive outcomes shown by ONC201 treatment, there is still
a margin to improve the therapeutic effect of this drug.

Therefore, we aimed to elucidate whether the combina-
tion of 2 promising therapies, Delta-24-RGD and ONC201,
could improve their individual therapeutic effect in pre-
clinical models of pHGGs, including DMGs. Our data dem-
onstrated the suitability of this combination, as it showed
a better response than each agent alone in vitro and in
vivo. Mechanistic studies showed that the Delta-24-RGD/
ONC201 combination increased DNA damage and re-
modeled the tumor microenvironment (TME) toward a
proinflammatory state leading to an augmented antitumor
immune response. Altogether, our results reveal the poten-
tial of this treatment regime as a therapy for pHGGs, in-
cluding DMGs.

Materials and Methods
Cell Lines and Culture Conditions

The CHLA-03-AA pediatric glioma cell line was obtained
from American Type Culture Collection (Manassas, VA)
and maintained with Dulbecco’s modified Eagle’s me-
dium: nutrient mixture F-12 (DMEM/F-12; Gibco) supple-
mented with B-27 supplement (Gibco), basic fibroblast
growth factor and epidermal growth factor (20 ng/mL
Sigma-Aldrich). SJ-GBM2 was obtained from Children’s
Oncology Group and was maintained in Iscove’s Modified
Dulbecco’s Medium (IMDM) supplemented with 20% fetal
bovine serum (FBS), 4 mM L-glutamine and 1X insulin-
transferrin-selenium ITS (Gibco). The PBT-24 cell line was
derived from a patient treated at the University Clinic
of Navarra’® and was subcultured with Rosewell Park
Memorial Institute medium supplemented with 10% FBS.
The SF188 cell line was kindly provided by Dr. Chris Jones
(Cancer Research Institute, Sutton, UK) and maintained
with DMEM supplemented with 10% FBS. The human
DMG cell lines were kindly provided by the following col-
laborators: TP54 (H3.3K27M) cells from Drs. Marie-Pierre
Junier and Hervé Cheneiwess (INSERM Institute, Paris,
France); the SU-DIPG IV (H3.1K27M) cell line from Dr.
Michelle Monje (Stanford University, California); JHH-
DIPG1 (H3.3K27M) cells from Dr. Eric Raabe (John Hopkins
University, Baltimore); HSJD-DIPG-007 (H3.3K27M) cells
from Dr. Angel Montero-Carcaboso (Hospital Sant Joan de
Déu, Barcelona); and the SU-DIPG-XllIp* (H3.3K27M) cell
line from Dr. Carl Koschmann (University of Michigan, Ann
Arbor). These cell lines were maintained as neurospheres
cultured in specialized medium for the expansion of human
neural stem and progenitor cells (NeuroCultTM NS-A
Proliferation Kit, #05751, STEMCELL Technologies), supple-
mented with basic fibroblast growth factor and epidermal
growth factor (20 ng/mL Sigma-Aldrich). The human DMG
SF8628 cell line was obtained from Millipore (Sigma
Aldrich) and was subcultured with DMEM supplemented
with 10% FBS and 2 mM L-glutamine (Gibco). NP53 and
XFM murine DMG cells were kindly provided by Dr. Oren
Becher (Mount Sinai). Both cell lines were obtained from
DMG tumors from genetically modified mice333* and were
maintained with DMEM supplemented with 10% FBS. The
intrauterine electroporation (IUE)-derived cell lines 24D-1,
26B-7, and 26C-7 were a kind gift from Timothy N. Phoenix
(Cincinnati Children’s Hospital Medical Center, Cincinnati).
These cell lines contain dominant-negative p53 (DN-p53),
PDGFRAP84V and, either H3.3 WT (24D-1), H3.3K27M (26B-
7), or H3.1K27M/ACVR 16328V (26C-7).35 All media were sup-
plemented with 1% penicillin/streptomycin. HEK293 cells
were used for viral titration. All cell lines were maintained
in a humidified atmosphere containing 5% CO, at 37°C, rou-
tinely tested for mycoplasma (Mycoalert mycoplasma de-
tection kit; Lonza), and authenticated at the CIMA Genomic
Core Facility (Pamplona, Spain) using DNA profiling.

Animal Studies

Ethical approval for the animal studies was granted through
the Animal Ethical Committee of the University of Navarra
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(CEEA; Comité Etico de Experimentacion Animal) under the
protocols CEEA/064-20 and CEEA/065-20. All animal proced-
ures were performed in accordance with the institutional,
regional, and national laboratory animal research guide-
lines. Efforts were made to reduce the number of mice used
according to the 3R principles to minimize animal suffering.

For the orthotopic supratentorial model, CHLA-03-AA
(5 x 10%) cells were injected into the striatum of athymic
mice. For human DMG tumors, TP54 (5 x 10%) and SU-DIPG-
Xlllp* (3 x 10%) cells were injected into the pons of BALB/c
nude and NSG mice, respectively. Murine DMG tumors
were developed by injecting XFM (1 x 103) cells into the
pons of BALB/c mice, NP53 (1x 10%) cells into NP53"
f transgenic mice,® and 24D-1 and 26C-7 (2.5 x 10°) cells
into C57BL/6 mice. The cells were implanted in 2-5 L of
uncomplemented media. Then, the animals were ran-
domly assigned to each experimental group. Delta-24-RGD
was administered intratumorally after cell implantation.
ONC201 dissolved in distilled H,O was administered by oral
gavage at the indicated dosages once per week. ONC201
was kindly provided by Chimerix (Durham).

Statistical Analysis and Illustration Design

Data are presented as the mean + SEM. Dose-response
curves for ONC201 were obtained by nonlinear regres-
sion. The synergistic effect was calculated using the
Highest Single Agent (HSA) formula in SynergyFinder.3®
Comparisons among groups were evaluated using the
Mann-Whitney test (for viral replication assays) and 1/2-
way ANOVA (for multiple comparisons). A P value <.05
was considered significant. Survival rates were com-
pared using a log-rank test (Mantel-Cox) and represented
as Kaplan-Meier plots. All data were analyzed using
GraphPad Prism 10 (Statistical Software for Science, RRID:
SCR_002798). ns, P>.05; *P<.05; **P<.01; ***P<.001;
**%%P<.0001.
Illustrations were created using BioRender.com.

Results

The combination of ONC201 with Delta-24-RGD
results in a superior antitumor effect compared
to that of either treatment alone in human pHGG
and DMG cell lines.

As recent preclinical and clinical studies have shown that
pHGG and DMG tumors are sensitive to ONC201,242%37 we
decided to confirm the antitumor effect of ONC201 in a
battery of H3-WT pHGG (CHLA-03-AA, PBT-24, SJ-GBM2,
and SF188) and H3K27M DMG (SF8628, TP54, SU-DIPG 1V,
HSJD-DIPG007, and JHH-DIPG-1) cell lines, which showed
IC,, values in the micromolar range (Supplementary
Figure S1A). As the goal of this work was to maximize
the therapeutic effect of ONC201 in combination with the
oncolytic virus Delta-24-RGD, we first ruled out the poten-
tial negative effects of ONC201 on the replication capability
of the virus due to its mechanism of action. Although the
addition of ONC201 IC,, to viral treatment led to a slight
reduction in the levels of the early (E1A) and late (Fiber)

viral proteins (Figure 1A, Supplementary Figure S1B, C,
and D), evaluation of viral replication after ONC201 ad-
dition showed no drug interference with the production
of functional viruses (Figure 1B, Supplementary Figure
S1E). These data indicate that although ONC201 abrogates
growth signals and mitochondrial metabolism and could
thus potentially interfere with the viral cycle, this effect is
not sufficient to diminish viral replication, which suggests
that this combination could be therapeutically viable.
Importantly, combination treatment induced a synergistic
or additive antitumor effect in all cell lines tested regard-
less of H3 mutation status (Figure 1C-D). The HSA algo-
rithm was used to assess the potential additivity (0 < HSA
overall score < 10) or synergy (10 < HSA overall score).3¢
The Delta-24-RGD/ONC201 combination in pHGG cell
lines was additive (SJ-GBM2: HSA = 6.66) or synergistic
(CHLA-03-AA: HSA =12.85; SF188: HSA =28.12). Similar
results were obtained in the DMG cell lines evaluated,
with additivity in TP54 (HSA = 3.30) and synergy in SF8628
(HSA =19.27) and SU-DIPG IV (HSA = 10.19; Figure 1D).

Collectively, these data showed the feasibility of the
Delta-24-RGD/ONC201 combination, with no negative ef-
fects on adenovirus replication capability by ONC201.
Additionally, the results proved that the Delta-24-RGD/
ONC201 combination is either synergistic or additive, and
the combination led to better responses than each treat-
ment alone in vitro.

The Delta-24-RGD/ONC201 Combination
Conserves the Metabolic and Mitochondrial
Disruptions and Exacerbates DNA Damage

To better understand the mechanism of action of this com-
bination, we performed RNAseq analysis after the indi-
cated treatments. Two cell lines per type of tumor were
included (pHGG: CHLA-03-AA, SJ-GBM2; and DMG: TP54,
SU-DIPG IV; Figure 2A-C, Supplementary Figure S2A). In
both disease models, genes related to the immune re-
sponse were differentially expressed in the presence of
Delta-24-RGD, whereas ONC201 led to changes in the
expression of genes that regulate apoptosis, ISR, and
nuclear DNA damage. Importantly, the combination con-
served all of these changes (Figure 2A). Gene sets ana-
lyses showed that the Delta-24-RGD/ONC201 combination
has a higher impact than monotherapies to downregulate
transcriptional signatures of pathways related to tumor
development and cell proliferation (Supplementary Figure
S2A). We also compared the effects of the Delta-24-RGD/
ONC201 combination with the individual treatments
(Figure 2B). pHGG cells, following combination treatment,
differentially regulated the ISR and mitochondrial home-
ostasis. In contrast, combination treatment in DMG cells
altered the regulation of phosphatidylinositol 3-kinase ac-
tivity and the nuclear DNA damage response (Figure 2B).
These data suggest that Delta-24-RGD and ONC201 do not
interfere with each other’s transcriptional reprogramming
as single agents in addition to their additive antitumor and
viral responses when used in combination. Additionally,
we identified that DMG cells treated with the combina-
tion showed a significant reduction of IGF1/IGF1R and
PDGF pathways (Figure 2C), which have been previously
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Figure 1. (A) The levels of early (E1A) and late (Fiber) viral proteins in the absence/presence of ONC201 and Delta-24-RGD in human pHGG
(CHLA-03-AA, SF188) and DMG (TP54, SF8628) cells were assessed by immunoblotting 72 hours after treatment. Delta-24-RGD numbers indicate
the multiplicity of infection (MOI) used. ONC201 treatment was given at the IC.; dosage. (B) Total infection titers of Delta-24-RGD in the absence/
presence of ONC201 72 hours after treatment in pHGG (CHLA-03-AA, SF188) and DMG (TP54, SF8628) cells were quantified by an anti-hexon
staining-based method. Cells were treated at the following Delta-24-RGD dosages: CHLA-03-AA: 5 PFU/cell; SF188: 2.5 PFU/cell; TP54: 10 PFU/cell;
and SF8628: 0.5 PFU/cell. ONC201 treatment was given at the IC,) dosage. Horizontal dotted lines indicate the input virus. Data are shown in loga-
rithm format and as the mean + SEM. At least 3 biological replicates were performed for each condition. The Mann-Whitney test was performed
for statistical analysis. ns, not significant. (C) Effects on viability of Delta-24-RGD + ONC201 in human pHGG (CHLA-03-AA, SF188, and SJ-GBM2)
and DMG (TP54, SF8628, and SU-DIPG 1V) cells. Cells were treated with increasing MOls of Delta-24-RGD in the absence or presence of ONC201
(at IC,q ;). At least 2 biological replicates were performed for each cell line. (D) 3D-synergy maps of data from C, analyzed by the Highest Single
Agent (HSA) logarithm. An HSA overall score > 10 represents strong synergy; a 0 < HSA overall score < 10 represents additivity.
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Figure 2. (A) Gene ontology families enriched in the human pHGG and DMG cell lines following Delta-24-RGD, ONC201, and combination treat-
ment compared with vehicle. The results were obtained from RNAseq data (SE255972). (B) Gene ontology families enriched in the Delta-24-RGD/
ONC201 combination group compared with each individual treatment group in human pHGG and DMG cell lines. (C) GSEA (negative enriched) of
transcriptomic signatures in human DMG cell lines after ONC201 and/or Delta-24-RGD treatment. Vertical line indicates statistical significance
(~Log,, 0.05). (D) and (E) Representative immunofluorescence images of yH2AX levels in CHLA-03-AA (D) and TP54 (E) cells 48 hours after Delta-
24-RGD and/or ONC201 treatment. Scale bars: 25 pm. (F) Quantification of no. foci/no. cells from D and E. Data are shown as the mean + SEM.
At least 6 independent images were quantified from 2 experimental replicates. One-way ANOVA was performed for statistical analysis. *P < .05,
***P < 001, ****P < .0001. G. Assessment of the mTORC1 pathway in pHGG (CHLA-03-AA) and DMG (TP54) cell lines 48 hours after Delta-24-RGD,
ONC201 or combination treatment. H. Relative mtDNA level in pHGG (CHLA-03, SF188) and DMG (TP54, SF8628, SU-DIPG IV) cells for 24 hours after
ONC201 and/or Delta-24-RGD treatment. Data are shown normalized versus “vehicle” and as the mean + SEM. Three biological replicates were
performed for each cell line. Two-way ANOVA was performed for statistical analysis. *P < .05, **P < .01. Cells were treated with Delta-24-RGD at
the IC,, of ONC201 and 10 PFU/cell for Figure 2D to H. 1 and J. Seahorse extracellular flux analysis showing the OCR in CHLA-03-AA (1) and TP54 (J)
cells 24 hours after ONC201 and/or Delta-24-RGD treatment. Three experimental replicates were performed for each condition. The Delta-24-RGD
dosage was 25 PFU/cell (CHLA-03-AA) or 15 PFU/cell (TP54), and ONC201 was given at the IC, for both cell lines.
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described as potential targets for recent alternative thera-
peutic approaches.383°

Intriguingly, RNAseq data revealed that the combination
treatment increased nuclear DNA damage, suggesting a
possible mechanism underlying the enhanced antitumor
effect (Figure 2A-B). Interestingly, adenoviruses switch off
nuclear DNA damage repair machinery early after infec-
tion to avoid the recognition of single viral DNA ends by
the cell and to facilitate replication.*® Therefore, we meas-
ured nuclear DNA damage based on the relative levels of
phospho-histone H2A.X (yH2A.X) by immunofluorescence
microscopy, and we quantified the no. foci/no. cells ratio
and the integrated density. ONC201 tended to slightly
increase DNA damage in both disease models, whereas
Delta-24-RGD infection had no significant impact on
YH2A.X levels (Figure 2D-E, Supplementary Figure S2B-E).
However, cotreatment with Delta-24-RGD and ONC201
resulted in increased yH2A.X levels, higher than that in-
duced by each agent alone, indicating more DNA damage.

To delve into the mechanism of action of the combina-
tion and because ONC201 was described as an indirect
inhibitor of the cell proliferation and protein production
mTORC1 pathway,?°30 we evaluated the effect of Delta-
24-RGD/ONC201 treatment on this metabolic pathway
(Figure 2G, Supplementary Figure S2F). We observed that
ONC201 at the IC,, decreased the phosphorylation of the
mTORC1 target S6 ribosomal protein but did not change
p-Ser 473 and p-Thr 308 Akt phosphorylation. Meanwhile,
Delta-24-RGD infection activated mTORC1 signaling,
which increased phosphorylation at p-Ser 473, p-Thr 308
Akt, and the S6 ribosomal protein, probably to expand the
production of viral proteins. Indeed, this effect was main-
tained even in the presence of ONC201, which demon-
strated the potent effect of Delta-24-RGD on this signaling
pathway.

Similarly, as one of the main mechanisms underlying
the efficacy of ONC201 is the perturbation of mitochondrial
respiratory capacity,?*?5 we investigated whether Delta-
24-RGD could interfere with this process. First, we quan-
tified the levels of mtDNA to more precisely characterize
the role of the mitochondria in the combination treatment
efficacy (Figure 2H). Delta-24-RGD alone did not affect the
mtDNA copy number. In contrast, ONC201, alone or com-
bined with Delta-24-RGD, decreased the mtDNA level,
confirming mitochondrial damage. We also performed
a Seahorse analysis to measure respiratory capacity. As
previously described,?#?527 ONC201 altered the OCR in all
cells evaluated meanwhile Delta-24-RGD treatment did not
produce significant changes (Figure 2I-J; Supplementary
Figure S3A). ONC201 and the combination treatment in-
creased ECAR (Supplementary Figure S3B) and decreased
the basal oxygen consumption rate, ATP-linked respira-
tion, maximal respiration capacity, spare capacity, and
nonmitochondrial respiration (Supplementary Figure
S3C-E). Altogether, these data demonstrate that the mi-
tochondrial perturbation by ONC201 is maintained in the
presence of Delta-24-RGD.

To summarize, these data showed that in vitro, Delta-24-
RGD infection reprograms the cells while ISR, apoptosis,
and nuclear DNA damage are induced by ONC201. Of im-
portance, the combination treatment does not interfere
with the effect of the single agents alone.

Delta-24-RGD/ONC201 Cotreatment has a
Superior Antitumoral Effect in Orthotopic Human
Models of pHGG and DMG

Due to the encouraging results obtained in vitro, we
evaluated the in vivo efficacy of this combination in
xenograft human pHGG (CHLA-03-AA) and DMG (TP54
and SU-DIPG-Xlllp*) models. Cells were engrafted
orthotopically, and several days later, depending on the
kinetics of the model, mice were treated intratumorally
with a single dose of Delta-24-RGD (107 pfu) followed by
the administration of ONC201 (125 mg/kg, once a week,
0.g.; Figure 3A). The treatment schedule was designed
in a way that could be reproduced in a clinical scenario.
Although both agents have been demonstrated to be safe
in clinical trials as single agents,'®?7 their safety profile,
when used in combination, has not yet been established.
Thus, we evaluated a battery of toxicity parameters (in-
cluding hemogram, biochemistry, and pathology) to
rule out potential negative effects of the combination in
human and murine models. As expected, the Delta-24-
RGD/ONC201 combination proved to be safe in both an-
imal models, showing no significant differences against
vehicle-treated mice in any of the parameters evalu-
ated (Supplementary Figure S4-5). Hemogram analyses
showed no differences in cell count (white, red, or plate-
lets) among treatment groups (Supplementary Figure
S4A-B and Sb5A-B). Additionally, hepatic, pancreatic,
and renal function biochemical analyses after treatment
showed normal (Supplementary Figure S4C and S5C).
Liver anatomopathological analyses to detect histolog-
ical changes induced by the combination showed normal
anatomy and no expression of E1A viral protein in any of
the models (Supplementary Figure S4D and S5D).

Then, we investigated whether Delta-24-RGD would rep-
licate and persist in the tumor after ONC201 administration
in both disease models (human xenografts). Thus, ani-
mals were treated with the combination of Delta-24-RGD
(single dose) followed by 3 doses of ONC201 and sacrificed
one day after the last dose of drug (Figure 3A). We con-
firmed E1A (early viral protein) and hexon (late viral pro-
tein) staining in Delta-24-RGD-treated mice, independent
of whether animals were additionally treated with vehicle
or ONC201 (Figure 3B, S6A-B), indicating that ONC201
does not interfere with in vivo viral infection and repli-
cation capability. We also validated that ONC201 reached
the tumor in our models as a decreased staining for suc-
cinate dehydrogenase complex subunit A (SDHA) was
observed in the ONC201-treated groups, with remarkable
zones without SDHA staining as other groups checked.?’
Surprisingly, Delta-24-RGD produces a similar decrease
(Figure 3C-D, Supplementary Figure S6C). Further ex-
periments would be needed to understand the biological
meaning of this finding.

Next, we evaluated the efficacy of the combination in
pHGG and DMG orthotopic models. In the pHGG model
(CHLA-03-AA cell line, H3-WT), ONC201 led to a survival ad-
vantage, but without a significant difference (vehicle =48
days, n=9; ONC201 =54.5 days, n=6, P=.172). Delta-24-
RGD treatment improved survival (vehicle vs. Delta-24-
RGD =62 days, n=8; P=.016), whereas the combination
of both agents significantly prolonged the survival of the
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Figure 3. (A) Treatment schedule for inmunosuppressed, human orthotopic-bearing mouse models (CHLA-03-AA, TP54, and SU-DIPG-XIlIp*).
(B) Representative immunostaining images of brain samples from TP54-bearing mice at the sacrifice time. H&E was used to confirm tumor pres-
ence, and E1A and Hexon were used as adenovirus markers. Scale bars: 3 mm, 500 pm and 250 pm. (C) Representative images of SDHA staining
from TP54-bearing mice at the sacrifice time. Scale bars: 300 um (upper panels), and 150 pm (bottom panels). D. Quantification of SDHA staining
in TP54-bearing mice and represented as SDHA+/ym? normalized ratio. Arrows indicate regions without SDHA staining. Scale bar: 200 pm. (E), (F)
and (G). Survival curve analysis after cell implantation following the sacrifice of CHLA-03-AA (E), TP54 (F), and SU-DIPG-XIlIp*(G)-bearing mice.
The log-rank (Mantel-Cox) test was performed for statistical analysis. The numbers of mice in each group appear in brackets. *P < .05, **P < .01,
***P < .001.
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treated animals and one mouse of this group resulted in a
long-term survivor (vehicle vs. Delta-24-RGD/ONC201 = 95
days, n=5; P=.0008; Figure 3E, Supplementary Figure
S7A). The DMG model TP54 (H3.3mut) showed similar re-
sults (Figure 3F, Supplementary Figure S7B), with single
ONC201 or Delta-24-RGD treatment leading to an increase
in the median survival time of the mice (vehicle =127
days, n=7; ONC201 =156 days, n=8, P=.099; Delta-
24-RGD =182 days, n=7, P=.033), but again, the Delta-
24-RGD/ONC201 combination showed a better survival
advantage (220 days, P<.0005). All 3 treatment regimens
led to long-term survival in this model: ONC201 (2 out of 10;
20%), Delta-24-RGD (1 out of 8; 12.5%), and Delta-24-RGD/
ONC201 (4 out 0f 9; 44.4%; Figure 3F). Immunohistochemical
analyses of this model after treatment showed a decrease
in proliferation and an increase in apoptosis when both
agents were combined (Supplementary Figure S6D). An ad-
ditional DMG model of SU-DIPG-XllIp* (H3.3mut)-bearing
mice were tested with the proposed treatment regime
(Figure 3G). Once again, ONC201 and Delta-24-RGD as
single agents increased the median overall survival time of
treated mice (vehicle = 10 days, n=11, ONC201 = 17 days,
n=9, P=.0081; Delta-24-RGD =13 days, n=10, P=.014).
Importantly, the combination regime led to a superior
antitumor response (21 days, n=12; vs. vehicle, P=.0003;
vs. Delta-24-RGD, P=.0285; Supplementary Figure S7C).
There were no long-term survivors in this model. During
the experiment, weight changes were evaluated as a sub-
rogate toxicity marker. Weight loss was not observed after
treatment with each agent alone or in combination in any of
the models (Supplementary Figure S7D).

Overall, these data proved the feasibility of the Delta-
24-RGD/ONC201 treatment regime in an immunosup-
pressed in vivo context. No toxicities were associated with
the combination treatment, and we observed improved
antitumoral responses in both pHGG and DMG models.

The Delta-24-RGD/ONC201 Combination
Maintains Its Effects in Murine DMG Cell Lines

As both ONC201%%32 and Delta-24-RGD'3'6' are able to
modulate the immune system, we next assessed the ef-
ficacy of the combination treatment in immunocompe-
tent DMG models. Thus, we used XFM (H3-WT)/NP53
(H3.3mut) cell lines, which were derived from pons tumors
of genetically modified mice,334 and 24D-1 (H3-WT)/26B-7
(H3.3mut)/26C-7 (H3.1mut) cell lines, which were derived
from tumors in IUE models.%®

First, we assessed the conserved homology of ONC201
target proteins in mice and humans. In silico analyses
showed that both CLPP and DRD2 are highly conserved
(86.76% and 95.71%, respectively) in both species, sug-
gesting the suitability of using ONC201 in murine DMG
cells (Supplementary Figure S8A-B). We conducted sim-
ilar in vitro experiments as we did previously with human
cell lines and we confirmed that ONC201 affected the vi-
ability of murine DMG cells (Supplementary Figure S8C).
IC,, concentrations are provided in Supplementary Figure
S8C. We could detect the expression of the E1A and Fiber
viral proteins even in the presence of ONC201 (Figure 4A,
Supplementary Figure S8D-F), although as expected, the

virus did not replicate in this model since adenoviruses
are species-specific’! (Figure 4B). Based on the HSA al-
gorithm,%¢ the Delta-24-RGD/ONC201 combination was
either additive for XFM (HSA overall score = 2.64), 24D-1
(HSA overall score =7.69) and 26B-7 (HSA = 2.54) or syner-
gistic for NP53 (HSA overall score = 11.83) and 26C-7 (HSA
overall score = 11.48; Figure 4C-D). Nuclear DNA damage
was also increased in the presence of ONC201 and, sim-
ilar to the effects in the human cell lines, it was further po-
tentiated when ONC201 was combined with Delta-24-RGD
(Figure 4E-F, Supplementary Figure S8G).

The efficacy of the Delta-24-RGD/ONC201 combination
was also evaluated in the H3-WT and H3K27M DMG mu-
rine models. We followed a similar schedule to that previ-
ously proposed (Supplementary Figure S9A). XFM-bearing
mice (H3-WT) only presented an increase in median overall
survival following Delta-24-RGD/ONC201 treatment (ve-
hicle=11 days, n=8; Delta-24-RGD/ONC201 =15 days,
n=9, P=.0273; Figure 4G, Supplementary Figure S9B).
The Delta-24-RGD/ONC201 combination improved overall
survival in the 24D-1 tumor-bearing mice model (65 days,
n=12; vs. vehicle, P=.0003; vs. ONC201, P=.0194; vs.
Delta-24-RGD, P=.1243; Figure 4H, Supplementary Figure
S9C). In this model, ONC201 as a single agent did not sig-
nificantly increase overall survival compared with the
control group (vehicle =56.5 days, n=10; ONC201 =61
days, n=1, P=.134), while Delta-24-RGD-treated mice
showed a slight but significant difference (61 days, n=12;
P=.024). Regarding the H3mut models, the survival of
NP53-bearing mice was extended following treatment with
ONC201 (vehicle=19.5 days, n=10; ONC201 =22 days,
n=11; P=.0447) or Delta-24-RGD alone (21 days, n=12;
P=.0586). The Delta-24-RGD/ONC201 regimen slightly
improved the effect of each agent alone (25 days, n=11;
P=.0024; Figure 4l, Supplementary Figure S9D). We also
evaluated the effect of the treatments in the 26C-7 model.
ONC201 (51.5 days, n=10; P=.01), Delta-24-RGD (50 days,
n=11;, P<.05), and Delta-24-RGD/ONC201 (56.5 days,
n=12; P=.0002) treatment improved overall survival in
comparison with the vehicle group (46 days, n=11; Figure
4J, Supplementary Figure S9E). Importantly, the com-
bination regime showed a superior effect compared to
each treatment alone (vs. vehicle, P=.0002; vs. ONC201,
P=.0205; vs. Delta-24-RGD, P=.0473; Supplementary
Figure S9E). The treatments did not lead to long-term sur-
vivors except for one mouse in the NP53-bearing model.

Altogether, our data demonstrated that the Delta-24-
RDG/ONC201 combination retained the efficacy displayed
in human cells in a battery of murine DMG models in vitro.
Additionally, the combination is feasible in immunocom-
petent in vivo models and showed a modest but better re-
sponse; this difference can partially be explained by the
ineffective replication of adenovirus serotype 5 in murine
models.*!

The Delta-24-RGD/ONC201 Combination Induces
Proinflammatory Remodeling of the Tumor
Microenvironment

As the combination treatment showed a therapeutic ad-
vantage in immunocompetent models, we wanted to
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Figure 4. (A) Assessment of the levels of early (E1A) and late (Fiber) viral proteins in murine DMG (XFM or NP53) cells in the absence/pres-
ence of ONC201 following Delta-24-RGD treatment by immunoblotting. Delta-24-RGD numbers indicate the multiplicity of infections used. ONC201
treatment was given at the IC;; dosage. (B) Quantification of total infection titers of Delta-24-RGD in XFM, 24D-1, and 26C-7 cells by an anti-hexon
staining-based method in the absence/presence of ONC201. Cells were treated with the IC., of ONC201 and 100 PFU/cell Delta-24-RGD. The
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horizontal dotted line indicates the input virus. Data are shown in logarithm format and as the mean + SEM. At least 3 biological replicates were
performed for each condition. The Mann—-Whitney test was performed for statistical analysis. ns, not significant. (C) Effects on viability of Delta-
24-RGD + ONC201 in murine DMG (XFM, NP53, 24D-1, 26B-7, and 26C-7) cells. Cells were treated with an increasing PFU/cell Delta-24-RGD in the
absence and presence of ONC201 (at IC,, ). At least 3 biological replicates were performed for each cell line. (D) 3D-synergy maps of data from
C, as analyzed by the HSA logarithm. An HSA overall score > 10 represents strong synergy; 0 < HSA overall score < 10 represents additivity. (E)
Representative immunofluorescence images of yH2AX in XFM cells 48 hours after Delta-24-RGD and/or ONC201 treatment. The Delta-24-RGD
dosage was 10 PFU/cell, and ONC201 was given at the IC;. Scale bars: 25 ym. (F) Quantification of no. foci/no. cells from (E) Data are shown as the
mean + SEM. At least 5 independentimages were quantified from 2 experimental replicates. One-way ANOVA was performed for statistical anal-
ysis. ¥*P < .05, **P < .01. G, H, |, and J. Survival curve analysis after cell implantation following the sacrifice of XFM-(G), 24D-1-(H) NP53-(I), and
26C-7-(J) mice, respectively. The log-rank (Mantel-Cox) test was performed for statistical analysis. The numbers of mice in each group is shown

in brackets. *P < .05, **P < .01, ***P < .001.

characterize the contribution of the combination to the
antitumor immune response. Thus, we conducted a short-
term experiment with a similar treatment schedule as the
survival experiment (Supplementary Figure S10A), and
flow cytometry analyses were performed (Supplementary
Figure S10B; gating strategy). We observed that Delta-24-
RGD administration alone or in combination with ONC201,
increased the abundance of immune infiltrate (CD45*
cells) in the tumors compared with that of vehicle-treated
mice (P=.0123 and P<.0001, respectively), whereas
ONC201-treated mice showed a nonsignificant increase
in the number of immune cells (P=.4301; Figure 5A-B).
Interestingly, we found robust recruitment of lymphoid
and myeloid lineage cells following combination treat-
ment (Figure 5C-E). Total CD3* T cells and, specifically,
CD4+, CD8*, and regulatoryT cells (Treg; CD4*Foxp3*), were
increased in the combination group compared with the
vehicle and ONC201 groups (Figure 5C). NK cells (TCRb-
NKp46+*) were specifically increased following Delta-24-
RGD/ONC201 treatment compared with that following
single treatments (P<.0001, P=.0057 and P=.0302 for ve-
hicle, ONC201, and Delta-24-RGD, respectively; Figure 5C).
No differences were found in the amount of B-cell infiltra-
tion in the tumor (Figure 5C). Regarding the myeloid com-
partment, only Delta-24-RGD/ONC201 treatment induced
significant recruitment of monocytes, macrophages, mi-
croglia, and granulocytes, as well as dendritic cells (Figure
5C-D). We confirmed the increase in the infiltration into the
tumor using multispectral immunofluorescence (Figure
5F). We also analyzed the impact of the combination treat-
ment on the peripheral blood cell populations (same time
point as tumor infiltrate). No differences were found in the
immune populations, except for a decrease in NK cells
with either treatment or in combination (Supplementary
Figure S11), which was surprising due to the previous re-
ports regarding ONC201 effect on this population.3® We
also isolated splenocytes from treated DMG-bearing mice
and cocultured them with either mock-infected or Delta-
24-RGD-infected cells for 24 hours IFN-y producing cells
were significantly more abundant in splenocytes treated
with Delta-24-RGD in the presence or absence of ONC201
cotreatment (Supplementary Figure S12A).

After confirming a relevant transformation in the
tumor and TME, we performed additional studies to an-
alyze the impact of the combinatorial treatment further.
Transcriptomic analyses showed a tumor cell enrichment
in the expression of genes that are downregulated in
glioma stem cells and upregulated in oligodendrocyte

differentiation*?43 (Figure 6A). Regarding TME reshaping,
TCR and IFNy pathways, and cytokine and inflammatory
response are significantly augmented in the combina-
tion (Figure 6B). Interestingly, additional analyses showed
an augmented infiltration in all the subtypes of dendritic
cells in Delta-24-RGD/ONC201 cotreatment (Figure 6C-D).
Further analyses of the phenotype of the relevant immune
populations were performed. Conventional CD4* T cells
of mice treated with the combination showed higher ex-
pression of CD69, PD-1, and Ki67, indicating a more acti-
vated and proliferative profile compared with the single
treatments (Figure 6E). Interestingly, the percentage of
this population that express the zinc-finger protein Helios,
which have been previously associated with differentiation
of this population to type 2T helper,** was also bigger in
mice treated with the combination (Figure 6E). Analysis
of Treg cells did not show differences in the studied phe-
notype markers (Supplementary Figure S12B). Regarding
CD8*T cells, significant activation was found through an
increase in the CD69* population in mice that received the
combination. Of note, more than 90% of CD8*T cells in the
tumors of all the groups expressed Ki67, indicating a pro-
liferating state, except for the ONC201 group (Figure 6F).
Interestingly, phenotypic characterization of the myeloid
compartment showed no differences between conditions
(Supplementary Figure S12C-E).

We also wanted to check the state of the tumor micro-
environment at delayed time points from ONC201 admin-
istration. Interestingly, a significant augmented immune
recruitment in the Delta-24-RGD groups was observed,
but ONC201 addition did not lead to significant changes
(Supplementary Figure S13). These results suggest that
the clearance of ONC201 several days after administration
could play a role in tumor microenvironment remodeling.

In summary, these findings underscore the fact that the
therapeutic benefit of the combination treatment is, at least
partially, due to a substantial immune response against
tumors.

Discussion

Unfortunately, as of today, pHGGs and DMGs persist as in-
curable diseases despite improvements in therapeutic re-
gimens, and outcomes remain almost inalterable without
clinical benefits,*® which highlights the urgent need to
uncover efficacious treatments. The imipridone ONC201
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Figure 5. (A) Dot plot examples of CD45*middle (ie, microglia, left box) and CD45*high (remaining immune cells, right box) stained cells 7 days
after each treatment in XFM-bearing mice, analyzed by flow cytometry. (B) Quantification of CD45*high stained cells 7 days after each treatment
in XFM-bearing mice. (C) Quantification of lymphoid lineage (B cells, total T cells, NK cells, CD4* T cells, CD8* T cells, and CD4* Treg cells). (D)
Quantification of myeloid lineage (monocytes, macrophages, microglia, and granulocytes). (E) Quantification of dendritic cells. For B-E, data are
shown as the mean + SEM and expressed as the number of cells/mg tumor. At least 4 animals were included per group. One-way ANOVA was
performed for statistical analysis. *P < .05, **P < .01, ***P < .001, ****P < .0001, ns, not significant. (F) Representative micrographs of multiplexed
immunofluorescence in XFM-bearing mice tumors 7 days after each treatmentimmunofluorescence analysis to detect the following cell markers:
CD4, CD8, Foxp3, F4/80 and TMEM119. The nuclei were counterstained with DAPI. Scale bars: 100 pym.
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Figure 6. (A) Heatmap and hierarchical clustering represent the differential expression in genes that are downregulated in glioma stem cells
and upregulated in oligodendrocyte differentiation.*>* Transcriptomic data were obtained from XFM-bearing mice tumors after 7 days of each
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treatment. Three mice were included per group. (B) GSEA of transcriptomic signatures in treated XFM-bearing mice tumors compared with
vehicle-bearing mice. Vertical line indicates statistical significance (-Log,, 0.05). (C) Relative abundances (in percentages) of the different im-
mune populations were determined by analysis of RNAseq data through the online tool InmuCellAl-mouse.*® (D) Normalized abundance of type-1
and 2 conventional DCs (cDC1/2), monocyte-derived DCs (moDC), and plasmacytoid DCs (pDC). E and F. Percentage of positive populations of the
indicated markers in conventional CD4* T cells (E) and CD8* cells (F). Inmune cells were analyzed 7 days after each treatment in XFM-bearing
mice and measured by flow cytometry. For D, E, and F, data are shown as the mean + SEM, and at least 3 animals were included per group. One-
way ANOVA was performed for statistical analysis. *P < .05, **P < .01, *** P < .001, ns, not significant.

and the oncolytic adenovirus Delta-24-RGD are two prom-
ising drugs in the field that have already been tested in
pediatric clinical trials. ONC201 has shown a degree of
efficacy in DMG pediatric patients,?” and a phase Ill study
(NCT05580562) is now active and recruiting. Regarding
Delta-24-RGD, our group previously showed the safety and
antitumor effects in preclinical’®'” and clinical studies's
in these tumor types. Despite the encouraging results of
these two agents, neither of them led to total tumor erad-
ication. Thus, the idea of combining these two promising
therapies for potential translation in the clinic is certainly
appealing. Indeed, ONC201 has been combined with other
strategies to enhance its efficacy, such as radiation,*’
anti-angiogenic agents,*® or other small molecules.**
Strikingly in the DMG field, ONC201 in combination with
paxalisib, a PI3K/Akt inhibitor, showed promising results in
preclinical and clinical applications.®”

Another fact that supports the application of the Delta-
24-RGD/ONC201 combination is the low rate of adverse
events resulting from these agents. Both drugs showed
a safe, nontoxic clinical profile.'3:31825253 |ntratumoral ad-
ministration of Delta-24-RGD (DNX-2401) led to grades 1-2
events, with sporadic grade 3 events.'® Similarly, ONC201
is well tolerated by patients, and no adverse events >2
were found in diverse clinical trials.3".32:5253

In this work, we showed the feasibility and superior ther-
apeutic efficacy of the Delta-24-RGD/ONC201 combina-
tion in pHGGs and DMGs. Although it is unclear whether
a higher efficacy correlates with the H3 mutational status
due to the limited number of cell lines evaluated in this
work, this combination has the potential to reach a wider
range of patients. This is very interesting because in the
last phase Il ONC201 clinical trial, DIPG tumors, located in
the pons, were excluded, and these patients could benefit
from combination treatment. Furthermore, this new re-
gime could be applied to those patients at recurrence for
whom RT is not an option. One issue regarding the Delta-
24-RGD/ONC201 combination was the ability of ONC201
to suppress cellular metabolism and disrupt mitochon-
drial activity,?43% which in turn could affect virus viability
and thus antitumor effects. Our data ruled out the negative
impact of ONC201 on viral replication and highlighted the
ability of the combination to induce DNA damage to drive
the improved antiglioma effect. This ultimately led to an
increase in cell death, likely enabling antigen presentation
to improve the antitumor immune response.

Interestingly, both Delta-24-RGD and ONC201 trigger
an antitumoral immune response.'®16.20.30.32 ONC201 in-
creased the infiltration and activation of NK cells in a
preclinical colon model.® Moreover, in an adult patient
cohort with advanced solid tumors, including prostate,
colon, endometrial cancer, and glioblastoma, treatment
with ONC201 was associated with the infiltration and

activation of NK cells, as well as induction of immune
cytokines and effectors.32 However, ONC201's effect on
the immune response in pediatric brain tumors is still un-
known, although several groups are currently working on
evaluating this aspect. We previously showed that Delta-
24-RGD primarily triggers CD4* and CD8* T-cell infiltra-
tion'31620 among other immune populations. Here, we
show that the combination of ONC201 and Delta-24-RGD
seemed to increase the abundance of both lymphoid and
myeloid populations in tumors. Importantly, Delta-24-
RGD/ONC201 produces a higher activation and prolifera-
tion in CD4* T cells and a higher activation in CD8* T cells.
However, immunocompetent models treated with the
combination showed a subtle improvement in survival
advantage, although not as much of an improvement as
their immunosuppressed counterparts using a human-
derived xenograft. This could be because the replication
of serotype 5 adenoviruses is hindered in murine cells,*'
and the adenovirus effect is restricted to only infection
and protein production without effective replication.
Thus, the observed effect could be somehow attenuated.
This limitation should be resolved in a patient setting, in
which not only would the adenovirus be able to replicate
and exert its oncolytic capacity, but it would also trigger
immune activation against the tumor. Additionally, the ef-
fects of ONC201 on immune cells that are still present in
the nude and NSG BALB/c immunosuppressed models
used in the work, such as the aforementioned NK cells,
neutrophils, monocytes, and macrophages, could play
a role. Indeed, macrophages have been suggested to be
reprogrammed by ONC201 toward a proinflammatory
status.®* Although we did not find any differences in the
phenotype in the myeloid compartment, we cannot rule
out the possibility that the schedule or timing of the ex-
periment could yield different results. Thus, further re-
search is needed to completely elucidate the impact of
ONC201 on immune populations that have been recruited
by the oncolytic virus in a human context. In summary,
we showed that the Delta-24-RGD/ONC201 combination
had superior efficacy compared to either agent alone, and
this difference can be explained, at least partially, by the
increase in DNA damage and the antitumor immune re-
sponse. Therefore, the results of this study support the
evaluation of Delta-24-RGD/ONC201 in future clinical trials
for pHGGs, including DMGs, regardless of tumor location
or mutation status.

Supplementary material

Supplementary material is available online at Neuro-
Oncology (https://academic.oup.com/neuro-oncology).
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