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Radiotherapy plus neoadjuvant and
concomitant IL-13Rα2-directed
immunotoxin therapy for diffuse intrinsic
pontine glioma
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Randy S. Schrecengost6, Rachael A. Vaubel 7, Liang Zhang1 & David J. Daniels 1,2

Radiotherapy (RT) is the standard-of-care for diffuse intrinsic pontine glioma (DIPG); however, it
functions as a palliative treatment. Interleukin 13 receptor subunit alpha 2 (IL-13Rα2) is upregulated in
most DIPG tumors, posing a promising therapeutic target. Immunotherapies harnessing IL-13Rα2 to
selectively deliver cytotoxic payloads such as pseudomonas exotoxin A (PE) are safe in DIPG patients
and efficacious in preclinical disease models. Here, we used DIPG cell lines and mouse models to
compareRT alonewith RTplus the IL-13Rα2-targetedPE immunotoxinGB13 (IL13.E13K-PE4E). DNA
strand breaks were evaluated by γH2AX and apoptosis, as well as other on-target effects, byWestern
blot and immunofluorescence. Cell viability and colony formation assays delineated cell viability and
proliferation. In vivo efficacy was based on survival of mice with orthotopic tumors. Animals received
fractionated focal irradiation and neoadjuvant and concomitant GB13 by convection-enhanced
delivery. GB13 improved the efficacy of RT in vitro through inhibition of DNA damage repair and
convergent modulation of apoptotic signaling. Combined RT and intratumoral administration of GB13
decreased tumor burden and prolonged survival in orthotopic xenograft and genetically engineered
mouse models. These findings indicate that RT plus GB13 is well tolerated and effective, informing
future investigation of a novel therapeutic approach for DIPG.

Brain tumors are the most common cancer and leading cause of cancer-
related death in children less than 15 years of age1–3. Among high-grade
gliomas (HGG),which account for themajority ofmalignant tumorswithin
the central nervous system (CNS)4, diffuse intrinsic pontine glioma (DIPG)
is associated with a particularly dismal prognosis5,6. The anatomical locali-
zation and infiltrative growth pattern limit neurosurgical intervention to
biopsy to confirm the diagnosis and facilitate molecular analyses and
testing7–9. Despite recent advances in our biological understanding of DIPG
and other diffuse midline gliomas (DMG), prognosis and therapy have
remained virtually unchanged over decades10,11. The preservation of an
intact blood-brain barrier (BBB) in DIPG poses a significant challenge to
drug efficacy12,13, contributing to the failure of numerous clinical trials of

systemically administered therapeutics14. Various innovative treatment
approaches, including targeted therapies, immunotherapies, convection-
enhanced delivery (CED), and focused ultrasound, are in various stages of
investigation but have yet to demonstrate benefit15. External beam radiation
therapy (RT) remains the cornerstone of (palliative) treatment16.

High-throughput sequencing efforts in patient-derived DIPG tissue
have identified interleukin 13 receptor (IL-13R) signaling axis components
as promising candidates for targeted therapeutic intervention17. Interleukin
13 (IL-13) is a cytokine involved in immune modulation within physiolo-
gical and tumoral microenvironments, acting through canonical IL-13
receptor subunit alpha 1 (IL-13Rα1) and non-canonical IL-13 receptor
subunit alpha 2 (IL-13Rα2)18. IL-13 normally binds to IL-13Rα1, forming a
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receptor dimer with stabilization from IL-4 receptor alpha (IL-4Rα), and
activates apoptotic signaling cascades through a caspase-dependent
mechanism19,20. Conversely, IL-13Rα2 is a decoy receptor that binds IL-13
as amonomerwith higher affinity than IL-13Rα121, leading to sequestration
of IL-13, preventing apoptotic cell death, and promoting tumor cell pro-
liferation and metastasis22–24. IL-13Rα2 is notably overexpressed in a sig-
nificant proportion of HGG, including DIPG17,25,26, correlating with poor
prognosis20,27. Given the promise of IL-13Rα2 as a viable therapeutic target,
preclinical investigations17,28–32 and clinical studies33–39 have explored IL-
13Rα2-targeted immunotherapies. With the pressing need for improved
DIPG treatments, strategies enhancing the efficacy of existing therapies are
urgently needed.

Here, we evaluated the efficacy of combined standard-of-care RT and
the IL-13Rα2/PE immunotoxin GB13 (IL13.E13K-PE4E) in a panel of
diverse in vitro and in vivo models of DIPG. GB13 is a novel recombinant
chimeric immunotoxin that comprises an N-terminal point-mutant IL-
13Rα2 targeting moiety fused to a C-terminal full-length point-mutant PE
molecule32,40. These alterations enhance specificity and binding affinity for
IL-13Rα2 while minimizing harm to non-cancerous cells41–45. Additionally,
PE-based therapies have been reported to sensitize tumor cells to RT46,47.
Our results demonstrate that GB13 enhances the efficacy of low-dose RT in
DIPG cell lines by inhibiting DNA damage repair and inducing apoptosis
pathway activation, thereby suppressing clonogenic growth and promoting
cell death. Fractionated focal irradiationwith neoadjuvant and concomitant
CEDofGB13 resulted in decreased tumorburden andprolonged survival in
both patient-derived orthotopic xenograft (PDOX) and genetically engi-
neered mouse models (GEMM) of DIPG. Collectively, our findings suggest
that combined GB13 and RT is well-tolerated and efficacious, warranting
further exploration in preclinical and clinical studies for the treatment
of DIPG.

Results
IL-13Rα2 expression analysis in pediatric brain tumors
As IL-13Rα2 is virtually absent on normal cells and expressed almost
exclusively on tumor cells, we were interested in exploring whether IL-
13Rα2 expression correlated with clinical or genomic features in human
data sets of pediatric brain tumors. Previous data have shown a correlation
between overexpression of IL-13Rα2 mRNA and particularly unfavorable
outcomes in DIPG20,27. We analyzed multidimensional patient genomics
data from pediatric brain tumors within the cBio Cancer Genomics Portal
(http://cbioportal.org) and the Open Pediatric Brain Tumor Atlas (Open-
PBTA) dataset in PedcBioPortal (https://pedcbioportal.org)48–51 and found
that IL-13Rα2 mRNA expression was highest in pediatric hemispheric
HGG,DIPG, andependymoma,whilemedulloblastomaandbenign tumors
had the lowest level of expression (Fig. 1A). Additionally, the frequency of
IL-13Rα2 alterations, based on RNA-Seq mRNA expression data, was
highest in H3-mutated DMG/DIPG, followed by HGG/astrocytoma and
ependymoma (Fig. 1B and Supplementary Fig. 1A). The most frequently
mutated DIPG driver gene, H3-3A (previously H3F3A), was found to be
one of the highest co-occurring perturbations with IL-13Rα2 and had a
significantly higher alteration frequency in IL-13Rα2 altered malignant
gliomas: In IL-13Rα2 altered tumors, the H3-3A mutation was present in
33.3% of cases, compared to only 3.5% in IL-13Rα2 unaltered samples
(P ≤ 0.0001; Supplementary Fig. 1B). Overall, this data demonstrates that
IL-13Rα2 expression stratifies pediatric brain cancer patients, highlighting
the utility of IL-13Rα2 as a prognostic biomarker in this patient population,
particularly those with DIPG.

To confirm the presence of IL-13Rα2 protein in DIPG patient tissue,
we analyzed samples of tumor tissue andmatched normal brain tissue from
a series of children with clinically and radiographically confirmed DIPG
(Fig. 1C and Supplementary Fig. 1D). In both cases, tumor cells were found
tohave infiltrated throughout the brainstem.Hematoxylin and eosin (H&E)
staining confirmed the presence of high-grade histological features,
including nuclear atypia, mitoses, endothelial proliferation, and necrosis.
Tumor cells demonstrated robustH3K27M-mutant histone expression and

loss of trimethylation of histone H3K27 (H3K27me3) by immunohis-
tochemistry (IHC). Moreover, immunohistochemical analysis revealed
positive staining for IL-13Rα2 throughout patient tumors, emphasizing its
potential significance as a therapeutic target in this challenging disease.
Future studies involving IL-13Rα2 spatial proteogenomics of human tissue
are needed to further explore possible correlations between IL-13Rα2
expression and clinical or genomic features of DIPG.

In vitro efficacy of GB13 in DIPG cells
To assess the potency and selectivity of IL-13Rα2-targeted therapy in DIPG
within the neural environment, GB13 (IL13.E13K-PE4E), an IL-13Rα2/PE
immunotoxin, was tested in a panel of primary CNS cells (normal human
astrocytes [NHA]) and patient tumor-derived DIPG cell lines (SU-DIPG
IV, SU-DIPG XIII, SU-DIPG XVII, and SF8628). Employing a compre-
hensive 12-point dose-response experimental setup, cells were exposed to
increasing concentrations of GB13, ranging from 1 pg/mL to 320 ng/mL.
GB13 exhibited a potent response in DIPG cell lines compared to NHA
(Supplementary Fig. 1E), with a notable decrease in IC50 and an increase in
therapeutic index correlated with elevated IL-13Rα2 protein levels in DIPG
cells. Compared to NHA (IC50 = 230.68 ng/mL), SU-DIPG IV had the
lowest IC50 (65.37 pg/mL; P = 0.02) among the cell lines tested, followed by
SF8628 (347.02 pg/mL; P = 0.02), SU-DIPG XVII (2.29 ng/mL; P = 0.02),
and SU-DIPG XIII (44.08 ng/mL; P = 0.07; Fig. 1D and Supplementary
Fig. 1F). Consequently, the therapeutic index ofGB13,whichwas computed
based on the ratio of IC50 in NHA to that in individual DIPG cell lines, was
most pronounced for SU-DIPG IV (8206.99), followed by SF8628 (727.35),
SU-DIPGXVII (119.96), and SU-DIPGXIII (4.96; Supplementary Fig. 1G).
To validate these findings on the IL-13Rα2 transcript level, we performed
RNA-Seq on a large cohort of patient-derivedDIPGand hemisphericHGG
cell lines and correlated the expression of IL-13Rα2 mRNA with the ther-
apeutic index of each individual cell line. RNA-Seq analysis showed that IL-
13Rα2 mRNA was expressed at levels greater than 1 transcript per million
(TPM) in all tumor specimens studied, except for SU-DIPGXIII (0.48TPM;
Supplementary Fig. 1C). Consistentwith the results of theDIPGtherapeutic
indices when compared to IL-13Rα2 protein by Western blot, non-linear
least-squares curve fitting showed a strong positive correlation between IL-
13Rα2 gene expression and the therapeutic index of GB13 (r2 = 0.90;
Fig. 1E). These findings underscore the selective cytotoxicity of GB13
against HGG cell lines, includingDIPG, in amanner closely associated with
IL-13Rα2 expression.

Sensitization of DIPG cells to RT by GB13
To determine the combinatorial effect of GB13 and the current standard
treatment for DIPG, the impact of GB13 on radiation sensitivity was
assessed in clonogenic survival assays. Cotreatment of SF8628 cells with
GB13 sensitized them to RT across multiple radiation doses (0 Gy, 2.5 Gy,
5 Gy, 7.5 Gy, and 10 Gy; Fig. 2A). Fitting the curves to a linear-quadratic
(LQ) model, α and β values for RT alone and RT plus 30 pg/mL of GB13
were α = 0.063, β = 0.065 (α/β ratio = 0.97) and α = 0.499, β = 0. 037 (α/β
ratio = 13.62), respectively. With 100 pg/mL and 300 pg/mL of GB13
cotreatment, α values increased to 0.943 (14.97-fold) and 1.255 (19.92-fold),
respectively. The survival curves with 100 pg/mL and 300 pg/mL GB13
cotreatment did not exhibit a shoulder, and hence β values approached zero
and could not be accurately determined. Additionally, the Sensitizer
Enhancement Ratio at 10% survival (SER10) was calculated as the ratio of
lethal dose at 10% survival (LD10) without drug to LD10 with drug, which
demonstrated an increase with escalating concentrations of GB13. With
GB13 cotreatment, the SER10was 1.46, 2.01, and 2.59 for 30 pg/mL, 100 pg/
mL, and 300 pg/mL, respectively. Similarly, 30 pg/mL, 100 pg/mL, and
300 pg/mL GB13 led to a 2.47-fold, 5.22-fold, and 9.60-fold reduction in
survival versus RT alone at 2.5 Gy, respectively. GB13 treatment alone was
similar to vehicle control at the tested concentrations (plating efficiency
[PE]: 0.448 ± 0.182, 0.402 ± 0.153, 0.328 ± 0.127, and 0.197 ± 0.068, for
0 pg/mL, 30 pg/mL, 100 pg/mL, and300 pg/mLGB13 respectively; P = 0.62;
normalized to 1 in the clonogenic curves). Finally, the synergistic cytotoxic
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effect of GB13 and RT was determined as the excess of observed effect over
expected effect calculated by multiple pharmacological reference models
(synergy scoring models), which make different assumptions regarding the
expected combination effect52–57. Summary synergy scores were computed
by averaging the excess response due to treatment interactions above
expectation, with resulting values of larger than 10 in all reference models

indicating a high degree of formal synergy between GB13 and RT in DIPG
cells (Table 1).

After delineating the combined impact of GB13 and RT on clonogenic
survival, we assessed the ability of this radio-immunotherapy to alter DIPG
colony formation and proliferation (Fig. 2B)58. Consistent with inherent
sensitivity to ionizing radiation in SF8628, 4 Gy RT decreased clonogenic

https://doi.org/10.1038/s42003-025-09155-9 Article

Communications Biology |            (2026) 9:78 3

www.nature.com/commsbio


confluency (Fig. 2C and Supplementary Fig. 2A) and intensity (Fig. 2D and
Supplementary Fig. 2B) comparedwith control, although the significance of
these findings varied depending on the seeding density of SF8628 cells (250
to 6000 cells/well). Similar results were observedwhen cells were exposed to
GB13 at IC50, with no significant difference between either monotherapy

under any tested conditions (P ≥ 0.05; Fig. 2C, D). However, combined
treatment with GB13 at IC50 and 4Gy RT significantly reduced both the
confluency (P = 0.0003 for 250 cells/well andP ≤ 0.0001 for 500, 1000, 2000,
4000, and 6000 cells/well; Supplementary Fig. 2A) and intensity (P = 0.0129
for 250 cells/well, P = 0.0002 for 500 cells/well, and P ≤ 0.0001 for 1000,

Fig. 1 | Targeting interleukin 13 receptor subunit alpha 2 (IL-13Rα2) for
immunotoxin therapy in diffuse intrinsic pontine glioma (DIPG).
A Computational genomic analysis of patient tissue from diverse childhood brain
tumors reveals a spectrum of IL-13Rα2 gene expression levels (benign tumors,
n = 14; medulloblastoma, n = 122; ependymoma, n = 60; DIPG, n = 76; hemispheric
high-grade glioma (HGG), n = 41). Y-axis shows log2(x+ 1) transformed RSEM
normalized counts. The normalize Quantiles method was applied and the median
log2 relative abundancewas calculated for each sample andnormalized to a common
median of 01,2. Data represent the mean ± SD of individual patient samples. Statis-
tical significance denoted as *: P ≤ 0.05; **: P ≤ 0.01; ****: P ≤ 0.0001; analyzed via
one-wayANOVA.BGenomic analysis of patient tissue showing the frequency of IL-
13Rα2 alterations based on RNA-SeqmRNA expression data in H3-mutated diffuse
midline glioma (DMG)/DIPG,HGG/astrocytoma, and ependymoma. Total number
of patient samples: n = 270. Data sourced from the cBio Cancer Genomics Portal

(http://cbioportal.org) and the Open Pediatric Brain Tumor Atlas (OpenPBTA)
dataset in PedcBioPortal (https://pedcbioportal.org)1–5. C Hematoxylin and eosin
(H&E) staining alongside immunohistochemistry (IHC) images from DIPG spe-
cimens obtained post-mortem, with higher magnification insets of highlighted
tumor regions demonstrating robust IL-13Rα2 staining. Scale bars: 1×: 5000 μm,
20×: 20 μm. (D) GB13 (IL13.E13K-PE4E) shows a potent response inDIPG cell lines
compared to non-cancerous cells of the central nervous system. Results are the
mean ± SEM of 3 independent dose-response cell viability experiments. ns: P ≥ 0.05;
*: P ≤ 0.05; one-way ANOVA. See Supplementary Fig. 1F for full immunoblot of IL-
13Rα2 protein data. NHA, normal human astrocytes. E Non-linear least-squares
curve fitting illustrating a robust positive correlation between IL-13Rα2 gene
expression and GB13 sensitivity, observed across high-grade glioma cell lines,
including DIPG. R squared = 0.90.

Fig. 2 | GB13 sensitizes DIPG cells to radiotherapy (RT). A Clonogenic survival
assay conducted on SF8628 cells treatedwith vehicle control, GB13 at concentrations
of 30 pg/mL, 100 pg/mL, or 300 pg/mL GB13 for 24 h prior to RT followed by 48 h
post-RT incubation, rinsed with PBS, media changed, and incubated for colony
formation. Results are the mean ± SEM of three independent experiments fitted to
the linear quadratic (LQ) model. ns: P ≥ 0.05; *: P ≤ 0.05; unpaired t test. B Scanned
and digitalized images of a 6-well plate illustrating variable colony formation levels

of SF8628 cells subjected to the described treatment regimen: vehicle control, GB13
monotherapy at IC50, 4 Gy of RT alone, or GB13 at IC50 plus 4 Gy RT. Image data
were analyzed using ColonyArea software to determine C colony area percentage
and D colony intensity percentage6. Results are the mean ± SEM of 3 independent
experiments. ns: P ≥ 0.05; **: P ≤ 0.01; ***: P ≤ 0.001; ****: P ≤ 0.0001; two-
way ANOVA.
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2000, 4000, and 6000 cells/well; Supplementary Fig. 2B) of clones compared
to the vehicle controls. Clonogenic analyses conducted on SU-DIPG IVcells
mirrored the findings observed in SF8628 cells regarding both colony area
(Supplementary Fig. 2C) and colony intensity (Supplementary Fig. 2D)
across the range of seeding densities examined (500–20,000 cells/well).
Together, these results indicate that cotreatmentwithGB13 sensitizesDIPG
cells to RT, with increasing concentrations of GB13 correlating with
enhanced sensitivity, suggesting a potentiation of RT-induced killing
by GB13.

In vitro efficacy and selectivity of combined GB13 and RT
The response to treatments involving GB13 monotherapy, RT alone, and
their combined application was evaluated in DIPG cell lines with varying
levels of IL-13Rα2 protein (SU-DIPG XIII, SU-DIPG XVII, SF8628, and

SU-DIPGIV).Treatment at IC50 concentrations for each cell linewithGB13
alone (ranging from65.37 pg/mL to44.08 ng/mL),RTalone (from2.5 Gy to
5 Gy), or the combined therapy (GB13 plus RT) did not induce significant
alterations in the protein levels of IL-13Rα1, IL-13Rα2, or characteristic
histone markers associated with DIPG, such as H3K27M and H3K27me3
(P ≥ 0.05; Fig. 3A and Supplementary Fig. 2E-H). An exception was noted
for IL-13Rα2 in SF8628, where a significant reduction was observed with
GB13 treatment (P = 0.0084), which was largely counteracted upon the
addition of RT (P = 0.11).

GB13 markedly decreased the presence of c-Myc, a protein with rapid
turnover, presumably due to the disruption of protein synthesis by the PE-
domain of GB13 (P = 0.008 in SU-DIPG XIII, P = 0.024 in SU-DIPG XVII,
and P = 0.029 in SU-DIPG IV; Fig. 3B). While RT elevated c-Myc protein
levels, this effect was mitigated by combined GB13 and RT treatment
(P = 0.015 in SU-DIPGXVII, P = 0.026 in SU-DIPG IV, andP ≥ 0.05 in SU-
DIPGXIII andSF8628; Supplementary Fig. 2I).GB13was similarly effective
at suppressing the antiapoptotic protein Mcl-1 in all tested cell lines
(P = 0.0023 in SU-DIPG XIII, P = 0.002 in SU-DIPG XVII, P = 0.0009 in
SF8628, and 0.0035 in SU-DIPG IV). Treatment with combined GB13 and
RT further enhanced this response (P = 0.0005 in SU-DIPGXIII, P = 0.0002
in SU-DIPG XVII, P ≤ 0.0001 in SF8628, and 0.0009 in SU-DIPG IV;
Supplementary Fig. 2J), and increased the proapoptotic Bcl-2 family protein
Bak in some cell lines (P = 0.0039 in SU-DIPG XIII and P = 0.0419 in
SF8628; Supplementary Fig. 2K).

Despite redundancies in upstream signaling, cotreatment of GB13 and
RT significantly increased protein levels of cleaved caspase 3 (P ≤ 0.0001 in
SU-DIPG XIII, P = 0.0008 in SU-DIPG XVII, and P = 0.0004 in SF8628)
and cleaved PARP-1 (P ≤ 0.0001 in SU-DIPG XIII, P = 0.0004 in SU-DIPG
XVII, and P = 0.0005 in SF8628; Fig. 3B). However, the impact on cleaved

Table 1 | In vitro synergy analysis of combined GB13 and RT

Reference model (synergy
scoring model)

Synergy Score
Summary

Score Statistic
(p value)

Bliss model1 15.40 0.02

Loewe additivity model2 10.76 <0.0001

Highest Single Agent (HSA)3 20.87 0.001

Zero Interaction
Potency (ZIP)4

14.29 0.02

Synergy calculations of GB13 and RT in SF8628 cells were performed using SynergyFinder (http://
synergyfinder.org), an interactive web-application for analyzing and visualizing multi-treatment
multi-dose combination response data5,6.

Fig. 3 | Synergistic efficacy and selectivity of
combined RT andGB13 in vitro. A,BWestern blot
of DIPG cell lines with increasing IL-13Rα2
expression (SU-DIPGXIII, SU-DIPGXVII, SF8628,
and SU-DIPG IV) treated for 72 h with vehicle
control, GB13 alone at IC50, RT alone, or RT plus
GB13 at IC50 (added 24 h pre-RT). A GAPDH and
B Total Histone H3 are the loading controls.
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caspase 3 did not reach significance (P = 0.14; Supplementary Fig. 2L), and
the effect was less pronounced on PARP-1 (P = 0.02; Supplementary
Fig. 2M) due to relatively high baseline signaling associated with apoptotic
cell death in untreated SU-DIPG IV cells. These data confirm inhibition of
protein synthesis by PE immunotoxins such asGB13 and highlight a robust
apoptotic response elicited by the combined treatment of GB13 and RT,
despite some variation in signaling among DIPG cell lines.

Attenuation of DNA damage repair by GB13 in combination
with RT
To further delineate the effects of GB13 on response to radiation, we
examined phosphorylated serine-139 on histone variant H2AX (pH2AX-
Ser139 also known as γH2AX) foci, which are indicative of DNA damage
repair activation59, in SF8628 cells treated with either vehicle control, GB13
alone, RT alone, or the combination of GB13 and RT. Utilizing a
fluorescence-based assay (Supplementary Fig. 3A), RT treatment led to
increased levels of γH2AX foci, whichwas further enhanced by cotreatment
withGB13.Notably, pretreatmentwithGB13 for 24 h prior toRT enhanced
the extent of γH2AX foci observed at 1 h, 4 h, and 24 h after RT treatment
(Fig. 4A and Supplementary Fig. 3B). While GB13 monotherapy exhibited
no substantial difference fromvehicle control andRT alone rapidly induced
γH2AX foci formation that was mostly resolved within 24 h, GB13
cotreatment significantly increased the number of γH2AX foci per cell 24 h
after RT from 4.41 ± 0.62 to 12.7 ± 1.18 (P = 0.0001) for SF8628 cells
compared to RT treatment alone, indicating that combined GB13 alters
DNA damage response kinetics by attenuating repair mechanisms induced
by RT (Fig. 4B).

To corroborate these findings across various DIPG cell lines with
distinct molecular characteristics including IL-13Rα2 protein levels (SU-
DIPG XIII, SU-DIPG XVII, SF8628, and SU-DIPG IV), we conducted
analogous experiments and assessed γH2AX as well as cleaved PARP-1
protein levels. Western blot analysis revealed time- and treatment-
dependent implications of GB13 and RT treatments on DNA damage
repair and apoptosis induction (Fig. 4C–F). Although there were some
variations in γH2AX response among cell lines, pretreatment with GB13
significantly increased γH2AX levels within 1 h after RT (P = 0.0041 in SU-
DIPGXIII, P = 0.008 inSU-DIPGXVII,P = 0.0019 inSF8628, and0.0016 in
SU-DIPG IV; Supplementary Fig. 3C–F). The combination ofGB13 andRT
significantly augmented cleaved PARP-1 levels at the 1-h time point, when
signal for γH2AXwas at the peak (P = 0.037 in SU-DIPGXVII and 0.026 in
SU-DIPG IV), or at the 24-h time point (P = 0.0002 in SU-DIPG XIII and
P = 0.0076 in SF8628) compared to RT treatment alone (Supplementary
Fig. 3C–F). This increase in the fraction of RT-exposed cells displaying
sustained γH2AX elevation with GB13 cotreatment suggests that GB13
enhances RT-induced DNA damage by impeding DNA repair, thereby
potentially amplifying apoptosis signaling triggered by either GB13 or RT
when employed individually (Supplementary Fig. 4).

In vivo efficacy of combined GB13 and RT
The radiosensitizing effects of GB13 were further evaluated in orthotopic
tumors established in athymic nudemice using the SU-DIPGXVII cell line,
which exhibitsmedium levels of IL-13Rα2protein (SU-DIPGXVII PDOX).
To enhance the translational potential of our studies, we sought to develop a
clinically relevant dosing regimen of combined fractionated focal
irradiation60,61 with neoadjuvant and concomitant GB13. Due to the large
size of GB13 (79 kDa) and to achieve adequate drug distribution and sus-
tained therapeutic effect, we opted for a locoregional drug delivery approach
using continuous (7-day) CED into the pons62. The efficacy of GB13 (5 µg/
mL), RT (5 × 2 Gy delivered through opposed lateral beams with a 15-mm
collimator), or combined RT with GB13 (initiated 2 days prior to RT),
70 days after tumor cell inoculation, was evaluated with time to reach a
moribund state as primary endpoint (Fig. 5A). Initially, the efficacyofGB13
monotherapy was established in a pilot experiment to define a therapeutic
window for GB13 via CED, whereas 5 µg/mL of GB13 demonstrated a
significant survival benefit (median survival of 225days versus 108dayswith

vehicle control; P = 0.01; Supplementary Fig. 5A) and durable pharmaco-
dynamic effects in immunohistochemical analyses (Supplementary Fig. 5B).
In the extended combination study, combined GB13 and RT resulted in
significant survival prolongation (median survival of >350 days [i.e., all
animals alive at the end of the study] versus 225 days with GB13 alone and
170 days with RT alone; P = 0.003 and P = 0.006, respectively; Fig. 5B and
Table 2). BothGB13 alone and the combinatorial regimen extended survival
compared with vehicle control/sham-RT (median survival of 109 days;
P = 0.0001 for GB13 alone and P = 0.005 for combined GB13 plus RT),
while RT alone did not achieve a significant survival benefit (P = 0.06).

Pharmacodynamic responses within the brains/tumors were analyzed
for all treatment cohorts. Administration of fractionated RT (5 × 2Gy)
alongside neoadjuvant and concomitant GB13 (5 µg/mL) substantially
reduced the tumor burden at the drug infusion site (H&E overview and
high-power images; Fig. 5C). Residual tumor cells exhibited reduced
staining for H3K27M and Ki-67 (Fig. 5C and Supplementary Fig. 7A), as
determined by IHC, consistent with previous studies. Conversely, there was
an elevation in H3K27me3 levels, while the presence of IL-13Rα2 was
comparable to that of control animals (Fig. 5C). Monotherapies involving
either GB13 or RT demonstrated similar trends to the combined treatment,
albeit to a lesser degree, with gross histological examination revealing sub-
stantial residual tumors on H&E (overview and high-power images;
Fig. 5C). A considerable cell population in tumors treated with GB13 alone
and RT alone stained positively for cleaved caspase 3 (Fig. 5C and Supple-
mentary Fig. 7B), suggesting ongoing apoptotic activity not evident in
controls. No CD68+ immune cell infiltration was detected in any of the
study groups, and no signs of radiation necrosis, neuronal cell death in the
contralateral brainstem or surrounding brain regions (NeuN+ cells), or
other histopathological abnormalities were observed in the brain tissue
sections from either treatment group (Fig. 5C).

To assess the impact of this radio-immunotherapy on tumor burden
and survival in an immunocompetent animal model, we utilized a spon-
taneous brainstem glioma mouse model characterized by mutations in
H3F3A-, TP53-, and PDGFRA genes (H3.3 K27M;PDGFRA;p53cKO

GEMM) and IL-13Rα2 levels comparable to SU-DIPG XVII63. In line with
previous reports, ~25%of animals exhibitedMRI-detectable tumors outside
the hindbrain prior to treatment initiation, with each animal harboring
between 1 to 3 such tumors62,63. Mice were again treated under 4 separate
conditions: vehicle control/sham-RT, GB13 (5 µg/mL), RT (5 × 2Gy), or
combined RT with GB13 (initiated 2 days before RT), 70 days after tumor
induction (Fig. 6A). Consistent with observations in SU-DIPGXVII PDOX
mice, themost effective concentration forGB13monotherapywas 5 µg/mL,
as evidenced by a median survival of 99.5 days compared to 81.5 days with
vehicle control (P = 0.008; Supplementary Fig. 6A) and durable pharma-
codynamic responses (Supplementary Fig. 6B) in an initial pilot experiment.
In the combination study, the combined treatment of GB13 and RT sig-
nificantly prolonged survival compared to RT alone (median survival of
110 days and 91 days, respectively; P = 0.0006), but no significance was
reached compared to GB13 alone (median survival of 99.5 days; P = 0.47;
Fig. 6B and Table 2). Both GB13 alone and the combination therapy
extended survival compared to the vehicle control/sham-RTgroup (median
survival of 81.5 days; P = 0.008 forGB13 alone andP ≤ 0.0001 for combined
GB13 plus RT), and RT alone did not significantly extend survival
(P = 0.17). Pharmacodynamic effects within brains/tumors from each
treatment group largely mirrored findings in SU-DIPG XVII PDOX mice
(Fig. 6C and Supplementary Fig. 7C, D), with the exception of scattered
CD68+ immune cells observed across all cohorts (Supplementary Fig. 7E).
Furthermore, multiple additional tumors were evident throughout the
brains beyond the region treated by CED (Supplementary Fig. 7F), likely
originating at a later stage after tumor induction and contributing to the
diminished survival benefit achieved by combined GB13 and RT compared
to GB13 alone in the GEMM.

Collectively, these data demonstrate that the combination of fractio-
nated focal irradiationwith neoadjuvant and concomitantGB13 is a feasible
and safe treatment strategy that offers a considerable survival prolongation
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Fig. 4 | GB13 enhances DNA damage in DIPG cells when combined with RT.
A Representative confocal microscopy images of γH2AX foci in SF8628 cells treated
with vehicle control, GB13 alone at IC50, 5 Gy of RT alone, or 5 Gy RT plus GB13 at
IC50 (added 24 h pre-RT) for 1 h, 4 h, or 24 h. B Corresponding quantification of
γH2AX foci per SF8628 cell for the different treatment conditions and time points
(top), and endpoint analysis at 24 h post-RT or GB13 monotherapy (bottom).
Results are the mean ± SEM from 3 independent experiments. ns: P ≥ 0.05; ***:

P ≤ 0.001; ****: P ≤ 0.0001; one-way ANOVA. For each group, > 300 nuclei were
counted. Western blot analysis of the time- and treatment-dependent implications
of GB13 alone, RT alone, or RT plus GB13 at IC50 (added 24 h pre-RT) on DNA
damage repair and apoptosis induction in (C) SU-DIPG XIII, (D) SU-DIPG XVII,
(E) SF8628, and (F) SU-DIPG IV cells. Samples were collected 1 h and 24 h after
treatment start. α-Tubulin serves as loading control. Results are representative of 3
independent experiments.
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Fig. 5 | Concomitant convection-enhanced delivery (CED) of GB13 plus frac-
tionated RT improves the efficacy of either monotherapy alone in a patient-
derived orthotopic xenograft (PDOX) DIPG mouse model. A Schema for in vivo
efficacy (survival) experiments in PDOX of DIPG. Created in BioRender. Rechberger, J.
(2025) https://BioRender.com/vp02r36. B Kaplan–Meier graph for mice (n = 4–8 per
group) bearing SU-DIPG XVII orthotopic xenografts, treated with 7-day continuous
CED of GB13 alone (5 µg/mL; purple curve), RT alone (2Gy once per day for 5

consecutive days; wine-red curve), or the combination of GB13 plus RT (brown curve),
compared with vehicle-treated controls (blue curve). P ≤ 0.0001; Log-rank (Mantel-
Cox) test. Tx, treatment period. C Representative H&E and IHC (H3K27M,
H3K27me3, IL-13Rα2, Ki-67, Cleaved Caspase 3, CD68, and NeuN) images of
formalin-fixed brain sections from vehicle-, GB13 alone-, RT alone-, andGB13 plus RT-
treated PDOXmice euthanized at the ethical endpoint. Images are representative of 4–8
mice in each group. Scale bars: 1×: 1000 μm, 5×: 20 μm, 20×: 20 μm.
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inmultiple distinctDIPGmousemodels. The superior efficacy of combined
GB13 and RT compared to using either GB13 or RT alone underscores its
potential as a promising radio-immunotherapy approach for this aggressive
cancer.

Discussion
DIPG remains one of the most challenging pediatric brain tumors to treat,
with RT providing transient improvement of neurological deficits in
symptomatic patients64, reducing steroid utilization5, and conferring a
3-month survival benefit16,65,66. While several treatment modalities have
shown promise in preclinical investigations and early-phase clinical
studies67, a plethora of clinical trials with therapeutics have failed to achieve
meaningful improvements in survival outcomes14,15. Radiosensitization
presents a promising avenue for augmenting the efficacy of RT in DIPG,
particularlywhen integratedwith emerging treatment strategies. Leveraging
the growing body of evidence supporting the effectiveness of IL-13Rα2-
targeted immunotherapies17,68, we sought to investigate the therapeutic
potential of combining standard-of-care RT with IL-13Rα2/PE immu-
notherapy. In previous investigations, cintredekin besudotox (IL13-
PE38QQR), a recombinant chimeric cytotoxin composedofwild-type IL-13
and truncatedPE,was administered prior toRT for individualswithHGG36.
The efficacy of cintredekin besudotox was explored in Phase 1–3 clinical
trials involving pediatric and adult HGG patients, including those with
DIPG36–39. Despite showing some promise in these trials, cintredekin
besudotoxultimately failed to translate into clinical benefit for amultitudeof
reasons, including ill-defined trial inclusion criteria, lack of efficacy, and off-
tumor toxicity69–72. In this context, the IL-13Rα2/PE immunotoxin GB13
was optimized for enhanced tumor cell-selectivity and previously demon-
strated robust efficacy in orthotopic xenografts of malignant peripheral
nerve sheath tumor40 andHGG32withoverexpressed IL-13Rα2 status. In the
current study, efficacy of GB13 combinedwith RTwas evaluated in patient-
derived DIPG cell cultures and in vivo models, encompassing both
immunocompromised PDOX and immunocompetent GEMM, using
clinically relevant radiation fractionation schedules. A clear enhancement of
radiosensitization coupled with increased tumor cell cytotoxicity was evi-
dent in all tested models. These data provide insights to support the clinical
advancement of IL-13Rα2-directed radio-immunotherapies for DIPG.

Foundational studies have established IL-13Rα2 as a cancer-specific
biomarker, notably overexpressed in a range of malignancies, such as
HGG20, malignant peripheral nerve sheath tumor40, colorectal cancer73,
ovarian cancer74, pancreatic cancer75, and melanoma76, while largely absent
innormal tissues28. Subsequent investigationshaveverified theprevalenceof
IL-13Rα2 overexpression in a majority of HGG specimens (detected in
~78% of adult glioblastoma [GBM] and 83% of DIPG)17,25,26,68. Our com-
putational analyses support these findings, indicating extensive IL-13Rα2
alterations in a spectrum of pediatric brain tumors and revealing a notable
co-alteration of IL-13Rα2 and H3-3A in DIPG. Immunohistochemical

analysis of brain tissue fromdeceased patients confirmed the presence of IL-
13Rα2 in DIPG, exhibiting minimal intra-tumoral heterogeneity through-
out the tumormass. Additionally, ourfindings corroborate previous reports
of the prognostic significance of IL-13Rα220,27. The critical nature of this is
amplified by the observations from our prior investigation, which indicated
that the success of IL-13Rα2-targeted immunotherapy is contingent upon
tumor IL-13Rα2 expression levels32. Hence, IL-13Rα2 is not only a pivotal
biomarker but also a prognostic indicator for the selection of patients in
clinical trials for IL-13Rα2-directed treatments. In light of these insights, a
nuanced appreciation of IL-13Rα2 in DIPG could substantially refine
therapeutic approaches and trial designs, paving the way for more indivi-
dualized and effective treatment modalities for afflicted patients. Critically,
information on the specific impact of IL-13Rα2 variants in terms of gain or
loss of function, and whether these variants might influence drug response,
is currently lacking. The role of IL-13Rα2 variants could be important for
understanding differential therapeutic responses, and further studies are
necessary to address these questions.

Immunotoxins directed at IL-13 receptors, such as cintredekin besu-
dotox and GB13, harness the IL-13 signaling pathway to selectively deliver
cytotoxic payloads tomalignant target cells77. The targetingmoiety of GB13
attaches to IL-13Rα2 at the outer cell membrane of DIPG cells and thereby
facilitates internalization of the PE toxin-domain78. PE inactivates eukar-
yotic elongation factor 2 (eEF2) by adenosine diphosphate (ADP)-ribosy-
lation, leveraging oxidizednicotinamide adenine dinucleotide (NAD+) as a
substrate41,42,44. The inactivation of eEF2 halts protein synthesis and even-
tually culminates in Bak- and caspase-mediated apoptosis45,79. Adminis-
tration of GB13 resulted in dose-dependent cytotoxicity of treated cells,
which was strongly correlated with both the gene expression and protein
levels of IL-13Rα2.GB13 exhibited enhanced efficacy relative to cintredekin
besudotox, as previously reported inHGG cell lines with elevated IL-13Rα2
expression28,32,45,80–82. Furthermore, the IC50 of GB13 was up to 3500-fold
lower in IL-13Rα2-overexpressing DIPG cell lines compared to non-
cancerous brain cells, which lacked detectable IL-13Rα2 protein. These
findings suggest that GB13 not only preferentially targets tumor cells with
high levels of IL-13Rα2 but also maintains a considerable therapeutic
window, indicating its potential as a selective and potent therapeutic option
for targeting DIPG via the IL-13Rα2 pathway.

DNA repair is critical for the restoration of damage induced by
radiation, and disturbing this repair mechanism can amplify cellular
toxicity60,83. RT triggers the generation of DNA double-strand breaks
(DSBs), which are primarily repaired by the non-homologous end joining
machinery (NHEJ)84. Consistent with previous investigations involving
cintredekin besudotox in GBM cell lines85, clonogenic survival assays
revealed a significant enhancement in the efficacy of RT in DIPG cell lines
upon cotreatment with GB13 across multiple radiation doses, with higher
concentrations of GB13 resulting in greater sensitization. The LQ model
serves as a standard tool for characterizing the dose-response dynamics in

Table 2 | Efficacy of combined GB13 and RT in vivo

Animal model Treatment condition

SU-DIPG XVII PDOX CTRL GB13 (5 µg/mL) RT (5 × 2 Gy) GB13+RT

Median survival (d) 109 225 170 >350 (alive)

Median survival vs. CTRL (%) NA 206 156 >320

Median survival vs. CTRL (p-value) NA 0.0001 0.0614 0.005

Median survival vs. GB13+ RT (p-value) 0.005 0.003 0.006 NA

H3.3 K27M; PDGFRA;p53cKO GEMM CTRL GB13 (5 µg/mL) RT (5 × 2 Gy) GB13+RT

Median survival (d) 81.5 99.5 91 110

Median survival vs. CTRL (%) NA 122 117 135

Median survival vs. CTRL (p-value) NA 0.008 0.1719 ≤ 0.0001

Median survival vs. GB13+ RT (p-value) ≤ 0.0001 0.4683 0.0006 NA

Significance of endpoint comparisons between treatment groups were calculated using the Log-rank (Mantel-Cox) test.
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Fig. 6 | GB13 by CED plus concomitant fractionated RT improves the efficacy of
either monotherapy alone in a DIPG genetically engineered mouse model
(GEMM)7. A Experimental schema for in vivo efficacy (survival) studies in GEMM
animals of mutant H3F3A-, TP53-, and PDGFRA-driven DIPG. Created in BioRender.
Rechberger, J. (2025) https://BioRender.com/tcdnc4f. B Kaplan–Meier graph for mice
(n = 4–8 per group) bearing H3.3 K27M;PDGFRA;p53cKO orthotopic tumors, treated
with 7-day continuous CED of GB13 alone (5 µg/mL; purple curve), RT alone (2Gy once

per day for 5 consecutive days; wine-red curve), or the combination of GB13 plus RT
(brown curve), compared with vehicle-treated controls (blue curve). P≤ 0.0001; Log-rank
(Mantel-Cox) test. Tx, treatment period. C Representative H&E and IHC (H3K27M,
H3K27me3, IL-13Rα2, Ki-67, Cleaved Caspase 3, CD68, and NeuN) images of formalin-
fixed brain sections from vehicle-, GB13 alone-, RT alone-, and GB13 plus RT-treated
GEMMmice euthanized at the ethical endpoint. Images are representative of 4–8mice in
each group. Scale bars: 1×: 1000 μm, 5×: 20 μm, 20×: 20 μm.
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clonogenic survival data derived from RT experiments86. The parameters α
and β delineate the linear and quadratic components of the curve and offer
valuable insights into radiosensitization mechanisms. Radiosensitizing
agents have the potential to augment α, β, or both, consequently influencing
the α/β ratio, depending on their impact on direct lethal damage, potentially
lethal damage (PLD), or sublethal damage (SLD)87. With escalating con-
centrations of GB13 cotreatment at different RT doses, the survival curves
did not have a shoulder, with β approaching zero. While estimating β is
challenging in this context, the resultant α/β ratio demonstrated a sub-
stantial increase. The observed elevation in α upon GB13 cotreatment
suggests a likely enhancement of PLD at lower radiation doses88. Phos-
phorylated histone H2AX mediates chromatin response to DSBs in mam-
malian cells; however, it has minimal effect on overall NHEJ efficiency.
Cotreatment with GB13 markedly elevated levels of γH2AX in DIPG cells
following radiation, indicating that it potentiated theDNAdamage response
induced by RT. These findings consistently support a radiosensitizing effect
of GB13 attributed to the inhibition of DNA repair capacity. The synergistic
effects of GB13 and RT are further supported by their combined impact on
apoptosis induction, as evidenced by the decrease in Mcl-1 and increased
cleaved caspase 3 and cleaved PARP-1 levels89,90.

Combining neoadjuvant and concomitant administration of GB13
with RT offers several advantages over existing therapeutic strategies for
DIPG6,91. This dual approach harnesses the specificity of targeted immu-
notherapy while capitalizing on the cytotoxic effects of RT to exert a
synergistic effect against tumor cells. In a PDOX model that closely reca-
pitulates the molecular characteristics of human DIPG tumors92, mice
subjected to combined GB13 and RT treatment showed significantly pro-
longed survival compared to monotherapy or control groups. Importantly,
these findingswere corroborated in an immunocompetent GEMM63, where
immunotoxin therapy and RT did not induce a significant increase in
immune cell infiltration or inflammatory responses93.Moreover, our in vivo
studies demonstrate the tolerability of combined CED of GB13 and RT.
Coadministration of GB13 with fractionated focal irradiation (5 × 2Gy,
10 Gy in total) delivered to the pons did not result in overt neurological
defects or histopathological alterations in brains of mice post-treatment.
Surprisingly, effects ofGB13 and/or combinationwithRTwere sustained, as
observed by Ki-67 and caspase cleavage signaling detection in tumors at
time of animal sacrifice. Reduction of Ki-67 is reflective of an anti-tumor
response, relative to control treatment, which resulted in increased animal
survival. This is consistent with previous studies demonstrating that
increased animal survival correlated with decreased tumor growth rate. The
prolonged caspase 3 cleavage signal was reproducible in all CED model
studies andunexpected.This persistent signalwarrants further investigation
to determine if the tumor microenvironment induced by pro-apoptotic
treatments, including GB13, elicits an immunogenic bystander response.
Together, the use of a clinically relevant dosing regimen and locoregional
drug delivery system to circumvent the BBB enhances the translational
potential of our findings, providing a strong rationale for further investi-
gation of this novel radio-immunotherapy approach94.

There are several limitations to our study. First, our findings are
based on preclinical models and may not fully recapitulate the com-
plexity of human DIPG. While our in vitro and in vivo models recapi-
tulate some of the key features of DIPG, the translation of these findings
to clinical settings may face challenges related to tumor heterogeneity
and patient-specific factors95,96. With this respect, it remains questionable
how effective the proposed treatment regimen can be if IL-13Rα2 is
heterogeneously expressed, as both animal models used in this study
uniformly overexpressed IL-13Rα2. Second, further optimization of the
treatment protocol, including assessment of long-term toxicity, is needed
to determine the optimal therapeutic regimen for GB13-RT combination
therapy97. Additionally, the potential development of resistance
mechanisms to GB1378 and the impact of tumor microenvironment
factors98–100 on treatment response require further investigation.

In conclusion, we report that radiotherapy plus neoadjuvant and
concomitant GB13 can be used to effectively treat in vitro and in vivo

models of DIPG. We demonstrated the radiosensitizing properties of
GB13 in a panel of patient-derived DIPG cell lines, mediated by inhi-
bition of DNA damage repair and convergent modulation of apoptotic
signaling pathways. Treatment of DIPG-bearing mice with combined
GB13 and RT resulted in significant survival prolongation and durable
pharmacodynamic effects compared to individual treatment modalities
alone. Together, our results provide a strong rationale for further
exploration of this innovative radio-immunotherapy strategy through
rigorous preclinical and clinical investigations.

Methods
Human IL-13Rα2 expression
The cBioPortal for Cancer Genomics (http://cbioportal.org) and the Open
Pediatric Brain Tumor Atlas (OpenPBTA) dataset in PedcBioPortal
(https://pedcbioportal.org) were accessed and analyzed to evaluate IL-
13Rα2 RNA expression across pediatric brain tumors using RNA-Seq and
patient clinical information48–51. Comparisons of IL-13Rα2 expression were
performed based on pediatric brain cancer types with respect to total RNA
and incidence of increased expression, H3-3A status, and overall survival.
Specifically, for Fig. 1A, the y-axis represents log2(x+ 1) transformed
RSEMnormalized counts, a standard transformation used tonormalize and
stabilize the variance of gene expression data and facilitate downstream
comparisons. A log2 fold change was utilized to report gene expression
levels on a logarithmic scale (base 2), where a log2 fold change of 1.5
indicates a multiplicative factor increase in gene expression of 21.5 (about
2.82). For normalization, the normalize Quantiles method was applied to
the log2(x+ 1) transformed RSEM normalized counts, which ensures a
uniform distribution across samples and mitigates technical variation51,101.
For protein or peptide abundance, the median log2 relative abundance was
calculated for each sample and normalized to a common median of 0.

To confirm the presence of IL-13Rα2 protein in DIPG patients, sam-
ples of tumor tissue (brainstem) and matched normal brain tissue (unin-
volved frontal cortex or adjacent brainstem)were acquired throughautopsy.
Informed consent in compliance with institutional review board (IRB)
approval at Mayo Clinic was obtained for all human tissue studies. The
cohort included 2 males with radiographically and clinically diagnosed
DIPG, aged 9 and 11 yrs at the time of diagnosis. Both patients passed away
within the first year after their diagnoses. Tumor and brain samples were
harvested during the autopsy and preserved using formalin fixation and
paraffin embedding (FFPE). Tissue sections were then subjected to hema-
toxylin and eosin (H&E) as well as immunohistochemistry (IHC) staining
as detailed below.

Cell lines and culture
All research involving patient tumor-derived DIPG cell lines received
informed consent and approval from the Mayo Clinic IRB. Early-passage
DIPG cell lines that were established from biopsy or autopsy material
obtained from DIPG patient cases were used, and the authenticity of cell
lines was confirmed annually by short tandem repeat (STR) DNA finger-
printing.Normal human astrocytes (NHA; primary brain cells derived from
human embryos) were purchased from Lonza Bioscience (Walkersville,
MD, USA) and handled in accordance with the manufacturer’s recom-
mendations. All cell lines were checked for Mycoplasma contamination
every 3 months. Sanger sequencing for detection of histone H3 gene
mutations in cell lines with the H3K27Mmutation was performed over the
same interval. The primer sequences used for Sanger sequencing were: H3-
3A K27M (forward sequence: 5′-GTT TGG TAG TTG CAT ATG GTG
ATT-3′; reverse sequence: 5′-ACA AGA GAG ACT TTG TCC CAT T-3′)
and H3C2 K27M (forward sequence: 5′-GGG CAG GAG CCT CTC TTA
AT-3′; reverse sequence: 5′-ACCAAGTAGGCCTCACAAGC-3′).DIPG
cells were periodically validated for H3K27M-mutant histone expression
and loss of H3K27me3 by Western blotting as previously described102.
Neurosphere-cultured cells were passaged every 1–2 weeks, while cells
cultured as adherentmonolayers were passaged 1–2 times perweek. Details
regarding cell line origin, molecular status, culture medium, and other
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pertinent information for each cell line are listed in Supplementary
Tables 1 and 2.

Drugs and radiation for in vitro experiments
GB13 (IL13.E13K-PE4E) was generously provided by Targepeutics, Inc.
(Hershey, PA, USA). The drug was dissolved in PBS and stored as a 2.6mg/
mL stock solution at−80 °C. For in vitro experiments, GB13was diluted in
Dulbecco’s Phosphate-Buffered Saline (DPBS; Cat #14190-144; Thermo
Fisher Scientific, Waltham, MA, USA) and then added to cells in the
appropriate cell culture medium at the desired concentration. All cell irra-
diation treatmentswere performedusing aX-RAD320 irradiator (Precision
XRay, Inc., North Branford, CT, USA), which generates orthovoltage
X-rays. The dimensions and positions of various components including the
source, the aluminum filter, and the collimator within the X-RAD 320
irradiatorwere set to expose cells to specifieddoses of radiation at a dose rate
of ~3 Gy/min (225 kVp, 17.7 mA, 2mm Al filter, 50 cm distance from
source)103.

Proliferation and viability assay
Cells in single-cell suspension were plated in the appropriate cell culture
medium in 96-well clear-bottom black microplates (Cat #3917; Corning
Costar, Corning,NY,USA) at a density of 5,000 cells perwell (SU-DIPG IV,
SU-DIPG XIII, SU-DIPG XVII, SF8628, and NHA104,105). Cells were cul-
tured overnight at 37 °C with 5% CO2. The next day, cells were treated in
triplicate with either vehicle (DPBS) or serial dilutions of GB13 (to final
concentrations of 320, 100, 32, 10, 3.2, 1, 0.32, 0.1, 0.032, 0.01, 0.0032, and
0.001 ng/mL). Cells were subsequently incubated for 72 h and then assayed
with CellTiter-Glo Luminescent Cell Viability Assay (Cat #G7570; Pro-
mega, Madison, WI, USA) according to manufacturer recommendations.
Luminescence was measured using an Infinite M200 PRO multimode
microplate reader (Tecan Group, Männedorf, Switzerland), normalized to
control wells, and relative luminescence treatment was plotted as a function
of drug concentration. The potency (half-maximal inhibitory concentra-
tion, IC50) of each treatment was calculated by non-linear least-squares
curve fitting using Prism 10 (GraphPad, San Diego, CA, USA). The ther-
apeutic indexofGB13 forhigh-grade glioma (HGG)cell lineswas calculated
as the ratio of the dose that induces toxicity to the dose that produces a
clinically desired or effective response. In this study, the calculation of the
therapeutic index was based on the comparison of the IC50 values in NHA
and individual tumor cell lines.

The formula used for calculating the therapeutic index is expressed as
follows:

Therapeutic index ¼ IC50 inNHA
IC50 inindividual tumor cell line

Where:
• IC50 in NHA represents the half-maximal inhibitory concentration of

GB13 in primary cells of the central nervous system (CNS).
• IC50 in individual tumor cell line represents the half-maximal

inhibitory concentration of GB13 in the specific HGG cell line under
consideration.

A higher therapeutic index value indicates a greater selectivity of GB13
for tumor cells over normal cells, suggesting a more favorable therapeutic
profile. The calculation of therapeutic index serves as an important para-
meter in assessing the potential clinical applicability and safety profile of
GB13 for HGG treatment106.

RNA-sequencing
A RNeasy Plus micro kit (Cat #74034; QIAGEN, Germantown, MD, USA)
was used per the manufacturer’s instructions to extract total RNA from
whole-cell lysates. RNA-Seq experiments were conducted as single repli-
cates for the purpose of screening a large library of cell lines. RNA quality
control, library preparation, and sequencing were performed by Novogene

(Beijing, China). The integrity, purity, and quantification of RNA samples
was verified using a NanoPhotometer spectrophotometer (IMPLEN,
Westlake Village, CA, USA), 1% agarose gel electrophoresis, and Bioana-
lyzer 2100 (Agilent Technologies, Santa Clara, CA, USA). RNA sample
preparation was performed using 1 µg of RNA per sample, and the NEB-
NextUltraTMRNALibraryPrepKit for Illumina sequencers (NewEngland
Biolabs, Ipswich,MA,USA)was used for library preparation. Subsequently,
cDNA fragments of 150–200 bp in length were selected using AMPure XP
magnetic beads (Beckman Coulter, Pasadena, CA, USA). Final library
quality was validated with a Bioanalyzer 2100 (Agilent Technologies). A
NovaSeq 6000 sequencer (Illumina, San Diego, CA, USA) was used to
perform clustering of index-coded samples per manufacturer instructions.
Sample libraries were sequenced using either single- or paired-end
sequencing, depending on the timeframe of sample availability and the
sequencing technology available.Paired-end sequencingdataon adultGBM
cell lines were obtained from cBioPortal, a freely accessible online platform
that provides RNA-Seq data on Mayo Clinic’s brain tumor patient-derived
xenografts48,49. Quality control of generated FASTQ files was performed
using FASTQC, and reads were trimmed using a FASTX trimmer (http://
hannonlab.cshl.edu/fastx_toolkit/). The trimmed reads were aligned to the
hg38 reference genome using STARv2.7.3a, and the gene counts were
derived by annotating the aligned reads using the –quantMode geneCounts
function107. Finally, transcripts per million (TPM) or reads per kilobase per
million (RPKM) values were computed using RSEM, following the library’s
single- or paired-end status108.

Western blot
Cells were plated in single-cell suspensions in T25 flasks (Cat # 430639;
Corning) at a seedingdensity of 1 × 106 cells perflaskandcultured for 24 hat
37 °C with 5% CO2. Cells that were treated with monotherapy received
GB13 at concentrations equal to the IC50 established by CellTiter-Glo
Luminescent Cell Viability Assay (Promega) or were subjected to radiation
using an X-RAD 320 irradiator (Precision XRay, Inc.). The cells were then
trypsinized and collected between 1 h to 72 h after the start of treatment.
Cells receiving combination therapy were pretreated with GB13 at an IC50

concentration 1 h to 24 h before radiation, and they were trypsinized and
collected between 1 h to 48 h after radiation. Collected cell pellets were
centrifuged twice at 500 × g for 3min, with the supernatant being removed
and the pellets being resuspended in DPBS. Cells were then lysed in Triton
X-100 lysis buffer containing protease inhibitors and sonicated using an
ultrasonic processor (Cat #Z528897; Sigma-Aldrich, St. Louis, MO, USA).
All protein lysates were stored at −20 °C until further use. Protein was
quantified using a Pierce BCA Protein Assay Kit (Cat #23227; Thermo
Fisher Scientific). Then, 15 μg of total protein per samplewas size fractioned
by 12.5% SDS-PAGE. After electrophoresis, proteins were electrically
transferred to a polyvinylidene difluoride (PVDF) membrane, rinsed in
PBST buffer, blocked in 2% fat-free milk for 1 h at room temperature, and
incubated with primary antibody overnight at 4 °C. After primary antibody
blotting, a species-specific peroxidase-conjugated secondary antibody
(Thermo Fisher Scientific) was used to detect the specific signal. This was
achieved by using SuperSignal West Pico PLUS Chemiluminescent Sub-
strate (Cat #34580; Thermo Fisher Scientific) and capturing images with an
Azure 600 Western blot imaging system (Azure Biosystems, Dublin, CA,
USA). Details regarding antibodies used for Western blot can be found in
Supplementary Table 3.

Clonogenic assay
Appropriate numbers of cellswere counted, placed in single-cell suspension,
plated in 6-well flat-bottom clear plates (Cat # 353046; Corning), and cul-
tured overnight at 37 °C with 5%CO2. The following day, cells were treated
with various concentrations of GB13 or vehicle (DPBS) for a total of 72 h.
An irradiation dosage of 0 to 10 Gy was administered to cells 24 h after the
start of drug treatment. At the end of the treatment period, cells were rinsed
with PBS and incubated in fresh media for 7-10 d to allow for colony
formation. Subsequently, cells were again rinsed with PBS, stained with
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Coomassie Brilliant Blue G-250 (Cat # 20279; Thermo Fisher Scientific) for
60min, washed with deionized water (ddH2O), and left to dry at room
temperature for 24 h.Colonieswere thenquantified andanalyses performed
as detailed below.

For synergy analyses, Zero Interaction Potency (ZIP)57, Loewe
additivity55,Highest SingleAgent (HSA)56, andBliss54 referencemodelswere
used to calculate synergy score statistics. SynergyFinder was used for
interactive analysis and visualization of treatment combination profiling
data52,53. The summaryof synergy scoreswere evaluatedas follows: Less than
−10: the interaction between two treatments is likely to be antagonistic;
From −10 to 10: the interaction between two treatments is likely to be
additive; Larger than 10: the interaction between two treatments is likely to
be synergistic109,110.

γH2AX immunofluorescence assay
Cells in single-cell suspension were plated on chambered culture slides
(Cat #229164; CELLTREAT Scientific Products, Pepperell, MA, USA)
with a seeding density of 10,000 cells per well and cultured for 24 h at
37 °C with 5% CO2. Cells undergoing monotherapy were subjected to
GB13 at concentrations equivalent to the IC50 determined by CellTiter-
Glo Luminescent Cell Viability Assay (Promega), or were exposed to
radiation using an X-RAD 320 irradiator (Precision XRay, Inc.). Subse-
quently, cells were washed with PBS and then fixed with 4% paraf-
ormaldehyde for 20min at room temperature, either 1 h, 4 h, or 24 h
after the start of treatment. Cells receiving combination therapy were
pretreated with IC50 concentrations of GB13 24 h prior to radiation, and
rinsed and fixed either 1 h, 4 h, or 24 h after irradiation. Cells were then
washed with PBS 2 times for 5 min and permeabilized with 0.5% Triton
X-100 for 5 m. Permeabilization buffer was washed of cells with PBS 3
times for 5 min, and cells were blocked with 3% BSA in PBST for 1 h at
room temperature. After this, cells were incubated with γH2AX antibody
(listed in Supplementary Table 3) in 1% BSA in PBST at 4 °C overnight.
The following day, cells were washed of primary antibody with PBST 3
times for 5 min and incubated with Alexa Fluor-coupled secondary
antibody (Thermo Fisher Scientific) for 1 h at room temperature. Cells
were then washed with PBS 3 times for 5 min and counterstained with
DAPI in PBS for 90 s. Finally, cells were washed with PBS 3 times for
5 min, rinsed with ddH2O, and mounted using SlowFadeTM Glass
Antifade Mountant (Cat #S36917; Thermo Fisher Scientific). A LSM980
confocal laser scanning microscope (Carl Zeiss Microscopy, White
Plains, NY, USA) was utilized to capture 12 images per well utilizing an
automated grid at a magnification of 20X. Cells were counted using a
custom-built ImagePro (Version 10; Media Cybernetics, Rockville, MD,
USA) macro based on the DAPI staining. Only images containing more
than 5 cells were analyzed. The number of γH2AX foci was determined
by utilizing the “Find maxima” feature in ImageJ, with a prominence
threshold set at 35. Three biological replicates with at least 2 technical
replicates were performed for all conditions. At least 700 cells were
analyzed per condition. Data were exported and analyzed using Prism 10
(GraphPad) and presented as mean foci per cell.

Animal models
Approval for animal experiments. All animal experiments were con-
ducted in accordance with National Institutes of Health (NIH) and
Institutional Animal Care and Use Committee (IACUC) guidelines for
the use of animals in research and approved by the Mayo Clinic Insti-
tutional Committee for Animal Research. Authors complied with the
Animal Research: Reporting of In Vivo Experiments (ARRIVE) guide-
lines (https://arriveguidelines.org/).

SU-DIPG XVII patient-derived orthotopic xenograft (PDOX). Ortho-
topic tumor inoculation of patient-derived DIPG cells was performed as
previously described32,62,102. Briefly, SU-DIPG XVII cells were tagged by
transduction with a pRRLSIN-18.PPT. LUC-GFP.pre lentiviral vector
(generously provided by Dr. Michelle Monje, Stanford University)92,111.

Transduced cells were enriched based on stable integration and
authenticated. Xenografts were created by injecting 500,000 cells placed
in single-cell suspension in 5 μL of sterile DPBS (Thermo Fisher Scien-
tific) into the pons of 6–7 week-old female athymic nude mice (Hsd:A-
thymicNude-Foxn1nu/Foxn1nu; Charles River Laboratories,Wilmington,
MA, USA). Mice were anesthetized with 100 mg/kg of ketamine and
10 mg/kg of xylazine and placed in a stereotactic frame (Model 502650;
World Precision Instruments, Sarasota, FL, USA). Using stereotactic
technique, a 0.5 mm burr hole was created with a MH-130 portable drill
(Foredom, Bethel, CT, USA) at the following coordinates: 2 mm lateral
and 1 mmcaudal to the lambda. Tumor cells were administered with a 26
gauge (51 mm, point style AS) syringe (Cat #203185; Hamilton Com-
pany, Bonaduz, Switzerland) at a steady rate of 0.5 μL/min using a
Quintessential Stereotaxic Injector (QSI™; Stoelting, Wood Dale, IL,
USA). To reach the ventrolateral pons, the needle was inserted to a depth
of 4.2 mm112. Following the injection, the burr hole was sealed with bone
wax (Corza Medical, Westwood, MA, USA), and the skin was closed
using wound clips (Fine Science Tools, Foster City, CA, USA). In vivo
tumor engraftment and progression was monitored by bioluminescence
imaging (BLI). Animals were dosed with an intraperitoneal injection of
luciferase substrate (10 mg/kg CycLuc1; Glixx Laboratories, Hopkinton,
MA, USA). Following a 10-min period, mice were subjected to imaging
while under 2% isoflurane anesthesia utilizing an IVIS-200 Imaging
System (Xenogen Corporation, Berkeley, CA, USA). Image analysis was
conducted using LivingImage 4.3 (PerkinElmer, Waltham, MA, USA) to
quantitate the total flux (photons/sec) within the region of interest.

H3.3 K27M; PDGFRA; p53cKO genetically-engineered mouse
model (GEMM). A spontaneous brainstem glioma mouse model with
H3-3A-, TP53-, and PDGFRA mutations was created in Dr. Suzanne
Baker’s (St. Jude Children’s Research Hospital) laboratory and kindly
gifted to us for this study63. Genetically-engineered mice harboring
H3f3aLSL-K27M-Tag/+,Trp53flox, or LSL-PDGFRAV544ins were bred to
tamoxifen-inducible Nestin-CreERT2 mice. After induction with
tamoxifen at P0 and P1, triple-transgenic (H3.3 K27M; PDGFRA;
p53cKO) mice developed spontaneous and highly penetrant high-grade
brainstem gliomas from postnatal neural progenitors that resemble
human DIPG. The distribution was approximately equal between male
(n = 20; 54%) and female (n = 17; 46%) mice. Autochthonous tumor
development was tracked by MRI using a Bruker Avance 300MHz (7
Tesla) vertical bore nuclear MR spectrometer (Bruker Biospin, Billerica,
MA, USA). Mice were anesthetized with 2% isoflurane and placed in the
MRI scanner outfitted with a constant isoflurane inhalation system.
Three-dimensional (3D) T2-weighted fast spin echo sequences were
acquired with echo time (TE)/repetition time (TR) = 45.20/2000 ms,
bandwidth (BW) = 110 kHz. The total imaging time per mouse was
~10 min per scan. Animal core body temperatures were regulated at
37 °C with the use of a warm air flow.

Drugs and radiation for in vivo experiments. As mentioned above, the
IL-13Rα2 immunotoxin GB13 was obtained from Targepeutics, Inc.
GB13was dissolved in PBS andmaintained at a temperature of−80 °C as
a stock solution with a concentration of 2.6 mg/mL. For in vivo experi-
ments, GB13was diluted to the required concentrations for CED inDPBS
(Thermo Fisher Scientific). Radiation was delivered to anesthetized mice
using a 15 mm rectangular collimator with opposing lateral beams
(225 kVp, 20 mA, 0.3 mmCu filter) delivered with a PXI X-RADSmART
+ irradiator (Precision XRay)61. A total of 2 Gy of radiation was given to
eachmouse per session, which consisted of a 0.9 Gy dose to isocenterwith
a beam duration of 15 s from each opposing lateral beam.

CED. For brain-targeted drug delivery, mice were randomized to vehicle
control (PBS) and treatment (GB13) groups based on BLI (PDOX) or
MRI (GEMM) signal to ensure a uniformdistribution of tumor size at the
beginning of the study. A BLI signal of 200,000 total log flux was used as
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the tumor size threshold to start treating PDOX animals. Therapy for
GEMM animals was initiated on postnatal day 70 and was randomized
according to tumor volumetric analyses, as previously described62.

Prior to starting GB13 treatment, osmotic drug infusion pumps for
accurate and continuous dosing of unrestrainedmice (ALZETModel 2001;
infusion rate: 1 µL/h; DURECT Corporation, Cupertino, CA, USA) were
primed per the manufacturer’s instructions. Each pump received a desig-
nated amount of GB13 stock solution dissolved in sterile DPBS (Thermo
Fisher Scientific) to attain the following final drug concentrations: 0 µg/mL
(vehicle control), 1.5 µg/mL, 5 µg/mL, and 15 µg/mL. Pumps were attached
to a vinyl catheter primed with the drug solution and connected to a 30
gauge infusion cannula (Cat # 8IC315IS5SPC; 5mm projection below the
pedestal; P1 Technologies, Roanoke, VA, USA).

To implant the drug infusion pumps, mice were placed under
anesthesia with a constant inhalation flow of 2% isoflurane. A 2 cm
midline skin incision was made, starting at the posterior aspect of the
eyes and extending to the level of the ears, in order to expose the skull.
Using a MH-130 portable drill (Foredom), a 0.5 mm burr hole was
created: For PDOX mice, the existing burr hole used for tumor cell
inoculation was reopened. The coordinates identified by MRI were used
for targeting each GEMM tumor. Next, a hemostat (Fine Science Tools)
was used to create a subcutaneous pocket between the scapulae at the
posterior end of the skin incision. The infusion pump connected to the
infusion cannula via a vinyl catheter was subsequently introduced into
the subcutaneous pocket. Dental glue primer (Kulzer North America,
South Bend, IN, USA) was applied to the skull surrounding the burr hole
using a 0.3 mL insulin syringe (Becton, Dickinson and Company,
Franklin Lakes, NJ, USA), and the primer was activated with UV light.
Then, mice were placed on a stereotactic stage (World Precision
Instruments) with automated thermal support using a Rodent Warmer
X1 (Cat #53800M; Stoelting), and a stereotactic arm was used to insert
the infusion cannula (P1 Technologies). Dental glue (Ivoclar Vivadent,
Schaan, Liechtenstein) was used to affix the infusion cannula to the skull.
Finally, the skin incision was closed with wound clips (Fine Sci-
ence Tools).

Allmicewere closelymonitored throughout theCED infusion andhad
their infusion pumps removed 7 days after they were implanted. For this
procedure, animals were anesthetized with 2% isoflurane and a small skin
incision was made between the scapulae near the rostral end of the pump.
The catheter was disconnected and sealed with bone wax (Corza Medical),
and the pumpwas removedwhile leaving the infusion cannula in place. The
incision was closed using wound clips (Fine Science Tools).

RT. Twenty-four hours after the commencement of CED of GB13, mice
were subjected to a CT scan for dosimetry using a PXI X-RAD SmART+
irradiator (Precision XRay) and the dedicated small animal radiotherapy
planning system SmART-ATP (SmART Scientific Solutions B.V.,
Maastricht, The Netherlands)113. For each beam direction, a two-
dimensional area was defined based on the projection of the target
volume in the pons. The radiation field covered the hindbrain, midbrain,
and most of the forebrain, with additional coverage of the base of skull
bones and the upper cervical spine. Oral cavity and olfactory bulbs were
protected from radiation exposure to the greatest extent feasible. The
following day, mice were placed under anesthesia with a constant inha-
lation flow of 2% isoflurane and dosed with 2 Gy of radiation to the
predefined target volume. The time for radiation delivery per mouse was
30 s (15 s from each opposing lateral beam). Animal core body tem-
peratures were regulated at 37 °C with the use of a warm air flow in the
radiation chamber. This procedure was repeated every 24 h until each
mouse received a total radiation dose of 5 × 2 Gy.

Outcomes. Following cessation of treatment, animals were monitored
daily and euthanized by CO2 inhalation at indication of progressive
neurological deficit or if found in a moribund condition. More specifi-
cally, IACUC endpoint guidelines for euthanasia included weight loss

≥20%, inability to reach food/water, immobility, hunched posture,
lethargy, spasticity, seizures, circling, and paralysis. Brains were har-
vested immediately after euthanasia and fixed in 4%paraformaldehyde at
room temperature overnight. On the subsequent day, brains were
transferred to a 4 °C fridge and stored until further use. The number of
days that mice survived after orthotopic tumor inoculation or tamoxifen
induction was documented for the purpose of conducting Kaplan-Meier
analyses in PDOX and GEMM studies, respectively.

Immunohistochemistry
Formalin-fixed tissue specimens were embedded in paraffin and sectioned
in the coronal plane (5 μm/section) using amicrotome (CM1860UV; Leica
Biosystems, Buffalo Grove, IL, USA). H&E staining was conducted
according to standard protocol114. IHC staining was performed in colla-
borationwith the Pathology ResearchCore atMayoClinic using the BOND
RX Stainer (Leica Biosystems). Briefly, tissue sections were dewaxed in
xylene and rehydrated in ethanol. Antigen retrieval was performed by
steaming slides in preheated sodium citrate buffer (10mM tri-sodium
citrate, 0.05%Tween20,pH6.0) for 30min. Slideswere then cooled to room
temperature and rinsed with ddH2O for 1min. Next, slides were immersed
in a solutionof 0.6%hydrogenperoxide (H2O2) inmethanol (CH3OH) for a
duration of 20min. This was followed by blocking slides with 10% normal
goat serum (NGS) in Tris-buffered saline (TBS) for 30min at room tem-
perature. Primary antibodies were diluted in TBS containing 2% NGS and
0.5% Triton X-100 and applied to slides overnight at 4 °C. On the following
day, slides underwent three rounds of washing for a duration of 5min each
in TBS containing 2% NGS and 0.5% Triton X-100. The VECTASTAIN
EliteABCkit (Cat #PK-6100;VECTORLaboratory, Burlingame,CA,USA)
containing biotinylated secondary antibody was diluted in TBS with 1.5%
NGS and applied to slides according to the manufacturer’s instructions.
Following three additional 5-minwashes in TBS, slides were incubatedwith
Avidin/Biotinylated Enzyme Complex (ABC) solution (Cat #PK-6100;
VECTOR Laboratory) for 30min at room temperature. Slides were sub-
sequently developed with SignalStain DAB Substrate Kit (Cat #8059 P; Cell
Signaling, Danvers, MA, USA). Finally, slides were counterstained with
hematoxylin and mounted with PermountTM (Cat #SP15-100, Thermo
Fisher Scientific). Images were acquired using a digital slide scanner
equipped with a 20× objective lens (Axio Scan.Z1; Carl Zeiss Microscopy).
Cellular quantification was conducted using the Cell Counter plugin of
ImageJ software (NIH). For eachantibody, images from3randomly selected
high-powerfieldswere captured, encompassing up to 300 cells perfield. The
data are expressed as the percentage of positively stained cells relative to the
total number of cells counted. Additionally, low-magnification images are
provided to confirm the uniformity of the staining across the tissue sections.
Detailed information regarding antibodies used for immunohistochemistry
is provided in Supplementary Table 3.

Statistical analyses
Data are presented as mean ± standard deviation (SD) or mean ± standard
error of themean (SEM) as applicable. Student’s t test, one-way or two-way
analysis of variance (ANOVA) followed by the Tukey orDunnett’s post hoc
test were applied for comparison between two groups or among multiple
groups, respectively. Non-linear least-squares curve fitting was used to
determine the IC50 of GB13 in cultured cells and the in vitro correlation
between IL-13Rα2 gene expression and GB13 sensitivity. Survival fractions
(SF) in clonogenic assays represent normalized plating efficiency or %
neurosphere count relative to controls. Survival curves were fitted to a linear
quadratic (LQ) cell death model. SF was related to radiation dose (D) by
SF = e−(αD+βD^2), where α and β are experimentally derived parameters.
Sensitizer Enhancement Ratio at 10% survival (SER10) was calculated as
fold change inDat survival fraction0.1 (or 10%)by additionofGB13,where
D for each condition was extrapolated by solving the equation 0.1 = e−(αD
+βD^2). ELDAwebtool (http://bioinf.wehi.edu.au/software/elda/) was used to
evaluate differences in clonogenic cell frequencies across treatment
groups115, and the colony area percentage and colony intensity percentage
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were calculated using ColonyArea tool58. Each in vitro experiment was
repeated at least three times independently with similar results, and the
representative data is presented.Mouse survival datawas analyzed using the
Kaplan-Meier estimate with Log-Rank (Mantel-Cox) test. Pairwise com-
parisons between individual treatment groups were conducted using the
Bonferroni correction to account for multiple comparisons and control for
the increased risk of Type I error. Survival data was reused across multiple
experiments where appropriate. All statistical tests and analyses were con-
ducted using Prism 10 (GraphPad), with statistical significance set at an α
threshold of 0.05 and p < 0.05.

Reporting summary
Further information on research design is available in the Nature Portfolio
Reporting Summary linked to this article.

Data availability
Thedata that support thefindings of this study are availablewithin thepaper
and its Supplementary Information. RNA-Seq data has been uploaded to
GEO under accession number GSE288070. Compiled blot/gel images are
included in Supplementary Fig. 8. High-resulution and uncropped IHC
images as well as uncropped and unedited images of Western blots are also
included in the Supplementary Material file. Additional data are available
from the corresponding author upon reasonable request.
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