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Acute Hypoxia Does Not Alter Tumor
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Purpose: Tumor hypoxia is a major cause of treatment resistance, especially to radiation therapy at conventional dose rate
(CONV), and we wanted to assess whether hypoxia does alter tumor sensitivity to FLASH.
Methods and Materials: We engrafted several tumor types (glioblastoma [GBM], head and neck cancer, and lung adenocar-
cinoma) subcutaneously in mice to provide a reliable and rigorous way to modulate oxygen supply via vascular clamping or
carbogen breathing. We irradiated tumors using a single 20-Gy fraction at either CONV or FLASH, measured oxygen tension,
monitored tumor growth, and sampled tumors for bulk RNAseq and pimonidazole analysis. Next, we inhibited glycolysis with
trametinib in GBM tumors to enhance FLASH efficacy.
Results: Using various subcutaneous tumor models, and in contrast to CONV, FLASH retained antitumor efficacy under acute
hypoxia. These findings show that in addition to normal tissue sparing, FLASH could overcome hypoxia-mediated tumor resis-
tance. Follow-up molecular analysis using RNAseq profiling uncovered a FLASH-specific profile in human GBM that involved
cell-cycle arrest, decreased ribosomal biogenesis, and a switch from oxidative phosphorylation to glycolysis. Glycolysis inhibi-
tion by trametinib enhanced FLASH efficacy in both normal and clamped conditions.
Conclusions: These data provide new and specific insights showing the efficacy of FLASH in a radiation-resistant context,
proving an additional benefit of FLASH over CONV. � 2024 The Authors. Published by Elsevier Inc. This is an open access article
under the CC BY license (http://creativecommons.org/licenses/by/4.0/)
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Introduction
Tumor hypoxia is a primary factor of resistance to radiation
therapy (RT) and chemotherapy (CT) treatments. Reduced
oxygen tension is very common in solid tumors,1 as it devel-
ops in response to a dense and metabolically active tumor-
cell population associated with poor, uneven, and morpho-
logically abnormal vasculature resulting in acute (proximal
to host blood vessel) or chronic (distal to any vasculature)
hypoxia. Although the lack of oxygen itself is the primary
cause of radioresistance, irregularities in the vascular net-
work are mainly responsible for CT resistance preventing
drug access to the tumor. At the cellular level, hypoxia
causes rapid activation of hypoxia-inducible factor (HIF)
transcription factors2 as acute survival mechanisms. HIFs
transactivate an array of genes involved in angiogenesis, pH
balance, cell apoptosis, and a shift to anaerobic metabolism
essential for tumor survival and resistance to treatment.
Multiple attempts to overcome tumor hypoxia have been
proposed including hypoxia-activated prodrugs, hyperbaric
oxygen breathing, 60% supplemental oxygen, allosteric
hemoglobin modifiers, molecules that improve oxygen dif-
fusion, and oxygen transport agents (hemoglobin-based or
fluorocarbon-based).3 Most of these strategies have led to
negative results on tumor control and enhanced normal tis-
sue toxicity. To date, no effective anticancer therapy against
hypoxic tumors is available.

Previously, a novel RT approach called FLASH was
developed based on ultrahigh-dose-rate irradiation.4,5 The
main interest of FLASH is its capacity to enhance the thera-
peutic window by sparing normal tissue from radiation-
induced toxicities while eliciting the same tumor kill com-
pared with isodoses of conventional dose-rate RT, a biologic
effect that has been called the “FLASH effect.” Although
currently the availability of FLASH-capable clinical beams
remains the main obstacle for the clinical translation of
FLASH,4 understanding its differential effect at the normal
tissue versus tumor level remains an important goal to fur-
ther decipher the mechanisms of the FLASH effect6 and
facilitate clinical translation.

Nearly every preclinical cancer model tested has shown
identical tumor response when FLASH and the conven-
tional dose rate (CONV) were compared.7-12 Importantly,
to date, there has not been any investigation performed to
evaluate the efficacy of FLASH on extremely hypoxic, radio-
resistant tumors.

To rectify this critical gap in knowledge, we focused the
present work on studying the effect of intratumoral oxygen
tension on tumor response to FLASH versus CONV. Here
we implemented subcutaneous tumors and modulated
intratumoral oxygen tension by vascular clamping or carbo-
gen breathing. Our results show that, contrary to CONV,
FLASH maintains its antitumor efficacy under clamped
conditions. We performed subsequent molecular analysis
using RNAseq profiling at acute and relapse time points. At
24 hours after RT, expression data pointed toward specific
inhibition of proliferation and translation-associated genes
as well as metabolic shifts after FLASH versus CONV. Spe-
cifically, we identified glycolysis as a possible escape/survival
pathway after exposure to FLASH and inhibited it using tra-
metinib in an attempt to amplify tumor response.
Methods and Materials
Animal experiments

Female Swiss Nude mice (NU(Ico)-Foxn1nu; Charles River,
strain code: 620) were purchased for subcutaneous tumor
experiments using the U-87 MG, SV2, and mEERL95 tumor
models. Experiments were duplicated with SV2 and
mEERL95 tumor models in female C57BL/6J (Charles River,
strain code: 632) and C57BL/6JRj (Janvier Labs) mice,
respectively. Animal experiments were approved by the
Swiss Ethics Committee for Animal Experimentation (VD
3241 − VD 3603 − VD 3670 − VD 3797) and performed
within institutional guidelines.
Cell culture and in vivo tumor model

U-87 MG (HTB-14, ATCC) human glioblastoma (GBM)
cells were cultured under standard conditions (37 °C, 5%
CO2) in complete medium containing Dulbecco’s Modified
Eagle Medium + GlutaMAX (4.5 g/L D-Glucose, Pyruvate;
31966-021; Thermo Fisher Scientific) and supplemented
with 10% fetal bovine serum (F7524; Sigma-Aldrich). The
U-87 MG subcutaneous human GBM model consists of
injecting 107 U-87 MG human GBM cells in 100 mL of
phosphate-buffered saline (PBS) in the right flank of female
Swiss Nude mice. For SV2 and mERRL95, cell culture and
in vivo tumor models are described in Appendix E1.
Irradiation device, procedure, and follow-up

Irradiations were performed using a prototype 6 MeV elec-
tron beam linear accelerator of type Oriatron 6e (eRT6;
PMB Alcen), available at Lausanne University Hospital and
described previously.13 Dosimetry has been extensively
described and published to ensure reproducible and reliable
biologic studies. All FLASH irradiations were performed at
a mean dose rate greater than or equal to 100 Gy/s and at an
intrapulse dose rate greater than 5.6 £ 106 Gy/s (Table E1).

Irradiations were performed when tumor volume
reached a mean between 60 and 80 mm3. Mice were ran-
domly assigned to 1 of 3 different irradiation groups (NIR
[nonirradiated], CONV, and FLASH) and to 1 of 3 different
oxic-condition groups (normal, clamped, and carbogen).
Initial mean tumor volumes were similar in all groups (NIR
normal: 66.2 § 6.1 mm3, NIR clamped: 57.8 § 9.5 mm3,
NIR carbogen: 59.8 § 10.5 mm3, CONV normal: 63.8 § 6.2
mm3, CONV clamped: 73.2 § 6.1 mm3, CONV carbogen:
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63.1 § 5.2 mm3, FLASH normal: 63.3 § 5.0 mm3, FLASH
clamped: 71.1 § 4.6 mm3, and FLASH carbogen: 61.4 § 4.4
mm3).

Tumors were irradiated by positioning the tumor-bear-
ing part of the skin in extension behind and in contact with
the opening of the 1.7-cm diameter graphite applicator, to
limit the dose to the intestines. A 5-mm solid water plate
was placed behind the skin to ensure homogenous dose
delivery. For irradiations under carbogen conditions, mice
were anesthetized with isoflurane and carbogen (95% O2,
5% CO2) for at least 20 minutes, including the irradiation
time. For irradiations in clamped conditions, tumors were
clamped with a vascular clamp at least 15 minutes before
and during the irradiation. All tumors were treated with a
single dose of 20 Gy. For all regimens, FLASH and CONV
irradiation modalities were compared.

Tumor volume was measured 3 times per week by the
same researcher (for the duration of each independent
experiment) using a digital caliper and calculated using the
formula for an oblate ellipsoid: width2� length

2 : Relative tumor
volumes were calculated by percentage of volume at the
time of irradiation Current volume

Volume at T0
� 100%

� �
:

Intratumoral oxygen tension measurements
using the OxyLED system and Oxyphor PtG4
probe

On the day of the experiment, animals were anesthetized as
described in Appendix E1. Once anesthetized, 25 mL of
Oxyphor PtG4 probe (200 mM; Oxygen Enterprises Ltd)
was injected intravenously. After 30 minutes to ensure the
spread and accumulation of the probe, the OxyLED excita-
tion laser and optical fiber (Oxygen Enterprises Ltd) was
placed a few millimeters away from the tumor to perform
the measurement of the intratumoral oxygen tension. All
measurements were performed with the animals under
anesthesia. Measurements were taken for all 3 oxygenation
conditions (n = 3 per condition).
Validation of the different oxygen conditions
with pimonidazole

To confirm the different oxygenation conditions in the
tumor groups, mice from each oxic-condition group (n = 4
per group) were injected intravenously with 60 mg/kg body
weight of pimonidazole (HP1-100Kit; Hypoxyprobe), 90
minutes before tumor sampling. For normal conditions,
injection was followed by 90 minutes of normal air breath-
ing. For carbogen conditions, injection was followed by 90
minutes of carbogen breathing. For clamped conditions,
injection was followed by 15 minutes of air breathing fol-
lowed by 7 minutes of tumor clamping and finally 68
minutes of air breathing.

Tumors were then collected, fixed in FineFIX (84-1717-
00; Biosystems), embedded in paraffin, and finally cut into
4-mm sections. Tumor hypoxia was validated on tumor sec-
tions using mouse antipimonidazole monoclonal antibody
(1:50; HP1-100Kit; Hypoxyprobe) incubated for 1 hour at
room temperature. The sections were then incubated for
1 hour with a donkey antimouse AF488 secondary antibody
(1:250; A21202, Life Technologies). Image acquisition was
performed using an upright Zeiss Axiovision microscope.
Sampling and high-throughput sequencing

For the RNAseq study, mice (n = 3-6 for each group) were
irradiated in the same conditions and with the same dose as
described previously. Tumors were sampled 24 hours after
RT or 7 days after the start of tumor regrowth (NIR: 35
days; CONV clamped: 40 days; CONV normal: 41 days;
CONV carbogen: 44.4 § 0.6 days, FLASH clamped: 41 days,
FLASH normal: 41 days, FLASH carbogen: 43.0 § 1.2 days).
RNA extraction, library preparation, and sequencing were
performed as detailed in Appendix E1.
Bioinformatic analysis

Raw FASTQ files were uploaded to the European Galaxy
server (www.usegalaxy.eu) for further manipulation and
processing. Read quality was assessed using FastQC. Read
trimming was not necessary14; thus, alignment was immedi-
ately performed. The RNA STAR aligner (version 2.7.8a15)
was used to align the reads to the human genome (hg38, for
the human tumor cells) and the mouse genome (mm10, for
the mouse vasculature within the tumor sample), with NM-
tag turned on for subsequent XenofilteR analysis. Binary
alignment (BAM) files from all sequencing lanes for each
sample were merged at this point (within alignments to the
same species) using the Samtools merge tool (version
1.1316). These merged and paired alignments for each sam-
ple were used as input for XenofilteR (version 1.617) for fil-
tering of mouse reads from the human alignment, which
was implemented in R (version 4.1.018) using the RStudio
environment (version 1.4.171719). These filtered reads were
then counted for annotated genes using featureCounts (ver-
sion 2.0.120) in Galaxy. Raw counts tables were imported
back into RStudio for differential gene expression and path-
way analyses using the DESeq2 (version 1.34.021) and clus-
terProfiler (version 4.2.022) packages. Plots were generated
using the ggplots2 (version 3.3.523), pheatmap (version
1.0.1224), and Pathview (version 1.32.025) packages.
Adjuvant trametinib and vehicle treatments

Trametinib (C3822, ALSACHIM) was dissolved in dimethyl
sulfoxide (D4540; Sigma-Aldrich) to a concentration of
10 mM (»6.15 mg/mL) and kept in aliquots at −80°C until
use. On treatment day, an aliquot of working solution was
thawed and added to sterile PBS for gavage. dimethyl sulfox-
ide was added to PBS for the vehicle treatment. Trametinib

http://www.usegalaxy.eu
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was administered daily over the course of 2 weeks (days 1-
15 post-RT) at a concentration of 1 mg/kg body weight by
oral gavage in 200 mL of total volume.
Statistical analysis

Statistical analyses were carried out using GraphPad Prism
(v9.1) software. For the tumor growth curve data, P values
comparing tumor growth delay curves were derived from an
endpoint test using a 1-way analysis of variance (ANOVA;
if Gaussian distribution) or Kruskal-Wallis (if non-Gaussian
distribution) test with post hoc �Síd�ak or Dunn’s correction
for multiple testing, respectively. Tumor doubling times
were calculated by natural-log-transformation of relative
tumor volumes, followed by line fitting (only log-linear
range), followed by calculation of the day value where the
fitted line crosses the doubling threshold. When standard
deviations were consistent among groups, P values for group
comparisons of doubling time were derived from a normal
one-way ANOVA test with post hoc �Síd�ak correction for
multiple testing. When standard deviations were not consis-
tent among groups, P values for group comparisons of dou-
bling time were derived from a Brown-Forsythe and Welch
one-way ANOVA test with post hoc Dunnett T3 correction
for multiple testing. P values comparing survival curves
were derived from the log rank (Mantel-Cox) test. For
RNAseq analysis, all adjusted P values had false discovery
rate correction applied using the Benjamini-Hochberg pro-
cedure.26 Results were expressed as mean values § SEM in
figures, mean values§ SEM in the text, and all analyses con-
sidered a value of P < .05 to be statistically significant unless
specified otherwise.
Results
Acute hypoxia induces resistance to CONV but
not FLASH in various experimental subcutaneous
tumors

We used a human GBM (U-87 MG) xenograft model
implanted subcutaneously and modulated the tumor oxygen
tension using a vascular clamp or carbogen breathing.
Results showed that tumor growth delay and survival rate
were retained when clamped tumor were irradiated with 20
Gy FLASH (Fig. 1A, B). The mean doubling time of U-87
tumors was 19.1 § 1.0 days when NIR and unmodified in
oxygen tension (Fig. 1C). After CONV, the mean doubling
time of the tumor was 34.5 § 1.5 days in normal, 25.4 §
1.0 days in clamped, and 42.2 § 1.4 days in carbogen. After
FLASH, the mean doubling time of the tumor was 31.2 §
0.8 days in normal, 30.7 § 1.3 in clamped, and 43.0 §
2.5 days in carbogen. There was no significant difference
between CONV and FLASH mean doubling times in normal
(adjusted P = .353) or carbogen conditions (adjusted P >
.999), whereas in clamped conditions, FLASH remained
efficacious to delay tumor growth (P = .999 vs FLASH nor-
mal and P = .025 vs CONV clamped). To confirm the oxy-
genation conditions, we measured intratumoral oxygen
tension before treatment via real-time oxygen readings
using the OxyLED detector and Oxyphor PtG4 probe (Oxy-
gen Enterprises Ltd; Figs. 1D and E1) and hypoxia (in the
clamped condition) was confirmed posttreatment using
pimonidazole staining (Fig. 1E).

We were able to replicate the enhanced efficacy of
FLASH compared with CONV in clamped tumors multiple
times by different experimenters using the same U-87 GBM
model (Fig. E2). Additionally, we obtained similar results
using SV2 mouse lung cancer and mEERL95 mouse head
and neck cancer cell lines engrafted into Swiss Nude mice
and immunocompetent C57BL/6J or C57BL/6JRj mice
(Figs. E3 and E4), indicating a minimal contribution of the
adaptive immune system to the antitumor effect of FLASH
in hypoxic tumors. These data show a superior efficacy of
FLASH in hypoxic tumors compared with CONV.
Existence of a FLASH-specific genomic imprint

To determine the mechanism of the antitumor efficacy trig-
gered by FLASH versus CONV, we performed bulk RNAseq
studies at early (24 hours post-RT) and more protracted (1-
week post-tumor-recurrence) time points. The analysis
included only the tumor component, as subcutaneously
grown tumor nodules are mainly composed of tumor cells.
Additionally, after alignment, we applied a deconvolution
step to discriminate between human component (tumor)
and mouse tissue contamination (host). Overall, we
observed more top-level transcriptional differences in the
24-hour time point (Fig. E5A, principal component [PC] 1
accounting for 78% of variance). As shown on the heatmap
(Fig. E5B), FLASH samples (green) tended to cluster further
away from NIR samples (blue) compared with CONV sam-
ples (red). For the samples taken at the later time point
post-RT, PCA (principal components analysis; Fig. E5C,
PC1 accounting for 39% of variance) revealed a good clus-
tering of the NIR groups (circle, left), whereas all the RT-
treated tumors clustered together without distinction based
on RT modality or oxygenation condition. We confirmed
this pattern with the heatmap (Fig. E5D), suggesting that at
this late time point, the genomic imprint is related to recur-
rence.
FLASH efficacy in hypoxic conditions is
associated with a specific genomic imprint

Focusing on the normal and clamped conditions 24 hours
post-RT, the PCA and heatmap showed that treatment
modalities and tumor oxygen tensions associated with the
longest tumor growth delay (CONV normal, FLASH nor-
mal, and FLASH clamped) are clustering together (Fig. 2A,
B).



Fig. 1. FLASH, unlike CONV, maintains equivalent tumor control even in acutely hypoxic tumors. (A) Relative tumor volume
of U-87 MG implanted subcutaneously in the flank of female nude mice treated with a 20-Gy single fraction delivered with CONV
(left) or FLASH (right) with different oxygenation conditions (normal, clamped, carbogen). Nonirradiated (NIR) controls shown
for each condition. Mean relative tumor volume § SEM, N = 5 to 18 animals per group, as indicated for each group. P values
(CONV) derived from endpoint analysis (minimum 4 measurements/group) using a Kruskal-Wallis test with post hoc Dunn’s cor-
rection for multiple testing. P values (FLASH) derived from endpoint analysis using a one-way ANOVA test with post hoc �Síd�ak
correction for multiple testing: **P < .01. (B) Kaplan-Meier survival curves for animals stratified by radiation modality and tumor
oxygenation. P values derived from log rank (Mantel-Cox) test. (C) Doubling times calculated for each group. Mean days post-RT
§ SEM, N = 5 to 18 animals per group. P values derived from Brown-Forsythe and Welch ANOVA with post hoc Dunnett T3 cor-
rection for multiple testing: *P < .05; **P < .01; ***P < .001. (D) Measured levels of oxygen from subcutaneous U-87 MG tumors
in vivo taken using Oxyphor PtG4 (Oxygen Enterprises Ltd) phosphorescent probe with platinum core injected intravenously and
detected using the OxyLED laser attachment and detector. Boxes minimum to maximum; median line drawn. (E) Pimonidazole
immunostaining on tumor sections after manipulating oxygenation conditions: normal, vascular clamp, or carbogen breathing—
each without RT. Green, pimonidazole (PIMO); blue, DAPI. Abbreviations: CONV = conventional dose rate; DAPI = (40,6-diami-
dino-2-phenylindole); ns = not significant; RT = radiation therapy.
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Fig. 2. Tumor growth delay and FLASH-specific clusters identified for normal and clamped comparisons and for clamped-
only comparisons. (A) PCA to visualize sample-to-sample distances based on the top 2 principal components (PC1 and PC2)
for the normal and clamped conditions. (B) Heatmap with the same samples showing the top 500 genes, with columns (sam-
ples) and rows (genes, Z-score) clustered hierarchically. (C) Venn diagrams depicting the overlap of genes significantly
(adjusted P < .05 from DESeq2 output) upregulated or downregulated in treated groups versus nonirradiated (NIR) controls.
(D) PCA to visualize sample-to-sample distances based on the top 2 principal components (PC1 and PC2) for only the
clamped condition. (E) Heatmap with the clamped samples showing the top 500 genes, with columns (samples) and rows
(genes, Z-score) clustered hierarchically. (F) Venn diagrams depicting the overlap of genes significantly (adjusted P < .05 from
DESeq2 output) upregulated or downregulated in treated groups versus NIR controls. Abbreviation: PCA = principal compo-
nents analysis.
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Using the DESeq2 output, we made lists of all differentially
expressed genes in irradiated groups versus the NIR control
group and determined all overlaps. We identified 3 main
overlap profiles: FLASH-specific, which included genes
changed significantly versus NIR in both FLASH normal
and FLASH clamped groups but not in neither of the
CONV groups with 594 upregulated genes and 662 downre-
gulated genes found; tumor growth delay, which included
genes changed significantly in FLASH clamped, FLASH
normal, and CONV normal groups versus NIR but not the
CONV clamped group with 357 upregulated and 206 down-
regulated genes found; and All-IR, which included genes
changed significantly in all irradiated groups versus nonirra-
diated control with 148 upregulated and 63 downregulated
genes found (Fig. 2C).

Applying the same analysis exclusively for clamped con-
ditions 24 hours post-RT, the PCA showed distinct clusters
for CONV clamped, FLASH clamped, and NIR clamped
groups (Fig. 2D), clearly confirmed by the heatmap
(Fig. 2E). This analysis resulted in only 3 possible profiles:
genes altered in FLASH or CONV samples only, and genes
altered in both FLASH and CONV samples. Using the same
overlap strategy, we found that the FLASH-only signature
in the hypoxic condition was associated with 1783 genes
uniquely upregulated and 1633 genes uniquely downregu-
lated (Fig. 2F). Using all overlap groups (FLASH-specific,
tumor growth delay, All IR, FLASH only, overlap, and
CONV only) we performed an overrepresentation analysis
(ORA) of multiple databases including Wikipathways,
Kyoto Encyclopedia of Genes and Genomes (KEGG), and
Gene Ontology. Based on a global survey of the enrich-
ments, we selected 3 main altered clusters of enrichments:
(1) cell cycle, (2) translation and ribosome, and (3) HIF1
signaling and metabolism.
FLASH is more efficient than CONV at inhibiting
cell cycle

We performed ORA analyses of downregulated genes,
which showed enrichment for cell cycle−related pathways
for the Wikipathways and KEGG databases in normal and
clamped conditions (Fig. E6A, B). Although we found an
enrichment of cell cycle and DNA replication in the genes



ig. 3. Cell-cycle and DNA repair pathways further enriched in significantly downregulated genes in FLASH-treated group
clamped condition. (A) ORA for pathways from the Wikipathways database for DEG overlap clusters in clamped. (B) ORA
r pathways from the KEGG database for DEG overlap clusters in clamped. (C) KEGG cell-cycle pathway with overlay of the
g2 fold changes of FLASH versus CONV (clamped) from the DESeq2 output. Abbreviations: CONV = conventional dose
ate; DEG = Differentially Expressed Gene; KEGG = Kyoto Encyclopedia of Genes and Genomes; ORA = overrepresentation
nalysis.
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downregulated in the All-IR overlap, we detected further
significant enrichments in the tumor growth delay overlap,
and even more in the FLASH-specific overlap, suggesting an
enhanced FLASH-induced inhibition of cell cycle−related
pathways. Similarly, in analyzing the downregulated genes
in only the clamped condition, we found enrichment for cell
cycle−related pathways (Fig. 3A, B) in both FLASH only
and Overlap groups and just minor enrichment in CONV
only. This observation supports the trend of expanded
downregulation of cell cycle−related genes by FLASH. By
directly comparing the change in gene expression after
FLASH and CONV in clamped and determining
enrichments using gene set enrichment analysis (GSEA), we
highlighted the downregulation of cell cycle−related genes
as shown in Figure E6C and our GSEA plot (Fig. E6D). For
the cell-cycle pathway (Fig. 3C), we observed a substantial
downregulation (blue) in FLASH clamped versus CONV
clamped, generally for the S (replication), G2 (growth and
preparation for division), and M (mitosis) phases. Consis-
tent with cell-cycle inhibition, we found that p53 effector
GADD45 was upregulated after FLASH clamped (middle,
red), which could explain the inhibition of the cyclin B/
CDK1 complex formation (of which both transcripts were
found to be significantly downregulated).



Fig. 4. Enrichment of ribosome biogenesis and translation unique to FLASH in clamped condition. (A) ORA for pathways
from the GO database for DEG overlap clusters in clamped. (B) ORA for pathways from the KEGG database for DEG overlap
clusters in clamped. (C) KEGG ribosome pathway with overlay of the log2 fold changes of FLASH versus CONV (clamped)
from the DESeq2 output. Abbreviations: CONV = conventional dose rate; DEG = Differentially Expressed Gene; GO = Gene
Ontology; KEGG = Kyoto Encyclopedia of Genes and Genomes; ORA = overrepresentation analysis.
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Inhibition of translation and ribosomal
biogenesis is FLASH-specific

Using the same ORA analyses of downregulated genes, we also
identified enrichments for ribosome and translation for the
Gene Ontology and KEGG databases in normal and clamped
conditions (Fig. E7A, B). We found that these enrichments are
largely specific to FLASH and not associated with the tumor
growth delay or All IR overlaps. Similarly, in analyzing the
downregulated genes in only the clamped condition, we found
enrichment for ribosome- and translation-related pathways
(Fig. 4A, B) exclusively in the FLASH only group.

Directly comparing the change in gene expression after
FLASH and CONV in clamped condition and determining
enrichments using GSEA, we highlighted downregulation of
ribosome, mRNA processing, and protein turnover genes, as
shown in Figure E7C and our GSEA plot (Fig. E7D). The
representation of the ribosome pathway (Fig. 4C) showed
widespread downregulation of ribosomal protein tran-
scripts, for both large and small ribosomal subunits.
Discovery of a metabolic switch after FLASH
exposure

Using ORA analysis of upregulated genes, we showed
enrichment for HIF1 signaling and glycolysis for the Wiki-
pathways and KEGG databases in normal and clamped



Fig. 5. Evidence of FLASH-specific metabolic switch. (A) ORA for pathways from the Wikipathways database for DEG
overlap clusters in clamped. (B) ORA for pathways from the KEGG database for DEG overlap clusters in clamped. (C) Heat-
map of exclusively glycolysis/gluconeogenesis and OXPHOS KEGG pathway genes for all oxygen conditions, with columns
(samples) and rows (genes, Z-score) clustered hierarchically. Abbreviations: DEG = Differentially Expressed Gene;
KEGG = Kyoto Encyclopedia of Genes and Genomes; ORA = overrepresentation analysis.
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conditions (Fig. E8A, B). These enrichments were specific to
the tumor growth delay overlap in other words occurred
after CONV and FLASH irradiation except in the CONV
clamped condition. The ORA analyses of downregulated
genes also showed enrichment for oxidative phosphoryla-
tion (OXPHOS) that was exclusively FLASH-specific. In
examining only the clamped condition, we found enrich-
ment for HIF1 signaling (up), glycolysis/gluconeogenesis
(up), and OXPHOS (down) only in the FLASH-only overlap
(Fig. 5A, B). Comparing directly the change in gene expres-
sion after FLASH and CONV in clamped condition and
determining enrichments using GSEA, we highlighted upre-
gulation of hypoxia and glycolysis and downregulation of
OXPHOS as shown in Figure E8C. Examination of the hyp-
oxia and metabolic pathways (Fig. E8D-F) showed numer-
ous upregulated targets downstream of HIF1A after FLASH
clamped versus CONV Clamped (red, Fig. E9D), including
targets related to anaerobic metabolism such as GLUT1
(glucose transporter type 1), HK2 (hexokinase 2), ALDOA
(aldolase fructose-bisphosphate A), ENO1 (enolase 1),
PGK1 (phosphoglycerate kinase 1), and PFK2 (phophofruc-
tokinase 2). Specifically, we observed an upregulation of
PDK1 (pyruvate dehydrogenase kinase 1), which, in turn,
causes inhibition of the tricarboxylic acid cycle and the elec-
tron transport chain, and stimulation of glycolysis. There-
fore, our finding of upregulation of the main glycolytic
pathway (red, Fig. E8E) in the FLASH-treated tumors com-
pared with the CONV-treated tumors under vascular
clamping was consistent with HIF activation. Interestingly,
we also found that the section of the pathway responsible
for converting pyruvate into acetyl-CoA for the tricarboxylic
acid cycle was downregulated (blue), consistent with a lack
of aerobic respiration. In addition, we observed the possibil-
ity of the oxaloacetate intermediate being shunted back into
the glycolytic/gluconeogenic pathway. Moreover, our analy-
sis revealed that the KEGG OXPHOS pathway (Fig. E8F)
was downregulated in FLASH versus CONV samples across
all 5 electron transport chain complexes, with multiple
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components downregulated in each of the complex I-V,
consistent with significant electron transport chain repres-
sion/disruption. To reinforce our ORA and GSEA data, we
conducted an unsupervised clustering of all metabolic genes
from these 2 pathways using a heatmap (Fig. 5C), which
showed that the genes separated into 2 clusters—one mostly
including OXPHOS genes and another composed mainly of
glycolysis/gluconeogenesis genes. We found that the
CONV-treated samples clustered mostly with the nonirradi-
ated ones with greater expression in the OXPHOS cluster
and lower expression in the glycolysis one. In contrast, the
FLASH-treated samples from all oxygen conditions mostly
clustered together with the OXPHOS cluster downregulated
and the glycolysis cluster upregulated, suggesting that gly-
colysis may be a potential target to increase the antitumor
efficacy of FLASH using this model.
Fig. 6. Significant tumor growth delay via daily trameti-
nib treatment for 14 days after FLASH. (A) Relative tumor
volume of U-87 MG implanted subcutaneously in the flank
of female nude mice treated with 20 Gy single fraction deliv-
ered with FLASH under normal and clamped conditions.
Mean relative tumor volume § SEM, N = 3 to 6 animals per
group, as indicated. P values derived from endpoint analysis
using a Kruskal-Wallis test with post hoc Dunn’s correction
for multiple testing: *P < .05. (B) Kaplan-Meier survival
curves for animals stratified by radiation modality, tumor
Neoadjuvant treatment with trametinib

To target glycolysis after FLASH, we used a Food Drug
Administration (FDA)-approved MEK 1/2/glycolysis inhibi-
tor called trametinib as an adjuvant treatment. The treat-
ment delayed the tumor relapse (Fig. 6A), improved
survival (Fig. 6B; P = .0079), and significantly increased the
mean doubling time of clamped tumors from 32.5 §
0.9 days to 40.2 § 1.6 days post-RT (Fig. 6C; P = .0022) and
the mean doubling time of normal tumors from 35.3 §
0.2 days to 43.8 § 1.7 days post-RT (P = .0034). Although
we observed improved tumor growth delay in both cases,
our treatment regimen did not result in complete response.
These findings suggest that we need to refine the adminis-
tration schedule and/or investigate the involvement of other
resistance mechanisms to enhance the treatment’s efficacy.
oxygenation, and treatment group. P value derived from log
rank (Mantel-Cox) test: *P < .05; **P < .01. (C) Doubling
times calculated for each group. Mean days post-RT §
SEM, N = 3 to 5 animals per group, as indicated. P values
Discussion

derived from one-way ANOVA followed by post hoc �Síd�ak
correction for multiple testing: **P < .01; ****P < .0001.
Abbreviations: ANOVA = analysis of variance; CONV =
conventional dose rate; ns = not significant; RT = radiation
therapy.
As the key finding of this study, we conclusively demon-
strated the superior efficacy of FLASH against tumors
placed under acute severe hypoxia compared with CONV.
This result was not restricted to a single model, as we were
able to reproduce and validate it in various human and
murine tumor models implanted in immunodeficient and
immunocompetent mouse strains. Our RNAseq results
showed a direct imprint of the response to FLASH versus
CONV at acute (24-hour) time-point post-RT, whereas at 1
week postrecurrence we found the imprint to be relapse-
dependent rather than radiation response-dependent. Our
in-depth analysis of the acute imprint revealed a FLASH-
specific profile in clamped tumors that involved an arrest of
cell cycle, mitosis, and ribosomal biogenesis, and a switch
from OXPHOS to glycolysis. Moreover, inhibition of glycol-
ysis with trametinib enhanced FLASH efficacy. Overall, this
study highlights the efficacy of FLASH in radiation-resistant
tumors, mediated by delayed growth and reduced
proliferation, and provides a novel if not compelling ratio-
nale to use FLASH instead of CONV.

Radiation resistance is complex and involves combina-
tion of extrinsic signals from the microenvironment and
intrinsic factors that characterize the tumors. In this study,
we investigated one extrinsic signal, tumor hypoxia which
represents one of the major root causes of cancer treatment
resistance when RT at conventional dose rate is used but
also impairs the therapeutic outcome of CT. The relation-
ship between tumor oxygenation and the efficacy of RT is
well-known and has been extensively characterized.27 Our
present data obtained with CONV directly reflected this
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relationship. We found that tumors irradiated in carbogen
conditions experienced a longer growth delay (+5 days dou-
bling time vs normal conditions), whereas clamped tumors
exhibited less favorable control (−8.6 days doubling time vs
normal). Conversely, FLASH challenges this long-standing
paradigm with no significant difference in doubling time
and growth curves between normal and clamped tumors.
Our results also suggest that the sensitivity of clamped
tumors to FLASH is not restricted to a single and/or specific
model but can be generalized and replicated across various
human and murine tumor models. In addition, we observed
a similar outcome in immunocompromised and competent
hosts, which does not support a specific contribution of the
(adaptive) immune system. We measured intratumoral oxy-
gen tension directly and noninvasively using the Oxyphor
PtG4 probe and OxyLED system8,28-31 and we stained for
hypoxia in situ using pimonidazole. We were able to con-
firm severe hypoxia (0-2 mm Hg O2, <0.3% O2) within
minutes after clamping, whereas carbogen breathing
resulted in an increase in tumor pO2 consistent with the
literature.32,33 Although this acute hypoxia induces radiore-
sistance to CONV, it is worth noting that this model is an
acute, artificial hypoxia that cannot recapitulate prolonged
and chronic hypoxia observed in many cancers. However,
we found that FLASH offers superior control in this hypoxic
condition, which is known to be treatment resistant.

Based on transcriptomic evidence, we suggest that
increased tumor control and growth delay using the FLASH
modality in clamped tumors was due to an inhibition of
cell-cycle progression caused by specific downregulation of
cell-cycle genes and proliferation pathways. For the clamped
condition, we observed downregulation of several cell cycle
−related genes in both dose-rate groups (Overlap). As a
well-characterized response to ionizing radiation and DNA
damage,34 we expected it. However, we found an additional
cluster of cell cycle−related genes was downregulated in the
FLASH only list—with significant independent enrichments
for cell cycle and DNA replication. From these data, we sur-
mise that the differential tumor response between FLASH
and CONV under clamped condition was related to a more
complete versus partial cell-cycle arrest, respectively.
Enhanced tumor growth delay observed under FLASH is
likely dependent on elevated GADD45. Our observation of
increased GADD45 expression in the KEGG cell-cycle path-
way analysis supports this idea. This result is consistent
with a putative genomic imprint of FLASH susceptibility we
shown previously in a patient-derived xenograft model of
T-cell acute lymphoblastic leukemia.10 The role of GADD45
in controlling activation of S and G2/M checkpoints after
genotoxic stress by dissociating and inhibiting the kinase
activity of the CDK1/CyclinB1 complex35 suggests FLASH
provides more robust control of proliferation.

We found that additional gene sets related to translation
and ribosomal function were significantly downregulated in
FLASH-treated groups in both normal and clamped condi-
tions. The downregulation of ribosomal machinery is closely
associated to cell-cycle arrest as previously shown in yeast,
in which decreased ribosomal translation was sufficient to
cause cell-cycle arrest in the G1 phase.36 Moreover, transla-
tion inhibition by cycloheximide caused phosphorylation
and activation of CHK1, which impaired G2/M cell-cycle
progression.37 The translation of cellular mRNAs to pro-
teins by ribosomes can fuel the uncontrolled growth pro-
gram of a tumor. In addition, the translation of mRNA into
proteins has a high energy cost for cells,38 which is why
transient, radiation-induced inhibition of cap-dependent
protein synthesis is a conserved cellular stress response.39

Our results suggest that FLASH enhances the level of ribo-
somal stress in tumors, thus decreasing translation, which
can induce further activation of cell-cycle checkpoints,
thereby overriding the protective effects of hypoxia.

Next, we showed that the tumor growth delay outcome
under acute hypoxia was associated with significant meta-
bolic alterations 24 hours post-FLASH, and more specifically
with an increased glycolysis and decreased OXPHOS gene
expression. These changes are consistent with recently
described alterations in cancer cell metabolism after in vitro
exposure to ionizing radiation.40 However, we did not detect
such changes upon comparison of the CONV clamped group
with the NIR clamped group, indicating that FLASH modu-
lates the expression of these metabolic gene sets under acute
hypoxia, whereas CONV does not. We also identified these
changes in normally oxygenated normal tumors 24 hours
posttreatment with FLASH, but only the decrease in
OXPHOS gene expression was FLASH-specific. In other
words, we found increased glycolysis gene expression in the
CONV normal group as well, but not OXPHOS downregula-
tion. It is important to note that release of the vascular clamp
itself could lead to ROS-induced release of HIF1 target gene
transcripts sequestered in stress granules,41 but we per-
formed this procedure in both modalities and in the NIR
controls, so the confounding effect should be limited. We
presented overwhelming evidence of these metabolic changes
using ORA, GSEA, pathway analysis, and heatmap clustering
of metabolic genes. In summary, we discovered a FLASH-
specific metabolic switch in GBM 24 hours after irradiation.

The metabolic shift prompted us to use a glycolysis
inhibitor, trametinib. Trametinib is an FDA-approved
MEK1/2 inhibitor that can be administered orally and is
well tolerated.42 Results from a recent clinical trial pro-
vided evidence that that the drug could readily cross the
blood-brain barrier in humans,43 which is essential for
GBM treatment. U-87 MG cells were previously shown to
be sensitive to trametinib,44 and this drug was found to
inhibit growth (in vitro and in vivo) and aerobic glycolysis
(in vitro) in other glioma models.45 These features clearly
boost the clinical relevance of our study, where we used
trametinib as a short-term adjuvant treatment and
showed its ability to enhance the antitumor efficacy of
FLASH in the U-87 MG xenograft model under both nor-
mal and clamped conditions. This suggests that the com-
bination of cell-cycle arrest and metabolic intervention
are factors that are involved and can be exploited to opti-
mize FLASH efficacy.
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Conclusion
So far, the superiority of FLASH over CONV has largely been
attributed to its capability to spare normal tissue from radia-
tion-induced toxicities. In the present study, we bring the first
evidence of an important additional benefit of FLASH,
namely, efficacy against radioresistant hypoxic tumors. This
sustained efficacy of FLASH in conditions known to promote
radiation resistance suggests that FLASH targets an intrinsic
(death) signal more potently than CONV. The signal remains
to be formally identified but could be related to the regulation
of the G2/M transition, and our findings showing that FLASH
induces inhibition of proliferation and translation support this
idea. Notably, we also uncovered a druggable metabolic switch
that we successfully reversed using the FDA-approved com-
pound trametinib to enhance the efficacy of FLASH. These
mechanistic findings are fundamental and support the ulti-
mate translation of FLASH into the clinic.
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