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Reinventing Radiobiology in the Light of FLASH Radiotherapy
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’Laboratory of Radiation Oncology, Radiation Oncology Service and Oncology Department,
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Abstract

Ultrahigh—dose rate FLASH radiotherapy (FLASH-RT) is a potentially paradigm-shifting
treatment modality that holds the promise of expanding the therapeutic index for nearly any
cancer. At the heart of this exciting technology comes the capability to ameliorate major normal
tissue complications without compromising the efficacy of tumor killing. This combination of
benefits has now been termed the FLASH effect and relies on an in vivo validation to rigorously
demonstrate the absence of normal tissue toxicity. The FLASH effect occurs when the overall
irradiation time is extremely short (<500 ms), and in this review we attempt to understand how
FLASH-RT can kill tumors but spare normal tissues—likely the single most pressing question
confronting the field today.

Keywords

FLASH radiotherapy; conventional radiotherapy; ultrahigh dose rate; normal tissue sparing;
isoefficient tumor killing

INTRODUCTION TO THE FLASH EFFECT
Definition
The FLASH effect is an in vivo effect where normal tissue toxicities can be ameliorated

while maintaining equal efficacy in tumor growth control, achieved by delivering radiation at
ultrahigh dose rates above a prescribed threshold (mean dose rates =100 Gy/s).

Historical Context

Radiation oncology is one of the more interdisciplinary fields of medicine, where well-
defined treatment protocols implementing ionizing radiation from a variety of sources
to eradicate tumors have always been empirical and relied on expertise from physics,
chemistry, and biology. Technological advancements in beam delivery and imaging have
ushered in the modern era of conformal radiation therapy, where the therapeutic index
can be enhanced through more precise targeting of tumor volumes while minimizing the
collateral dose to the surrounding normal tissue. This fundamental tenet drives nearly all
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standard of care, where curative intent seeks to deliver the maximum toxic dose to a tumor
bed while maintaining normal tissue tolerances. While precision in radiotherapy may be
plateauing, chemists and biologists have more versatility to develop radiosensitizers and
radioprotectors designed to differentiate the killing of cancer cells versus normal cells.
More sophisticated treatments designed to co-opt the immune system, disrupt the tumor
microenvironment (TME), or exploit metabolic differences between tumors and normal
tissue are still handcuffed by the relative similarity of neoplastic tissue and the surrounding
cellular milieu. Given this rather simplistic but factual outlook, cancer biologists continue to
refine the holy grail of cancer therapies, where any chance to expand the therapeutic index
stands to improve survivorship and quality of life.

A relatively recent groundbreaking paper peeled back decades of dogma in the radiobiology
community and provided a novel but surprising avenue for increasing the therapeutic index
through ultrahigh—dose rate FLASH radiotherapy (FLASH-RT) (Favaudon et al. 2014). The
idea that dose rate modulation could be exploited for therapeutic gain (Harrington 2019)
was not fundamentally new at the time, as it had been discovered decades prior but then
abandoned. These past studies were limited to high—dose rate electron beams, focused
largely on early reactions (skin and gut toxicities), and did not investigate the impact of
high dose rate on tumor models (Field & Bewley 1974, Hendry et al. 1982, Hornsey &
Alper 1966, Inada et al. 1980). Earlier efforts had found that high dose rates spared select
skin and gut tissues, from which one might have inferred a similar sparing of tumors,

so the presumption that this might provide little clinical utility was not a non sequitur.
Favaudon et al. (2014) provided the first side-by-side in vivo evidence of normal tissue
sparing and isoefficient tumor growth delay (i.e., a term meant to convey that radiation-
induced reductions in the growth of tumors were observed to be dose rate independent),
thereby revealing previously unrealized opportunities for enhancing the differential effect of
radiotherapy. Subsequent work in the field was sporadic, limited largely by the availability
of FLASH machines capable of delivering sufficiently high and uniform isodoses over
subsecond timescales (Mozenin et al. 2019b). The lack of FLASH-enabled irradiator systems
still hampers the field today, and while significant industry- and academic-based research

is actively characterizing the beam parameters for optimizing the conditions necessary to
elicit the in vivo FLASH effect, much work remains. Not unexpectedly, details regarding
the specific beam requirements for delivering different FLASH modalities (e.g., electron,
photon, proton) vary considerably and have been reviewed recently (Farr et al. 2022). To
date the ubiquitous capability of FLASH-RT to spare normal tissue toxicities has been
substantiated in nearly every normal tissue studied using multiple preclinical models of
various genetic backgrounds (Figure 1).

RADIOBIOLOGY TENETS CHALLENGED

As the field of FLASH radiobiology gained momentum by 2019, it became increasingly
apparent that a unifying hypothesis to account for both FLASH’s sparing of normal tissue
and its tumor killing efficacy was conspicuously lacking. Many of the long-standing

tenets of radiobiology were unable to explain an effect that was defined in vivo by

largely late-responding normal tissues (e.g., brain and lung—tissues that exhibit protracted
toxicities many months after irradiation) devoid of rich stem cell populations, where tissue

Annu Rev Cancer Biol. Author manuscript; available in PMC 2024 October 17.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Limoli and Vozenin

Page 3

turnover rates were correspondingly low, which necessitated an analysis of more latent
functional outcomes less dependent on overt, acute radiosensitivity. Our prior understanding
of classical dose rate effects was clearly challenged by FLASH-RT, where chronic low—
dose rate (cGy/h) exposures were routinely documented to ameliorate the adverse effects

of irradiation of acutely responding (stem cell-rich) tissues and cancers. This effect has
been accurately ascribed to the superposition of DNA repair processes transpiring over the
course of chronic dose delivery (Hall & Giaccia 2019). The ability of DNA repair to restore
genomic integrity over protracted irradiation has been largely accepted and experimentally
validated, where recovery of tissues during low—dose rate exposures or during multifraction
treatment plans is due to recovery from sublethal damage reliant on DNA double-strand
break (DSB) repair (Steel et al. 1986). The reliance of clonogenic survival, chromosome
aberrations, and mitotic cell death on residual DSBs has also been validated (Berthel

et al. 2019) and suggests that when dose rates are elevated normal tissue damage and
recovery should be similar, as exposure times are too short to allow for sublethal damage
repair. This expectation has not been borne out in the FLASH literature, as the underlying
assumption is likely flawed. It also suggests, but does not prove, that the FLASH effect

will be less dependent (if at all) on DSB induction and repair kinetics. In normal tissues,
lower levels of DSBs have been measured after isodoses of FLASH-RT compared to
conventional radiotherapy (CONV-RT), which rapidly normalize at later time points (<24
h) (Buonanno et al. 2019, Dokic et al. 2022, Fouillade et al. 2020, Levy et al. 2020), whereas
in tumors, DSB levels after FLASH-RT are similar to those after CONV-RT (Levy et al.
2020). These observations suggest that the gold standard of radiobiology—the clonogenic
survival assay, which is intimately linked to the production and repair of DNA DSBs (Hill
et al. 2004, McMiillan et al. 1990)—will not provide any useful readouts of the FLASH
effect. Interestingly, dose rate modulation has been found to have little impact for in vitro
clonogenic assays at biologically relevant levels of exposure (€10 Gy), and most changes
reaching statistical significance have only been uncovered at total doses far exceeding those
found to elicit robust normal tissue sparing in vivo and under hypoxic conditions (Adrian et
al. 2020, 2021; Montay-Gruel et al. 2019).

THE RISE AND FALL OF MECHANISTIC HYPOTHESES

The field of FLASH-RT has been inundated with reviews, which serve as a tribute to the
global interest in the field, but also as a detriment to a burgeoning area of research in

need of more experimental data than untested models. We among others were quick to
proffer certain hypotheses to rationalize the ability of dose rate modulation to spare normal
tissue toxicities. While differences in the early physicochemical steps between FLASH-RT
and CONV-RT had not yet been formally investigated, two of the early and most popular
hypotheses at this early time discussed the higher rates of free radical recombination/
diffusion and oxygen depletion. For the former, FLASH was theorized to elicit higher
“instantaneous” free radical densities that could facilitate their recombination and alter
diffusion of free radicals, the production of radiolytic species, and downstream damage;
numerous models were then been put forth in support of or against this idea (Alanazi

et al. 2021, Labarbe et al. 2020, Wardman 2020). The most compelling experimental
evidence in favor of the diffusion/recombination hypothesis was demonstrated by the
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lower concentration of H,O, measured in water exposed to FLASH-RT versus CONV-

RT (Montay-Gruel et al. 2019). A similar delivery of FLASH could have the ability to

elicit a transient, volume-dependent drop in oxygen tension, possibly sufficient to cause a
radioprotective hypoxic state (Pratx & Kapp 2019, Spitz et al. 2019). This has been the topic
of extensive reviews and modeling efforts (Favaudon et al. 2022, Wilson et al. 2019) based
upon classical studies of the oxygen enhancement ratio.

In contrast, the most compelling experimental evidence in favor of the hypoxia hypothesis
was generated by a series of in vivo experiments conducted using a reverse approach,

where the FLASH effect found under normoxia was eliminated by carbogen breathing that
essentially doubled the oxygen levels in the brain (Montay-Gruel et al. 2019). Thus, at that
dose, sufficient levels of radioprotective hypoxia were not attained, thereby obviating the
benefits of FLASH in the overly oxygenated brain. Interestingly, more recent and sensitive
real-time measurements of oxygen tension, in silico, in vitro, and in vivo, have now provided
convincing evidence that radiolytic hypoxia induced by FLASH was insufficient to provide
any biological benefit (Boscolo et al. 2021, Cao et al. 2021, Jansen et al. 2021). These recent
measurements also fit past data finding that doses approaching 100 Gy are typically required
to elicit a 3% drop in oxygen levels (Michaels 1986, Weiss et al. 1974)—doses that are far
above those necessary to observe the in vivo FLASH effect (~10 Gy).

Other hypotheses of the protective benefits of FLASH-RT that have found support in the
literature (Diffenderfer et al. 2020, Velalopoulou et al. 2021) have posited a protection

of the stem cell niche (Pratx & Kapp 2019), which may involve tissue-specific hypoxia.

In the brain, electron FLASH-RT was reported to preserve the neurogenic niche where,
compared to CONV-RT, increased numbers of proliferating [bromodeoxyuridine (BrdU*)],
immature [doublecortin-positive (DCX™)], and mature neuronal [BrdU*/neuronal nuclear
antigen (NeuN™)] cell populations were found in the hippocampal dentate gyrus (Alaghband
et al. 2020, Montay-Gruel et al. 2017). Electron (lung) and proton (gut, skin) FLASH-RT
also identified higher levels of EdU labeling and a preservation of regenerating crypts and
skin stem cells (Lgr6*) (Fouillade et al. 2020, Velalopoulou et al. 2021). This provides a
logical explanation for the preservation of acute normal tissue functionality, but it fails to
account for other protracted benefits such as neurocognitive sparing, which is not solely
reliant on hippocampal neurogenesis, lymphedema, or tissue fibrosis. Stem cell sparing also
fails to account for isoefficient tumor killing, and while the tendency to equate cancer stem
cells to their normal tissue counterparts has received considerable attention in the literature,
their equivalence is debatable and beyond the scope of this review. Suffice it to say, however,
that if cancer stem cells were also spared by FLASH-RT, then the future clinical utility of
this radiation modality would be brought into question.

The rapid dose delivery inherent to FLASH-RT has also triggered ideas and models related
to the fraction of the total blood volume irradiated (Jin et al. 2020, Zhang et al. 2021).
Under CONV-RT, one could argue that a large fraction of the total blood supply passes
through the target volume and is irradiated at a mean low dose, whereas with FLASH-RT
only a small proportion of blood is irradiated but at a higher dose. The possibility that

the blood volume represents a critical radiolytic target itself is intriguing, and a wealth of
past studies have argued about the merits of circulating cells and the constituents (DNA,
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exosomes, cytokines, etc.) for mediating classical radiation-induced toxicities (Chaudhuri

et al. 2015, Leavitt et al. 2019, Marples & Welford 2018, Vilalta et al. 2016). It is also
possible that FLASH depletes a critical compound impacting the radiation response or does
not generate the radiolytic production of paracrine mediators (Wardman 2020). Consistently,
reduction of inflammatory and fibrotic factors has been described in normal tissues exposed
to FLASH (Favaudon et al. 2014, Simmons et al. 2019, Velalopoulou et al. 2021), and

other mediators such as microRNA carried in the cargo of exosomes could also be involved
(C.L. Limoli & M.-C. Vozenin, personal communication). If the blood and constituent cell
populations were the site of this generation, or served to circulate such signals, then a natural
consequence of FLASH-RT would be to reduce the levels of proinflammatory or other
pathogenic signaling normally generated upon irradiation at conventional dose rates (Figure
2). While experiments are currently underway that are designed to test this more formally
using cells cultured within microfluidic devices and whole-thorax/heart irradiation, data in
support of this possibility are currently lacking.

It is remarkable that radiobiologists and clinicians both failed for decades to recognize the
ability of FLASH-RT to increase the therapeutic index through such a relatively simple
change in dose rate (at least in theory—not in practice). While much of the foregoing
discussion has focused on select radiochemical, molecular, and cellular mechanisms to
account in part for normal tissue sparing, few can account for the response of tumors

to FLASH. Unfortunately, the simplest explanations have failed to provide an adequate
explanation of the FLASH effect. This partly reflects the early stages of FLASH research.
Mechanistic questions will invariably require deeper data sets across multiple disciplines
implementing validated FLASH beam modalities. At this juncture it remains a challenge
to account for how subsecond irradiation can discriminate between tumors and normal
tissue. This is especially noteworthy when considering the marked molecular and structural
diversity of the normal tissues involved, the early and late toxicities that are only spared

at ultrahigh dose rates, and the inherent heterogeneity of tumors (16 experimental tumor
models have studied to date) that equally succumb to irradiation, independent of dose rate.
FLASH-RT is arguably the most topical area in the radiation sciences, as groups across the
world are now grappling with the field’s single most pressing question: Why does FLASH
kill tumors?

WHY DOES FLASH KILL TUMORS?

To date the answer to this question is that FLASH Kkills tumors in the same way conventional
dose rate radiotherapy does, as tumor cells appear insensitive to dose rates spanning the
current FLASH literature. On the contrary, the dose rate—dependent responses reported in
normal tissues suggest that there is a fundamental difference between normal cells and
cancer cells that can be realized by delivering ionizing radiation over microsecond to
millisecond timescales.

It is noteworthy that to date the responses of 23 tumor types have been compared using
FLASH-RT and CONV-RT (Table 1). The cancers investigated have included mouse, rat,
and human tumors from the brain (Montay-Gruel et al. 2021, Liljedahl et al. 2022), breast
(Favaudon et al. 2014, Gao et al. 2022, Sorensen et al. 2022), blood (Chabi et al. 2021), bone
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(\Velalopoulou et al. 2021), head and neck (Cunningham et al. 2021, Favaudon et al. 2014),
lung (Favaudon et al. 2014, Fouillade et al. 2020, Gao et al. 2022, Y.E. Kim et al. 2021),
muscle (Velalopoulou et al. 2021), ovary (Eggold et al. 2022, Levy et al. 2020) and pancreas
(Diffenderfer et al. 2020, M.M. Kim et al. 2021), spanning a range of carcinoma (breast,
lung, ovary, pancreas, and skin), glioma, and sarcoma tumor models. These models have
included either syngeneic or xenograft tumors implanted subcutaneously or orthotopically
and studied in immune-competent or immune-compromised mouse models, as well as in one
genetically engineered mouse model (GFAP-HRas"12; GFAP-CRE; p53floX7Wt) (Maxim et
al. 2020). The impact of FLASH-RT on spontaneous tumors has also been investigated

in larger vertebrates (dog and cat) (Konradsson et al. 2021, Rohrer Bley et al. 2022,
Velalopoulou et al. 2021, Vozenin et al. 2019a) and early human clinical trials (Bourhis

et al. 2019, Gaide et al. 2022). In these studies, FLASH-RT has proven to be as efficacious
in restraining tumor growth as CONV-RT, although direct comparison of isodoses in some
of these situations was more difficult due to the clinical/ethical constraints. More formal
tumor control studies using mouse mammary carcinoma cells implanted into the feet of mice
confirmed that TCDsq (50% tumor control dose) values were similar between FLASH-RT
(51 Gy) and CONV-RT (49 Gy) (Sorensen et al. 2022). In another study, Fischer 344

rats bearing subcutaneous or orthotopic rat glioblastoma tumors were given CONV-RT and
FLASH-RT using 2 x 8 Gy or 2 x 12.5 Gy, respectively (Liljedahl et al. 2022). While
isoefficient tumor cure was achieved in the majority of subcutaneous tumors, it was not

in the orthotopic tumors, although increased survival was equivalent at both dose rates. In
addition, similar long-term tumor cure assays are still ongoing; however, intermediate results
at three months obtained with murine glioblastoma multi-forme also show FLASH-RT and
CONV-RT to be isoefficient (M.-C. Vozenin et al., unpublished results).

However, there are a few exceptions to the foregoing findings, where in certain mouse
models, including Lewis lung carcinoma and LM8 osteosarcoma, FLASH-RT was shown

to be more efficacious than CONV-RT (albeit minimally) in slowing the growth of tumors
(B.W. Loo Jr. et al., unpublished data) and preventing metastasis when delivered with
carbon ions (Tinganelli et al. 2022). Also noteworthy are our recent unpublished findings
demonstrating the curability of orthotopic U87 tumors in mice treated with hypofractionated
FLASH-RT (P Montay-Gruel, B Petit & M-C Vozenin, unpublished data) (Figure 3).

There is one other notable exception involving the response of three human T cell acute
lymphoblastic leukemias (T-ALL) grafted into immunocompromised mice as patient-derived
xenografts (Chabi et al. 2021). Following bone marrow transplantation and reconstitution,
mice were given 4 Gy of whole-body FLASH-RT or CONV-RT; two of the primary

T-ALL cases showed an enhanced response to FLASH-RT, whereas the other case was

more responsive to CONV-RT. Thus, this represents the only reported instance where a
specific cancer type showed resistance to FLASH-RT compared to CONV-RT. While the
precise mechanisms underlying these atypical responses are under investigation, differences
in expression of proteins in the GADD45, Wnt, metabolic, and p53 pathways have been
found in the FLASH-sensitive primary T-ALL cancers (Chabi et al. 2021).
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FLASH RADIOTHERAPY AND CONVENTIONAL RADIOTHERAPY KILL
TUMOR CELLS EQUALLY

While cell death mechanisms induced in tumors after FLASH-RT versus CONV-RT remain
to be fully characterized, tumor cells are equally sensitive after exposure to FLASH-RT and
CONV-RT, unlike in normal tissues where less apoptosis and senescence have been reported
after FLASH-RT than after CONV-RT (Allen et al. 2020, Favaudon et al. 2014, Fouillade

et al. 2020, Y.E. Kim et al. 2021). In addition, based on the global benefits to vastly
different normal tissue beds and the similar responses of equally disparate tumor types,

the FLASH effect seems to be independent from the primary DNA sequence (genetically
predetermined) or the damage and repair of the DNA backbone. Experimental results indeed
show no major differences between normal and tumor cells in clonogenic assays known to
be primarily dependent on lethal DSBs (Adrian et al. 2020, Schuler et al. 2022) at clinically
relevant doses (<10 Gy), whereas higher doses (20 Gy) and hypoxia have been shown to
promote resistance in both cases. Consistently, no in vivo difference in residual DSBs (Levy
et al. 2020) was observed in ovarian tumors and normal intestinal crypts after exposure

to FLASH-RT versus CONV-RT. Studies investigating the role of chromatin structure,
compaction, and epigenetics, as well as those related to the fidelity of transcriptional and
post-translational processes, are presently lacking. Other cellular components might also be
dose rate responsive such as lipids or proteins (cytoskeleton), which are known to differ
between normal and tumor cells. Lastly and for purposes of simplicity, we equate the
efficacy of tumor killing obtained by different FLASH beam modalities (electron, photon,
proton), recognizing that this is likely an oversimplification of forthcoming data sets.

DIFFERENTIAL EFFECTS ON THE TUMOR MICROENVIRONMENT

The complexities of the cross talk between the TME and tumor cells upon cancer

treatment, such as radiotherapy, dictate interindividual variabilities in radiosensitivity and
drive recurrence and metastasis. Differences in immune and vascular response, hypoxia, and
metabolism are well-known factors that contribute to the success or failure of radiotherapy
protocols designed to shrink and ultimately eradicate tumors. Detailed descriptions of the
complexities of the TME have been reviewed elsewhere (Joyce & Fearon 2015), and here
we focus on those factors projected to play more prominent roles in determining how
FLASH-RT remains as effective as CONV-RT in killing tumors.

VASCULAR AND INFLAMMATORY HYPOTHESES

Most FLASH studies focused on the vasculature have been performed in the normal brain
and have shown consistent preservation of vascular morphology in adult and juvenile
animals that was associated with decreased inflammation (Alaghband et al. 2020; Allen

et al. 2020; Montay-Gruel et al. 2019, 2020). Since intratumoral vessels are composed of
normal stromal cells (endothelium, pericytes) (Allen & Limoli 2022), past findings might be
generalized to approximate the response of tumor vessels to FLASH, but to date no formal
investigations have been conducted. The impact of high single doses of FLASH-RT versus
CONV-RT (10-25 Gy) was investigated at acute (1 week) and late (1 month) times. Vascular
dilation and endothelial NOS (nitric oxide synthase) expression that colocalized with vessels
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were decreased in animals exposed to FLASH-RT, and tight junction integrity monitored by
occludin and claudin-5 expression was preserved. FLASH exposure has also been associated
with reduced GFAP and TLR-4 induction, which are surrogate markers of astrogliosis,
whereas the expression levels of complement Clg and C3 were elevated regardless of dose
rate, supporting the previous idea that differences between FLASH and CONV-RT may be
relatively minor within the tumor vasculature and the blood—tumor barrier.

IMMUNE HYPOTHESIS

As quoted earlier, tumor studies have shown the isoefficacy of FLASH-RT and CONV-RT
in restraining tumor growth in immunocompetent and compromised mice (Favaudon et

al. 2014, Gao et al. 2022, Levy et al. 2020, Montay-Gruel et al. 2021). Consistently,
immunologically cold mouse oral carcinoma (MOC2; i.e., tumors that are not infiltrated
with immune cells) versus immunologically hot MOCL (i.e., tumors that are infiltrated
with immune cells) cells showed no difference in their response to FLASH-RT versus
CONV-RT (Cunningham et al. 2021). Lastly, similar induction of intratumoral adaptive
immune profiles (CD8*) was found in ID8 and UPK10 tumors after the combination of
anti-PD1 therapy with FLASH-RT and CONV-RT (Eggold et al. 2022). In the same paper,
FLASH was reported to modify slightly monocyte infiltration and macrophage polarity.
Combined with the fact that FLASH does not induce TGFB1 in normal tissues (Cunningham
et al. 2021, Favaudon et al. 2014, Velalopoulou et al. 2021), a growth factor known to
promote fibrosis and act as a potent immunosuppressive signal, this finding might suggest
a possible role for innate immunity, which has yet to be demonstrated. Furthermore,
ongoing work (unpublished data) has evaluated the response of various cell lines grafted
subcutaneously into wild-type (C57BL/6), nude, or immuno-deficient mice and found that
antitumor efficacy between FLASH-RT and CONV-RT is independent of the host immune
status. In summary, it remains difficult to support the hypotheses developed earlier (Jin

et al. 2020, Zhang et al. 2021) that FLASH-RT protects adaptive immune cells and their
potential to enhance tumor killing. Published and unpublished data (from our group) point to
a relatively minor involvement of the immune response in modulating tumor growth delay,
which is unlikely to account for the dose rate independence of FLASH-RT’s tumor cell
killing.

Thus, at this juncture we have discounted a fundamental role for (&) the primary sequence

of DNA, () the induction and repair of DNA damage, (¢) the TME, or (a) the immune
response in discriminating between the changes in dose rate found between normal tissue
(points aand b) and tumors (points cand @). However, vascular and inflammatory responses
have shown differential modulation. So what other targets or processes might account for the
FLASH effect? To speculate on the most likely alternatives, we need to consider lipid and
protein targets, as well as the role of metabolism.

LIPIDS AS A TARGET

For organs rich in lipids like the brain and normal endothelial cells, where lipid membrane
composition is specifically defined, chain reactions involving organic hydroperoxides that
rely on high levels of polyunsaturated fatty acids to propagate chain reactions and consume
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oxygen have been proposed to explain the differential response of normal tissue and

tumors to FLASH (Favaudon et al. 2022, Labarbe et al. 2020, Spitz et al. 2019). In

this regard, inherent differences in the ability of normal tissues and tumors to detoxify
organic hydroperoxides could be involved in the FLASH effect. Spitz et al. (2019) posited
the half-life of organic hydroperoxides, which is prolonged in tumors relative to normal
tissues, to account for the improved therapeutic ratio obtained with FLASH-RT. This

idea also invoked the importance of redox chemistry and labile iron, which is known

to be biologically sequestered, transported, and metabolized differently in tumors than

it is normal tissues. While the relative importance of each of these factors remains to

be experimentally determined, some emerging evidence does support the idea that lipids
may be sensitive to changes in dose rate. P. Froidevaux et al. (submitted manuscript),
recently used cell-free linoleic acid micelles and phosphatidylcholine liposomes as cell
membrane models to probe the lipid peroxidation yields after FLASH-RT and CONV-RT.
Remarkably, yields of lipid peroxidation end products increased linearly with CONV-RT
dose but were conspicuously absent after FLASH-RT, which suggests that lipids may

be a critical target in mediating the FLASH effect. While caution is warranted before
translating these findings directly to living cell membranes, other data derived from
lipidomic analyses of the FLASH- versus CONV-irradiated rodent brain have also uncovered
dose rate—dependent differences. In these studies, brains were extracted two months after

a 10-Gy dose of FLASH-RT or CONV-RT and then analyzed for the endocannabinoid
ligands 2-arachidonaoylglycerol (2-AG) and anandamide, along with the endogenous lipids
oleoylethanolamide and palmitoylethanolamide (PEA). With the exception of anandamide,
the levels of these lipid adducts were increased after CONV-RT but were similar in

control and FLASH-irradiated cohorts (Figure 4). Endocannabinoid signaling in the brain
is complex and beyond the scope of this review, but earlier work from our group has

shown that proton irradiation decreased CB1-dependent tonic inhibition of GABA (gamma-
aminobutyric acid) release that was associated with reduced 2-AG levels (Lee et al. 2016).
These data may also reflect the response of the brain to persistent inflammation triggered by
CONV-RT, and several studies have implicated PEA in the regulation of neuroinflammation
(Bandiera et al. 2014, Solorzano et al. 2009). While further work is clearly needed to
substantiate the functional significance of these findings, it remains difficult to reconcile
how tumor cells would not be protected as well. However, given the marked differential
effect measured, lipids certainly constitute a previously unrecognized target that may be
important to the FLASH effect, where lipidomic analyses provide an attractive route for
evaluating the sensitivity of the lipid compartment to dose rate modulation.

A ROLE FOR MITOCHONDRIAL METABOLISM

The link between lipids and metabolism is complex, and it is unknown if or how differential
damage to specific lipids caused by FLASH-RT versus CONV-RT might alter mitochondrial
fatty acid transport and B-oxidation. Mitochondrial usage of fatty acids is highly tissue
specific, where p-oxidation in tissues outside the central nervous system drives acetyl-
coenzyme A production that feeds into the citric acid cycle (Houten et al. 2016). The brain
prefers carbohydrates, a preference that has likely evolved to minimize oxygen consumption
and ROS (reactive oxygen species) production and maintain ATP reserves (Schonfeld &
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Reiser 2017). What is known, however, is that mitochondrial electron transport is highly
sensitive to irradiation. Mitochondria regulate energy metabolism in cells and generate

the vast majority of ATP through oxidative phosphorylation (OXPHQOS). The resultant
proton gradient drives ATP production but comes at a cost, as free radicals are produced

at variable yields and with different reactivities. Superoxide (O2"") produced from the
back-reaction of resident electrons with molecular oxygen (O,) serve not only as signaling
molecules but also as precursors and substrates for more toxic species. Diffusion-controlled
reactions of superoxide with nitric oxide (NO) can lead to reactive peroxynitrite (ONOQ™),
while select isoforms of SOD can convert superoxide into the toxic ROS H,0,. Hydrogen
peroxide can diffuse across intracellular compartments and participate in 1 electron Fenton
chemistry, oxidizing Fe2* to Fe3* and generating the highly reactive hydroxyl radical (OH-)
(Wardman & Candeias 1996). Irradiation has long been known to disrupt OXPHQOS, enhance
mitochondrial-derived ROS, and elevate oxidative stress over protracted postirradiation
times (Dayal et al. 2008, 2009; Leach et al. 2001; Spitz 2011). We have substantiated

this concept and linked prior radiation exposure to the induction and persistence of genomic
instability and an oxidative phenotype (Limoli & Giedzinski 2003; Limoli et al. 1998, 2003).
At the mechanistic level, oxidative damage accumulated in cancer, but not in normal cells,
where increased H,O5 levels in cancer cells were caused by dissociation of the subunits
comprising electron transport chain (ETC) complex Il (Dayal et al. 2008, 2009; Slane

et al. 2006). Radiation exposure can elevate oxidative stress though other routes as well
(Ameziane-El-Hassani et al. 2015, Collins-Underwood et al. 2008); however, based on
significant past work (Coyle et al. 2006, Epperly et al. 2002, Fath et al. 2009, Zhu et al.
2018), the possibility that mitochondrial metabolism is differentially disrupted by dose rate
modulation deserves further consideration.

At the level of the tumor, higher dose/fraction (hypofractionation) regimens afforded by
FLASH-RT may potentiate mitochondrial dysfunction and electron leakage from the ETC.
Resultant increases in the yields of superoxide could further drive intratumoral hydrogen
peroxide production within the irradiation field. Some evidence in favor of this has recently
been obtained by comparing ROS yields in Lewis lung carcinoma xenografts exposed to
single doses of 15-Gy FLASH-RT or CONV-RT (Y.E. Kim et al. 2021). In this tumor model,
FLASH-RT was found to produce significantly more ROS (via redox-sensitive fluorogenic
dye measurements) than CONV-RT. More recent findings have been the first to measure
mitochondrial complex I-1V activity in the normal brain following FLASH-RT and CONV-
RT. In these studies, fractionated protocols (e.g., 2 x 10 Gy, 3 x 10 Gy) were used to deliver
whole-brain irradiation, and following a comprehensive series of follow-up studies, brains
were isolated four months later for biochemical determinations of mitochondrial function.
Interestingly, while each radiation modality reduced the activity of mitochondrial complex
I, I1, and 111 significantly, FLASH-RT caused larger decreases, especially at complex I1.
Moreover, activity at complex IV was insensitive to either radiation modality, suggesting a
preservation of downstream electron transport and proton flux for maintaining homeostatic
levels of ATP. The persistent and elevated reductions in complex I-111 activity found after
FLASH may lower toxic ROS yields by minimizing electron flux and back-reactions with
oxygen. While these very limited data sets need to be replicated in different tumors and
normal tissue beds, such observations do suggest that changes in mitochondrial metabolism
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may lie at the heart of the FLASH effect. Interestingly, a recent paper by Spinelli et

al. (2021) identified fumarate as a terminal electron acceptor (as opposed to molecular
oxygen) in mammalian electron transport. In the context of FLASH-RT, this provides an
intriguing mechanism whereby reverse electron flow favored under hypoxic conditions
drives the accumulation of ubiquinol and succinate dehydrogenase (SDH) (complex I1) to
deposit electrons onto fumarate. Intriguingly, even at physiological oxygen levels, fumarate
reduction could sustain electron flux through the ETC in a tissue-specific manner (high for
brain, liver, and kidney; lower for lung, heart, and pancreas). The authors speculate that
certain tissues might favor the forward (normal) SDH activity to maximize ATP production
(such as heart and skeletal muscle) while other tissues (such as brain and kidney) may
favor the reverse SDH activity (fumarate reduction) to minimize the electron leakage and
toxic ROS production. While the normal physiological role of reverse electron transport
remains to be understood, it has yet to be evaluated in tumors. However, in the context of
FLASH-RT, mitochondria are bathed with an instantaneous pulse of electrons that could
universally favor reverse electron flow in normal tissue—minimizing ROS production while
maintaining requisite levels of ATP, an effect that will likely differ substantially in tumors
(Figure 5).

METABOLIC HIBERNATION

Tumors have long been known to rely for energy production on glycolysis more than normal
cells, which is less efficient than OXPHOS (this is known as the Warburg effect) (Warburg
1956). Correspondingly, disruption of OXPHOS in tumors should make them more reliant
on glycolysis, triggering an upregulation of glycolytic enzymes to maintain energy reserves.
The inherent inefficient energy production in tumors makes them far more susceptible

to metabolic perturbation, whereas normal tissues can better tolerate similar disruptions,
downregulating proliferative survival pathways to minimize stress to transcriptional and
translational programs. Another explanation of the FLASH effect we proffer dovetails onto
the preceding discussion and involves the concept of metabolic hibernation. If both FLASH-
RT and CONV-RT are equally detrimental to OXPHOS, then disrupting electron transport
preferentially will favor glycolysis, albeit to a varying extent across tissues and tumor types.
Normal tissues may enter a relative state of metabolic quiescence, consuming lower levels
of oxygen without producing overt amounts of ROS. Over protracted times, normal tissues
can adapt and tolerate this insult better than tumors and do not succumb to toxic pathogenic
processes activated by oxidative stress and injury. Here, reduced oxygen consumption is
beneficial. For tumors, disruptions to OXPHOS are far less tolerated, where reductions

in energy production trigger an upregulation of compensatory glycolysis and suboptimal
ATP production. If sustained, macromolecular synthesis will be compromised and tumors
may succumb, in part, to their inability to maintain adequate pools of ATP (Figure 6).
Interestingly, this hypothesis is supported by our recent RNA sequencing analysis showing
that hypoxic tumors remain sensitive to FLASH by upregulation of the glycolytic pathway
(C.L. Limoli & M.-C. Vozenin, unpublished data). While real-time measurements of ATP
in vivo after FLASH-RT still need to be performed, the idea that low metabolic activity is
protective against radiation injury has an interesting backstory. For over 70 years it has been
known that depression of body temperature and hibernation protect mammals from lethal
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doses of irradiation (Barr & Musacchia 1967, Hornsey 1956, Smith & Grenan 1951, Storer
& Hempelmann 1952), spanning the major radiation syndromes (i.e., lethal syndromes
resulting from excessive radiation exposure that cause gastrointestinal or hematopoietic
failure). The expression of mortality is slowed significantly during hibernation, and a
comparison of LD50/30 (lethal dose, 50%/30%) values for winter-hibernating (15-17.5
Gy) and winter-active squirrels (11-12.5 Gy) yields a dose-modifying factor (DMF) of

1.4 (Musacchia & Barr 1968), which is remarkably similar to the DMF values (1.2-1.4)
derived across multiple normal tissues when compared to similar isodoses of FLASH-RT to
CONV-RT.

SUMMARY: PROTEINS AND OTHER STRUCTURAL TARGETS

As alluded to above, the idea that proteins constitute critical targets for radiation effects has
been met with considerable skepticism over the years, as their continual turnover discounted
their importance in heritable changes or persistent functional effects transpiring over the
lifespan of an organism. It comes as no surprise that certain organs (such as the brain

or heart) contain cells (such as neurons and cardiomyocytes) that persist throughout the
lifespan of an organism. While virtually no evidence exists to date that FLASH differentially
effects certain protein classes, this longstanding dogma may need to be reevaluated to
accurately capture how FLASH-RT produces different effects across tumors and normal
tissues. Extending this logic, we propose that FLASH-RT be envisioned as a fundamental
tool that can discriminate a structural predeterminant in cells or tissues at the microscopic,
mesoscopic, or macroscopic level. In many respects, FLASH may now be able to probe
more subtle nuances between cancer cells and normal cells than previous tools, akin to

the discovery of restriction enzymes and monoclonal antibodies that refined modern day
molecular biology. To this end, we propose that for the field to move forward in an
innovative way, and to provide deeper mechanistic insights, additional targets (such as lipids
and proteins) and metabolic processes should be considered with current technologies to
help answer the pressing question of why FLASH kills tumors, but kills normal tissues to a
much lesser extent (Figure 7).
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Normal tissue sparing by FLASH radiotherapy. FLASH radiotherapy provides a unique
opportunity to dose escalate while minimizing normal tissue toxicities throughout a variety
of normal tissue beds. Reduced normal tissue complications have been found in nearly all
normal tissues examined to date, using a variety of preclinical models. Figure adapted from

images created with Biorender.com.
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Figure 2.
Blood volume as a target for FLASH radiotherapy (FLASH-RT). (79p) Under conventional

radiotherapy (CONV-RT), standard dose rates have the potential to expose a significant
fraction of the total blood volume as circulation moves blood continuously through the
target volume during a prescribed treatment. In this scenario, prolonged exposure of blood
cell constituents may maximize proinflammatory signaling or deplete factors important for
prosurvival signaling. Certain blood cell constituents or other paracrine mediators such as
secreted exosomes are primed to trigger more widespread pathogenic responses. (Bottorn)
The short irradiation times of FLASH-RT minimize the fraction of blood irradiated. Since
perfusion transpires on a much shorter timescale, only blood residing at the target volume is
exposed, but at a high dose. Resultant inflammatory signals are reduced, and the depletion
of prosurvival factors is not as extensive. While this model may account for a certain level
of normal tissue sparing after FLASH-RT, it fails to account for isoefficient tumor killing.
Figure adapted from images created with Biorender.com.
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Figure 3.
U87 tumor cure after FLASH radiotherapy (FLASH-RT). Survival curves of U87

glioblastoma tumors orthotopically implanted in the striatum of female nude mice treated
with 3 x 10 Gy whole-breast irradiation in 48-h intervals delivered with FLASH-RT or
conventional radiotherapy (CONV-RT). There were /=12 animals per group, and p-values
were derived from the logrank test (**** p < 0.0001 for the FLASH-RT group compared
with the CONV-RT group).
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Figure 4.
Quantification of select lipids in the hippocampus of mice after CONV-RT and FLASH-RT.

Endocannabinoids and endogenous lipids were analyzed four months after irradiation. The
hippocampi of control (0 Gy), CONV-RT (10 Gy), and FLASH-RT (10 Gy) mice (n=
5-6/group) were homogenized in methanol. Lipids were extracted with chloroform and

lipid levels were quantified using liquid chromatography tandem mass spectrometry (Agilent
6410 system). Compared to the control group, p-values indicated by asterisks were * p

< 0.05 for 2-AG and OEA and *** p< 0.001 for PEA, and between CONV-RT and
FLASH-RT, *** p< 0.001 by two-tailed #test or one-way ANOVA (analysis of variance).
Abbreviations: 2-AG, arachidonoylglycerol; CONV-RT, conventional radiotherapy; FLASH-
RT, FLASH radiotherapy; OEA, oleoylethanolamide; PEA, palmitoylethanolamide.
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Figure 5.
Reverse electron flow and the FLASH effect. ( 7o0p) In normal situations mitochondrial

OXPHOS mobilizes electrons through a series of electron donor and acceptor subunits
embedded in ETCs I-1V. Resultant ATP production is relatively high with a minimal of
ROS leakage into the mitochondrial matrix and intermembrane space. (Middlé) CONV-RT
compromises efficient electron transfer through the ETC by a variety of mechanisms,
leading to compromised ATP production and elevated ROS production. In this scenario,
forward electron flow is maintained with oxygen serving as the principal terminal electron
acceptor. (Bottom) FLASH-RT saturates the intracellular and mitochondrial milieu with
electrons, possibly favoring reverse electron flow where fumarate can act as a terminal
electron acceptor from complex Il. In this scenario, ATP is also relatively lower, but
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the production of toxic ROS may be minimized. Tissue hypoxia may promote reverse
electron flow, but if or how this possibility might differ between normal tissues and tumors
or between different FLASH modalities remains to be elucidated. Figure adapted from
images created with Biorender.com. Abbreviations: Cyt ¢, cytochrome complex; CONV-
RT, conventional radiotherapy; ETC, electron transport complex; FLASH-RT, FLASH
radiotherapy; NAD™, nicotinamide adenine dinucleotide; NADH, NAD + hydrogen; O,
superoxide; OXPHOS, oxidative phosphorylation; ROS, reactive oxygen species; SDH,
succinate dehydrogenase.
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Toxicity and

reduced ATP yield

Increased ROS production
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suboptimal energy
production
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Increased ROS production
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suboptimal energy
production

—

Metabolic hibernation and the FLASH effect. Normal cells and tumors rely on oxidative
phosphorylation (OXPHOS) and glycolysis at different levels to meet energy demands.

(a) Following conventional radiotherapy (CONV-RT), OXPHOS is uniformly disrupted,
leading to an increase in toxic reactive oxygen species (ROS) and an upregulation of
glycolysis in tumors. Over the long term, normal tissue toxicity results and tumors succumb
to suboptimal energy production and oxidative injury. (6) The situation differs following
FLASH radiotherapy (FLASH-RT), where tumor cells change little, but for normal tissue
reduced OXPHQOS activity yields lower levels of ATP but also lower ROS accumulation and
reduced oxidative injury. The result is a quiescent state of metabolic hibernation that can be
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tolerated over protracted times and minimizes late normal tissue toxicities. Figure adapted
from images created with Biorender.com.
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Figure 7.
Mechanistic summary: Why does FLASH kill tumors? ( 7op) Plausible mechanisms that

can account for the FLASH effect include stem cell niche preservation, differential lipid
peroxidation and Fenton chemistry, structural predeterminants in specific protein classes,
and changes in mitochondrial metabolism such as reverse electron flow or metabolic
hibernation. (Bottom) Implausible mechanisms include those involving radical-radical
recombination, genetic predisposition, DNA damage and repair, partial blood volume
irradiation, oxygen depletion, and adaptive immunity (not exclusive of innate immunity).
Experimental evidence for and against these specific hypotheses varies tremendously, and
while certain hypotheses may substantiate normal tissue sparing (i.e., oxygen depletion),
few can fully account for both normal tissue sparing and isoeffective tumor killing. As

the field advances and evidence accumulates, so too will the evolution of more hypotheses
requiring experimental validation. Figure adapted from images created with Biorender.com;
succinate dehydrogenate structure is from the Protein Data Bank (PDB ID: 6VVAX; https://
doi.org/10.2210/pdb6VAX/pdb), rendered with Biorender.com. Abbreviations: OER, oxygen
enhancement ratio; ROS, reactive oxygen species.

Annu Rev Cancer Biol. Author manuscript; available in PMC 2024 October 17.


https://Biorender.com
https://Biorender.com

Page 27

Limoli and Vozenin

“elWaNNa| onse|qoydwiA| 8inde |180 1 1V-L :UoNeIAIGQY

TZ0Z ‘|& 18 UOSSpeIuoY| 00S-0EY GE ‘0€ 'S¢ ‘02 ‘ST (ABIN 0T) u0113|3 BLIOUBAW ‘|]39 1SBW ‘BLUODJES ‘BLUOUIIIED :SnoaueluodS aulued SNOLBA
0202 ‘118 Ana] 9TZ 2 (ABIN 9T) u0A93|3 J190ued UeLIEAO 8| 21ushosi :a1dojoyuo auunpy
2202 ‘Ie 18 pjofib3 012 vT | (AN 9T) uois|3 0TdN 40 8ql d1usbost :a1dojoyno auULINA Kreno
T202 ‘[e 12 nojnodnoyejsp (821-T9 9bues) £0T '8’y (N8N 0£2) uoloid BL02JBS03]SO :Snosueuods autued
1202 'Ie 18 nojnodnoje|an ¥2T-69 0€ ‘2T (A8 0£2) uoloid BWO02.JBS04qI4 ShouarINagns pue 21dojoyio :91uabos| auuny | auog/afasnin
1202 e 18 WM "TA 0Se 6T (ABIN 9T) U0A93|3 ewoula.ed fun| sima :o1usbos) auunpy
¥T0Z 'Ie 18 uopnene o= 8¢ '€z ‘ST (A3IN ') uosd9|3 (ewourased Buny) -9 d1usbosi :a1dojoylo auun Bun
2202 '1e 18 A8|g-Jaiyoy 00S'T oc | (AaW g'G) uonds|g ewouI2Jed |39 snowenbs :snoauejuods aulla4
BGTOC 'Ie 13 UIUSZOA 00€ | Tv 'vE ‘1€ ‘82 ‘LC ‘G2 (A8 G'G) uoa123|3 BUWIOUIVIRD 199 showrenbs :snosuejuods aulje4
¥T0Z '|e 19 uopnene ov= GZ02'ST | (A3IN G) uonds|a (ewourased >2au pue peay uewny) g-doH :yesBouax 10y ULl
1202 ‘Ie 18 weybuiuun) STT-0S ST (N8N 05¢) uoloid aul| []89 BWOUIAIEI [elo :91usbos| auln\ | 98U 7% peaH
T20Z '[e 18 W "'N'IN 8TT-90T 8T (N8N 0€2) uojoud GOBTYIHIA Jowin} otyeasoued sjueyy :o1ushos| suLnN
0202 '[e 18 Jajiapusyia 08 8T ‘ST 'CT (N3N 0€Z) uojoid GOBTFIHIA Jowiny dnyeasoued sueyy :o1ushos| auuniy no
T¢0¢ 'le 18 0D 042 ‘08T ‘06 0€6T ‘02 ‘0T (A3IN 0T) U01303(3 (490ue0 JSERIQ UBWINY) TEZ AIN-VAIN Yeifousx IS0y suuniy
102 '[e 18 UopneAe or= LT | (A8 G'p) uonosi3 (190UeD J5BRIQ UBWNY) WYZT-XOgH }esbousx 150y suLNIN
2202 ‘[e 18 Uasualos 68-T. 09-0v (ASIN 052) uoloid 92IW HED Ul Jadued Isealq :21uabos| auunpy
2202 ‘|2 18 0B 000'T 8T | sAel-x ABisus-ybiH 301W 9/g7\vg Ul Jadued 1sealq 91 T :91uabos| auun 1sealg
2202 ' 19 |uepal|1T ¥.-99 Gz 9T (A3IN 0T) U01303(3 ewolse|qol|6 TSN Yebousx :a1dojoyno ley
150y
1202 '[e 18 [anID-AejuoN 90T x 8'L- 0T x§C 0€ ‘'S2 '¥1 '0T (ASIN 9) U013 ewolse|qol|f 28N uewny ‘ySiH d1uabosi :a1dojoylo auInw/suLN urelg
6T0Z 'Ie 18 slydnog 99T ST (A8 9°G) u0a193|3 ewoydwA| snosueina |18d | ,0€QD :snosuejuods uewnH
(v-L
1202 'Ie 13 1qeyd 00¢ 14 (A3IN 9) U03|T | uewIny) s1189 S5O pue ,..AD esBousx paLiap-jualied 150y suuniy | ydwAj/poolg
ERITEETEMN| (s/h9) (A9) (s)asop [e10L Aljepow uoneipey adA1 sown sa10ads anssi|

9]e. 3sop ues|N

Author Manuscript

Author Manuscript

Adeiayioipes HSW 14 01 paloalgns sadAy Jowny

T alqeL

Author Manuscript

Author Manuscript

Annu Rev Cancer Biol. Author manuscript; available in PMC 2024 October 17.



	Abstract
	INTRODUCTION TO THE FLASH EFFECT
	Definition
	Historical Context

	RADIOBIOLOGY TENETS CHALLENGED
	THE RISE AND FALL OF MECHANISTIC HYPOTHESES
	WHY DOES FLASH KILL TUMORS?
	FLASH RADIOTHERAPY AND CONVENTIONAL RADIOTHERAPY KILL TUMOR CELLS EQUALLY
	DIFFERENTIAL EFFECTS ON THE TUMOR MICROENVIRONMENT
	VASCULAR AND INFLAMMATORY HYPOTHESES
	IMMUNE HYPOTHESIS
	LIPIDS AS A TARGET
	A ROLE FOR MITOCHONDRIAL METABOLISM
	METABOLIC HIBERNATION
	SUMMARY: PROTEINS AND OTHER STRUCTURAL TARGETS
	References
	Figure 1
	Figure 2
	Figure 3
	Figure 4
	Figure 5
	Figure 6
	Figure 7
	Table 1



