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Abstract

Radiation therapy, one of the most effective therapies to treat cancer, is highly toxic to healthy tissue. The delivery of radiation at
ultra-high dose rates, FLASH radiation therapy (FLASH), has been shown to maintain therapeutic anti-tumor efficacy while sparing
normal tissues compared to conventional dose rate irradiation (CONV). Though promising, these studies have been limited mainly
to murine models. Here, we leveraged enteroids, three-dimensional cell clusters that mimic the intestine, to study human-specific
tissue response to radiation. We observed enteroids have a greater colony growth potential following FLASH compared with CONV. In
addition, the enteroids that reformed following FLASH more frequently exhibited proper intestinal polarity. While we did not observe
differences in enteroid damage across groups, we did see distinct transcriptomic changes. Specifically, the FLASH enteroids upregulated
the expression of genes associated with the WNT-family, cell-cell adhesion, and hypoxia response. These studies validate human
enteroids as a model to investigate FLASH and provide further evidence supporting clinical study of this therapy.

Insight Box
Promising work has been done to demonstrate the potential of ultra-high dose rate radiation (FLASH) to ablate cancerous tissue,
while preserving healthy tissue. While encouraging, these findings have been primarily observed using pre-clinical murine and
traditional two-dimensional cell culture. This study validates the use of human enteroids as a tool to investigate human-specific
tissue response to FLASH. Specifically, the work described demonstrates the ability of enteroids to recapitulate previous in vivo
findings, while also providing a lens through which to probe cellular and molecular-level responses to FLASH. The human
enteroids described herein offer a powerful model that can be used to probe the underlying mechanisms of FLASH in future
studies.
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INTRODUCTION
Radiation therapy is one of the most effective therapeutic modal-
ities against cancer and is required by more than 60% of all
patients with cancer during the course of their treatment [1].
Unfortunately, radiation therapy is highly toxic to normal, healthy
tissue and is known to have many negative side effects ranging
from fatigue and hair loss to heart complications, lung damage,
and enteritis depending on the treated body site [2–7]. Radiation
is especially toxic to intestinal tissue, which is prone to damage
due to its constant renewal and location adjacent to areas that
often require radiation, like the pelvis and abdomen [8–10]. Thus,
the dose—and efficacy—of radiation therapy is limited by the
maximum amount of damage that the surrounding healthy tissue

can tolerate [11]. Recently, several new techniques have been
developed to ensure delivery of as high a radiation dose as possible
to the tumor site while causing as little damage as possible to the
surrounding healthy tissue [12–19].

One promising radiation modality under development, termed
FLASH radiation therapy (FLASH), is defined as the delivery of
ultra-high dose rates of radiation (e.g. > 40 Gy/s) compared to con-
ventional dose rate radiation therapy (CONV, typically ∼0.1 Gy/s).
This allows delivery of equivalent radiation doses over a shorter
period of time, often in the millisecond range. In preclinical stud-
ies, FLASH achieves tumor eradication with fewer side effects
[20]. In the intestines specifically, abdominal FLASH irradiation
of mice preserved the number of regenerating intestinal crypts
compared to CONV, while maintaining efficacy against tumors
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[21–25]. Additionally, the FLASH-irradiated mice were able to pro-
duce stool at rates more similar to non-irradiated mice, an indi-
cation of intestinal health. Healthy intestinal tissue structure
was better maintained following FLASH compared CONV [21–27],
and animals were able to regain weight more quickly. This phe-
nomenon of fewer side effects following FLASH has been termed
the “FLASH-effect” [20]. If proven to be both safe and effective
in clinical trials, FLASH could overcome the limitations of CONV,
significantly improving both the life expectancy and quality of life
of patients with cancer worldwide.

To date, two clinical reports describe successful use of FLASH
to treat patients with T-cell lymphoma or bone metastasis with
minimal toxicity [28, 29]. While these studies suggest that FLASH
is technically feasible to deliver in selected clinical settings, addi-
tional preclinical and clinical investigations are needed to fully
understand the efficacy and safety of FLASH and the potential
underlying mechanisms responsible for the FLASH-effect.

Although pre-clinical animal studies are necessary to study
FLASH, animals have clear anatomical, cellular, and molecular
differences from humans [30–33]. In the intestines specifically,
there are known distinctions between the clonal dynamics of
the crypt [34] and potential differences in repair mechanisms
[35] between mice and humans. In addition, there is an increas-
ing public and governmental push to reduce scientific reliance
on animal research. This movement is evidenced by the United
States Food and Drug Administration’s recent recommendation
to phase out animal testing and increase use of human tissue
models [36]. In response, the biomedical community has turned to
advanced three-dimensional cultures as human-mimetic in vitro
alternatives that can be easily manipulated for hypothesis-driven
analyses and can be expanded for high-throughput assays [37, 38].

In this study, we validated the use of murine and human
intestinal enteroid cultures as a tool to study the effects of FLASH
and CONV on healthy tissue. Enteroids are three-dimensional
clusters of cells that mimic the epithelium of native small intesti-
nal tissue. Specifically, enteroids contain multiple intestinal cell
types including intestinal stem and progenitor cells. These mul-
ticellular cultures self-organize into spherical, hollow structures
that spontaneously polarize to have an internal lumen, similar
to the gut tube. Because enteroids can be isolated from primary
human tissue, they provide a powerful lens to study how FLASH
impacts human tissue specifically. When kept in a more imma-
ture state, these enteroids are highly proliferative and can be used
in colony formation assays to quantify their regenerative repair
potential.

Ionizing radiation is known to be especially damaging to pro-
liferating cells, as those cells often have greater levels of exposed
DNA and are unable to respond as quickly to repair damage [39].
This often leads to cell death, as a means of preventing damaged
DNA from being passed onto progeny. This damage is a result of
highly reactive free radical formation, including reactive oxygen
species (ROS), that damage DNA, lipids, carbohydrates, and pro-
teins [40, 41]. Currently, many hypotheses have been proposed
to explain potential mechanisms that might mediate the FLASH-
effect, a number of which can be readily tested in this in vitro
model. These theories include 1) a decrease in oxidative damage in
healthy cells [42, 43], 2) preservation of the stem cell niche [44, 45],
and 3) the induction of radio-protective tissue hypoxia [46–50]. In
our human enteroid model, we observed cellular and molecular
evidence for several of these potential mechanisms, suggesting
that multiple pathways may contribute to the FLASH-effect seen
in animal models.

RESULTS
FLASH-irradiated enteroids exhibit greater
colony growth potential than CONV-irradiated
enteroids

All irradiations were performed on a clinical linear accelerator
(LINAC) that was configured to produce a 16 MeV electron beam
capable of delivering uniform doses across a well-plate (Fig. 1A,
Fig. S1, Table S1). Delivered radiation doses were measured via
radiochromic film during each radiation. These measurements
confirmed that the machine was capable of achieving accurate
doses of radiation using both CONV and FLASH protocols (Fig. 1B).
All FLASH radiations were performed at dose rates above 100 Gy/s,
whereas CONV radiations were below 0.2 Gy/s (Fig. 1C, Table S2).
Although dose rates were substantially different between CONV
and FLASH, the same total dose was maintained across samples,
allowing us to compare tissue responses between the two radia-
tion protocols.

Intestinal enteroids were isolated from either healthy primary
murine or healthy patient intestinal duodenum, the most radio-
sensitive portion of the intestines [51]. After encapsulation of
single cells within a three-dimensional basal lamina matrix, the
cultures form enteroids over 2–6 days, which we define as mul-
ticellular spheres with an internal, polarized lumen. Polarization
is confirmed by the appearance of apical zonal occludens (ZO-
1) along with ß-catenin staining at cell-cell junctions and the
basal surface (Fig. 1D, [52]). At this stage, the enteroids are highly
proliferative, as evidenced by expression of the marker Ki67, and
express the intestinal progenitor marker, SOX9 (Fig. 1D, Fig. S2,
[53, 54]). These intestinal progenitor cells, which are localized
to the crypt of the native intestines, are known to be highly
sensitive to radiation. As further evidence of their progenitor-like
phenotype, we exposed the immature enteroids to differentiation
medium and confirmed that the cells could differentiate into
more mature epithelial cell types including Paneth cells, entero-
cytes, and enteroendocrine cells (Fig. S3). We also performed a
hypoxia probe assay to measure transient levels of hypoxia in the
unirradiated enteroid cultures over time and observed hypoxia
levels (∼20–30%) were maintained from early enteroid formation
(Day 3) to the time of enteroid irradiation (Day 6) (Fig. S4).

To first determine whether our in vitro system could reca-
pitulate the FLASH-effect demonstrated previously in preclini-
cal mouse studies, we irradiated murine enteroids with doses
spanning 3–8 Gy and subsequently performed a colony formation
assay (Fig. S5). This dose range has been previously validated for
the irradiation of enteroids [55, 56]. At these low radiation doses,
typically changes in organoid viability are not observed [55, 57–
59]. Consistent with this, we observed no statistically significant
differences in cell viability between unirradiated controls, CONV,
and FLASH (Fig. S6). This allowed us to retain a high number of
cells post-treatment for downstream analysis of possible differ-
ential effects between CONV and FLASH on cell phenotype. For
the colony formation assay, irradiated enteroids were dissociated
into single cells, which were re-encapsulated and observed by
light microscopy over 6 days to observe potential regeneration of
enteroids (Fig. 2A). Cells that were FLASH-irradiated maintained
the ability to reform enteroids of similar cross-sectional area to
the no-radiation control (Fig. 2B–D). The CONV-irradiated cells,
however, reformed enteroids that had significantly smaller cross-
sectional areas than the no radiation control. We also observed
that the CONV-irradiated enteroids did not maintain the symmet-
ric morphology typical of early-stage murine enteroids [60], while
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Figure 1. Overview of experimental methodology for linear accelerator (LINAC) radiation of early-stage enteroids. (A) Clinical LINAC adapted for in
vitro radiation. (B) Accuracy of total dose delivered to enteroid cultures. (C) Time to reach a total 5 Gy dose using either FLASH or CONV. (D) Intestinal
crypt-like expression of polarity markers (ZO-1 and ß-catenin), proliferation marker (Ki67), and stemness marker (SOX9). Dashed-lines indicate areas
of enlargement. Crypt-like enteroids were irradiated on a LINAC configured for in vitro radiation.

spherical morphology was conserved in the reformed FLASH-
irradiated enteroids (Fig. 2E).

Driven by these observations of the irradiated murine
enteroids, we next investigated whether human enteroids might
also exhibit distinct differences following CONV and FLASH
in the colony formation assay (Fig. S7). Consistent with other
reports, the human enteroid growth rate was slightly slower than
that observed for the murine enteroids [61–63]. Similar to the
murine colony formation assay, we observed that the FLASH-
irradiated human cells were capable of reforming enteroids at
similar cross-sectional areas to those formed in the no-radiation
control (Fig. 2F–H). The CONV-irradiated cells had significantly
smaller cross-sectional areas than both the FLASH and no-
radiation culture. Interestingly, we also observed that the human
CONV enteroids had significantly fewer ZO1-positive lumens than
both the FLASH and no-radiation enteroids, a hallmark of proper
enteroid polarization (Fig. 2I).

Damage and repair response of human enteroids
to CONV and FLASH
Radiation is known to induce DNA damage and the generation of
reactive oxygen species (ROS) [40]. To examine DNA damage and
subsequent repair following CONV and FLASH, we irradiated and
stained human enteroids for the marker phosphorylated H2A his-
tone family member X (γ H2AX), a protein that is recruited to the
site of DNA double-strand breaks to initiate repair (Fig. 3A, [64]).
Interestingly, we observed that the area of γ H2AX foci was not
significantly different between the CONV- and FLASH-irradiated
enteroids (Fig. 3B and C). Both the CONV- and FLASH-irradiated
enteroids had significantly higher localization of γ H2AX than the
no-radiation control.

We also explored the generation of reactive oxygen species
(ROS) following human enteroid radiation. Recognizing that ROS
is a core contributor to downstream lipid peroxidation [41], we
stained for and quantified levels of lipid peroxidation in the

enteroids following radiation. Specifically, we used a commer-
cially available lipid peroxidation kit that involves the addition of
linoleic acid (LAA) to the enteroids prior to radiation and quanti-
fies the oxidation of LAA to form a reactive aldehyde upon lipid
peroxidation using fluorescently-labeled azide click chemistry.
We saw statistically similar levels of lipid peroxidation in the
CONV- and FLASH-irradiated enteroids (Fig. 3D and E). Both the
CONV- and FLASH-irradiated enteroids had significantly higher
levels of lipid peroxidation than the no radiation control, while the
positive control of hydrogen peroxide-treated enteroids confirmed
validity of the assay.

FLASH-irradiated enteroids are more similar
transcriptionally to unirradiated enteroids than
CONV-irradiated enteroids
We next compared the transcriptional-level differences between
the CONV- and FLASH-irradiated enteroids. Human enteroids
were irradiated and then extracted as whole enteroids 1 h later
or after a further 96 h of culture for sequencing (Fig. 4A). These
timepoints were selected to capture the acute damage and subse-
quent proliferative phases of intestinal repair following radiation,
as previously defined in vivo [65].

A principal component analysis (PCA) of our data resulted in
two distinct clusters: one cluster of enteroids at 1 h and one at
96 h. Within these two clusters, we observed the FLASH-irradiated
enteroids cluster more closely to the no-radiation control than the
CONV-irradiated enteroids at both 1 h and 96 h (Fig. 4B, Fig. S8).
This is an indication that the expression of the FLASH-irradiated
enteroids was more similar to the no-radiation group than the
CONV-irradiated enteroids. Next, we leveraged volcano plots to
look more closely at gene expression differences between the
FLASH- and CONV-irradiated groups specifically (Fig. 4C and D).
We observed over 180 and 1100 genes were significantly differ-
entially expressed between these two groups at 1 h and 96 h,
respectively (P < 0.05, fold change ≥ 1.5).
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Figure 2. Colony formation assay post-irradiation of murine and human enteroids. (A) Schematic of the enteroid colony formation assay, where
enteroids were irradiated, dissociated into single cells, and reseeded within a three-dimensional matrix to assess repair potential. (B) Brightfield
images of murine enteroids over time following radiation at 3 Gy. (C) Immunocytochemistry of murine enteroids on day 6, stained for actin to highlight
the expected lumen formation. (D) Murine enteroid cross-sectional area 6 days following radiation, where each point is a single enteroid. (E)
Quantification of enteroid roundness on day 6, where R = 1 represents a perfect circle, and R < 1 is less symmetric, where each point is a single
enteroid. (F) Brightfield images of human enteroids irradiated at 5 Gy over time. (G) Immunocytochemistry of day 9 human enteroids, stained for the
markers ZO-1 and ß-catenin. (H) Cross-sectional area of irradiated human enteroids 8 days after radiation, where each point is a single enteroid. (I)
Quantification of the presence of ZO-1-positive lumens in human enteroids following radiation. Median with interquartile range, n = 3 independent gel
replicates, with n ≥ 19 enteroids per replicate for panels D, E, and n ≥ 95 for panel H. Mean with standard error of the mean, N = 6 independent gel
replicates, with n ≥ 3 enteroids per replicate for panel 2I. Two-tailed, unpaired t-tests were performed for statistical analysis, ∗∗∗ = P < 0.001,
∗∗ = P < 0.01, ∗ = P < 0.05, ns = not significant. FLASH-irradiated enteroids displayed greater growth potential than CONV and were more likely to
reform enteroids with expected structure.

D
ow

nloaded from
 https://academ

ic.oup.com
/ib/article/doi/10.1093/intbio/zyad013/7328983 by Southern Arkansas U

niversity user on 13 N
ovem

ber 2023



Human enteroids as a tool to study | 5

Figure 3. Human enteroid damage and repair response to radiation. (A) Schematic illustrating the radiation of human enteroids that were assayed for
DNA damage/repair and lipid peroxidation 1 h after 5 Gy irradiation. (B) Immunocytochemistry of human enteroids stained for the DNA damage
response marker γ H2AX. Dashed-lines indicate areas of enlargement. (C) Quantification of γ H2AX area at 1 h after radiation normalized to nuclear
area, n = 25 confocal image stacks across N = 5 independent hydrogel replicates, where each point is a stack of 10 confocal images. (D) Maximum
intensity projection images of lipid peroxidation in human enteroids 1 h after radiation. (E) Quantification of lipid peroxidation area normalized to
number of nuclei, n = 40 confocal images across N = 4 independent hydrogel replicates, where each point is a single maximum intensity projection.
Median with interquartile range, two-tailed unpaired t-tests, ∗∗∗∗ = P < 0.0001, ∗∗∗ = P < 0.001, ns = not significant. CONV and FLASH induced
statistically similar levels of DNA double-strand breaks and lipid peroxidation compared to the unirradiated control.

Three of the several pathways that had significantly higher
expression in the FLASH-irradiated enteroids compared to CONV
were genes from the WNT-family, cell junction proteins, and
genes downstream of hypoxia (Fig. 4G, Fig. S9, Table S3). While we
observed minimal differences at 1 h in the expression of several
common intestinal stem cell markers (LGR5, BMI1, and OLFM4),
we did see a significant upregulation of the canonical stem cell
marker LGR5 in the CONV enteroids at 96 h. In addition, we
observed an upregulation of key intestinal proliferation makers
(SOX9 and KLF5) at 96 h in the FLASH enteroids (Fig. S10, [53,
66]. We also observed higher expression of cell junction proteins,
including several claudins and cadherins, in the FLASH-irradiated
enteroids at 96 h (Fig. S11). In addition, we saw especially high dif-
ferential expression of the genes CA9 and NDRG1 (Fig. 4E and F).
Both NDRG1 and CA9 were upregulated in the FLASH-irradiated

and no-radiation enteroids at 1 h compared to CONV-irradiated,
and both genes had continued high expression of both markers
at 96 h. NDRG1 transcription is known to occur in response
to hypoxia [67, 68] and has been reported to be involved in a
number of cell functions, including DNA repair and restoring
epithelial cell-cell adhesion [69]. Like NDRG1, CA9 is also known
to be transcribed following hypoxia [70, 71]. CA9 plays a key
role in glycolysis, allowing for sustained energy production in a
hypoxic state [72]. Similarly, we also saw increased expression of
GLUT1 and LDHA, which are both glycolytic genes downstream of
hypoxia (Fig. S12).

We also performed gene set (GSEA) and gene ontology (GO-
term) enrichment analyses. The GSEA resulted in the signifi-
cant enrichment of 7 gene sets at 96 h (nominal P-value < 1%)
(Table S4), including genes associated with hypoxia and apical
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Figure 4. Gene expression of irradiated enteroids. (A) Schematic demonstrating the irradiation of enteroids that were subsequently extracted as whole
enteroids and processed for RNA-sequencing. (B) Principal component analysis (PCA) summarizing gene expression across all groups. (C) Volcano plot
comparing FLASH enteroids to CONV at 1 h. (D) Volcano plot comparing FLASH enteroids to CONV at 96 h. For C and D, genes in gray are not
significantly differentially expressed (DE), while genes in blue are significantly differentially expressed (fold change ≥1.5, P < 0.05). Genes of interest
that are significantly differentially expressed are marked in red (NDRG1 and CA9) and navy (WNT-family genes, panel D only). (E) Expression of the
gene CA9 1 h and 96 h following radiation. (F) Expression of the gene NDRG1 1 h and 96 h after radiation. Two-tailed unpaired t-tests were performed
for E and F, n = 3 independent hydrogel replicates, ∗∗∗∗ = P < 0.0001, ∗∗∗ = P < 0.001, ∗∗ = P < 0.01, ∗ = P < 0.05, ns = not significant. (G) Heatmap of
hypoxia pathway enrichment at 96 h, where expression is displayed as y = log2(normalized count) for each gene. (H) Top 5% of GOTerms associated
with genes significantly upregulated in the FLASH enteroids compared to the CONV group at 1 h (gray) and 96 h (blue). FLASH- and CONV-irradiated
enteroids revealed distinct transcriptomic profiles both 1 h and 96 h after irradiation.
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Figure 5. Protein expression of CA9 and NDRG1 hypoxic markers following radiation. (A) Quantification of CA9-positive nuclei, n = 30 confocal images
across N = 3 independent hydrogel replicates, where each point is a single confocal image. (B) Immunocytochemistry of enteroids after radiation for
the marker CA9 with actin (phalloidin) and nuclei (DAPI) counterstains. (C) Quantification of NDRG1-positive area normalized to number of nuclei,
n = 40 confocal images across N = 4 independent hydrogel replicates, where each point is a single maximum intensity projection. Median with
interquartile range, two-tailed unpaired t-tests, ∗ = P < 0.05. (D) Immunocytochemistry of enteroids stained for the marker NDRG1 with nuclei (DAPI)
counterstains. (E) Illustration summarizing the results observed in the human enteroid model. FLASH-irradiated enteroids resulted in increased
expression of CA9 and NDRG1, two hypoxia-response proteins.

surface markers (Fig. 4E). The GO-term analysis demonstrated
an enrichment of terms across hierarchies (Biological Process,
Cellular Component, and Molecular Function) (Fig. 4H). The top
5% of enriched terms included many genes associated with cell
membrane and cell adhesion.

FLASH-irradiated enteroids express markers of
hypoxia at higher levels than CONV-irradiated
enteroids
We next wanted to determine whether the gene expression of
CA9 and NDRG1 observed through RNA-sequencing resulted
in differential protein-level expression of these markers. We
again irradiated the enteroids using CONV or FLASH and
immunostained for both proteins. We saw a greater number of
CA9-positive nuclei following FLASH compared to CONV and the
unirradiated enteroids (Fig. 5A and B). This trend was conserved
for the marker NDRG1, where we saw greater expression of

NDRG1 in the FLASH-irradiated enteroids than the CONV- and
unirradiated groups (Fig. 5C and D). These results confirm the
up-regulated protein expression of two hypoxia markers, CA9 and
NDRG1, for the FLASH intestinal enteroids. Taken together, these
results demonstrate similar levels of DNA and lipid damage across
FLASH-irradiated and CONV-irradiated enteroids (as measured by
γ H2AX and lipid peroxidation in Fig. 3), while FLASH-irradiated
enteroids displayed greater potential for repair compared to
the CONV-irradiated enteroids (as evidenced by enteroid cross-
sectional area and morphology in Fig. 2 and SOX9 expression in
Fig. S10) and increased expression of hypoxia markers (as quan-
tified at the mRNA level in Fig. 4 and the protein level in Fig. 5).

DISCUSSION
Previous work has demonstrated the preservation of healthy tis-
sue regeneration after FLASH relative to CONV [21–25, 27], which
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may be due to better maintained repair mechanisms. However,
understanding the effects of FLASH on human-specific tissue is
imperative to fully realizing the therapeutic potential of this alter-
native approach to radiation delivery. In this study, we intention-
ally used undifferentiated, early-stage enteroids to capture the
response of the most radio-sensitive portion of the intestines: the
highly proliferative small intestinal crypt [65]. Previous murine
studies demonstrated an increase in intestinal crypt regeneration
following FLASH compared to CONV [21–25, 73]. Our irradiated
murine enteroids demonstrated a similar result, where we saw
an improvement with FLASH in enteroid recovery following radi-
ation, as measured by enteroid size and morphology in a colony
formation assay. Similar to our murine enteroid observations, the
FLASH-irradiated human cells were more likely to form enteroids
with a larger cross-sectional area and polarized morphology in the
colony formation assay compared to the CONV-irradiated group.
To the best of our knowledge, this study is the first of its kind to
irradiate healthy, human intestinal enteroids with FLASH. Taken
together, our data validate this in vitro model system as a tractable
platform to explore the mechanisms underlying the FLASH effect
within human cultures.

We leveraged the accessibility of the enteroid model to explore
the gene- and protein-level responses of the human tissue to
CONV and FLASH. Our observations of enteroid damage (through
the quantification of γ H2AX localization and lipid peroxidation)
suggested that damage between the CONV and FLASH was not sig-
nificantly different. This is in agreement with a study that irradi-
ated human epithelial cells and observed equal expression of the
marker 53BP1, a marker for DNA double strand breaks, between
CONV and FLASH [26]. However, other studies suggest a differ-
ence in damage following CONV compared to FLASH may occur.
Specifically, previous in vivo murine radiation demonstrated a
modest reduction of γ H2AX foci per intestinal stem cell at 12 h
after FLASH compared to CONV [21]. These differences may be
attributed to the temporal dynamics of DNA damage repair; here
we evaluated γ H2AX localization 1 h following radiation. Further
studies at earlier and later time-points along with alternative
methods of studying DNA repair [74] will be helpful in the future
to quantify the rate of DNA repair across radiation modalities and
provide a clearer answer as to whether FLASH results in less DNA
damage and/or promotes a more efficient DNA repair response.
Similarly, our studies did not observe differences in lipid damage,
as quantified by a lipid peroxidation assay. Thus, in our in vitro
human enteroid model, we saw that FLASH resulted in similar
levels of damage to healthy tissue as CONV.

In contrast to their comparable DNA and lipid damage, our
in vitro human enteroids displayed significantly increased repair
responses after FLASH exposure compared to CONV. Specifically,
FLASH-irradiated enteroids demonstrated an increased expres-
sion of several stemness genes (including WNT-family genes,
SOX9, and KLF5) and more rapid enteroid growth. These data are
consistent with previous studies in mouse models, where intesti-
nal crypt regeneration was more frequently observed following
FLASH [21, 22]. Interestingly, at the 5 Gy dose used throughout
most of this study, gene expression of several intestinal stem cell
markers (LGR5 and BMI1) was unaltered at 1 h by either CONV
or FLASH, suggesting that this dose is not high enough to ablate
intestinal stem cells. These data suggest that the overall number
of stem/progenitor cells may be similar in FLASH and CONV; how-
ever, FLASH may stimulate stem/progenitor cells to more actively
divide and induce new tissue regeneration. This would explain the
significant increase in SOX9 and KLF5 expression that we observed
following FLASH. An emerging hypothesis that is supported by

our data is that the higher dose rate of FLASH compared to
CONV may activate the stem cell niche to induce proliferation
and repair mechanisms, which we hypothesize may play a role
in the differences in enteroid size that we observed between
CONV, FLASH, and the unirradiated control. Other studies have
demonstrated that low doses of irradiation can result in increased
cell proliferation in healthy murine and human cells [75–77] thus,
this is an exciting direction for future mechanistic studies.

In addition to an increase in enteroid repair following FLASH,
our data also demonstrated differences in enteroid structure and
cell-cell adhesion following CONV and FLASH. First, we observed
that while CONV enteroids frequently had an aberrant morphol-
ogy, FLASH enteroids displayed morphologies that were statisti-
cally similar to unirradiated enteroids, as quantified by enteroid
roundness for murine cultures and proper polarization for human
cultures. Consistent with these morphological observations, we
saw statistically higher expression of cell adhesion- and cell
membrane-associated genes (including several claudins and cad-
herins and tight junction protein 3) for FLASH and unirradiated
controls compared to CONV human enteroids. These findings
are consistent with murine in vivo studies that described the
maintenance of tight junction protein expression in the brain and
improved epithelial barrier integrity of the gut following FLASH
[21, 78].

The relationship between FLASH and hypoxia has been
extensively studied previously [46–48, 50, 79–81]. This is especially
relevant for our three-dimensional enteroid cultures, as embed-
ded tissue culture of intestinal organoids are known to be hypoxic
[82]. Compared to the unirradiated control, the FLASH-irradiated
enteroids demonstrated maintenance of hypoxia-related gene
expression following FLASH, while we saw lower levels of hypoxia-
associated gene expression in the CONV group. In addition, we
saw decreased expression of genes critical to glycolysis, which
are directly downstream of cellular hypoxia [83], in the CONV-
irradiated enteroids. This may suggest that CONV disrupts normal
cell metabolism, leading to reduced levels of oxygen consumption,
which would explain the lower levels of hypoxia-associated gene
expression in the CONV-irradiated enteroids. Interestingly, while
we observed statistically similar gene expression of CA9 and
NDRG1 between the FLASH and unirradiated enteroids, we saw
an increased expression of these two markers in the FLASH-
irradiated group when quantifying protein expression. These
differences between mRNA transcription and protein translation
may be a result of the highly complex gene expression regulation
that occurs during cellular response to stress, when post-
transcriptional responses to stress can lead to deviations in gene
and protein expression [84, 85]. Additional studies are needed
to evaluate the specific role(s) of hypoxia-associated proteins
following CONV and FLASH, such as through immunostaining of
HIF1 and the use of HIF1 inhibitors; evaluate whether the increase
in glycolytic gene expression assists with cell proliferation and
repair; and quantify DNA damage over time. These types of
mechanistic studies would be enabled by the experimental
tunability available in this in vitro human tissue culture model.

This work focused primarily on a single dose-rate (FLASH:
113.1 Gy/s and CONV: <0.2 Gy/s) at a total dose of 5 Gy. Future
work can explore if the differences between FLASH and CONV
are maintained across dose rates to identify the optimal proto-
cols for human therapy. While enteroids are powerful tools to
elucidate many of the human-specific cellular and molecular-
level differences between CONV and FLASH, these structures are
inherently simplified. In particular, this enteroid system contains
only the intestinal epithelium, making it well suited to answer
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mechanistic questions about stem and progenitor cell responses
to FLASH. However, this current enteroid system is not able to test
hypotheses related to immune or vascular system interactions,
which are also hypothesized to play a role in FLASH responses [78,
86, 87]. More complex engineered in vitro models (such as micro-
physiological systems) are currently being developed to incor-
porate advances in microfluidics, bioprinting, and biomaterials
[88–92]. In addition, while our in vitro enteroid model contained
only healthy human epithelium, future models could incorporate
primary cancer enteroids (or tumoroids), including human cancer
cell lines that have already been validated for FLASH experi-
mentation [47, 93–100]. In fact, our previous work demonstrated
the utility of human lung tumor spheroids for CONV and FLASH
radiation experiments [100]. In the future, we envision that the
integrated knowledge gained from complementary use of a mul-
titude of model systems (including in vitro healthy and cancer
human organoid models, engineered microphysiological systems,
and preclinical animal models) will be critical to understand-
ing the mechanisms driving the FLASH-effect and the potential
translation of this therapeutic modality to improve patient quality
of life.

EXPERIMENTAL PROCEDURES
Resource availability
Further information and requests for resources and reagents
should be directed to and will be fulfilled by the corresponding
author, Sarah Heilshorn (heilshorn@stanford.edu).

Software and data availability
All coding was completed using R-studio. The R-script used to
analyze the RNA-sequencing data followed the open-source Bio-
conductor DESeq2 workflow: Love et al. [101].

The RNA-sequencing files will be uploaded through the NCBI
Gene Expression Omnibus database and will be available open-
access. Additional data incorporated into this article will be
shared on reasonable request to the corresponding author.

Murine and human enteroid passaging and
maintenance culture
Human primary intestinal enteroids were maintained for ≤25
passages across all experiments. Cells were encapsulated in
40 μl domes of basement membrane extract matrix, specifically
Cultrex Basement Membrane Extract-Reduced Growth Factor
(BME-RGF) Type 2 (Bio-Techne, Minneapolis, MN) within 24-
well plates. Enteroids were passaged once confluent (∼every 1–
2 weeks). To remove the enteroids from the matrix, Cultrex domes
were flushed with pre-chilled, 5 mM ethylenediamine tetraacetic
acid (EDTA) in phosphate buffered saline (PBS) and centrifuged
for 5 min at 500 × g. Following aspiration of the supernatant,
the enteroid pellet was resuspended in Tryp-LE (Thermo Fisher
Scientific, Waltham, MA) and incubated at 37◦C for 10 min, with
pipette-mixing every 5 min to dissociate the enteroids into single
cells. The Tryp-LE was then quenched with enteroid maintenance
media (described below), and centrifuged for 5 min at 500 × g.
The quenched solution was then aspirated and the cell pellet
was resuspended in fresh media for counting. The pellet was
centrifuged one final time at 5 min at 500 × g at the desired cell
concentration (750 000 cells/ml for maintenance cultures) and
resuspended in pre-chilled Cultrex. After a 10 min incubation at
37◦C, 750 ul of enteroid maintenance media was added to each
well. Small molecule inhibitors, 10 μM Y-27632 and 2.5 μM CHIR-
99021 (Cayman Chemical, Ann Arbor, MI), were added to the first

media change of each maintenance culture. Media was refreshed
every 2–4 days, depending on confluence.

Enteroid growth medium generation
Enteroid growth media was prepared using a 1:1 mixture of
ADMEM/F-12 (Thermo Fisher Scientific, Waltham, MA) with L-
WRN cell (ATCC CRL3276) conditioned media. Conditioned media
was prepared by plating L-WRN cells on T150 flasks in L-WRN
growth media (Dulbecco’s Modified Essential Medium (DMEM)
supplemented with 10% FBS and 1% penicillin-streptomycin-
glutamine (PSQ)). Cells were passaged 2 days after seeding and
split at 1:4 ratio. Growth media was replaced with selection
media (L-WRN growth medium supplemented with G418 and
hygromycin (500 μg/ml)) 1 day after seeding to select for cells
expressing Wnt-3A, R-spondin 3, and Noggin. Cells were expanded
for 2 additional passages and then cultured with L-WRN collection
media (ADMEM/F12 with 10% FBS and 1% PSQ) for 3 days,
with media being collected and refreshed every 24 h. Collection
media was then mixed in a 1:1 ratio with ADMEM/F-12 and
supplemented with the following: 1 mM HEPES (Thermo Fisher
Scientific, Waltham, MA), 1× Glutamax (Thermo Fisher Scientific,
Waltham, MA), 10 mM nicotinamide (Sigma-Aldrich, St. Louis,
MO), 1 mM N-acetylcysteine (Sigma-Aldrich, St. Louis, MO), 1× B-
27 supplement (Thermo Fisher Scientific, Waltham, MA), 0.5 μM
A83-01 (Sigma-Aldrich, St. Louis, MO), 1× PSQ (Thermo Fisher
Scientific, Waltham, MA), 10 nM Gastrin-I (Sigma-Aldrich, St.
Louis, MO), 10 μM SB-202190 (Thermo Fisher Scientific, Waltham,
MA), 50 ng/ml recombinant EGF (Thermo Fisher Scientific,
Waltham, MA), and 1× Normocin (InvivoGen, San Diego, CA).

Enteroid differentiation
Human primary intestinal cells were encapsulated in 10 μl domes
of Cultrex Basement Membrane Extract-Reduced Growth Factor
(BME-RGF) Type 2 (Bio-Techne, Minneapolis, MN) on glass 96-well
plates (Cellvis, Mountain View, CA) for differentiation. For a period
of 10 days, 200 μl of L-WRN collection media was added to each
well for initial enteroid formation. Media was refreshed every
third day. Following the growth period, each well was treated
with 200 μl of IntestiCult™ Human Organoid Growth Medium
(STEMCELL Technologies, Vancouver, BC) and 5 μM DAPT (STEM-
CELL Technologies, Vancouver, BC) every 2 days for an additional
10 days (20 days total).

Immunocytochemistry
Enteroids cultured for immunostaining were either seeded within
silicone molds adhered to glass coverslips or using dome culture
on glass 96-well plates (Cellvis, Mountain View, CA). Cells were
fixed with pre-warmed 4% paraformaldehyde (PFA) in PBS and
incubated at room temperature for 30–45 min depending on the
volume of the gels. The PFA was removed and three 5-min PBS
washes were completed. Enteroids were permeabilized for 1 h
at room temperature with 0.25% v/v Triton X-100 in PBS (PBST).
Enteroids were subsequently blocked with 5 wt% bovine serum
albumin (BSA), 5% v/v goat or donkey serum, and 0.5% v/v Tri-
ton X-100 in PBS for 3 h on a rocker. Primary antibodies were
prepared using the dilutions listed in Table 1 and were diluted
with 2.5 wt% BSA, 2.5% v/v goat serum, and 0.5% v/v Triton X-
100 in PBS (Antibody Dilution Solution). Enteroids were incubated
with primary antibodies overnight at 4◦C. Enteroids were then
washed with PBST three times, 60 min each. Secondary solutions
were diluted at 1:500 in Antibody Dilution Solution and incubated
overnight at 4◦C in the dark. Enteroids were again washed with
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Table 1. Antibody information.

Target Species Vendor Product # Dilution

ZO-1 Mouse Invitrogen 33-9100 1:150
β-catenin Rabbit Cell Signal. Tech 8480 1:150
LYZ Rabbit Invitrogen PA5-16668 1:100
CHGA Rabbit Invitrogen PA5-85952 1:200
Actin/Phalloidin N/A—preconjug. Invitrogen A22284 1:100–200
Ki67 Rabbit Cell Signal. Tech 12202 1:200
SOX9 Mouse Human Prot. Atlas AMAb90795 10 μg/ml
FABP1 Mouse BioTechne MAB29641 1:200
γ H2AX Mouse Abcam ab26350 1:200
CA9 Mouse Abcam ab107257 1:300
NDRG1 Rabbit VWR 76044-940 1:50

PBST three times, 30 min each. A 1:2000 dilution of DAPI and 1:100-
200 dilution of phalloidin was then prepared and applied to the
cells for 1.5 h. The enteroids were washed three additional times,
10 min each, with PBST. Samples prepared on coverslips were
then dried and a drop of ProLong Gold Antifade (Thermo Fisher
Scientific, Waltham, MA) mounting media was applied to adhere
to another coverslip. Mountant was allowed to cure overnight at
room temperature. Fresh PBS was applied to enteroids in 96-well
plates. Images were taken using a Stellaris confocal microscope
(Leica, Wetzlar, Germany).

Enteroid irradiation
Murine and human enteroids were seeded in 6-, 24-, or 96-well
plates in the dome cultures described above and allowed to
grow for 6–7 days. The plates were then placed within a Varian
Trilogy (Varian Medical Systems) clinical linear accelerator that
has been configured for in vitro radiation, as previously described
[102]. For the CONV irradiations, the plates were positioned at a
distance of 82.2 cm from the scattering foil and irradiated with
a 15.7 MeV open field electron beam. For FLASH irradiations, the
plates were positioned at a distance of 29.2 cm from the scattering
foil and irradiated with a 16.6 MeV open field electron beam. The
radiation field for FLASH at this distance has 5% flatness at a
circular radius of 4 cm from the center of the beam, which uni-
formly covers the seeded wells of the well-plates (Fig. S1A and B).
The absorbed surface doses (entrance doses) were measured by
mounting radiochromic film (EBT3, Ashland, USA) beneath each
plate (Fig. S1C). The entrance doses confirmed an average of
2.2 and 2.0% deviation from the prescribed dose for CONV and
FLASH respectively, and an average of 0.09 Gy difference between
CONV and FLASH irradiated groups (Fig. 1B, Fig. S1D). All FLASH
radiations were performed using 1 Gy per pulse at dose rates
above 100 Gy/s, whereas CONV dose rates were below 0.19 Gy/s.
Detailed irradiation parameters are presented at Table S1.

Live/dead assay
Murine enteroids were seeded, cultured, and irradiated as
described above. Following irradiation, media from each well was
replaced with 300 μl of live/dead staining solution. Live/dead
staining solution was prepared using 2 μM calcein-AM and
4 μM ethidium homodimer-1 in PBS (Thermo Fisher Scientific,
Waltham, MA). Enteroids were incubated for 15 min at 37◦C. One
PBS wash was performed and fresh PBS was maintained on the
samples for imaging.

Hypoxia probe assay
Enteroids were seeded and cultured as described above. The
Invitrogen Image-iT™ Green Hypoxia Reagent Kit (Thermo Fisher

Scientific, Waltham, MA) was used to measure levels of hypoxia
in the cultures. Briefly, the hypoxia reagent was added to each
well at a concentration of 10 μM in WENR media. Enteroids were
then incubated at 37◦C for 1 h. Following incubation, enteroids
were protected from light and fixed with 4% PFA in PBS at room
temperature for 30 min. The enteroids were then washed once
with PBS and fresh PBS was added for imaging. Images were taken
using a Stellaris confocal microscope (Leica, Wetzlar, Germany).

Enteroid growth, roundness, and ZO-1 analysis
Brightfield images were taken at 10× magnification every 2 days
to observe enteroid growth over time. Three z-slice images were
taken across 3 locations in each well across all time-points. To
analyze enteroid growth, enteroids were traced and their corre-
sponding surface area was measured using FIJI (ImageJ, NIH). A
threshold of 1000 μm2 was used to consider an enteroid formed.
The FIJI Roundness measurement tool was used to capture the
roundness of each enteroid. Roundness measurements were aver-
aged across all enteroids in each well. Enteroids were stained with
ZO-1 and imaged, as described above. ZO-1 positivity was quan-
tified as a binary “1” if the enteroid lumen was positive for ZO-1
or “0” if the enteroid did not express ZO-1 in the expected lumen-
area. The percentage of enteroids with ZO-1-positive lumens was
averaged per well and reported relative to the no-radiation con-
trol.

Lipid peroxidation assay
The Click-iT™ Lipid Peroxidation Imaging Kit was used to quan-
tify lipid peroxidation in the enteroids (Thermo Fisher Scientific,
Waltham, MA). Briefly, enteroids were treated with the Click-iT
LAA stock solution for 1 h prior to radiation and incubated at
37◦C. The cells were radiated and subsequently washed 3 times
for 5 min each. The positive control was treated with cumene
hydroperoxide for 2 h. The enteroids were then fixed with 4% PFA
in PBS at room temperature for 30 min and washed with 0.5%
Triton X-100. Enteroids were then blocked with 1% BSA in PBS
for 30 min at room temperature. The Click-iT reaction cocktail
was then added and the enteroids were allowed to incubate for
30 min at room temperature in the dark. Enteroids were then
stained with DAPI, as described above, for 10 min. Enteroids were
washed with PBS and fresh PBS was replaced for imaging. Images
were taken using a Stellaris confocal microscope (Leica, Wetzlar,
Germany). Lipid peroxidation area quantification was performed
using FIJI. Thresholds were set for each maximum projection to
capture the fluorescent area of each enteroid. That area was
then normalized to the area of nuclei in each enteroid, allowing
the quantification of fluorescent area per nuclei. Nuclei were
quantified using CellProfiler (Cambridge, Massachusetts). Briefly,
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each z-stack containing 10 slices was loaded into CellProfiler,
grouped according to its specific stack, and tracked through the
entirety of the enteroid width. This allowed the quantification of
nuclei throughout the z-plane of the enteroid.

γ H2AX imaging and quantification
Enteroids were radiated, stained, and imaged as described above
for both γ H2AX and DAPI. Z-stacks containing 10 slices per image
were loaded into CellProfiler. Area of foci and nuclear area was
quantified for each slice and averaged across each hydrogel,
allowing the area of foci to be normalized to the area of nuclei.

RNA-sequencing of Enteroids
Enteroids were cultured and radiated as described above. Fol-
lowing radiation (at either 1 h or 96 h), enteroids were removed
from Cultrex matrices by flushing the domes with pre-chilled
5 mM EDTA. Enteroids were then centrifuged at 300 × g for 5 min
to pellet the enteroids. The Cultrex/EDTA supernatant was aspi-
rated and the enteroids were flash-frozen in liquid nitrogen. The
enteroids were then shipped on dry ice for RNA-extraction, quality
control checks, library preparation, and sequencing (Illumina, sin-
gle index, PolyA selection, 20–30 million reads per sample) (Azenta
Life Sciences, Burlington, MA). Data analysis was performed using
R-studio and followed the Bioconductor DESeq2 workflow.

GOTerm and GSEA analyses
GOTerm and GSEA analyses were performed using the normalized
counts obtained from the RNA-sequencing data, described
above. DAVID2021 (Laboratory of Human Retrovirology and
Immunoinformatics, National Institutes of Health) was used to
perform the GOTerm analysis. All genes with a P < 0.05 and a
fold change ≥1.5 were uploaded to the gene list. The GOTerm
analysis included genes across the biological process, cellular
component, and molecular function categories. The top 5% of
terms were reported. The GSEA analysis was performed using
the GSEA software (UC San Diego and Broad Institute) and
the MSigDB.v2023.Hs chip platform. 1000 permutations were
performed per run.

CA9 and NDRG1 imaging and quantification
Enteroids were radiated, stained, and imaged as described above.
The number of CA9-positive nuclei was recorded through the
width of each enteroid. This number was then normalized to the
number of nuclei present throughout each z-stack. The quantifi-
cation of NDRG1 area was carried out using FIJI. For each maxi-
mum projection, specific thresholds were established to capture
the fluorescent area of each enteroid. This area was normalized
to the area of nuclei within each enteroid, enabling the mea-
surement of fluorescent area per nuclei. The quantification of
nuclei for both the CA9 and NDRG1 analysis was performed using
CellProfiler. Each z-stack consisting of 10 slices was imported into
CellProfiler. The stacks were grouped according to their respective
stack and tracked across the entire width of the enteroid. This
approach facilitated the quantification of nuclei throughout the
z-plane of the enteroid.

Statistical analysis
The following statistical significance representation is used for all
significance testing in this publication: ∗ = P < 0.05, ∗∗ = P < 0.01,
∗∗∗ = P < 0.001, ∗∗∗∗ = P < 0.0001. Data was analyzed using a two-
tailed Student’s t-test. All statistical analysis was performed
using GraphPad Prism 9.0 software (GraphPad Software, La Jolla,
CA, USA).
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