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ABSTRACT
◥

In studies of electron and proton radiotherapy, ultrahigh dose
rates of FLASH radiotherapy appear to produce fewer toxicities than
standard dose rates while maintaining local tumor control. FLASH-
proton radiotherapy (F-PRT) brings the spatial advantages of PRT
to FLASH dose rates (>40 Gy/second), making it important to
understand if and howF-PRT spares normal tissues while providing
antitumor efficacy that is equivalent to standard-proton radiother-
apy (S-PRT). Here we studied PRT damage to skin and mesenchy-
mal tissues of muscle and bone and found that F-PRT of the
C57BL/6 murine hind leg produced fewer severe toxicities leading
to death or requiring euthanasia than S-PRT of the same dose.
RNA-seq analyses of murine skin and bone revealed pathways
upregulated by S-PRT yet unaltered by F-PRT, such as apoptosis
signaling and keratinocyte differentiation in skin, as well as oste-
oclast differentiation and chondrocyte development in bone. Cor-
roborating these findings, F-PRT reduced skin injury, stem cell

depletion, and inflammation, mitigated late effects including
lymphedema, and decreased histopathologically detected myofiber
atrophy, bone resorption, hair follicle atrophy, and epidermal hyper-
plasia. F-PRT was equipotent to S-PRT in control of two murine
sarcoma models, including at an orthotopic intramuscular site,
thereby establishing its relevance to mesenchymal cancers. Finally,
S-PRT produced greater increases in TGFb1 in murine skin and the
skin of canines enrolled in a phase I study of F-PRT versus S-PRT.
Collectively, these data provide novel insights into F-PRT-mediated
tissue sparing and support its ongoing investigation in applications
that would benefit from this sparing of skin andmesenchymal tissues.

Significance: These findings will spur investigation of FLASH
radiotherapy in sarcoma and additional cancers where mesenchy-
mal tissues are at risk, including head and neck cancer, breast
cancer, and pelvic malignancies.

Introduction
Radiotherapy (RT) can be curative as a cancer treatment, but is also

associated with acute and late toxicities. Hence, there is need for
approaches to limit radiation-induced toxicity. FLASH RT, in which
radiation is delivered at ultrahigh dose rates (>40 Gy/second), has
been reported to produce fewer toxicities than standard RT without
compromising local tumor control. Most FLASH studies have utilized
electrons (1, 2), but proton FLASH RT provides deeper tissue pene-
tration than electrons, as well as the favorable spatial characteristics of
protons (much less penumbra than electrons and no exit dose in
contrast to X-rays; refs. 3, 4). We recently published that, compared
with standard dose rate, proton FLASH RT reduces long-term intes-
tinal injury (5). In this report, we study the effects of FLASHprotonRT
on skin and the mesenchymal tissues of muscle and bone. Toxicities in
these regions may be dose limiting in a variety of cancers.

High-dose radiation, often in combination with surgery, is used to
treat cancers of the head and neck, breast, pelvic region, and sarcomas,
commonly producing toxicities to skin, bone, and/or soft tissue (6).
Skin toxicities acutely manifest as erythema, desquamation, and
alopecia or skin atrophy, while fibrosis and ulcer formation develop
as late effects (7). Other late effects of RT include osteoradionecrosis,
fracture, impaired wound healing, and muscle atrophy, as well as
lymphedema (8–10). Importantly, sarcoma is the archetypal mesen-
chymal cancer inwhich high dose RT is often used despite the high risk
of toxicity. In an NCI Canada (NCIC) randomized trial for patients
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with soft tissue sarcoma (STS) undergoing surgery with either pre-op
or post-op radiation, ≥ grade 2 fibrosis was seen in 49% of patients,
edema in 19%, and joint stiffness in 20% (11). Thus, injury to
mesenchymal normal tissues remains a significant contributor to
morbidity after radiation in the treatment of STS as well as many
epithelial cancers.

FLASH RT reduces toxicities in animal models, including early
demonstration in mouse lung that electron FLASH produced less
fibrosis than the same dose delivered at standard (<1 Gy/second) dose
rate (1). Sparing of other normal tissues by FLASH electronRThas also
been demonstrated, including in brain (12, 13) and the gastrointestinal
tract (GI; ref. 2). The mechanisms for sparing by FLASH are incom-
pletely elucidated; dose-rate-dependent differences in hypoxia
response/tissue microenvironment/redox chemistry (12, 14–17), stem
cell proliferation (5, 18), and inflammatory signaling (1, 18–20) have
been implicated in early studies.

F-PRT provides equivalent control of epithelial-derived cancers in
murinemodels comparedwith standard protonRT (S-PRT), including
pancreatic adenocarcinomas and head and neck squamous cell car-
cinomas (5, 19), but its effect on mesenchymal cancers has not been
determined. In the current studies, we demonstrate equivalent F-PRT
control of murine sarcomas compared with S-PRT, accompanied by
less damage to relevant normal tissues including skin, lymphatics,
bone, and muscle. Studies are informed by RNA-seq analyses that

identify differential activation of specific gene pathways by F-PRT
versus S-PRT. Finally, work is extended into tissues from an ongoing
canine trial of F-PRT at our institution. Our studies clearly show
reduction in mesenchymal tissue injury following F-PRT and indicate
differential activation of specific gene pathways that generate mech-
anistic hypotheses for these effects.

Materials and Methods
Mice

Eight- to 10-week-old female C57BL/6 and C3H/HeJ mice (The
Jackson Laboratory) were maintained in Association for Assessment
andAccreditation of LaboratoryAnimal Care–accredited facilities and
all procedures approved by the Institutional Animal Care and Use
Committee (IACUC) at the University of Pennsylvania. To propagate
fibrosarcoma syngeneic tumors, 5 � 105 cells from a sarcoma line
established from the LSL-KrasG12D/wt;p53FL/FL genetically engineered
mouse model (GEMM) model (C57BL/6 background) at the fifth
passage or 3� 105 cells of the established RIF mouse sarcoma cell line
(C3H/HeJ background, RRID:IMSR_JAX:000659) at the nineth pas-
sage were injected subcutaneously or intramuscularly in the right
thigh. Cells from the LSL-KrasG12D/wt;p53FL/FL GEMM model were
recently isolated for the purpose of this research. The established RIF
cell line has been maintained in the laboratory of Dr. Busch for more

Figure 1.

F-PRT protects from morbidities and
attenuates upregulation of pathways
involved in keratinization and apoptosis,
compared with S-PRT. A and B, Kaplan–
Meier plots of survival following 30 Gy
(A) and 45 Gy (B) of proton radiation,
delivered to the mouse hind leg; n ¼ 10,
statistical analysis by log-rank test.
Events record mortality or mandated
euthanasia due to morbidity. C, Gene
ontology enrichment analysis of the dif-
ferentially expressed genes (upregu-
lated) in the skin of S-PRT-treated mice
compared with F-PRT-treated mice;
n ¼ 4 per group.
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Figure 2.

F-PRT alleviates skin damage compared with S-PRT. A, Skin reaction of the irradiated leg after exposure to 30 Gy of F-PRT or S-PRT. Maximum skin score for each
mouse is presented over an observation period of 8 months. NR, n ¼ 5; F-PRT and S-PRT, n ¼ 10; statistical analysis by Welch t test. B, Pictures of irradiated skin
damage scored as 1.5 or 3.5 comparedwith untreated skin (score0); score of 1.5 indicates localized breakdownof the skinwith a scaly/crusty appearance,whereas 3.5
corresponds to full-thickness skin barrier loss. (Continued on the following page.)
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than 20 years and originated from cells of the same line at Roswell Park
Cancer Institute in Buffalo, NY. Both cell lines were authenticated and
tested Mycoplasma negative by IDEXX BioAnalytics (CellCheck 19
plus) in 2021. Tumors were irradiated upon reaching 100 mm3 in
volume. Tumor size was measured utilizing calipers and volume was
calculated as (length � width2)/2.

Proton irradiation
Murine irradiation with FLASH (69–124 Gy/seconds) and stan-

dard (0.39–0.65 Gy/second) dose rates was carried out using a
proton beam with energy 230 MeV (range�32 g/cm2), delivered via
a horizontal beam line in a dedicated research room with an IBA
Proteus Plus (Louvain-La-Neuve) C230 Cyclotron. Mice were irra-
diated with the entrance (plateau) region of the beam with a field
size of 2 cm� 2 cm (square collimator) per mouse for normal tissue
studies and a 1-cm-diameter circular collimator for tumor studies.
A double-scattered system was used to create a uniform field at the
target with additional details on the irradiation set-up and dosim-
etry in the Supplementary Materials and Methods. Total dose
(without any weighting for relative biological effectiveness) is as
described for each study.

RNA sequencing
Briefly, raw RNA-seq datasets were quality checked and prepro-

cessed, then alignment, gene-level quantification, and differential
expression analysis were conducted using STAR (STAR, RRID:
SCR_004463; ref. 21), RSEM (22), and EBSeq (23), respectively. This
was followed by pathway enrichment analysis with details provided in
the Supplementary Materials and Methods. RNA-seq datasets can be
obtained under accession number GSE173944 in the gene expression
omnibus database at NCBI.

Skin reaction and lymphedema scoring
Skin reaction was recorded using a published system of 10 grades,

ranging from 0.5 to 3.5 (24). Lymphedema was scored as a function of
its associated swelling using a systemof four grades ranging from0 to 4.
Each grade represented the additional thickness in millimeters of
swelling for the irradiated versus the nonirradiated foot.

Bioluminescence imaging of inflammation
Bioluminescence imaging of myeloperoxidase (MPO) activity is

based on the systemic administration of luminol, allowing the quan-
tification of phagocyte-mediated inflammation in the context of acute
dermatitis (25). As described elsewhere (26), mice were intraperito-
neally injected with luminol (300 mg/kg; luminol sodium salt, Sigma
A465–5G) at indicated days postradiation. Bioluminescent images
were acquired on an IVIS Spectrum imager (Perkin Elmer) from
anesthetized (isoflurane) mice at 10 minutes after luminol injection
when chemiluminescence signal reached maximum values, using a
5-minute exposure. Equally-sized regions of interest (ROI)were drawn

around the irradiated area of the right hind leg of each mouse and the
average radiance (photons/second/cm2/sr)was quantified using Living
Image Software 4 7.3 (Perkin Elmer).

Histopathology
Histopathology of skin and bone tissue was performed following

standard protocol (described in Supplementary Materials and
Methods) of the Comparative Pathology Core at the University of
Pennsylvania School of Veterinary Medicine.

Fluorescence microscopy and image analysis
Fluorescence microscopy of 10 mm skin sections was performed to

assess apoptosis by the TUNEL assay and Lgr6 and TGFb1 expression
by immunofluorescence. Quantification of immunofluorescence is
presented as integrated density normalized to total nuclei area. Details
on the staining process and image analysis are available in Supple-
mentary Materials and Methods.

Canine sample collection
A trial of F-PRT versus S-PRT for dogs with clinical/radiographic

diagnosis of extremity osteosarcoma was conducted with the approval
of the IACUC at the University of Pennsylvania and the Privately
Owned Animal Protocol committee and in collaboration with the
Penn Veterinary Clinical Investigations Center at the University of
Pennsylvania School of Veterinary Medicine. Dogs were randomly
assigned to F-PRT versus S-PRT, delivered under general anesthesia to
separate 2.6-cm-diameter circular areas of tumor-containing bone
and normal bone. Five days following therapy, standard of care
whole limb amputation surgery was performed and samples of
irradiated and unirradiated tissues were collected in 10% buffered
formalin for immunohistochemical analysis, as well as snap frozen
for protein analysis. Details are provided in the Supplementary
Materials and Methods.

Elisa
Mouse and dog skin sections (�20 mg) were lysed in 1� RIPA

containing protease and phosphatase inhibitors followed by homog-
enization and sonication. Samples (in duplicate) were quantified using
the Pierce BCA Protein Assay (23225). Total TGFb1 quantification
was performed using the R&D Systems Mouse/Rat/Porcine/Canine
TGFb1 Quantikine ELISA Kit (MB100B). Forty microliters of each
sample was assayed in duplicate after activation (1 N HCl), neutral-
ization (1.2 N NaOH/0.5 M HEPES), and dilution with 50 mL of
calibrator diluent. TGFb1 levels were normalized by protein content.

Chromogenic immunohistochemistry
For immunohistochemistry (IHC), 5-mm-thick paraffin sections

were mounted on ProbeOn slides (Thermo Fisher Scientific). The
immunostaining procedure was performed using a Leica BOND
RXm automated platform combined with the Bond Polymer Refine

(Continued.) C,Quantification of immunofluorescent detection of skin populations of Lgr6þ stem cells at 18 days following 30 Gy of F-PRT versus S-PRT. Lgr6þ cells
were quantified on three to four skin sections per mouse (n ¼ 5 mice, statistical analysis by Kruskal–Wallis test followed by Wilcoxon rank sum test.) D, Blinded
evaluation of epidermal necrosis in skin hematoxylin and eosin–stained slides, at 27 days after 30 Gy of proton RT. NR, n ¼ 3; F-PRT and S-PRT, n ¼ 5; statistical
analysis byWelch t test. E, Representative hematoxylin and eosin images of mild and severe ulceration. On the mild ulcer, black arrow points to ulcerated epidermis
and an asterisk indicates a crust. On the severe ulcer, necrosis and inflammation are shown in the epidermis (black arrow), which extends through the dermis (red
arrow) and subcutis (yellow arrow). Magnification,�100. Scale bar, 300 mm. F,Blinded evaluation of hair follicle atrophy in skin hematoxylin and eosin–stained slides
at 27 days after 30 Gy of PRT. NR, n ¼ 3; S-PRT and F-PRT, n ¼ 6. Statistical analysis by Welch t test. G, Representative images of hematoxylin and eosin–stained
nonirradiated normal hair follicles and hair follicle atrophy of irradiated skin. Top, normal (nonirradiated) skin with normal hair follicle units (black arrows); middle,
irradiated skin with hair follicle units (black arrows) that are reduced in number and size; bottom, hair follicles are completely absent. Hematoxylin and eosin,�200
magnification. Scale bar, 200 mm. Values in A, C, D, and F represent mean � SD.
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Detection Kit (Leica, #DS9800). Staining and analysis of TGFb1 was
performed as described in the Supplementary Materials and Methods,
on slides that were counterstained in hematoxylin.

Statistical analysis
Data are summarized using means, with SD as error bars unless

otherwise noted. Parametric (ANOVA/t tests) or rank-based tests
(Kruskal–Wallis/rank-sum) were chosen based on graphical inspec-
tion of the data. Multiple comparisons used either a Holm-Sidak
approach (t tests) or aDunn approach (rank-based tests) to achieve the
family-wise type I error rate of 0.05.When the control lacked variation
in an outcome, we compared only the F-PRT and S-PRT groups. All
data are plotted and were analyzed in GraphPad Prism (version 8) or R
(Version 3.6.1; GraphPad Prism, RRID:SCR_002798]; details appear
in Supplementary Materials and Methods.

Results
F-PRT reduces severe morbidity compared with S-PRT

First, the sparing effect of F-PRT versus S-PRT was comprehen-
sively investigated through survival studies, conducted following RT
delivery to the murine hind leg with its associated tissues of skin,
muscle and bone. At 30 Gy exposure (Fig. 1A), F-PRT provided
significant protection from mortality or severe morbidity (mandating
euthanasia) compared with S-PRT over the �250 days after irradia-
tion. Morbidities included severe skin damage and soft tissue reaction
assessed by ULAR veterinarians blinded to study groups. Median
survival was 211 days after 30 Gy of S-PRT compared with >249 days
for F-PRT (P ¼ 0.0406). Increasing the RT dose to 45 Gy (Fig. 1B)
decreased S-PRT median survival to 188 days, whereas the median
survival exceeded 256days for F-PRT.Notwithstanding, 60%of F-PRT
animals did not succumb to severe morbidity within 256 days of 45 Gy
treatment, a value statistically indistinguishable (P¼ 0.1905) from the
30% of animals that survived S-PRT at this dose. Collectively, these
data show that F-PRT caused fewer severemorbidities leading to death
or requiring euthanasia than S-PRT in normal tissues of the murine
leg, with a dose of 30 Gy achieving statistical significance.

Transcriptome analysis of skin reveals pathways upregulated by
S-PRT, yet unaltered by F-PRT

RNA-seq allowed insight into biological determinants of the dif-
ferential effect of F-PRT versus S-PRT on murine skin. Full-thickness
skin was collected 5 days after 30 Gy of F-PRT or S-PRT to the right
hind leg to study transcriptome-level responses that could contribute
to the survival-limitingmorbidity presented above.We focused on this
intermediate time point so as to capture gene expression changes that
occurred early as a result of differences between the F-PRT and S-PRT
modalities, as well as the potentially further effects driven by each
modality. The top 10 pathways upregulated by S-PRT and unaltered by
F-PRT were identified (Fig. 1C, with the involved genes provided in
Supplementary Table S1). Pathways uniquely upregulated by S-PRT in
murine skin included several associated with apoptosis and apoptotic
signaling. Moreover, strong upregulation of pathways associated with
keratin signaling, such as keratinocyte differentiation and cornification
were uniquely identified in S-PRT versus F-PRT-treated skin.

We focused on genes and pathways upregulated by S-PRT and
unaltered by F-PRTbecause of an interest in the types andmechanisms
of tissue damage introduced by S-PRT while correspondingly spared
by FLASH. However, some pathways were upregulated by F-PRT and
unchanged by S-PRT (Supplementary Fig. S1A); for example, F-PRT,
but not S-PRT, promoted upregulation of pathways related to tissue

and vascular repair in the skin, including anatomical structure mor-
phogenesis, blood vessel morphogenesis, and vascular development.
These data suggest that F-PRT sparing of skin may result from less
radiation-induced damage together with stronger expression of
mechanisms for tissue repair. Other transcriptome-level differential
effects of F-PRT versus S-PRT include pathways uniquely down-
regulated by each PRT modality (Supplementary Figs. S1B and S1C).

F-PRT spares skin from radiation-induced damage
Skin damage was a major driver of PRT-induced severe morbidity

necessitating euthanasia (see Fig. 1A and B); moreover, RNA-seq of
skin identified S-PRT to significantly upregulate apoptotic pathways
that were unchanged by F-PRT. We evaluated PRT-induced skin
damage based on a published scoring system (24), which assesses
symptoms including erythema, dry/moist desquamation and partial/
complete skin breakdown with loss of limb function. Skin reaction to
PRT developed acutely (within weeks of irradiation), and mice treated
with 30 Gy S-PRT to the hind leg developed a maximum skin reaction
that was significantly (P¼ 0.0397) more severe than that those treated
with F-PRT (Fig. 2A and B). Notably, the only mouse with a skin
damage score of 3.5, indicating complete epidermal breakdown, was in
the S-PRT-treated group.

In further interrogation of skin response, sections of treated skin
were evaluated by immunofluorescent staining for stem cell markers.
At both dose rates, PRT decreased the population of cells positive for
Lgr6þ, a marker of skin stem cells (Fig 2C; Supplementary Fig. S2),
which is consistent with the damaging effect of radiation. However, S-
PRT produced greater Lgr6þ cell depletion than F-PRT (P ¼ 0.0246).
Thus, these data suggest a mechanism by which the benefit of F-PRT
could be propagated, that is, due to a comparatively higher number of
stem cells available after F-PRT to promote epidermal regeneration in
comparison with S-PRT.

Finally, the pathology of F-PRT sparing relative to S-PRT was
histologically evaluated in skin sections. Histopathology showed F-PRT
to reduce the extent of epidermal necrosis compared with S-PRT (P ¼
0.0459; Fig. 2D and E). The increased presence of unhealed skin lesions
after S-PRT versus F-PRT is consistent with both RNA-seq evidence of
greater induction of apoptosis after S-PRT and the significantly greater
depletion of skin stem cells by this dose rate. Interestingly, F-PRT also
significantly reduced hair follicle atrophy compared with S-PRT at
27 days after PRT (P < 0.0001; Fig. 2F andG). This atrophy is consistent
with the presence of apoptotic cells in the hair follicle at 5 days after
irradiation (Supplementary Fig. S3). Collectively, findings align with
RNA-seq-revealed upregulation of apoptosis, keratinocyte differentia-
tion, and keratinization by S-PRT (see Fig. 1C) because many of the
detected keratins are genes associated with the hair follicle and thus
would be involved in its regeneration after damage.

F-PRT ameliorates skin inflammation, even for high radiation
dose

Inflammation is characteristic of radiation-induced damage and an
important component of wound repair. It is associated with the
activation of myeloid cells, such as neutrophils, accompanied by
erythema and edema that can manifest in epidermal hyperplasia
during the healing process (27). By in vivo imaging, F-PRT versus
S-PRT activation ofmyeloid cells was studied through a luminol-based
chemiluminescent assay for myeloperoxidase. In mice treated with 30
Gy to their hind limb, lessmyeloid cell activation occurred after F-PRT
versus S-PRT by day 18 (P¼ 0.039) and 27 (P¼ 0.064; Fig. 3A andB).
Thus, F-PRT mitigated inflammatory response to PRT. Moreover,
histopathologic analyses (Fig. 3C and D) showed F-PRT significantly
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reduced epidermal hyperplasia relative to S-PRT (P ¼ 0.0024). These
data suggest that F-PRT favorably alters the pathology of wound
healing compared with S-PRT.

Next, to define dose dependencies of FLASH RT effect on skin, we
considered a dose of 45 Gy. At this higher dose, F-PRT did not lessen
the mean skin damage score as both S-PRT and F-PRT led to maximal
(score 3.5) damage in several animals (Supplementary Fig. S4). How-
ever, similar to that observed at 30 Gy, F-PRT at 45 Gy reduced the
extent of myeloid cell activation (Fig. 3E and F) and epidermal
hyperplasia (Fig. 3G) compared with S-PRT. Luminol chemilumi-
nescence was significantly less at both day 18 (P ¼ 0.034) and day 27

(P ¼ 0.034) after 45 Gy of F-PRT compared with the same dose of
S-PRT. In concert with FLASH mitigation of inflammation, Fig. 3G
demonstrates significantly less epidermal hyperplasia (P ¼ 0.0124)
after 45 Gy of F-PRT compared with S-PRT.

We further investigated if 45 Gy of F-PRT could alter the devel-
opment of lymphedema as a long-term consequence of high-dose
S-PRT. At high dose, lymphedema, and its associated swelling, con-
stitute a major RT-induced toxicity, one that is linked to chronic
inflammation (28). Compared with S-PRT, F-PRT did not alter the
incidence of lymphedema or its time course (Fig. 4A). Lymphedema
developed in nearly 40% to 50% of animals after both F-PRT and

Figure 3.

F-PRT reduces inflammation in the irradiated leg comparedwithS-PRT.AandB,For30Gyofproton irradiation, quantificationof luminol chemiluminescenceasa reporterof
inflammation (A), accompanied by representative images of inflammatory signal at Day 18 (NR, n¼ 5; F-PRT and S-PRT, n¼ 10; statistical analysis bymixed-effectsmodel;
B). C, Blinded histopathologic evaluation of hyperplasia at 27 days post-PRT (NR, n ¼ 3; F-PRT and S-PRT, n ¼ 6; statistical analysis by Welch t test). D, Representative
hematoxylin and eosin–stained images of skin hyperplasia. Left, normal epidermal layer (black arrow);middle,moderate chronic damage including a thickened hyperplastic
epidermis (black arrow); right, severe chronic damage, including a severely thickened and hyperplastic epidermis (black arrow) with thick layers of orthokeratotic keratin
(red arrow) and long rete pegs (yellow arrow). Hematoxylin and eosin, magnification,�200. Scale bar, 200 mm. E and F, For 45 Gy of proton irradiation, quantification of
luminol chemiluminescence (E), accompaniedby representative images of inflammatory signal at Day 18 (NR, n¼ 5; F-PRT and S-PRT, n¼ 10; statistical analysis bymixed-
effects model; F). G, Blinded histopathologic evaluation of hyperplasia at 27 days post-PRT. N ¼ 10 per group with statistical analysis by Welch t test.
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S-PRT, and the time of onset was similar. What distinguished F-PRT,
however, was the reduced severity of the lymphedemic reaction (Fig. 4B
and C). Scored as a measure of foot thickness, lymphedema was
significantly more severe after S-PRT than F-PRT at times of peak
response. Collectively, from the above data we glean that at high PRT
dose, FLASH may not effectively mitigate acute cellular damage, man-
ifested as skin ulceration; nevertheless, even at higher doses, F-PRT
controls the development of inflammation and its consequences.

F-PRT reduces muscle and bone damage relative to S-PRT
Wenext considered F-PRT effect onmesenchymal tissues ofmuscle

andbone. Inhistologic sections of F-PRTversus S-PRT-treated (30Gy)
murine leg, F-PRT significantly (P ¼ 0.0089) decreased the extent of
muscle atrophy compared with S-PRT (Fig. 5A andB); S-PRT-treated
tissue exhibited muscle fibers of smaller cross-sectional diameter that
were accompanied by cytoplasmic vacuolation and internalization of
nuclei. Similarly, when compared with F-PRT, bones treated with
S-PRT showed more evidence of damage that included bone resorp-
tion and accompanying pockets of activated osteoclasts andosteoblasts
(P ¼ 0.0065; Fig. 5C and D). RNA-seq was performed on bone from
F-PRT versus S-PRT mice, revealing several pathways induced by
S-PRTbut unaltered by F-PRT, corroborating histopathologicfindings
(Fig. 5E, with the involved genes in Supplementary Table S2; also see
Supplementary Figs. S5A–S5C for alternative activation states). Path-
ways such as notochord development and joint development were
upregulated by S-PRT, but not by F-PRT. Moreover, pathways related
to bone remodeling such as osteoclast differentiation, endochondral
bone morphogenesis, and chondrocyte development, were all upre-
gulated by S-PRT, but unaffected by F-PRT. Thus, histologic evidence
of reduced (ameliorated) bone damage after F-PRT compared with

S-PRT-associated damage alongside evidence of bone remodeling at
histological and genetic levels, suggests S-PRT imparted more damage
on bone than F-PRT.

F-PRT is equipotent to S-PRT in controlling tumor growth
To be clinically impactful in oncology, F-PRT must not only spare

normal tissues, but also provide antitumor efficacy equivalent to
standard RT regimens. F-PRT sparing of mesenchymal tissues could
be significant to numerous tumor types and anatomical sites, including
soft tissue sarcomas. We evaluated the antitumor efficacy of F-PRT
compared with S-PRT in two murine models of sarcoma. A sarcoma
cell line established fromGEMMmodelLSL-KrasG12D/wt;p53FL/FL (KP)
was propagated subcutaneously in the thigh of C57BL/6 mice, and
resulting tumors were treated with F-PRT or S-PRT. Tumor response
was indistinguishable between the dose rates, both in terms of the
regrowth delay (Fig. 6A) and the probability of tumor control
(Fig. 6B). Further evidence of the equivalent antitumor efficacy of
F-PRT and S-PRT was found for fibrosarcoma (RIF) tumors propa-
gated in C3H mice. The antitumor efficacy of F-PRT and S-PRT were
indistinguishable in both subcutaneous (Fig. 6C) and intramuscular
orthotopic RIF tumors (Fig. 6D), which importantly demonstrates F-
PRT to be equivalent to S-PRT in providing tumor control over a range
of conditions that could differ between thesemodels such as their levels
of oxygenation (29–31).

F-PRT induces less TGFb1 compared with S-PRT in both murine
and canine skin

Finally, we evaluated TGFb1, which is associated with dose rate-
dependent RT effect on normal tissue and a key agent of RT-induced
inflammatory reactions (1, 32). TGFb1 expression was studied by

Figure 4.

F-PRT reduces the severity of lymph-
edema. A, Kaplan–Meier curve of
lymphedema incidence in mice that
received PRT to the hind leg (45 Gy).
NR, n ¼ 5; F-PRT and S-PRT, n ¼ 10;
statistical analysis by log-rank test. B,
Pictures of lymphedema representing
scores of 0 (swelling < 1 mm) and 3
(swelling ¼ 3 mm); swelling ≥3 mm
mandates euthanasia of the mouse. C,
Time course of severity among mice
that developed lymphedema. F-PRT,
n¼ 4; S-PRT, n¼ 3; statistical analysis
bymultiple cross-sectional t tests with
FDR of 0.05; values represent mean�
SEM. �� , P < 0.01.
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immunofluorescence in sections of murine skin treated as controls or
with F-PRTversus S-PRT (Fig. 7A; Supplementary Figs. S6A and S6B).
Diffuse epidermal staining of TGFb1 was noted at 18 days after skin
exposure to S-PRT (30 Gy), aligning with inflammation at this time-

point (see Fig. 3A and B). S-PRT significantly (P < 0.0001) increased
TGFb1 relative to unirradiated tissue; in contrast, for F-PRT, increases
were smaller and statistically indistinguishable from unirradiated
tissue (P ¼ 0.3041; Fig. 7B). Overall, levels of TGFb1 were higher

Figure 5.

Damage to the muscle and bone by proton RT is ameliorated by F-PRT as compared with S-PRT. A, Blinded evaluation of myofiber atrophy of the gastrocnemius
muscle of mice treated by 30 Gy of F-PRT versus S-PRT, at 27 days after RT. Statistical analysis byWelch t test. B, Representative images of hematoxylin and eosin–
stained nonirradiated normalmyofibers andmyofiber atrophy of irradiated tissue. Myofibers of the irradiated tissue showdegenerative changes including decreased
cross-sectional diameter (i.e., atrophy), vacuolation of the cytoplasm (black arrows), and internalization of nuclei (yellow arrows). Hematoxylin and eosin,
magnification, �400. Scale bar, 60 mm. C, Blinded evaluation of bone remodeling in mice treated by 30 Gy of F-PRT versus S-PRT, at 27 days after PRT. Statistical
analysis by Welch t test. D, Representative images of hematioxylin and eosin–stained bone sections. Left, normal (nonirradiated) bone with normal bone marrow;
middle, irradiated bonewith resorption (black arrows) lined by activated osteoclasts and osteoblasts (yellow arrows); right, multiple large regions of bone resorption
(black arrows) with numerous activated osteoclasts and osteoblasts (yellow arrows). Hematoxylin and eosin, magnification,�200. Scale bar, 200 mm. For A and C,
NR, n ¼ 3; F-PRT and S-PRT, n ¼ 6; statistical analysis by Welch t test. Values in A and C represent mean � SD. E, Gene ontology enrichment analysis of the
differentially expressed (upregulated) genes in the S-PRT-treated mouse leg bone; n ¼ 4 per group.
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after treatment with S-PRT than F-PRT (P < 0.0001). ELISAs for
TGFb1 produced similar results (Fig. 7C), with S-PRT elevating
TGFb1 compared with unirradiated controls (P ¼ 0.0023) whereas
cytokine levels after F-PRT were similar to controls (P ¼ 0.3392).

Parallel to murine studies, we evaluated TGFb1 in canine tissues
collected as part of an ongoing canine clinical trial on the comparative
safety of F-PRT versus S-PRT delivered to the extremities of patient
animals with osteosarcoma. Patient characteristics among the dogs on
this trial are described in Table 1. F-PRT or S-PRT at either 8 or 12 Gy
was delivered to tumor and normal tissue of the canine leg, followed in
5 days by standard-of-care limb amputation and sample collection.
Irradiated (either F-PRT or S-PRT) and unirradiated normal tissue was
collected from each dog. The ratio of TGFb1 (via ELISA) in irradiated
versus unirradiated tissue of the same animal was determined. For the 8
Gy dose, TGFb1 levels in the irradiated tissue generally differed by no
more than 32% comparedwith the unirradiated tissue; the exceptionwas
one subject in the S-PRTgroup that hadover a two-fold elevation. For the
12 Gy dose, differences in TGFb1 expression were generally more
pronounced, and statistically significant for the S-PRT (P ¼ 0.0494)
animals but not for the F-PRT group (P¼ 0.1293; Fig. 7D). At the 12Gy
dose, we further evaluated TGFb1 by IHC staining in the canine skin
(Fig. 7E and F; Supplementary Figs. S7A and S7B). S-PRT resulted in
strong increases in TGFb1 that were especially noticeable in the hyper-
plastic epidermis. Staining levels in the irradiated skin of each dog were

compared with unirradiated skin from the same animal and showed that
S-PRT (P¼ 0.047), but not F-PRT (P¼ 0.378), elevated TGFb1 protein.

Discussion
In these studies, we have focused on the effects of F-PRT on both

epithelial andmesenchymal tissues—specifically soft tissues, bone, and
muscle, and found that, compared with S-PRT, F-PRT can reduce skin
damage and stem cell depletion; inflammation; late histopathologic
changes (myofiber atrophy, bone resorption, hair follicle atrophy,
epidermal hyperplasia); and lymphedema.Moreover, we found F-PRT
has similar antitumor efficacy against sarcomas using two different
models—tumors grown from sarcoma cells isolated from GEMM
(LSL-KrasG12D/wt;p53FL/FL) mice and tumors grown from the estab-
lishedRIFmurine sarcoma line. This is consistent withwhatwe (5) and
others have reported using other tumor models (1, 2, 5, 33). Given
these findings, our studies offer strong preclinical rationale to evaluate
FLASH-PRT in clinical situations where lymphedema and the integ-
rity and/or development of the bone and muscle may be important
issues, for example sarcomas, breast cancer, head and neck cancer, and
pediatric malignancies. Although we studied single fractions in mice
with doses up to 30 to 45Gy, we do not think these specific doses would
be used in patients. More likely, FLASH RT would be used in
hypofractionated regimens, perhaps in as few as three to five fractions,

Figure 6.

F-PRT and S-PRT are equipotent in treatment of two models of murine sarcoma. A, Growth curve of murine sarcoma established from sarcoma cells isolated from
GEMM model LSL-KrasG12D/wt;p53FL/FL and subcutaneously propagated in C67BL/6 mice, followed by irradiation with 12 Gy of F-PRT or S-PRT. N ¼ 9, statistical
analysis by log-rank test. B, Tumor control probability following F-PRT vs. S-PRT of the sarcoma-bearing mice with tumors reaching a volume of <500mm3. N¼ 13,
statistical analysis by log-rank test. C, Growth curve of RIF murine fibrosarcomas subcutaneously propagated in C3H/HeJ mice irradiated with 30 Gy of F-PRT or
S-PRT. N ¼ 8 mice per group; statistical analysis by log-rank test. D, Growth curve of RIF tumor propagated orthotopically in the leg muscle (intramuscular) and
irradiated with 30 Gy of F-PRT or S-PRT. N¼ 5 mice per group; statistical analysis by log-rank test. All tumors were irradiated on Day 10 after tumor cell inoculation
(black lightning symbol). Data of A, C, and D plot mean � SD.
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such as those increasingly common for many malignancies including
lung and prostate cancers (34). It was beyond the scope of this study to
test these hypofractionated regimens, but this is something that we
plan to do in the future, both in ourmousemodels and in a canine trial.

Our studies are novel because we (i) incorporate the investigation of
injuries to mesenchymal normal tissues that have been poorly studied
to date, including bone; (ii) uniquely apply RNA-seq technology to
elucidate differences between FLASH and standard proton RT at the

Figure 7.

Lower levels of TGFb1 are induced in F-PRT-treatedmouse and canine skin comparedwith S-PRT.A, Immunofluorescent evaluation of TGFb1 inmouse skin irradiated
with F-PRT or S-PRT (30 Gy; scale bar, 100mm;magnification,�10). B,Quantification of TGFb1 signal in skin; n¼ 5, with six sections per mouse; statistical analysis by
Kruskal–Wallis test. C, ELISA of TGFb1 in the skin of NR (n ¼ 9), F-PRT (n ¼ 8), and S-PRT (n ¼ 8)-treated mice at 18 days post-PRT (30 Gy); statistical analysis by
Kruskal–Wallis test. D, ELISA of TGFb1 in the skin of canine patients at 5 days post-PRT; values normalized to NR samples from the same animal; 8 Gy, n¼ 5 (F-PRT)
and n ¼ 4 (S-PRT); 12 Gy, n ¼ 3 (F-PRT) and n ¼ 4 (S-PRT). Statistical analysis by paired t test (NR vs. PRT by dog) on the log-transformed data. 8 Gy S-PRT, P ¼
0.4364; 8 Gy F-PRT, P¼ 0.8241; 12 Gy F-PRT, P¼ 0.1293. E, IHC evaluation of TGFb1 in canine skin irradiated with F-PRT or S-PRT (12 Gy) compared with the matched
unirradiated area. Scale bar, 200 mm;magnification,�10. F,Quantification of TGFb1 signal in canine skin; F-PRT, n¼ 3; S-PRT, n¼ 4, with six sections per dog; statistical
analysis by mixed effects models. Values represent mean � SD.
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level of the transcriptome; (iii) include the first evermolecular findings
of FLASH effect in canines; and (iv) demonstrate the therapeutic
equivalency of FLASH and standard proton therapy in sarcoma tumor
models, which are previously uninvestigated yet highly relevant as a
disease requiring high-dose radiotherapy. We focus on proton RT (5)
because we believe that this modality has the greatest likelihood of
being translated widely into human clinical trials in the near future,
with a feasibility study recently initiated by Cincinnati Children’s and
University of CincinnatiMedical Center (35). Current clinical electron
energies cannot penetrate deeply enough to treat most common
cancers. Likewise, units that can deliver X-rays at FLASH dose rates
to treat human cancer are likely years away. In contrast, current-day
proton machines can be engineered to treat dogs and even some
tumors in human patients at FLASH dose rates. In this study, we have
primarily used higher energy “plateau” or early SOBP protons that
have a relatively low LET. Further investigations are ongoing on the
effect of LET on the FLASH-mediated tumor:normal tissue differential
response and will be critical in determining whether the spatial
advantages of proton RT will be optimally exploited in F-PRT.

Literature on FLASH protons in vivo is very limited, with some
conflicting results. One group showed no significant differences
between zebrafish given FLASH protons RT (100 Gy/second) versus
standard proton RT in most parameters including embryonic survival
and spinal curvature (36). In contrast, we have shown and others
confirmed that abdominal radiation of mice with FLASH protons
RT leads to less toxicity than standard dose rate (4, 5). Yet, it remains
important to investigate FLASH protons in sites other than the
abdomen. Reassuringly, a very recent report shows FLASH protons
to clinically alter skin damage and leg contracture in mouse (19). We
similarly note FLASH sparing of clinical skin damage in the current
report, but in studies that delve into its underlying cause we further
provide the first RNA-seq data on response to FLASH protons (vs.
S-PRT). Our studies provide first of its kind data on FLASH sparing of
bone, accompanied by corroborating histopathology that informs skin
and bone responses to F-PRTversus S-PRT.AlthoughTGFb1has been

investigated in the context of FLASHRT(19), we uniquely report on its
levels in the normal skin of canine patients treated with F-PRT versus
S-PRT in studies that importantly demonstrate clinical translation of
FLASH molecular endpoints.

Compared with S-PRT, F-PRT reduces severe morbidity that would
require euthanasia (Fig. 1A and B). Limb injury may involve many
compartments, but skin damagewas amajor driver ofmorbidity in this
setting. Skin toxicity after 30 Gy RT was manifested acutely by
erythema and dry/moist desquamation and in severe cases, partial/
complete skin breakdown with loss of limb function (Fig. 2A and B);
evidence of complete epidermal breakdown (score 3.5) was only seen
in the S-PRT arm. F-PRT also reduced the extent of epidermal necrosis
(Fig. 2D and E) and spared hair follicles (Fig. 2F and G). Sparing of
skin toxicity with FLASH electron RT has been reported in mini-pigs
(28–34Gy) and in cat patients (25–41Gy; ref. 37), and during revisions
of this manuscript the feasibility and safety of FLASH electrons in
canine patients has also been demonstrated (38). FLASH electrons
result in a lower incidence and severity of skin ulceration in mice (39),
and FLASH protons reduced skin toxicity and leg contracture (19).

WeemployedRNA-seq and immunofluorescence of tissue sections to
assess underlying mechanisms for the differential effects of FLASH
relative to standard dose rate. Pathways related to apoptosis were
upregulated with S-PRT but not F-PRT at 5 days postradiation (30 Gy)
inmurine skin. By immunofluorescence, S-PRT led to greater Lgr6þ cell
depletion than F-PRT (Fig. 2C; Supplementary Fig. S2). Taken together,
our RNA-seq and immunofluorescence data suggest that F-PRT may
lead to less severe injury through reduced apoptosis and reduced
depletion of skin stem cells, allowing for greater epidermal regeneration
in comparison to S-PRT. RNA-seq also showed an upregulation in
keratin-related pathways/genes with S-PRT (Fig. 1C), which is consis-
tent with the epidermal hyperplasia and hyperkeratosis after S-PRT
versus F-PRT (Fig. 3C and D). Conversely, F-PRT, but not S-PRT,
upregulated pathways related to tissue and vascular repair in the skin,
including anatomical structural morphogenesis, blood vessel morpho-
genesis, and vascular development. Hence, this suggests that F-PRT

Table 1. Characteristics of canine patients and treatment parameters for FLASH or standard proton radiotherapy.

Patient ID Breed Age (years) Sex Weight (kg) Dose rate (Gy/s) Dose (Gy) FLASH or standard

1 Black Lab 11.0 F 33.1 76.2 8.1 F
2a St Bernard 4.5 M 61.4 61.0 4.0 F
3 Mastiff 6.0 F 57.0 103.0 8.1 F
4 Mastiff 6.5 M 59.6 0.5 8.0 S
5 Rottweiler 8.0 M 55.2 111.5 8.0 F
6 Mixed Breed 8.0 M 25.2 0.5 8.1 S
7 Doberman/Great Dane Mix 5.5 F 45.9 0.5 8.1 S
8 Mixed Breed 7.0 M 29.8 111.5b 7.6 F
9 Golden Retriever 9.0 M 40.2 114.8b 8.0 F
10 Shepherd Mix 9.0 M 35.7 0.5b 8.0 S
11 Great Pyrenees 9.0 M 42.9 101.9 12.1 F
12 American Bulldog 10.0 M 45.4 0.5 12.0 S
13a Mixed Breed 8.0 F 36.0 0.1c 12.0 S
14a Doberman 8.0 M 36.5 95.5 12.0 F
15 Labradoodle Mix 10.0 M 42.5 122.3 11.9 F
16 Great Dane 5.0 F 71.0 0.5 12.0 S
17 Rottweiler 6.0 F 34.4 0.5 11.9 S
18 Rottweiler/Husky 10.0 M 46.3 128.2 12.0 F
19 Greyhound 1.5 M 28.0 0.6 11.9 S

aTGFb not assayed in these animals.
bIrradiated with spread out Bragg peak (SOBP) protons.
cIrradiated with photons. See Materials and Methods for complete details.
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sparing of skin is through both a reduction in radiation-induced damage
and stronger expression of mechanisms for tissue repair.

In addition to studies of epithelial damage in the form of skin injury,
we also examined injury to mesenchymal structures. By histopathology,
F-PRT (30Gy) led to less long-termmuscle atrophy thanS-PRT(Fig. 5A
and B). F-PRT also produced less damage to the bone with less bone
resorption and accompanying pockets of activated osteoclasts and
osteoblasts, resulting in less bone remodeling (Fig. 5C and D). This is
in keeping with our RNA-seq data that showed S-PRT upregulation of
pathways related to bone/chondrocyte development/morphogenesis
(Fig. 5E). F-PRT also had a sparing effect on lymphedema; in mice
that developed lymphedema after 45 Gy, the severity was significantly
less with F-PRT than S-PRT (Fig. 4).

In all, the sparing effects of F-PRT included both acute and late
toxicities that were induced by S-PRT. In the simplest terms, the acute
phase of radiation toxicity involves cell death and inflammatory
changes to normal tissues that may resolve, whereas late radiation
effects involve chronic, unresolved inflammation, microenvironmen-
tal changes, and fibrosis that lead to overall organ dysfunction. F-PRT
sparing of both acute and late toxicities to skin, bone, and soft tissues
was mirrored by changes in inflammatory markers. Luminol chemi-
luminescence of myeloperoxidase activity showed that with 45 Gy
there was less inflammation after F-PRT than S-PRT (Fig. 3E). Similar
trends in reducing inflammationwere seenwith 30Gy (Fig. 3A). Thus,
even with a dose as high as 45 Gy, inflammation is reduced after
FLASH RT, although it may lose its effect in mitigating more severe
damage that would require euthanasia (Fig. 1B). This difference in
inflammation can account for changes in edema and erythema
between F-PRT and S-PRT, but the question remains as to whether
it explains the sparing of other late toxicities. The relationship between
acute and late toxicities following radiation is a complicated one, but
TGFb1 is thought to be a keymediator of both acute inflammation and
latefibrosis. Indeed, previous investigations show less TGFb1 secretion
from cells or tissues following FLASH than standard RT (1, 20). Here,
we observed that F-PRT induces less acute TGFb1 secretion in
irradiated murine and canine skin than S-PRT (Fig. 7). This could
also explain the sparing effects of FLASH on lymphedema since in
rodent models, RT has been shown to cause lymphatic vessel leakiness
with apoptosis of lymphatic endothelial cells and subsequent fibrosis
mediated by TGFb1 (40, 41).

The sparing effects of F-PRT could perhaps involve stem cells.High-
dose RTmay produce severe toxicity through destruction of stem cells
that would survive lower doses and repopulate normal cells killed by
radiation. This has been shown for satellite cells inmuscle (42), keratin
15 (Krt15)þ basal cells in the esophageal epithelium (43), and Lgr5þ

intestinal crypt stem cells (5). Groups including our own have shown
that FLASH irradiation of the GI tract can spare proliferating cells in
the crypt, in particular Lgr5þ stem cells (2, 5). Here, we find the Lgr6þ

stem cell population in the skin to be spared by F-PRT compared with
S-PRT. Reasons for cell sparing by FLASH RT are currently unknown,
but it has been hypothesized that the generation of hypoxia during
radiotherapy may play a role (17). Although it is a controversial
area (44), mathematical modeling suggests that under initial condi-
tions of intermediate O2 tension, FLASH RT may deplete oxygen to
levels that alter radiosensitivity (14, 45).Many stem cell compartments
(mesenchymal, neural, hematopoietic) exhibit pO2 ranging from <1%
to 8% to maintain their undifferentiated state (35), leading to the
hypothesis that FLASH irradiation may spare these stem cell niches as
a consequence of their hypoxia (46). In support of this idea, the
hypoxia marker EF5 shows the epidermis to be modestly hypoxic
and hair follicles moderately-to-severely hypoxic (47). Thus, the hair

follicles could be more resistant to killing by FLASH-PRT as a result of
a FLASH-mediated decrease in the pO2 of their microenvironment. As
hair follicles serve as one source of Lgr6þ cells (48), Lgr6þ cell sparing
by FLASH also aligns with its sparing of hair follicles.

In addition to the above-studied mechanisms, our RNA-seq anal-
yses provide a wealth of novel data to continue to be explored for its
revelations about FLASHmechanism. For example, RNA-seq of bones
reveals F-PRT, but not S-PRT, is associated with the upregulation of an
integrated cluster of immune pathways. Among these, the activation of
innate immune response, as well as response to type 1 IFN could
potentially alter healing (49) and/or tumor response (50) to F-PRT
compared with S-PRT and could serve to inform new avenues of
investigation.

In summary, we demonstrate FLASH-proton RT to spare murine
skin, muscle, and bone compared with standard-proton RT. F-PRT
minimally changes TGFb1 levels in the skin of both mice and dogs
while RNA-seq data and IHC, immunofluorescence, and pathologic
assays suggest FLASH protons to decrease radiation damage and
favor mechanisms of tissue repair. The equipotent effect of FLASH-
and standard-proton RT in controlling sarcoma growth are dem-
onstrated here for the first time and, together with the above
findings, support further investigation of FLASH RT toward clinical
applications that would benefit from its sparing effects on skin and
mesenchymal tissues.
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