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DNA-damaging treatments such as radiotherapy (RT) have become promising to
improve the efficacy of immune checkpoint inhibitors by enhancing tumor immunoge-
nicity. However, accompanying treatment-related detrimental events in normal tissues
have posed a major obstacle to radioimmunotherapy and present new challenges to the
dose delivery mode of clinical RT. In the present study, ultrahigh dose rate FLASH
X-ray irradiation was applied to counteract the intestinal toxicity in the radioimmuno-
therapy. In the context of programmed cell death ligand-1 (PD-L1) blockade, FLASH
X-ray minimized mouse enteritis by alleviating CD8* T cell-mediated deleterious
immune response compared with conventional dose rate (CONYV) irradiation. Mecha-
nistically, FLASH irradiation was less efficient than CONV X-ray in eliciting cytoplas-
mic double-stranded DNA (dsDNA) and in activating cyclic GMP-AMP synthase
(cGAS) in the intestinal crypts, resulting in the suppression of the cascade feedback con-
sisting of CD8" T cell chemotaxis and gasdermin E-mediated intestinal pyroptosis in
the case of PD-L1 blocking. Meanwhile, FLASH X-ray was as competent as CONV RT
in boosting the antitumor immune response initiated by ¢cGAS activation and achieved
equal tumor control in metastasis burdens when combined with anti-PD-L1 adminis-
tration. Together, the present study revealed an encouraging protective effect of FLASH
X-ray upon the normal tissue without compromising the systemic antitumor response
when combined with immunological checkpoint inhibitors, providing the rationale for
testing this combination as a clinical application in radioimmunotherapy.
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Due to the encouraging success of tumor immunotherapy toward various malignancies,
tumor immunology based on checkpoint blockade has opened up another era of clini-
cal oncology (1-3). Recently, antibodies against programmed cell death-1 (PD-1) or
programmed cell death ligand-1 (PD-L1) have been widely used in clinical cancer treat-
ments, with ~3,700 active clinical trials worldwide as of September 2020 testing
anti-PD-1/PD-L1 monoclonal antibodies, representing a nearly threefold increase since
September 2017 (4). Nonetheless, response rates achievable with anti-PD-1/PD-L1
inhibitors as a standalone treatment remain extremely modest (5), with a current
“ceiling” lower than 40% (6). The leading cause of individuals with poor efficacy nota-
bly contributes to the absence of intratumoral T cell infiltration (5). As a result, other
combination strategies that may improve the intratumoral T cell response and efficacy
of immune checkpoint inhibitors are being extensively researched (7, 8). Take China,
for example; in the past 2 y, the patient recruitment rate in anti-PD-1/PD-L1 combi-
nation trials rose by around one-fifth, while the recruitment rate in anti-PD-1/PD-L1
monotherapy trials saw a decrease of two-fifths (4).

Recently, DNA damage-induced tumor immunogenicity has emerged as a critical
determinant of the antitumor immune response, as the DNA damage response
deficiency-caused intrinsic genomic instability within tumor cells could be further
amplified by DNA-damaging treatments (5, 9). DNA damage could generate DNA
fragments that are recognized by cytoplasmic nucleic acid sensor cyclic GMP-AMP
synthase (cGAS), which further promotes the expression of type I interferon (IFN)
enhancing T cell chemotaxis and antitumor immune infiltration (10). Therefore, DNA
damage-targeted therapies are considered to be promising to make up for the limita-
tions of anti-PD-1/PD-L1 as a standalone treatment, thereby dramatically augmenting
anticumor immunity (11, 12). However, accompanying treatment-related detrimental
inflammatory response in normal tissues has become the dark side of combination regi-
mens, mediating robust immunostimulatory effects. Taking the combination of radio-
therapy (RT) and anti-PD-1/PD-L1 inhibitors as an example, the overall incidence of
treatment-related adverse responses in the combined treatment was ~90% for all-grade
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Significance

Tumor immunotherapy synergized
with radiotherapy (RT) has become
promising for eradicating multiple
advanced tumors. However,
accompanying treatment-related
detrimental events in normal
tissues has been the dark side of
the combination regimen, for
patients potentially amenable for
radioimmunotherapy. This study
identifies that ultrahigh dose rate
(110 to 120 Gy/s) FLASH X-ray
irradiation can reduce intestinal
pyroptosis and thus counteracts
the intestinal toxicity induced by
conventional dose rate (CONV)
irradiation in the context of
programmed cell death ligand-1
(PD-L1) blockade. Meanwhile,
FLASH X-ray achieves comparable
efficacy with CONV RT in both
primary and abscopal tumor
control when combined with
anti-PD-L1 administration, thus
widening the therapeutic window
of tumor radioimmunotherapy
and potentially contributing to
enhancing the popularity of this
combination regimen.
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and more than 12% for grade 3 or higher (13). In the pembroli-
zumab in muscle-invasive/metastatic bladder cancer (PLUMMB)
trial (NCT02560636), combining pembrolizumab (ant-PD-1
antibody) that blocks the PD-1/PD-L1 signal and hypofractio-
nated RT (36 Gy in six fractions) in bladder cancer patients, two
of the five patients developed grade 3 urinary toxicity, while one
patient developed a grade 4 rectal perforation due to the trial
treatment (14). These severe immune-related adverse events
posed a major obstacle to the combination regimen for patients
potentially amenable for radioimmunotherapy, limiting the radi-
ation dose-dependent efficacy (15). Therefore, the implementa-
tion of radioimmunotherapy requires strategies to limit toxicity,
and any approach that enhances normal tissue tolerance upon
the integration regimen would dramatically widen the therapeu-
tic window to achieve enhanced tumor control.

Intriguingly, in 2014, Favaudon et al. (16) demonstrated that
ultrahigh dose rate FLASH irradiation (radiation exposed in an
instant, like flash) could specifically spare normal tissue from ion-
izing radiation (IR)-induced detrimental outcomes while obtaining
an equivalent tumor response to conventional dose rate (CONV)
irradiation (the so-called “FLASH effect”) in controlling lung
tumors in the animal models, indicating a promising potentiality
of FLASH RT in future clinical applications. FLASH radiation is
recognized as an IR modality that delivers doses at dose rates far
exceeding those currently used in clinical practice (17). In the
aforementioned study, C57BL/6] mice were subjected to single
bilateral thoracic irradiation with a dose of up to 17 Gy.
IR-induced acute pneumonitis and late pulmonary fibrosis were
both significantly repressed by 4.5-MeV electrons at an ultrahigh
dose rate (>60 Gy/s) in comparison with CONV irradiation (4.5-
MeV electrons or y-rays, 0.03 Gy/s). Mechanistically, based on
single-cell RNAseq analysis, Favaudon and coworkers (18)
identified that FLASH irradiation was less efficient than CONV
radiation in up-regulating the expression of 7gfb! (the gene that
encodes inflammatory factor TGF-P) at 4 d post-IR in mouse
lung tissues. Given that TGF-B plays a pivotal role in the inflam-
matory process such as pulmonary fibrosis, the characteristic of
FLASH in protecting normal tissues from radiation-induced detri-
mental outcomes might closely be correlated with IR-induced
inflammation (18). Nonetheless, whether normal tissue toxicities
could be reduced by FLASH radiation upon radioimmunotherapy
remains elusive. Meanwhile, upon checkpoint blockade, the
differential inflammatory process within CONV and FLASH
IR-irradiated tissues merits further investigation.

Radiation injury-induced inflammation could be initiated by
the proinflammatory death of damaged cells, among which
pyroptosis is quite pivotal (19). The basic mechanism of pyrop-
tosis is attributed to the cleavage of a family of proteins called
gasdermin at the intermediate junction to release autoinhibition
of the gasdermin-N domain, allowing it to insert into cell
membranes to form large oligomeric pores and cause lytic
immunogenic cell death (ICD) that elicits immune cell recruit-
ment (20). Although it has long been believed that pyroptosis
is inflammatory caspase (such as Caspase-1,-4,-5,-11)-mediated
cell death caused by the cleavage of gasdermin D (21), other
members within the gasdermin family have recently been
reported to be cleaved by noninflammatory caspases (22), even
granzymes (23). For instance, gasdermin E (GSDME) is demon-
strated to be cleaved at its middle linker by granzyme B (GzmB),
which generates the N-terminal domain of GSDME (GSDME-
NT) and performs its pore-forming activity on the cell mem-
brane (24). Nevertheless, the roles of pyroptosis within tissues
exposed to radiation with differential dose rates remain to be
elucidated.
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In chis study, the different intestinal deleterious outcomes
along with distinct inflammatory mechanisms between CONV
and FLASH X-ray irradiation in the case of PD-L1 blocking
were investigated. Our study demonstrated that CONV whole
abdominal irradiation (WAI) was much more efficient in evok-
ing CD8" cytotoxic T lymphocyte (CTL) recruitment in the
intestinal crypts than FLASH X-ray irradiation when PD-L1
was abrogated, leading to more severe GSDME-mediated
pyroptotic crypt cell death that in turn induced more excessive
CTL infiltration. The mechanism was attributed to the differ-
ences in eliciting the cytosolic double-stranded DNA (dsDNA)
between FLASH and CONV irradiation, which made FLASH
X-ray less efficient in activating the cGAS stimulator of inter-
feron genes (STING) pathway. Contrarily, FLASH X-ray was
as competent as CONYV radiation to activate STING signals in
irradiated mouse colon cancer cells, leading to equivalent anti-
tumor immune response upon the abscopal tumor metastasis
within  anti-PD-L1-treated mice. Overall, the present
study underpinned a promising role for FLASH X-ray RT
combined with anticancer immunotherapy and demonstrated
the mechanisms of the FLASH effect from an immunological
perspective.

Results

Parameters and Dosimetry of the FLASH X-Ray Irradiation. As
most RT practices are delivered using Mega-Volte (MV) X-rays
produced by Linacs, an ideal candidate for the preclinical study
would be a precisely tunable MV X-ray FLASH irradiation
source. But until recently, most studies into FLASH radiation
with low linear energy transfer have used electron beams (18,
25-27), presenting a limitation of clinical translation as the low
tissue penetration. As a result, 6-MV high-energy X-ray with
ultrahigh dose rate that was more attractive in clinical applica-
tion than FLASH electrons was undertaken in the present
study. The pulse structure of the FLASH X-ray is shown in S/
Appendix, Fig. S1A, which revealed a full width at half maxi-
mum (FWHM) of the continuous electron micropulse of
~5 ps. Nevertheless, the FWHM of the X-ray micropulse was
around 10 ps due to broadening in the targeting procedure,
resulting in an instantaneous dose rate of ~1.85 x 10°> Gy/s of
the FLASH X-ray irradiatdon applied in this study. A 50-
mm-~thick lead secondary collimator was mounted close upstream
of the sample (87 Appendix, Fig. S1B), while a diamond detector
was installed at the entrance of the collimator to monitor the
X-ray (81 Appendix, Fig. S10). A monitor film was placed on the
abdominal surface of the irradiated mouse (S/ Appendix, Fig. S1 D
and F). During FLASH irradiation, the delivered mean dose rate
(110 w 120 Gy/s) depended on the beam current and
source—surface distance (SSD) (S Appendix, Fig. S1F), while the
total given dose was set by regulating the width of the macropulse
(SI Appendix, Fig. S1A) at different dose rates. The corresponding
FLASH (S Appendix, Fig. S1G) or CONV (SI Appendix, Fig.
S1H) dose distribution of an EBT3 film mounted at 8-mm depth
in solid water that simulated the center depth of the mouse abdo-
men illustrated the horizontal (S Appendix, Fig. S11) and vertical
(SI Appendix, Fig. S1)) dose profiles of WAI, indicating that the
central dose of FLASH IR was 15% higher than the mean dose
(the blue curve). The electron beam was monitored in real time by
a fast current transformer installed upstream of the target (S7
Appendix, Fig. S1F), and a typical beam current curve in a 115-ms
macropulse is shown in S7 Appendix, Fig. S1K; which is consistent
with the amplitude curve of the diamond detector (S7 Appendix;
Fig. S11) in trend and length. The good linearity between dose
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(given by ionization chamber) and monitor units (given by
diamond monitor) (87 Appendix, Fig. S1M), as well as the rela-
tionship between dose rates measured by the ionization cham-
ber and diamond monitor (S Appendix, Fig. SIN), confirmed
the reliability of the dosimetry system, ensuring the accurate
dose delivery of FLASH X-ray irradiation in this study.

FLASH X-Ray Minimizes Mouse Enteritis in the Context of
PD-L1 Blockade. PD-L1, also known as CD274 or B7 homolog
1 (B7-H1), is a critical immune checkpoint that mainly sup-
presses adaptive immune response through the interaction with
its receptor PD-1 on the membrane of CD8* T cells (28),
which maintains systemic immune tolerance in vivo. Therefore,
blocking the function of either PD-L1 or PD-1 could signifi-
cantly activate the antitumor immune response while aggravat-
ing the immune-related adverse events in normal tissues (29),
among which dermatological toxicity and gastrointestinal dis-
orders occur most frequently (30). Coincidentally, radiation-
induced gastrointestinal toxicity is also a prevailing concern in
patients receiving abdominopelvic radiation therapy, with more
than 60% of patients experiencing symptoms of abdominal
pain, diarrhea, or even intestinal obstruction during RT (31).
As a result, mice were irradiated in the whole abdomen in the

present study to demonstrate the acute and chronic intestinal
radiation damage upon PD-1/PD-L1 blockade.

It is worth noting that PD-L1 was mainly expressed in
mouse intestinal crypts (S Appendix, Fig. S2 A-C) and was
evoked by 13-Gy CONV (~0.03 Gy/s) WAI at 2 to 5 d post-
IR (S Appendix, Fig. S2D), indicating a potential function in
negative immune regulation within the intestinal crypts. To
abrogate the PD-1/PD-LI1 signaling, PD-L1 knockout (KO)
mice were studied and the lack of PD-LI expression was deter-
mined by Western blotting analysis of various tissues derived
from PD-L1 KO mice and their wild-type (WT) C57BL/6
cohorts (Fig. 1A). Fluorescein isothiocyanate (FITC)—dextran
assay indicated that after 13-Gy abdominal CONV X-ray irra-
diation, the FITC levels in the peripheral blood of PD-L1 KO
mice were notably higher than those in the WT counterparts
(Fig. 1B), suggesting a much more increased gut permeability
induced by PD-L1 checkpoint blockade during CONV irradia-
tion. Surprisingly, FLASH WALI at the same dose notably ame-
liorated the integrity of mouse intestinal epithelium. As shown
in Fig. 1 Cand D, histopathological analysis of the proximal
small intestines confirmed that classical pathogenic patterns
such as severe crypt loss and grievous epithelial atrophy in

PD-L1 KO mice exposed to CONV WAI were dramatically
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Fig. 1. FLASH X-ray minimizes mouse enteritis in the context of PD-L1 blockade. (A) Western blot analysis of PD-L1 expression levels in various organs from
WT and PD-L1-deficient mice. (B) The gut permeability of mice undergoing 13-Gy CONV WAI was determined by detecting the intensity of fluorescence of
FITC-dextran (n = 6 mice per group). MFl, mean fluorescence intensity. (C and D) Representative pictures of hematoxylin and eosin (H&E)-stained sections of
proximal intestines sampled at 7 d after 13-Gy WAI are shown (C), and the numbers of crypts per millimeter and epithelial thickness were quantified (D) (n =
3 mice per group). (E) WT and PD-L1 KO mice were exposed to 13-Gy CONV or FLASH WAI. Kaplan-Meier survival analysis of mice was performed. (F and G)
Representative pictures of Masson-stained sections of proximal intestines sampled at 6 mo after 13-Gy WAI are shown (F), and intestinal fibrosis was quanti-
fied by Image J (G) (n = 6 mice per group). Data represent three (A-D) or two (E-G) independent experiments. Error bars indicate SEM. *P < 0.05, **P < 0.01,
**%p < 0.001, ****P < 0.0001, and no significance (n.s.) were determined by a two-sided Student's t test (B, D, and G) or determined by a log-rank test (E).
(Scale bars, 200 pm.)
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relieved in mice irradiated by 13-Gy FLASH X-ray. Further-
more, although 13-Gy FLASH X-ray caused a comparable
survival fraction with CONV WAI in WT mice, which was
similar to that in a recent study based on proton FLASH
abdominal irradiation (32), FLASH WAI notably ameliorated
mouse survival (83.3%) in PD-L1 KO mice when compared
with CONV irradiation (44%) (Fig. 1E). Interestingly, obvious
hair depigmentation delimited to the radiation field was
observed in all surviving mice at 6 mo post-IR regardless of
dose rates (SI Appendix, Fig. S2E).

Using the same FLASH X-ray device undertaken in the pre-
sent study, Zhu et al. (33) revealed significantly diminished
proinflammatory cytokines (e.g., TNF-a and IL-6) in the
peripheral blood of mice being irradiated by FLASH abdominal
radiation at the late stage of IR exposure. To further investigate
the long-term consequences of FLASH WAI, Masson staining
analysis was performed to detect the intestinal fibrosis of irradi-
ated mice. As shown in Fig. 1 Fand G, surviving PD-L1 KO
mice exhibited higher levels of chronic intestinal fibrosis than
WT animals 6 mo after 13-Gy CONV WAL As expected,
FLASH WAI considerably reduced the chronic intestinal
inflammation in PD-L1 KO mice (Fig. 1 Fand G). Together,
these findings suggested that FLASH X-ray drastically spared
PD-L1-deficient mice from 13-Gy WAI-evoked severe acute
enteritis and chronic intestinal fibrosis.

FLASH X-Ray Impedes the Cascade Feedback of CTL-Induced
Pyroptosis. A recent study based on single-cell RNAseq analysis
of isolated mouse crypt cells revealed increased crypt-associated
immune cells after CONV WAI (34). By reanalyzing the data
of the aforementioned study, it was demonstrated that CcD8*
T lymphocytes were remarkably increased in number (87
Appendix, Fig. S3A) and proportion (SI Appendix, Fig. S3B)
after 12-Gy WAI To confirm the T cell infiltration in the
intestinal crypts induced by IR exposure, the percentage of
CD8* T lymphocytes in the mouse crypts was examined by
flow cytometer. As shown in S/ Appendix, Fig. S3 Cand D, the
proportion of CD8" T lymphocytes was ~5% in the intestinal
crypts of both PD-L1 WT and KO mice during the physiologi-
cal state. Under CONV X-ray irradiation, the CTL percentage
of intestinal crypts in PD-Ll-deficient mice was further
increased than in their WT cohorts (from ~12 to 22.7%) (Fig.
2 A and B). Interestingly, FLASH irradiation notably attenu-
ated the CTL ratio by nearly half in the PD-L1 KO crypts to
11.9% in comparison with CONV WAI (Fig. 2 A and B). To
evaluate whether this reduction of CTL percentage after
FLASH WAI was attributed to the maintaining of crypt archi-
tecture and epithelial cell number by attenuating the direct
radiation damage or was attributed to the decrease of T cell
recruitment, an in vitro study based on three-dimensional cul-
tured organoids of intestinal crypts was performed to examine
the differences of direct intestinal damage upon FLASH and
CONYV X-ray irradiation. And the dose distribution was shown
in the form of profiles (SI Appendix, Fig. S3 E and F). As
shown in Fig. 2 Cand D, the survival rates of crypt organoids
subjected to equal doses of CONV or FLASH irradiation were
almost the same, suggesting a much more excessive infiltration
of CTLs into crypts under CONV WAI than FLASH X-ray
irradiation in PD-L1 KO mice.

CDS8"* T lymphocytes exert the cell-killing function primar-
ily by secreting perforin and serine proteases such as GzmB.
Recent data have indicated that CTL-derived GzmB plays a
critical role in driving pyroptotic death in tumor cells by cleav-
ing the newly discovered pyroptosis executive protein GSDME
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(22) to evoke membrane pore formation and membrane perme-
abilization (24). Therefore, the expression levels of cleaved
GSDME were examined to ascertain the pyroptosis in the
intestinal crypts of mice being irradiated by different dose rates.
Indeed, IR-induced GSDME cleavage was further enhanced by
PD-L1 abrogation at 72 to 120 h after CONV WAI, which
was accompanied by a robust GzmB expression and Caspase-3
activation in the intestinal crypts (Fig. 2 £ and F), since GzmB
could also cleave Caspase-3. Administration of FTY-720, a
sphingosine-1-phosphate receptor agonist that blocked the
egress of T cells from lymphoid tissues (35, 36), dramatically
abrogated CTL infiltration (87 Appendix, Fig. S3 G and H) and
GSDME cleavage (Fig. 2 G and H) within intestinal crypts
72 h after CONV WAL indicating that GSDME-mediated
pyroptotic cell death was mainly regulated by excessively infil-
trated CTLs. Of note, the expression levels of GSDME-NT in
the PD-L1 KO crypts were drastically decreased by FLASH
X-ray irradiation (Fig. 2 /and ), indicating a reduced intestinal
pyroptosis in FLASH-treated animals. Proinflammatory cell
death such as pyroptosis always elicits further immune cell
recruitment by releasing damage signals, so-called damage-
associated molecular patterns (DAMPs), into the extracellular
milieu (37). To clarify whether GSDME-induced pyroptosis
could, in turn, recruit more CTLs and thus evoke excessive
T cell accumulation within intestinal crypts, GSDME was
knocked down by short hairpin RNA (shRNA) coated by
adeno-associated virus (AAV) (Fig. 2 K~N), and the T cell pro-
portion was examined. Notably, GSDME knockdown consid-
erably restrained the exceeding CTL accumulation within
PD-L1 KO crypts at 3 d after CONV WAI (Fig. 2 O and D),
indicating a necessity of GSDME-mediated pyroptosis for
excessive CTL recruitment. The histopathological analysis
further confirmed a reverse of radiation enteritis in GSDME-
abrogated mice being irradiated by CONV WAI (Fig. 2 Q
and R). Altogether, our data suggested that FLASH X-ray pro-
tected PD-L1 KO mice from GSDME-mediated pyroptosis, in
comparison with CONV irradiation, which further alleviated
the detrimental CTL infiltration and thus impeded the inflam-
matory feedback driven by ICD.

FLASH X-Ray Elicits Less cGAS-STING Activation in the Intesti-
nal Crypts. To further explore the differential molecular drivers
of T cell infilcration initiated by radiation modalities with dif-
ferent dose rates, we next sought to investigate the signaling
pathways involved in the recruitment of CD8" T cells. The
migratory behavior and recruitment of leukocytes are mainly
governed by chemotactic cytokines. In 2019, the cooperation
between CCL5 and CXCL9 was reported to be critical for
T cell engraftment and immune attack in various tumors such
as breast, colon, and lung cancers and gynecological solid
tumors (38). Several recent studies also investigated whether
chemokines of CCL5, CXCL9, CXCL10, and CXCL11 were
strongly associated with CD8" T cell infiltration in pancreatic
ductal adenocarcinoma, as well as head and neck squamous cell
carcinoma (39, 40). However, whether these chemokines
orchestrated the infileration of T cells in the irradiated crypts
was not well understood. In this study, the messenger RNA
(mRNA) expression levels of Ccl5, Cxcl9, Cxcll0, and Cxclll
in mouse intestinal crypts irradiated by CONV and FLASH
irradiation were examined by quantitative real-time PCR (qRT-
PCR). As shown in Fig. 34, chemokines in the intestinal crypts
had been significantly up-regulated by CONV WAI since 24 h
post-IR and were further increased the next day. Importantly,
FLASH WAI considerably attenuated the expression levels of

pnas.org


http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2208506119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2208506119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2208506119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2208506119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2208506119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2208506119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2208506119/-/DCSupplemental

CONV KO 72h FLASHWT 72 h FLASHKO 72 h

¢ CONVWT 72 h
= CONVKO72h
4 FLASHWT 72 h
v FLASHKO 72 h

D Day 6 post-IR
8 2 10 . 2 10 i
= | Sgs 208
n 296 2506
T ¥ . oS4 ® 0.4
2l ; b R 5352 5202
D 3y . 2 0 £°00
¥ e o ’ & ! Qo >
Y A ) = i - o 00\\ \yfo Oo’i\ \y@
Day 1 Day 2 Day 3 Day 6 Day 1 Day 2 Day 3 Day 6 < <
E CONV WAI F — | ‘ J GSDME-NT
TimepostlR _Oh 12h 72h 120h 14 ot PD-L1 KO mice mg% ik
GSDME-FL| e s s esmammamme— (55 kD2 %% ﬁ TimepostIR _0h 12h 72h 120h o g
o - —— — I — - o = 3
GSDME-NT . — |-35KkDa &é 8 2k GSDME-FL —-— 55 kDa D:% ;
———— ®.2 GSDME-NT - a5kDa 0
Caspase 3 e = — == |-35kDa Time (h)0 1272120 c 3 p— il Time (h)0 1272120
— e — ————— - a
cleaved P 19 kDa 1g, GzmB aspase GzmB
Caspase 3 - c sk cleaved -19 kDa c16
8916 Caspase 3 05
GzmB - 27k0a 23 14 i** cwn — 27k0a 3 gg
PD-L1 N o5 ik T
- SSkDa o 3 3 4 B-actin| - -42 kDa ﬂfg
_acti — § 0
B-B0HN | e e e e e |-42 kD2 3])0 1272120 Os‘\y@‘boe‘\\y@‘\oe‘igss‘bo%‘\és‘b Time (h)0 1272 120
PD-L1 4O SO e —T KO G Uiy O = CONY mmm FLASH
G Oh 72h 120h H 1 SSDMENT K L someNT
py e [ e B s ] T
GSDME-FL [ == ama=—=]-55 kDa %%@ k . FL[w= w=—e= |-55kDa 2812 ‘ v\ m—h scramble
°s - S —_—
GSDME-NT -35 kDa & = 4] I I GSDME-NT —_ -35 kDa & ;.:_ g = sh Gsdme
BaclmEI <42kpa %o GFF | S| -27 kDa G
SR q(,) > 8 Time (h) 0 72 120 13'36‘"1_ [==——————=1|42kDa Time(h)0 72120
K x (\ = vehicle sh Gsdme - +
<\ < Q m FTY-720
M GFP DAPI GFP/DAPI N GFP DAPI GFP/DAPI

[}
E ]
£
& 3
3 p
= [
w
O P Q Dpay7postR convwAI3ay) R
| shscramble sh Gsdme R ] == = - 7 =500, __*
1 % 30 8.6 T=400
] o2 >E5 =
L 0820 SEZ 2% 300
1 Sa o83 55 2%
1 & 210 S e
i 24.3% s Z 0 L = 0 .
= O£ é&% S (@G &
o B ‘ @& & @ &°
e ARTE e sh Gsdme - + T — = oF & N
cD3 : sh scramble sh Gsdme g D

Fig. 2. FLASH X-ray impedes the cascade feedback of CTL-induced pyroptosis. (A and B) Flow cytometric analysis of CD3*CD8" cells in the intestinal crypts
at 3 d after 13-Gy CONV or FLASH WAI. Data are presented as representative plots (4) and quantified percentages (B) (n = 5 mice per group). (C and D)
Organoids derived from isolated intestinal crypts of PD-L1T KO mice were subjected to 10- or 13-Gy X-ray irradiation. Representative pictures of the same
microscopic fields at the indicated time post-IR are displayed (C). The percentages of surviving organoids (intact/refractive) were calculated on day 6 after
irradiation (D). (E and F) Western blot analysis of protein expression levels in the crypts of mice exposed to 13-Gy CONV WAI. Representative pictures are
shown (£). The relative ratio of GSDME-NT and GzmB to p-actin was normalized to the “WT 0 h” group (F). GSDME-FL, full length of GSDME. (G and H)
PD-L1-deficient mice received FTY-720 as described in Materials and Methods. The protein expression levels of GSDME in the crypts were determined by
immunoblot analysis and representative immunoblot pictures are shown (G). The relative ratio of GSDME-NT to p-actin was normalized to the “vehicle 0 h”
group (H). (/ and /) Immunoblot analysis of protein levels in crypts of PD-L1 KO mice being irradiated. Representative pictures are shown (/). The relative ratio
of GSDME-NT and GzmB to p-actin was normalized to the “CONV 0 h” group (/). (K and L) The expression levels of GSDME and GFP in the crypts of irradiated
AAV-sh Gsdme-EGFP transfected mice were detected by immunoblot analysis, and representative immunoblot pictures are shown (K). The relative ratio of
GSDME-NT to p-actin was normalized to AAV-sh scramble-EGFP transfected control group (L). (M and N) GFP expression in the small intestines of AAV-sh
scramble-EGFP (M) or AAV-sh Gsdme-EGFP (N) transfected mice at day 3 post-IR are shown. (O and P) Crypt-infiltrated CD3*CD8" cells of mice 3 d after WAI
were tested by flow cytometric analysis (0), and data are presented as quantified percentages (P) (n = 5 mice per group). (Q and R) Representative pictures
of H&E-stained sections of proximal intestines sampled at 7 d after CONV WAI are shown (Q), and the numbers of crypts per millimeter and epithelial thick-
ness were quantified (R) (n = 3 mice per group). Data are pooled from two [(A and B), (O and P)] or three (E-L) independent experiments or represent three
independent experiments [(C and D), (M and N), (Q and R)]. Error bars indicate SEM. *P < 0.05, **P < 0.01, and n.s. were determined by a two-sided Student's
t test. (Scale bars, 200 pm.)
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Fig. 3. FLASH X-ray elicits less cGAS-STING activation in the intestinal crypts. (A) PD-L1 KO mice were exposed to 13-Gy CONV WAI. The relative mRNA
expression levels of Ccl5, Cxcl9, Cxcl10, and Cxcl/11 from the intestinal crypts were determined by qRT-PCR (n = 5 mice per group). (B) The relative mRNA
expression levels from the intestinal crypts were determined by qRT-PCR at 48 h after 13-Gy CONV or FLASH irradiation (n = 5 mice per group). (C and D)
Western blot analysis of protein expression levels in the intestinal crypts of PD-L1 KO mice at the indicated time after 13-Gy CONV WAI. Representative
immunoblot pictures are shown (C). The relative ratio of phosphorylated STING, phosphorylated TBK1, and phosphorylated IRF3 to p-actin was determined
from the immunoblot quantification and was normalized to the control group (D). (E and F) Immunoblot analysis of protein expression levels in the intestinal
crypts of PD-L1 KO mice at the indicated time after 13-Gy CONV or FLASH WAI. Representative immunoblot pictures are shown (). The relative ratio of phos-
phorylated STING and phosphorylated IRF3 to f-actin was determined from the immunoblot quantification and was normalized to the “CONV 0 h” group (F).
(G) PD-L1 KO mice were exposed to 13-Gy CONV WAI. The relative mRNA expression levels of /fnb1 from the intestinal crypts were determined by qRT-PCR
(n =5 mice per group). (H) The relative mRNA expression levels from the intestinal crypts were determined at 12 h after 13-Gy CONV or FLASH irradiation
(n = 5 mice per group). (I-N) PD-L1-deficient mice were exposed to 13-Gy FLASH WAI and were treated with solvent or STING agonist, diABZI, immediately
after irradiation. Representative pictures of the immunoblot analysis of protein expression levels in the intestinal crypts at the indicated time post-IR are
shown (/). The relative ratio of indicated protein to p-actin was determined from the immunoblot quantification and was normalized to the “vehicle 0 h”
group (/). Crypt-infiltrated CD3*CD8" cells of mice at 3 d after WAl were determined by flow cytometric analysis (K), and data are presented as quantified
percentages (L) (n = 5 mice per group). Representative pictures of H&E-stained sections of proximal intestines sampled at 7 d after FLASH WAI are shown
(M), and the numbers of crypts per millimeter and epithelial thickness were quantified (N) (n = 3 mice per group). (O and P) C57BL/6 mice were exposed to
fractionated FLASH WAI and were dosed with the intraperitoneal injections of diABZI and anti-mouse PD-L1 antibody as described in Materials and Methods.
Representative pictures of H&E-stained sections of proximal intestines sampled on day 3 after the last fraction are shown (0), and the numbers of crypts
per millimeter and epithelial thickness were quantified (P) (n = 3 mice per group). (Q and R) C57BL/6 mice were exposed to fractionated CONV or FLASH WAI
and were dosed with the intraperitoneal injections of RU.521 and anti-mouse PD-L1 antibody as described in Materials and Methods. Representative
pictures of H&E-stained sections of proximal intestines sampled on day 3 after the last fraction are shown (Q), and the numbers of crypts per millimeter and
epithelial thickness were quantified (R) (n = 3 mice per group). Data are pooled from three (A-J) or two (K and L) independent experiments or represent three
independent experiments (M-R). Error bars indicate SEM. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001, and n.s. were determined by a two-sided Stu-
dent’s t test. (Scale bars, 200 pm.)
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these chemokines to nearly half of those in CONV X-ray—
irradiated crypts at 48 h post-IR (Fig. 3B), indicating a decreased
chemotaxis signal of T lymphocytes within intestinal crypts upon
this ultrahigh dose rate radiation modality.

It is well known that genes encoding the aforementioned
chemokines are up-regulated by the type I IFN-mediated sig-
naling pathway stimulated by the cGAS-STING axis respond-
ing to cytoplasmic dsDNA fragments (5, 11, 40). IR-induced
chromosomal fragments are recognized by the cytosolic nucleic
acid sensor ¢GAS, facilitating cGAMP synthesis from ATP and
GTP. cGAMP then activates STING that phosphorylates
TANK-binding kinase 1 (TBK1) and IFN regulatory factor 3
(IRF3) to trigger expression and secretion of type I IFNs,
including IFN-B (41). As a result, the activity of the cGAS-
STING signaling pathway within mouse crypts was determined
by Western blot assay, which revealed notably increased
STING, TBK1, and IRF3 phosphorylations at 6 to 9 h after
CONYV WAI (Fig. 3 Cand D). Of note, FLASH X-ray irradia-
tion dramatically diminished the activity of the cGAS-STING
signaling pathway (Fig. 3 E and F) and reduced STING-
mediated [fnb1 (the gene that encoded IFN-P) expression that
was provoked by CONV WAI 12 h post-IR (Fig. 3 G and H).
To further demonstrate the role the STING-IFN signaling
pathway played during intestinal pyroptosis induced by WAI
with differential dose rates, linked dimeric amidobenzimidazole
(diABZI), an enhanced STING agonist (42), was injected intra-
peritoneally directly after 13-Gy FLASH WAI to activate
STING signal artificially (Fig. 3 /and J). Intriguingly, diABZI
administration considerably enhanced the CTL proportion within
FLASH-irradiated PD-L1-deficient mouse crypts to ~23.4%
(Fig. 3 Kand L), which was almost comparable to that in CONV
X-ray—irradiated counterparts. Moreover, FLASH IR-induced
pyroptotic cell death (Fig. 3 /and ) along with enteritis (Fig. 3
M and N) in PD-L1 KO mice was also exacerbated by STING
stimulation.

Furthermore, immunocompetent WT mice being irradiated
by fractionated FLASH irradiation (5 Gy at a time for 5 con-
secutive days, 25 Gy in total, i.e., 5 Gy X 5) combined with
anti-PD-L1 antibody administration, a more clinically relevant
scenario in radioimmunotherapy, also revealed a similar aggra-
vation of enteritis induced by diABZI treatment (Fig. 3 O
and P). Contrarily, RU.521 that impeded cGAS activity nota-
bly ameliorated the intestinal architecture of mice being treated
with fractionated CONV WAI combined with an anti-PD-L1
antibody (Fig. 3 Q and R). Intriguingly, RU.521 failed to
further improve the integrity of the intestinal epithelium of
FLASH X-ray—irradiated mice undergoing checkpoint blockade
(Fig. 3 Qand R). These findings further confirmed that the rel-
atively inadequate cGAS-STING activity within intestinal crypts
exposed to FLASH radiation contributed to sparing mice from
intestinal pyroptosis and enteritis upon radioimmunotherapy.

FLASH X-Ray Produces Less Cytosolic DNA in the Intestinal
Crypts. The activity of the cGAS-STING signal was regulated
mainly by the content of cytosolic dsSDNA. To further elucidate
the mechanism of FLASH IR in regulating the cGAS-STING
activity, the levels of cytosolic dsDNA were examined using
PicoGreen, a dsDNA-specific vital dye. As shown in Fig. 44,
significantly lower levels of dsSDNA were present in the cytoplas-
mic fraction of intestinal organoids exposed to 8-Gy FLASH
X-ray than CONV X-ray at the same dose. Given the cytoplasmic
dsDNA fragments were reported to be eliminated by 3’ repair
exonuclease-1 (TREX-1) (43), the expression levels of TREX-1
within intestinal organoids exposed to WAI were detected in vitro.

PNAS 2022 Vol. 119 No.43 2208506119

It was worth noting that the TREX-1 expression levels in FLASH
X-ray—irradiated organoids of intestinal crypts were no higher
(even lower) than those in CONV IR-irradiated ones (Fig. 4 B
and O), indicating that relatively more activated STING signal
that presented upon CONV irradiation than FLASH X-ray (Fig.
4 B and @) was due to more grievous primary DNA damage
rather than TREX-1 elimination. Surprisingly, the Western blot
assay revealed that the expression levels of both y-H2AX and
phosphorylated 53BP1 were almost the same in the intestinal
crypt organoids irradiated by FLASH and CONV X-rays (Fig. 4
Band 0O, indicating that FLASH X-ray evoked as much damage
in the genomic DNA as CONV irradiation did. Immunofluores-
cent assay further verified that 4-Gy FLASH X-ray elicited equiva-
lent 53BP1 foci in the human intestinal epithelial HIEC-6 cells
with CONV X-ray (Fig. 4 D and E). Notably, 53BP1 was found
to elicit a differential response between FLASH and CONV
electrons in MRC5 and IMR90 human lung fibroblast cells by
Favaudon and coworkers (18), which was different from our
results. In addition to the cell-specific mechanisms of the recruit-
ment of 53BP1 to the DSB foci, the main reason might be that
the dose rate of FLASH X-ray applied in our study was much
lower than that of FLASH electron beams undertaken by Favau-
don and coworkers (18). Specifically, given the single-macropulse
mode applied in our study, an actual dose rate in the pulse was
only 110 to 120 Gy/s, which was equal to the mean dose rate
itself. However, the dose rate in the pulse used in Favaudon and
coworkers’ (18) study was more than 1 X 10" Gy/s (18), a dose
rate much more likely to spare normal cells from genomic DNA
damage by inducing oxygen depletion (25). Similarly, Levy et al.
(44) also demonstrated that 14-Gy abdominal FLASH irradiation
with a dose rate in the pulse of 4.0 X 10> Gy/s could induce less
genomic DNA damage in the intestinal crypt stem cells than
CONYV electron beams did, taking y-H2AX foci as endpoints.

On the other hand, the capability of FLASH in sparing
mouse intestine from pyroptosis by minimizing IR-induced
cGAS-STING activity raised the concern that this might trans-
late to a loss of antitumor efficacy. Therefore, we sought to
investigate the phosphorylations of STING, TBK1, and IRF3
within colorectal tumor cells after being irradiated by different
radiation modalities. Intriguingly, when compared with CONV
X-ray at the same doses, FLASH IR equally enhanced expression
levels of phosphorylated proteins within the STING pathway (57
Appendix, Fig. S4 A and B). Meanwhile, 8-Gy FLASH X-ray
induced roughly equal amounts of cytoplasmic dsDNA frag-
ments to CONV IR in MC38 tumor cells (SI Appendix,
Fig. S40). Since PicoGreen also stained mitochondrial DNA,
MitoTracker was applied simultaneously to indicate the mito-
chondria. As shown in Fig. 4F, most of the PicoGreen-stained
areas in the cytoplasm of MC38 cells were not overlapped with
the areas traced by MitoTracker, indicating the accumulation
of cytosolic dsDNA induced by CONV or FLASH X-ray IR
(Fig. 4G). Alrogether, the differences of FLASH X-ray in activat-
ing the ¢GAS-STING signal between tumor cells and normal
cells suggested a different mechanism involved in the interaction
between FLASH IR and DNA molecules.

Fractionated FLASH X-Ray Was As Competent As CONV IR in
Eradicating Abscopal Tumors. Recently, Eggold et al. (45)
indicated that abdominopelvic FLASH irradiation could main-
tain the ability to increase intratumoral CD8* T cell infiltra-
tion and enhance the efficacy of anti-PD-1 therapy in ovarian
cancers. To investigate whether FLASH radiation was as effi-
cient as CONV radiation in eliciting the abscopal antitumor
immune response, MC38 tumor cells were implanted on the
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FLASH irradiation. The protein of organoids was extracted for Western blot analysis. Representative pictures are displayed (B). The relative ratio of indicated
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left (primary, irradiated) and right (secondary, nonirradiated)
flanks of immunocompetent C57BL/6 mice (Fig. 54). Ten
days after primary tumor implantation, mice were randomized
to each group based on tumor volumes and were irradiated by
X-ray delivered with hypofractionated regimens (5 Gy X 5),
either by FLASH X-ray (S Appendix, Fig. S5A) or by CONV
X-ray (8] Appendix, Fig. S5B). The anti-PD-L1 antibody was
administered as indicated in Fig. 54. The two-dimensional pro-
file of radiation fields revealed a relatively even dose distribution
within irradiated tumor sites of both CONV and FLASH IR,
as well as virtually absent dose delivery at abscopal tumor sites
(ST Appendix, Fig. S5 C-H). To investigate whether FLASH
RT could augment antitumor immunity equivalent to CONV
IR, intratumoral CD8" T cells were evaluated. As shown in S7
Appendix, Fig. S6 and Fig. 5B, anti-PD-L1 as a monotherapy
hardly elicited T cell infiltration within both primary tumors
and secondary tumors, which obtained an extremely slight
effect on restraining MC38 tumor growth (Fig. 5 C and D),
resulting in 100% of mice eventually succumbing to either
excessive tumor volumes or diameters (Fig. 5F). Notably, both
CONV and FLASH RT provoked robust CTL infiltration
within anti-PD-L1-treated primary tumors (S/ Appendix,
Fig. S6A and Fig. 5B) accompanied by almost equivalent

8 of 12  https://doi.org/10.1073/pnas.2208506119

eradication of primary tumors 3 wk after treatment (Fig. 50).
Although FLASH RT failed to elicit adequate antitumor immu-
nity in all tumor metastases, it still induced the intratumoral
T cell response comparably to CONV radiation (S Appendix,
Fig. S6B and Fig. 5B), along with an equal elimination rate of
metastatic burdens (Fig. 5D). Moreover, 57.1% of mice treated
with the combination regimen were cured and achieved long-
term survival regardless of FLASH RT or CONV RT (Fig. 56),
indicating an equal abscopal response and systemic antitumor
immunity induced by FLASH and CONV X-ray when inte-
grated with checkpoint blockade.

Discussion

Unlike irradiation modalities that alleviate collateral damage to
radiosensitive organs by spatially increasing the dose delivery at
tumor sites (such as intensity-modulated RT, stereotactic body
RT, and image-guided RT), FLASH irradiation with an ultra-
high dose rate has been demonstrated in multiple preclinical
studies to widen the therapeutic window in the dimension of
“dose rate” by sparing normal tissues from IR-induced deleteri-
ous outcomes while preserving an equivalent tumor response
in comparison with CONV radiation treatment (16, 25, 46).
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Fig. 5. Fractionated FLASH X-ray is as competent as CONV IR in eradicating abscopal tumors. (A) Schema for tumor radioimmunotherapy. (B) CD3*CD8"
cells within primary and secondary tumors 5 d after the last injection of anti-PD-L1 antibody were tested by flow cytometric analysis (n = 5 mice per group).
The quantified percentages of CD3*CD8™ cells in tumors are presented. (C and D) Tumor growth curves of primary (C) and secondary (D) tumors subjected
to the indicated treatments are shown, and the numbers of tumor-free mice are indicated. () Kaplan-Meier survival analysis of tumor-bearing mice under-
going the indicated treatments was performed. Data are pooled from two independent experiments (B) or represent two independent experiments (C-£).
Error bars indicate SEM. ***P < 0.001 and n.s. were determined by a two-sided Student’s t test (B) or determined by a log-rank test ().

Therefore, we speculate that this ultrahigh dose rate radiation
delivery mode is an ideal modality to specifically enhance
tumor immunogenicity while overcoming the adverse responses
during radioimmunotherapy.

It is worth noting that dosimetry at extremely high dose rates
is one of the tough technological challenges in beam deliveries
of FLASH radiation. In the present study, the active dosimeter
containing a pinpoint ionization chamber, as well as an elec-
trometer working in the integration mode, was used, and the
decrease of ion collection efficiency in the chamber due to ion
recombination in FLASH irradiation was carefully checked by
computing and experiments. The relationship between dose
rates measured by the ionization chamber and the diamond
monitor indicated excellent linearity in a dose rate range of 1 to
1,000 Gy/s (SI Appendix, Fig. S1N), suggesting that the loss of
ion collection efficiency was negligible when the mean dose
rates were less than 1,000 Gy/s under the pulse structure
applied in this study (SI Appendix, Fig. S1A). Dose distribution
(ST Appendix, Figs. S1 G—Jand S5 C, E, and G) and calibration
(ST Appendix, Fig. S1 K—M) also demonstrated the stability and
reliability of the FLASH X-ray irradiation devices.

Although clinical data comparing the sequences in which dif-
ferent treatments should be administered are largely missing in
the setting of radioimmunotherapy, it is generally believed that
unlocking immune checkpoints concomitant to RT would evoke
more severe cumulative toxic effects than sequential administra-
tions (8). Therefore, PD-L1 KO mice that underwent CONV or
FLASH X-ray irradiation were applied as animal models to
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simulate the concurrent administration of RT with checkpoint
blockade. Despite PD-L1 playing a pivotal role in suppressing
autoimmune diseases (47, 48), the basal levels of intestinal T cell
proportion (SI Appendix, Fig. S3 Cand D), along with the intes-
tinal epithelial integrity (SI Appendix, Fig. S7A), crypt prolifera-
tion (S Appendix, Fig. S7 B and (), and intestinal fibrosis (S/
Appendix, Fig. S7 D and E) within PD-L1-deficient mice were
the same as those in WT ones. When undergoing FLASH X-ray
irradiation, organoids of intestinal crypts exhibited significantly
reduced cytosolic dsDNA (Fig. 44) and less active cGAS-STING
signal (Fig. 4 B and C) compared with CONV X-ray—irradiated
cohorts. The relatively inactive STING pathway led to a decline
in IR-induced Ifnb1 transcription (Fig. 3H) in vivo that further
reduced T cell intestinal chemotaxis (Fig. 3B). In CONV WAI,
excessive T cell response within irradiated intestinal crypts further
initiated a GzmB-mediated GSDME cleavage, which generated
much more GSDME-NT driving pyroptotic cell death than
FLASH IR did (Fig. 2 /and J). As proinflammatory ICD, intes-
tinal pyroptosis drove not only direct epithelial cell loss but
also T cell recruitment to enhance local immune response, which
in turn enhanced the activity of GSDME cleavage, establishing
inflammatory feedback comprising T cell infiltration (Fig. 2 4
and B) and lethal pyroptotic cell death (Fig. 2 E-R). Interest-
ingly, FLASH X-ray was able to evoke equivalent cytoplasmic
dsDNA fragments (SI Appendix, Fig. S4C) and phosphorylations
of STING, TBK1, and IRF3 (SI Appendix, Fig. S4 A'and B)
within mouse colorectal tumor cells when compared with CONV
IR, resulting in a comparable abscopal intratumoral T cell response
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(SI Appendix, Fig. S6B and Fig. 5B), as well as equal efficacies in
eradicating metastatic burdens (Fig. 5D), in anti-PD-L1—treated
mice. These data suggested that FLASH X-ray RT could notably
enhance intestinal tolerance in the context of PD-L1 blockade
while maintaining the abscopal tumor suppression, which dramati-
cally widened the therapeutic window with invaluable therapeutic
potential for the development of radioimmunotherapy.

Of note, it has long been recognized that photons with
lower energies generally have higher relative biological efficiency
(RBE), especially at low doses. Specifically, the mean photon
energy of the FLASH X-ray was 1.36 MeV (SI Appendix, Fig.
S8) while that of orthovoltage (160 to 320 kV) CONV X-rays
was only around 60 to 80 keV (S/ Appendix, Fig. S8), which
might cause more intestinal damage by CONV irradiation
under the same doses, and thus reduced the authenticity of the
FLASH sparing effect. Using cobalt-60 (mean photon energy
1.25 MeV) as the reference, the RBE of 6-MV X-rays was
around 1.0 and the RBE of 200-kV X-rays given by Favaudon
et al. (16) was around 1.3, whereas the RBE of 180-kV X-rays
at 4 to 13 Gy was calculated to be around 1.1 using the dose-
effect curves given by Mestres et al. (49). Given that the RBE
was highly variable and depended on the cell types being irradi-
ated, the biological effects being assayed, irradiated doses, and
even the filters of X-ray generators, it was inappropriate to con-
duct studies directly based on a specific RBE calculated from
others. Therefore, in vitro experiments were carried out to mea-
sure and compare the RBEs between 160-kV and 6-MV
CONYV X-rays in eliciting genomic DNA damage and generat-
ing cytosolic dsDNA within intestinal crypt cells, which were
demonstrated to be the core mechanisms of IR-induced mouse
enteritis in the context of PD-L1 blockade. As shown in S/
Appendix, Fig. S9, there seemed to be no difference in inducing
genomic DNA damage (S Appendix, Fig. S9 A and B) and in
generating cytoplasmic dsDNA fragments (S/ Appendix, Fig.
S90) between 6-MV CONV X-ray and 160-kV X-ray in the
dose range of 4 to 8 Gy. Furthermore, 6-MV CONV X-ray
was also undertaken to examine the survival rates of PD-L1
KO crypt organoids in vitro, which achieved the same survival
fraction as the organoids subjected to equal doses of 160-kV
X-ray irradiation (87 Appendix, Fig. S9 D and E), suggesting the
same RBE between 160-kV and 6-MV X-ray irradiations under
the irradiation conditions applied in this study.

Actually, the percentage depth dose (PDD) of X-rays was also
pivotal in the clinical RT that was directly related to the absorbed
dose in vivo. Of note, as shown in ST Appendix, Fig. S10, ortho-
voltage (225 and 320 kV) X-rays revealed a much better PDD
consistency with 6-MV FLASH X-ray, compared with the 6-MV
CONYV X-ray. The maximum discrepancy of the PDD in mice,
appearing on the back surface of the mice, between orthovoltage
(225 and 320 kV) and FLASH X-rays was around 4%, whereas
that between 6-MV CONV and FLASH X-rays was up to 16%.
Consequently, orthovoltage (225 and 320 kV) X-rays instead of
6-MV X-ray were undertaken as the CONV control for FLASH
X-ray irradiation in the in vivo studies.

At present, the “oxygen depletion” hypothesis is one of the
most widely considered hypotheses to clarify the FLASH spar-
ing effect at the mechanistic level. Nevertheless, recent data
have challenged this hypothesis since FLASH radiation could
hardly induce sufficient hypoxia within healthy oxygenated nor-
mal tissues (50). Coincidently, in the present study, FLASH
X-ray irradiation with a mean dose rate of 110 to 120 Gy/s
(instantaneous dose rate ~1.85 X 10° Gyls) also failed to nota-
bly reduce the genomic DNA damage when compared with
CONV IR, taking 53BP1 and y-H2AX as endpoints (Figs. 3E
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and 4 B-E). Intriguingly, however, FLASH X-ray irradiation
elicited notably less cytosolic dsDNA (Fig. 44) and lower
cGAS-STING activity (Fig. 4 B and O) in the intestinal orga-
noids than CONV IR, as well as a comparable systemic antitu-
mor response (ST Appendix, Fig. S6 and Fig. 5 B-E) evoked by
equivalent cytosolic dsDNA signaling within irradiated tumor
cells (81 Appendix, Fig. S4 A-C and Fig. 4 Fand G) to CONV
radiotherapy. These aforementioned findings were difficult to
clarify by the oxygen depletion hypothesis.

Therefore, we proposed the “DNA integrity” hypothesis to
elucidate the mechanism of the FLASH sparing effect, suggest-
ing that “relatively intacc DNA integrity” within intestinal
cells during the “instantaneous” (~120 ms) IR exposure was
critical for FLASH X-ray in sparing PD-Ll-deficient mice
from detrimental enteritis. Specifically, during CONV radia-
tion, the deposition of the radiation dose took hundreds of sec-
onds, which meant part of DNA molecules had already been
subjected to radiation energy sufficient to elicit breakage before
the completion of dose delivery, thus inducing partial DNA
damage and undermining DNA integrity. When damaged
DNA molecules were further irradiated, the disturbance in
genome integrity resulted in the generation of “extra” DNA
fragments, which activated the cytoplasmic ¢cGAS-STING sys-
tem. In contrast, the dose deposition of FLASH irradiation was
completed in ~100 ms, which can be considered instantaneous
in terms of the biological process of DNA damage. This meant
that during the dose deposition of FLASH IR, there was almost
no chance for the occurrence of DNA breaks and instability
similar to those generated during CONV irradiation before the
complete deposition of equivalent dose and, hence, no genera-
tion of extra DNA fragments. Therefore, the activity of the
c¢GAS-STING signaling pathway was dramatically reduced (87
Appendix, Fig. S11). On the other aspect, genomic instability
had been recognized as a hallmark of cancer for more than a
decade (51, 52), which was a direct consequence of DNA
damage response deficiency making tumor cells susceptible to
various physicochemical DNA damage triggers. As a result, in
tumor cells, numerous DNA fragments were provoked and released
into the cytoplasm even during FLASH radiation due to the
intrinsic genome instability, which subsequently activated the
cGAS-STING system and initiated systemic antitumor responses.

An improved understanding of the mechanism of the
FLASH sparing effects was crucial for the optimization of clini-
cal applications and the development of suitable accelerators.
Unlike the oxygen depletion hypothesis that emphasized the
significance of instantaneous dose rate (25, 27), the DNA
integrity hypothesis focused more on the duration of dose
delivery. That is, based on our data, the mean dose rate might
be somewhat more pivotal than the instantaneous dose rate in
eliciting the FLASH effect. Although this study elucidated the
molecular mechanism of the FLASH effect in terms of immu-
nology and provided an initial framework for future clinical
applications of FLASH X-ray RT in combination with antican-
cer immunotherapy, only intestinal crypts and colorectal
tumors were applied in this study. In the future, more organs
and tumors, along with additional molecular probes detecting
the instantaneous DNA damage and DNA integrity, are des-
perately needed to demonstrate the DNA integrity hypothesis
much more directly.

Materials and Methods

A detailed description of the materials and experimental procedures is available
in SI Appendix, Materials and Methods.
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Materials and Methods Summary.

CONV and FLASH irradiation. An X-RAD 320iX Biological Irradiator (Precision
X-ray) was used for WAL CONV RT was performed by the Pxi SmART RAD system
(Precision X-ray). In vitro studies were performed via a biological research irradia-
tor (Rad Source; RS-2000 Pro). Detailed characters of the X-ray generators for
CONV irradiation are listed in SI Appendix, Table S1. The FLASH irradiation was
carried out using the platform for advanced RT research (PARTER) at the Chengdu
THz Free Electron Laser facility (CTFEL) in China.

Mice and cell line. C57BL/6 mice and the PD-L1 KO mice with the C57BL/6
background were subjected to IR exposure at 8 to 10 wk of age. The study was
conducted in compliance with local animal welfare laws and policies. All proce-
dures were approved by the ethics committee of Soochow University. MC38 cells
and HIEC-6 cells were purchased from ATCC and cultured at 37 °C in an incuba-
tor containing 5% CO,.

Intestinal crypt organoid studies. Small intestinal crypts were isolated and
subsequently used for Western blot analysis or further culture. Isolated crypts
were suspended with Matrigel (Coming, no. 356231) and incubated with
advanced DMEM/F12 medium (Thermo Fisher Scientific, no. 12634-010) that was
supplemented with EGF (Peprotech, no. 315-09-100), Noggin (Peprotech, no.
250-38-5), R-spondin (Peprotech, no. 315-32-5), N2 (Thermo Fisher Scientific, no.
17502048), B27 (Thermo Fisher Scientific, no. 17504044), and Y-27632 dihydro-
chloride monohydrate (Sigma, no. Y0503). After being cultured for 2 d in vitro,
organoids were exposed to CONV or FLASH irradiation at different doses.
Antibodies. The following antibodies were used: anti-PD-LT (Abcam, no.
ab213480), anti-Caspase-3 (CST, no. 9662), anti-GSDME (Abcam, no. ah215191),
anti-Granzyme B (Abcam, no. ab255598), anti-STING (CST, no. 50494),
anti-phospho-STING (Ser365) (CST, no. 72971), anti-TBK-1 (CST, no. 3504),
anti-phospho-TBK-1 (Ser172) (CST, no. 5483), anti-IRF-3 (CST, no. 4302),
anti-phospho-IRF3 (Ser396) (CST, no. 4947S), anti-y-H2AX (phospho Ser139)
(Abcam, no. ab81299), anti-53BP1 (Abcam, no. ah175933), anti-phospho-53BP1
(Ser25) (Abcam, no. ab70323), anti-TREX-1 (Santa Cruz, no. s¢-133112), anti-GFP
(Beyotime Inc., no. AG279), and anti--actin (Abcam, no. ab8226). For flow cytom-
etry analysis, anti-CD3-APC (Biolegend, no. 100236) and anti-CD8-PE (Biolegend,
no. 100707) were used.

AAV transfection. GSDME knockdown (AAV-sh Gsdme-EGFP) and control (AAV-sh
scramble-EGFP) recombinant adeno-associated virus vectors 9 were purchased
(GENECHEM Biotech) and injected into PD-L1 KO mice through the tail vein (5 x 10"
physical particles per mouse).

Agonist and inhibitor administration. The following agonists and inhibitors
were used: FTY-720 (Selleck, no. S5002), diABZI (Selleck, no. $8796), and RU.521
(Selleck, no. S6841).

Cytosolic dsDNA studies. The cytoplasm of organoids or MC38 tumor cells
was extracted using a Mitochondria Isolation Kit (Thermo Fisher Scientific, no.
89874). Cytosolic dsDNA was quantified using the Quant-T PicoGreen dsDNA
Assay Kit (Thermo Fisher Scientific, no. P11496). For staining cytosolic dsDNA,
PicoGreen (200-fold dilution) and MitoTracker (100 nM) (Thermo Fisher Scien-
tific, no. M7512) were added to MC38 cell culture media for 1 h.
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Tumor radioimmunotherapy. Male C57BL/6 mice were subcutaneously inocu-
lated with 5 x 10° MC38 cells on the left flanks (primary tumor) on day 0 and the
right flanks (secondary tumor) 3 d later. Ten days after implanting primary tumors,
mice were subjected to RT with different radiation modalities for 5 Gy at a time for
5 consecutive days (5 Gy x 5). An anti-mouse PD-L1 monoclonal antibody (Bio X
Cell; clone 10F.9G2, 10 mg/kg, i.p.) was injected into mice on day 10 after the pri-
mary tumor was implanted and was injected every 2 d for a total of four times.
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