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Abstract

Objectives. Intestinal mucositis is the major side effect during
abdominal or pelvic radiotherapy, but the underlying immunogen
remains to be further characterised and few radioprotective
agents are available. This study investigated the role of dsDNA-
triggered inflammasomes in intestinal mucositis during
radiotherapy. Methods. Pro-inflammatory cytokines were detected
by ELISA. Radiation-induced intestinal injury in mice was analyzed
by means of survival curves, body weight, HE staining of
intestines, and intestinal barrier integrity. Western blot,
immunofluorescence staining, co-immunoprecipitation assay and
flow cytometry were used to investigate the regulatory role of
dsDNA on inflammasomes. Results. Here, we show that a high
level of IL-1b and IL-18 is associated with diarrhoea in colorectal
cancer (CRC) patients during radiotherapy, which accounts for
intestinal radiotoxicity. Subsequently, we found that the dose-
dependently released dsDNA from the intestinal epithelial cells
(IECs) serves as the potential immunogenic molecule for radiation-
induced intestinal mucositis. Our results further indicate that the
released dsDNA transfers into the macrophages in an HMGB1/
RAGE-dependent manner and then triggers absent in melanoma 2
(AIM2) inflammasome activation and the IL-1b and IL-18 secretion.
Finally, we show that the FDA-approved disulfiram (DSF), a newly
identified inflammasome inhibitor, could mitigate intestinal
radiotoxicity by controlling inflammasome. Conclusion. These
findings indicate that the extracellular self-dsDNA released from
the irradiated IECs is a potential immunogen to stimulate immune
cells and trigger the subsequent intestinal mucositis, while
blunting the dsDNA-triggered inflammasome in macrophages may
represent an exciting therapeutic strategy for side effects control
during abdominal radiotherapy.
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INTRODUCTION

Radiotherapy is an indispensable and effective
therapy for abdominal cancers, such as colorectal
cancer (CRC).1,2 Up to now, although radiotherapy
strategies have been greatly improved,3,4

intestinal radiotoxicity like diarrhoea is still the
major limiting factor during radiotherapy.5,6

Unfortunately, there are no available FDA-
approved agents for intestinal radiotoxicity.

Studies on the death of intestinal epithelial cells
(IECs) have greatly broadened the understanding of
radiation-induced intestinal injury,7–10 but it is still
challenging to control intestinal radiotoxicity by
preventing IEC death, indicating the existence of
potential uncovered mechanisms. There is growing
evidence that extensive mucositis might be involved
in intestinal radiotoxicity.11–19 Researchers have
found that pro-inflammatory cytokines including
IL-1b and IL-18 greatly increase after radiation20–24

and serve as the important drivers of intestinal
radiotoxicity.11,13,18 In addition, inflammasomes,
the macromolecular complexes which trigger
central and rapid inflammatory responses, and are
accompanied by the secretion of mature IL-1b and
IL-18,25 are recently reported to regulate radiation-
induced tissue injury.10,26–28 However, the
underlying immunogen in intestinal mucositis
during radiotherapy is still not entirely clear, and
further investigations are needed.

DNA, a classical damage-associated molecular
pattern (DAMP), has been reported to trigger
inflammasome activation and immunogenic
response.26,29–31 Recently, two studies reported that
radiation-induced DNA damage in the nuclei
triggers AIM2 inflammasome-dependent pyroptosis
in the epithelial cells,10,27 suggesting that DNA
might serve as a potential immunogen for intestinal
mucosa inflammation. As we know, inflammasomes
are widely expressed in immune cells,25 some
studies reported that extracellular DNA could be
captured by the phagocytes and trigger the pro-
inflammatory response in autoimmune diseases.32–34

Researches have shown that the dsDNA could
release from the irradiated tissues, but whether the
extracellular dsDNA released from the IECs could
stimulate phagocytes and trigger a broader pro-
inflammatory response, then aggravate radiation-
induced intestinal injury, remains to be elucidated.

This study indicates that extracellular self-dsDNA
released from the irradiated IECs could transfer
into the macrophages and trigger inflammasome
activation and subsequent intestinal mucositis,
broadening the understanding of intestinal
mucositis during radiotherapy. Besides, our
findings also suggest that blunting the dsDNA-
triggered inflammasome-dependent IL-1b and
IL-18 secretion in the macrophages is an exciting
therapeutic strategy for intestinal radiotoxicity,
while the FDA-approved DSF is a promising
candidate drug for inflammasome control during
abdominal radiotherapy.

RESULTS

IL-1b and IL-18 secretion account for
intestinal radiotoxicity

To investigate whether intestinal radiotoxicity is
associated with the pro-inflammatory cytokines,
IL-1b and IL-18 levels were first detected in the
peripheral blood of CRC patients before and
48 h after radiotherapy. Our results showed that
35 patients exhibited various degrees of
diarrhoea after radiotherapy (Figure 1a). Besides,
a significant increase in IL-1b (Figure 1b) and
IL-18 (Supplementary figure 1a) was detected in
the peripheral blood after radiotherapy, and we
also observed that patients with higher-grade
diarrhoea showed higher levels of IL-1b and
IL-18 (Figure 1c and Supplementary figure 1b).
To further investigate the correlation between
pro-inflammatory cytokines and intestinal
radiotoxicity, the mice were exposed to whole
abdominal radiation (WAI; Figure 1d), and then
the IL-1b and IL-18 levels in the peritoneal
lavage fluid were analysed 48 h after WAI. Our
data showed that WAI induced a dose-
dependent release of IL-1b and IL-18 in mice
(Figure 1e and Supplementary figure 1c).
Similarly, the release of IL-1b and IL-18 was
positively correlated with the severity of
diarrhoea (Figure 1f and Supplementary
figure 1d). In addition, serum FITC-dextran,
which reflects the destruction of intestinal
epithelial barrier integrity, also had a positive
correlation with IL-1b and IL-18 levels in the PLF
(Figure 1g and Supplementary figure 1e), further
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Figure 1. Inflammasome-related pro-inflammatory cytokines contribute to intestinal radiotoxicity. (a) The percentage of different grades of

diarrhoea among 35 patients with abdominal radiotherapy. (b) Serum IL-1b in the patients before and 48 h after abdominal radiotherapy. (c)

Increased serum IL-1b level in patients with different grades of diarrhoea. (d) Schematic diagram of WAI in mice, and the PLF was analysed 48 h

after WAI. (e) IL-1b level in the PLF of mice 48 h after exposure to different doses of WAI. n = 5. (f) IL-1b level in the PLF of mice with different

grades of diarrhoea. (g) The Pearson correlation analysis between the PLF IL-1b level and the serum FITC-dextran level; the higher serum FITC-

dextran level reflects more severely disrupted intestinal barrier integrity. (h) Schematic diagram of 12 Gy WAI, sample collection and treatment in

mice. Neutralising antibodies, 1 mg mouse�1, intraperitoneally. Survival curves (i) and body weight over time (j) of mice treated with neutralising

antibodies or IgG after 12Gy WAI. n = 5. Photographs (k) and statistical analysis (l) of the intestine length of mice 3.5 days after WAI. (m) The

serum FITC-dextran level in mice 3.5 days after WAI. (n) H&E-stained sections of the mice intestine 3.5 days after WAI. Scale bars: 100 lm.

Statistical analysis of surviving crypts (o) and villi height (p) per section 3.5 days after WAI. n = 5. For b, c, f and g, every point indicates an

individual patient or mouse. For b, statistical significance was analysed by the paired two-tailed t-test was used. For c, e and f, statistical

significance was analysed by one-way ANOVA (Dunnett). For i, Kaplan–Meier survival analysis. For l–p, n = 5, statistical significance was analysed

by two-way ANOVA (Bonferroni). *P < 0.05. Error bar, means � SD.
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suggesting that IL-1b and IL-18 secretion might
be associated with intestinal radiotoxicity.

To investigate whether IL-1b and IL-18 secretion
contributes to radiation-induced intestinal injury,
mice were exposed to 12 Gy WAI, and treated
with neutralising antibodies of IL-1b and IL-18 as
described in Figure 1h. Our results showed that
the neutralising antibodies protected mice from
radiation-induced mortality (Figure 1i) and
bodyweight loss (Figure 1j). To further evaluate
the radioprotective effects of IL-1b and IL-18
blockade, mice were sacrificed and pathological
examination was performed 3.5 days after WAI.
Our data showed that neutralising antibodies
treatment reduced the radiation-induced
shortening of the small intestine (Figure 1k and l)
and the destruction of intestinal barrier integrity
(the higher serum FITC-dextran level reflects more
severely disrupted intestinal barrier integrity;
Figure 1m). Besides, the results of HE staining
showed that the crypt-villus architecture and
survival crypts were also well protected in the
mice with neutralising antibodies treatment
(Figure 1n–p). These results indicate that IL-1b
and IL-18 secretion contributes to intestinal
radiotoxicity.

Self-dsDNA release is associated with IL-1b
and IL-18 secretion and intestinal
radiotoxicity

Gut microbiota plays an important role in
inflammasome activation and has been reported
to regulate intestinal radiotoxicity.11,35–39 To
investigate whether radiation-induced
inflammasome activation is related to the
microbiota, the gut microbiota was deleted using
a combination of antibiotics (Supplementary
figure 2a) in mice. Unexpectedly, the IL-1b and
IL-18 secretion was still detected in the PLF
(Supplementary figure 2b and c), suggesting that
the host-derived immunogens might be involved
in the radiation-induced IL-1b and IL-18 secretion.

Previous studies showed that radiation induces
self-dsDNA release from the irradiated tissues,40

which might be a potential immunogen for
stimulating inflammasome-dependent IL-1b and
IL-18 secretion. To verify this hypothesis, we first
analysed the dsDNA level in the peripheral blood
from CRC radiotherapy patients. Similar to the
results of IL-1b and IL-18, dsDNA increased
significantly after radiotherapy (Figure 2a) and
higher dsDNA level were detected in the patients

with higher-grade diarrhoea (Figure 2b). More
importantly, the increased dsDNA had a positive
correlation with the release of IL-1b and IL-18
(Figure 2c and d). Then, we analysed the
dsDNA in the PLF from mice after WAI (Figure 2e).
Like the IL-1b and IL-18, radiation induced a dose-
dependent release of dsDNA in the PLF;
more dsDNA was also detected in the mice with
higher-grade diarrhoea (Figure 2g), and dsDNA
level had a positive correction with the
destruction of intestinal epithelial barrier integrity
(Figure 2h). In addition, our results showed that
the dsDNA was still detected in PLF from the
microbiota-deleted mice (Supplementary
figure 2d), suggesting that the released dsDNA in
the PLF might derive from the host but not the
microbiota. Further analysis confirmed this
hypothesis by comparison with the spleen DNA
and the faeces DNA (Supplementary figure 2e).
These results suggest that higher release of host-
derived dsDNA release might be associated with
IL-1b and IL-18 secretion after radiotherapy.

To further verify the role of dsDNA in the IL-1b
and IL-18 secretion and intestinal radiotoxicity,
mice were exposed to WAI and treated with
DNase (Figure 2i). Our results showed that DNase
treatment significantly decreased the dsDNA level
(Supplementary figure 2f), and the secretion of
IL-1b and IL-18 (Figure 2j and k) in the PLF after
WAI. In addition, DNase treatment effectively
mitigates radiation-induced mortality (Figure 2l)
and bodyweight loss (Figure 2m), destruction of
intestinal epithelial barrier integrity (Figure 2n),
and intestinal tissue injury (Figure 2o–q). These
results indicate that radiation-induced self-dsDNA
release contributes to intestinal mucositis.

IEC-derived dsDNA triggers inflammasome
in macrophages

Then, we further explore the underlying
mechanisms of dsDNA in IL-1b and IL-18 secretion.
To investigate whether radiation could induce
dsDNA release in vitro, the HCT116 cell line was
used as an intestinal epithelial cell model in
vitro.26,41,42 Our results showed that radiation
induced a dose-dependent release of dsDNA in
the culture supernatants (Figure 3a). Then,
we cocultured the HCT116 cells with the
bone marrow-derived macrophages (BMMs) to
investigate whether the dsDNA released from
HCT116 cells could transfer into the BMMs. First,
the HCT116 cells were prelabelled with the DNA-
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Figure 2. Self-dsDNA release is associated with inflammasome-related pro-inflammatory cytokines secretion and intestinal radiotoxicity. (a)

Serum dsDNA level in the patients before and 48 h after abdominal radiotherapy. (b) Increased serum dsDNA level in patients with different

grades of diarrhoea. (c) The Pearson correlation analysis between the increased serum dsDNA level and the increased serum IL-1b level. (d) The

Pearson correlation analysis between the increased serum dsDNA level and the increased serum IL-18 level. (e) Schematic diagram of WAI in

mice, and the PLF was analysed 48 h after WAI. (f) dsDNA level in the PLF of mice exposed to different doses of WAI. n = 5. (g) The dsDNA

level in the PLF of mice with different grades of diarrhoea. (h) The Pearson correlation analysis between the PLF dsDNA level and the serum FITC-

dextran level. (i) Schematic diagram of 12 Gy WAI, sample collection and treatment in mice. The PLF IL-1b (j) and IL-18 (k) level 48 h after

12 Gy WAI. n = 5. Survival curves (l) and bodyweight over time (m) of mice treated with DNase or vehicle after 12 Gy WAI. n = 12. (n) The

serum FITC-dextran level in mice 3.5 days after WAI. n = 12. (o) H&E-stained sections of the mice intestine 3.5 days after WAI. Scale bars:

100 lm. Statistical analysis of surviving crypts (p) and villi height (q) per section 3.5 days after WAI. n = 5. For a, c, d, g and h, every point

indicates an individual patient or mouse. For a, statistical significance was analysed by the paired two-tailed t-test. For b, f and g, statistical

significance was analysed by one-way ANOVA (Dunnett). For l, Kaplan–Meier survival analysis. For n–q, n = 5, statistical significance was

analysed by two-way ANOVA (Bonferroni). *P < 0.05. Error bar, means � SD. Data are shown from one representative experiment, based on at

least three experiments, which produced similar results.
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Figure 3. dsDNA released from the intestinal epithelial cells triggers inflammasome activation in macrophages. (a) The dsDNA level in the culture

supernatants of HCT116 cells was detected 48 h after different doses of radiation. n = 5. (b) Schematic diagram of the coculture system of

HCT116 cells and BMMs. HCT116 cells were exposed to 12 Gy radiation and then cocultured with the BMMs using a 0.4-lm Transwell plate. (c)

dsDNA in the irradiated HCT116 cells was prestained using DRAQ5 (10 lM) and then cocultured with BMMs for 24 h, then the BMMs were

collected and analysed using flow cytometry. F4/80, the marker of BMMs. (d) The ASC aggregates in the BMMs were analysed via confocal

microscopy. ASC, green; nuclei, DAPI. Scale bars: 10 lm. (e) IL-1b in the Sup and Pro- IL-1b, ASC, GSDMD, N-GSDMD, Caspase-1, and Caspase-

1 p20 from the BMMs lysate in the coculture system were detected by Western blot. Sup, coculture supernatants. (f) Western blot quantification.

n = 3. (g) Relative caspase 1 activity in the cell extract of BMMs. n = 5. The IL-1b (h), IL-18 (i) and LDH (j) levels in the coculture supernatants.

n = 5. Pyroptosis was detected (k) and statistically analysed (l) by flow cytometry. Pyroptotic cells are cells with double positivity of Caspase-1

and PI. n = 3. For d–k, DNase (0.005 U mL�1) was added to the coculture media, and BMMs were analysed 48 h after coculture. For a,

statistical significance was analysed by one-way ANOVA (Dunnett). For f–k, statistical significance was analysed by two-way ANOVA (Bonferroni).

*P < 0.05. Error bar, means � SD.
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intercalating dye DRAQ5 and then exposed to
radiation or not, followed by coculture with
BMMs (Figure 3b). Our results showed that a
minor population of BMMs were positive for
HCT116-derived DRAQ5 after coculture, while
radiation significantly increased the positive rate
when compared to the control group (without
coculture; Figure 3c), suggesting that radiation
promoted the transfer of HCT116-derived dsDNA
into the BMMs. Next, we aimed to investigate
whether the released dsDNA could trigger the
inflammasome in BMMs. Immunofluorescence
staining showed that ASC, a key adaptor of
inflammasomes, formed obvious aggregates in
BMMs after coculture with the irradiated HCT116
cells, while DNase treatment abolished the
aggregated ASC (Figure 3d). Besides, the released
dsDNA also triggered downstream consequences
of inflammasome including the cleaved Caspase 1
and GSDMD (Figure 3e–g), the secretion of IL-1b
(Figure 3e, f and h), IL-18 (Figure 3i), the release
of lactate dehydrogenase (LDH; Figure 3j) and the
pyroptosis (Figure 3k and l). These results showed
that radiation-induced IEC-derived dsDNA could
transfer into macrophages and contribute to
inflammasome activation.

IEC-derived dsDNA triggers inflammasome
in macrophages through the HMGB1-RAGE
axis

To further validate how the dsDNA transfers into
BMMs, the dsDNA in the culture supernatants of
irradiated HCT116 cells was purified and
then added to the culture media of BMMs.
Unexpectedly, the purified dsDNA alone without
Lipo could not trigger inflammasome BMMs
(Supplementary figure 3a–i), while the purified
dsDNA effectively triggered inflammasome and
the related downstream consequences in BMMs
upon the addition of DNA transfection reagent
(Lipo, a DNA transfection reagent), indicating that
it is difficult for the purified dsDNA to transfer
into macrophages alone. Thus, some other
substances could be involved in the transfer of
dsDNA into macrophages. Of note, HMGB1, a
multifunctional nuclear DNA-binding protein,
has been widely reported to release after
radiation.43 A recent study shows that extracellular
HMGB1 facilitates macrophage activation in lupus
nephritis by promoting the intracellular accumulation
of self-dsDNA.32 To investigate whether HMGB1
contributes to the dsDNA-triggered inflammasome

activation, we first analysed the HMGB1 level after
radiation. Our results showed that HMGB1
significantly increased in the peripheral blood from
CRC radiotherapy patients (Figure 4a), and a higher
HMGB1 level was detected in the patients with
higher-grade diarrhoea (Figure 4b). Besides, radiation
induced a dose-dependent release of HMGB1 in the
PLF of mice after WAI and in the irradiated HCT116
culture supernatants (Figure 4c and d). To investigate
whether HMGB1 promotes the transfer of dsDNA
into macrophages, the purified dsDNA and
recombinant HMGB1 (rHMGB1) were simultaneously
added to the culture media of BMMs. Our results
showed that rHMGB1 reverted the inflammasome-
triggered capacity of the purified dsDNA in the
BMMs (Figure 4e–m). These results suggest that
HMGB1 is an important participant in the dsDNA-
triggered inflammasome activation.

Studies have shown that the receptor for RAGE
is a classical HMGB1 recognising receptor, which is
involved in intracellular internalisation of the
HMGB1-DNA complex.32 To further investigate
whether the HMGB1/RAGE axis is involved in
the dsDNA transfer, specific HMGB1 inhibitor
glycyrrhizin and the specific RAGE inhibitor FPS-
ZM1 were used in the coculture system of HCT116
and BMMs. As predicted, both glycyrrhizin and
FPS-ZM1 significantly decreased the dsDNA
transfer into the BMMs (Figure 5a) and blunted
the dsDNA-triggered inflammasome activation
and the downstream consequences (Figure 5b–j).
To further validate the importance of HMGB1 in
vivo, mice were treated with glycyrrhizin
after WAI. Our results confirmed that inhibiting
HMGB1 using glycyrrhizin could effectively blunt
the inflammasome-dependent secretion of IL-1b
and IL-18 (Figure 5k and l) in vivo, while there
was no obvious effect on the dsDNA level
(Figure 5m). In addition, glycyrrhizin mitigated
the radiation-induced mortality (Figure 5n) and
bodyweight loss (Figure 5o), destruction of
intestinal epithelial barrier integrity (Figure 5p),
and intestinal tissue injury (Figure 5q–s). These
results suggest that dsDNA triggers inflammasome
in macrophages through the HMGB1-RAGE axis.

AIM2 accounts for the dsDNA-triggered
inflammasome

AIM2 and Nod-like receptor protein 3 (NLRP3) are
two known DNA sensors for inflammasome
formation by recruiting the apoptosis-associated
speck-like proteins containing a CARD
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Figure 4. HMGB1 is required for dsDNA-triggered inflammasome activation in macrophages. (a) Serum HMGB1 level in the patients before and

48 h after abdominal radiotherapy. (b) Increased serum HMGB1 level in patients with different grades of diarrhoea. (c) The HMGB1 level in the

PLF of mice exposed to different doses of WAI. n = 5. (d) The HMGB1 level in the culture supernatants of HCT116 cells was detected 48 h after

different doses of radiation. n = 5. Pyroptosis was detected (e) and statistically analysed (f) by flow cytometry. (g) Relative caspase 1 activity in

the cell extract of BMMs. n = 5. The IL-1b (h), IL-18 (i) and LDH (j) levels in the coculture supernatants. n = 5. (k) IL-1b in the Sup and

Pro-IL-1b, ASC, GSDMD, N-GSDMD, Caspase-1, Caspase-1 p20 from the BMMs lysate in the coculture system were detected by Western blot.

Sup, coculture supernatants. (l) Western blot quantification. n = 3. (m) The ASC aggregates in the BMMs were analysed via confocal microscopy.

ASC, green; nuclei, DAPI. Scale bars: 10 lm. For a–h, purified dsDNA (0.5 lg mL�1) from the culture supernatants of irradiated HCT116 cells

was added to the BMMs media with or without Lipo for 48 h. Lipo, a DNA transfection reagent. For m–t, purified dsDNA (0.5 lg mL�1) from

the culture supernatants of irradiated HCT116 cells was added to the BMMs media with or without rHMGB1 (50 ng mL�1) for 48 h. For a,

statistical significance was analysed by the paired two-tailed t-test. For b–l, statistical significance was analysed by one-way ANOVA (Dunnett).

For a and b, every point indicates an individual patient. *P < 0.05. Error bar, means � SD.
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Figure 5. dsDNA triggers inflammasome activation through the HMGB1-RAGE axis. (a) dsDNA in the irradiated HCT116 cells was prestained

using DRAQ5 (10 lM) and then cocultured with BMMs for 24 h, then the BMMs were collected and analysed using flow cytometry. F4/80, the

marker of BMMs. (b) The ASC aggregates in the BMMs were analysed via confocal microscopy. ASC, green; nuclei, DAPI. Scale bars: 10 lm.

Pyroptosis was detected (c) and statistically analysed (d) by flow cytometry. Pyroptotic cells are cells with double positivity of Caspase-1 and PI.

n = 3. (e) Relative caspase 1 activity in the cell extract of BMMs. n = 5. (f) IL-1b in the Sup and Pro-IL-1b, ASC, GSDMD, N-GSDMD, Caspase-1,

Caspase-1 p20 from the BMMs lysate in the coculture system were detected by Western blot. Sup, coculture supernatants. (g) Western blot

quantification. The IL-1b (h), IL-18 (i) and LDH (j) levels in the coculture supernatants. n = 5. The PLF IL-1b (k), IL-18 (l) and dsDNA (m) level

48 h after 12 Gy WAI. n = 5. Survival curves (n) and body weight over time (o) of mice treated with DNase or vehicle after 12Gy WAI. n = 12.

(p) The serum FITC-dextran level in mice 3.5 days after WAI. (q) H&E-stained sections of the mice intestine 3.5 days after WAI. Scale bars:

100 lm. Statistical analysis of surviving crypts (r) and villi height (s) per section 3.5 days after WAI. n = 5. For b–i, glycyrrhizin (1 mM), FPS-ZM1

(500 nM) or vehicle was added in the coculture media, and BMMs were analysed 48 h after coculture. For d–j, statistical significance was

analysed by one-way ANOVA (Dunnett). For k–s, statistical significance was analysed by two-way ANOVA (Bonferroni). *P < 0.05. Error bar,

means � SD. Data are shown from one representative experiment, based on at least three experiments, which produced similar results.
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(ASC).10,26,31,33,44–48 Then, we further investigated
the specific type of dsDNA-triggered
inflammasome. Our results showed that no
obvious aggregates of NLRP3-ASC complexes were
observed in the BMMs when coculturing with the
irradiated HCT116 cells, while the NLRP3-positive
inductor LPS induced observable colocalization
of aggregated NLRP3 and ASC (Figure 6a) in the
BMMs. In addition, MCC950,49 an NLRP3
inflammasome inhibitor, also did not reverse the
dsDNA-triggered inflammasome activation and
the downstream consequences (Supplementary
figure 4a–h). Conversely, obvious AIM2
aggregates were colocalised with ASC in the
BMMs when coculturing with the irradiated
HCT116 cells (Figure 6b). To further validate the
AIM2-ASC interaction, co-immunoprecipitation
(CoIP) of AIM2 and ASC was performed. Our
results showed that dsDNA significantly promoted
the interaction between AIM2 and ASC
(Figure 6c), suggesting that dsDNA-triggered
inflammasome activation might be related to
AIM2. To further test this hypothesis, AIM2 siRNA
was used to knock down the AIM2 expression
level (Figure 6d and f). As expected, AIM2
knockdown significantly blunts the dsDNA-
triggered inflammasome activation and the
downstream consequences (Figure 6e and g–m) in
the BMMs cocultured with the irradiated HCT116
cells. These results showed that IEC-derived dsDNA
mainly triggers AIM2 but not NLRP3-dependent
inflammasome in macrophages.

The FDA-approved DSF ameliorates
intestinal radiotoxicity

As indicated above, dsDNA-triggered AIM2
inflammasome contributes to intestinal
radiotoxicity. However, up to now, there are no
specific AIM2-inflammasome inhibitors. Thus, we
aimed to further investigate the protective
effects on intestinal radiotoxicity by targeting
the AIM2-inflammasome downstream
consequences using four inhibitors, including
thalidomide (THA),26 VX765,50 and the FDA-
approved DSF51 and dimethyl fumarate (DMF)52

as shown in Figure 7a and b. As expected, mice
treated with the four promising agents were
protected from radiation-induced mortality
(Figure 7c), bodyweight loss (Figure 7d),
diarrhoea (Figure 7e), destruction of intestinal
barrier integrity (Figure 7f), and intestinal tissue
injury (Figure 7g–k). These results indicated that

blunting the AIM2 inflammasome could mitigate
intestinal radiotoxicity.

To further evaluate the possibility of clinical
application, we study the radioprotective effects
on tumors.4 The inexpensive and tolerable DSF,
the FDA-approved agent for alcoholism
treatment, has shown potential antitumor
activity.53–56 Besides, a recent study identified that
DSF could specifically inhibit inflammasome-
dependent secretion of IL-1b and IL-18 by
blocking GSDMD pore formation (Figure 7a).51 To
further investigate whether DSF reduces the
antitumor efficiency during radiotherapy, MC38
xenograft model and fractionated radiotherapy
were performed (Figure 8a). Consistent with the
previous reports,53–56 DSF exhibited potential
antitumor effects (Figure 8b–d). Unexpectedly, the
combinational therapy of DSF and radiotherapy
possessed enhanced antitumor effects than
radiotherapy or DSF only (Figure 8b–d). More
importantly, DSF mitigated intestinal radiotoxicity,
including diarrheal score (Figure 8e), bodyweight
loss (Figure 8f), shortening of the small
intestine (Figure 8g and h), reduction of intestinal
barrier integrity (Figure 8i), inflammasome-
dependent cytokines secretion (Figure 8j and k)
and destruction of crypt-villus architecture
(Figure 8l–n). These results suggest that DSF is a
potential candidate drug for mitigating intestinal
radiotoxicity and simultaneously does not affect
the antitumor effect during radiotherapy.

DISCUSSION

Up to now, there are no available treatments for
intestinal radiotoxicity,4 which could be related to
complicated mechanisms. Over the years,
researchers have revealed multiple types of cell
death in the IEC loss after radiation7–10 and
attempted to rescue the radiation-induced IEC
death, but intestinal radiotoxicity remains
refractory. Recently, some studies focussed on the
secondary inflammatory response after IEC death
and suggested that extensive mucositis accounts
for intestinal radiotoxicity.11,17–19 Pieces of
evidence show that pro-inflammatory cytokines
including IL-1b and IL-18 are greatly released in
radiation-induced inflammation,24 suggesting they
might play an important role in intestinal
radiotoxicity.11,13,18 Here, our results indicate that
a higher level of IL-1b and IL-18 is associated with
diarrhoea in CRC patients during radiotherapy.
Besides, radiation induces a dose-dependent
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(a) (b)
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(f) (g)

Figure 6. AIM2 accounts for the dsDNA-triggered inflammasome activation in macrophages. (a) The subcellular localisation of ASC (green) and

NLRP3 (red) was analysed via confocal microscopy. nuclei, DAPI. Scale bars: 10 lm. (b) The subcellular localisation of ASC (green) and AIM2 (red)

was analysed via confocal microscopy. nuclei, DAPI. Scale bars: 10 lm. LPS, the NLRP3 positive inductor used as a positive control. (c) The

interaction of ASC and AIM2 in BMMs was co-immunoprecipitated and detected by western blotting (top). The whole-cell lysates of BMMs were

analysed by Western blot (bottom). (d) The knockdown efficiency of AIM2 siRNA in BMMs was detected by Western blot. (e) IL-1b in the Sup

and Pro-IL-1b, ASC, GSDMD, N-GSDMD, Caspase-1, Caspase-1 p20 from the BMMs lysate in the coculture system were detected by Western

blot. Sup, coculture supernatants. (f) Western blot quantification of d. n = 3. (g) Western blot quantification of e. n = 3. Pyroptosis was

detected (h) and statistically analysed (i) by flow cytometry. Pyroptotic cells are cells with double positivity of Caspase-1 and PI. n = 3. The LDH

(j), IL-1b (k) and IL-18 (l) levels in the coculture supernatants. n = 5. (m) Relative caspase 1 activity in the cell extract of BMMs. n = 5. For a–k,

BMMs or the coculture supernatants were analysed 48 h after coculture with the irradiated HCT116 cells. For d–k, BMMs were pretreated with

siRNA-AIM2 or siRNA-Ctrl 48 h before coculture. For f, statistical significance was analysed by one-way ANOVA (Dunnett). For g–m, statistical

significance was analysed by two-way ANOVA (Bonferroni). *P < 0.05. Error bar, means � SD.
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Figure 7. Blunting the inflammasome ameliorates intestinal radiotoxicity. (a) Cellular map of AIM2 AIM2-inflammasome and the downstream

consequences targeted by pharmacological agents. (b) Schematic diagram of 12 Gy WAI, sample collection and treatment in mice. Survival

curves (c) and body weight over time (d) of mice treated with indicated agents or vehicles after WAI. n = 12. (e) The percentage of different

grades of diarrhoea among mice treated with indicted agents after WAI. No obvious diarrhoea was observed in mice that were not exposed to

WAI. (f) The serum FITC-dextran level in mice was detected 3.5 days after WAI. Photographs (g) and statistical analysis (h) of the intestine length

of mice 3.5 days after WAI. (i) H&E-stained sections of the mice intestine 3.5 days after WAI. Scale bars: 100 lm. Statistical analysis of villi

height (j) and surviving crypts (k) per section 3.5 days after WAI. n = 5. For c, Kaplan–Meier survival analysis. For f–k, n = 5, statistical

significance was analysed by two-way ANOVA (Bonferroni). *P < 0.05. Error bar, means � SD. Data are shown from one representative

experiment, based on at least three experiments, which produced similar results.
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(f) (g)
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(m) (n)

(h)

Figure 8. DSF mitigates intestinal radiotoxicity and improves radiotherapy efficacy. (a) Schematic diagram of DSF, tumor graft and fractionated

WAI (2 Gy per fraction). (b) Growth curves of tumor grafts. n = 11. The dissected tumor grafts were photographed (c) and weighed (d) at the

endpoint. n = 11. (e) The percentage of different grades of diarrhoea among mice in different groups after WAI. (f) The body weight of mice

over time. n = 11. Photographs (g) and statistical analysis (h) of the intestine length of mice at the endpoint. n = 11. (i) The serum FITC-dextran

level at the endpoint. n = 11. The IL-1b (j) and IL-18 (k) levels in the PLF at the endpoint. n = 11. (i) H&E-stained sections of the mice intestine

at the endpoint. Scale bars: 100 lm. Statistical analysis of villi height (j) and surviving crypts (k) per section at the endpoint. n = 10. Statistical

significance was analysed by two-way ANOVA (Bonferroni). *P < 0.05. Error bar, means � SD. Data are shown from one representative

experiment, based on at least three experiments, which produced similar results.
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secretion of IL-1b and IL-18 in mice, blocking of
which reduces radiation-induced intestinal injury,
suggesting that IL-1b and IL-18 are important
drivers of intestinal radiotoxicity. Previous studies
showed that IL-1b and IL-18 play an important
role in multiple types of mucositis57–60 and our
results are consistent with these findings,
suggesting that IL-1b and IL-18 might serve as
important therapeutic targets for complications
after chemoradiotherapy. In addition, the gut
microbiota has been reported to regulate the
secretion of IL-1b and contribute to intestinal
mucositis.11,37,61 Here, our results show that
significant secretion of IL-1b and IL-18 is still
detected after microbiota deletion, suggesting
that host-derived immunogens also account for
the secretion of IL-1b and IL-18.

In addition to the inflammatory and
autoimmune diseases,32,62,63 self-dsDNA is an
important immunogenic molecule during
radiotherapy,27 but whether the self-dsDNA
triggers uncontrolled inflammatory intestinal
toxicity is largely ignored. Recently, several studies
show that radiation-induced DNA damage triggers
AIM2 inflammasome-dependent pyroptosis in the
nuclei of epithelial cells,10,27 suggesting that
self-dsDNA might serve as a potential immunogen
for the radiation-induced intestinal mucosa
inflammation. Here, our results show that a higher
level of dsDNA is positively correlated with the
IL-1b and IL-18 secretion and diarrhoea in CRC
patients. A previous showed that DNase inhibition
could reduce early apoptosis of intestinal cells
after radiation. Interestingly, our and another
study showed that DNase could alleviate radiation-
induced tissue injury and bystander effects by
decreasing inflammation, indicating that the role
of DNase in radiation injury needs further
research. Besides, we show that radiation induces
a dose-dependent release of dsDNA from the IECs,
and the released dsDNA could transfer into the
macrophages and trigger AIM2 inflammasome-
dependent IL-1b and IL-18 secretion in the
macrophages. Unexpectedly, the purified dsDNA is
difficult to activate the inflammasome in
macrophages, while the HMGB1 addition rescued
the pro-inflammatory effects of dsDNA, suggesting
that the released dsDNA stimulates macrophages
in an HMGB1-dependent manner. Further
investigations indicate that the RAGE inhibitor
abolished the pro-inflammatory effects of dsDNA
and mitigated intestinal radiotoxicity, suggesting
that dsDNA transfers into the macrophages

through the HMGB1-RAGE axis. Some pieces of
evidence also suggested that HMGB1 promotes
autoimmune diseases by increasing intracellular
accumulation of self-dsDNA in macrophages.32

Here, our results indicate that HMGB1-RAGE plays
an important role in the transfer of dsDNA
into the macrophages and the subsequent
inflammasome activation. Many of the previous
studies focussed on the independent biological
functions of the DAMP; however, our and other
studies revealed the possible interactions between
DAMPs and could synergistically promote tissue
injury.64,65 Thus, the potential interactions
between the DAMPs and their roles in radiation
injury deserve further study.

Inflammasome has received increasing
attention because of its pivotal role in multiple
pathophysiological processes, including
chemotherapy or radiotherapy-induced tissue
injury.25,26,31,66–68 Our results indicate host-
derived dsDNA is also involved in intestinal
mucositis, broadening the understanding of
inflammasome on the radiation-induced
intestinal injury. In addition to a mechanistic
insight into radiation-induced intestinal injury,
this study also provides a potential radiotherapy
adjuvant agent for further clinical evaluation.
Here, our results further indicate that the FDA-
approved DSF, a newly identified inflammasome
inhibitor,51 has the potential to mitigate
intestinal radiotoxicity and simultaneously
preserve the antitumor efficacy during
radiotherapy. Considering the clinical accessibility
and safety, DSF may be translated into further
clinical trials in the near future.

CONCLUSION

The released dsDNA from the irradiated IECs is a
contributed immunogen for intestinal mucositis,
and blunting the dsDNA-triggered inflammasome
in macrophages may represent an exciting
therapeutic strategy for intestinal radiotoxicity,
while the FDA-approved DSF is a promising
candidate drug for inflammasome control during
abdominal radiotherapy (Figure 9).

METHODS

Reagents and resources

Detailed reagents and resources are shown in Supplementary
table 1.
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Patients

Patients with CRC who attended Chengdu Military General
Hospital were included with approval from the Institutional
Review Board and informed consent from patients. The
peripheral blood was collected before and 48 h after
abdominal radiotherapy. The diarrhoea was graded
according to the Common Terminology Criteria for Adverse
Events (CTCAE) version 5.0. This study was approved by the
Ethics Committee of Chengdu Military General Hospital
(2021EC1-16).

Animals

Six- to eight-week-old male mice were purchased from the
Laboratory Animal Center of the Army Medical University
(AMU) and were maintained on an ad libitum diet. All
animal experiments were approved by the Animal Care and
Use Committee of the AMU.

Cell culture

The human colorectal adenocarcinoma cell line HCT116
(RRID: CVCL_0291) and mouse fibroblasts L929 (RRID:

CVCL_0462) were purchased from the American Type
Culture Collection (ATCC).69 BMMs were isolated from
mouse bone marrow. All cell experiments were confirmed
to be free of mycoplasma.

Drug treatment

For mice, DNase I (1 U mouse�1), glycyrrhizin (10 mg kg�1),
disulfiram (50 mg kg�1), thalidomide (25 mg kg�1),
belnacasan (VX-765, 25 mg kg�1), dimethyl fumarate (DMF,
50 mg kg�1) or vehicle (10% DMSO +90% hydrogenated
castor oil) was given intraperitoneally for six consecutive
days from 1 day before radiation. For cells, glycyrrhizin
(1 mM), FPS-ZM1 (500 nM), rHMGB1 (10 ng mL�1), DNase
(0.005 U mL�1) and MCC950 (10 lM) were added in the
coculture media until the analysis was performed.

Diarrhoea score of mice

Diarrhoea of mice was scored 3.5 days after radiation
according to the faeces as previously reported. Normal (0),
slightly wet and soft stool (1), wet and unformed stool with
perianal staining of the coat (2) and watery stool with
perianal staining of the coat (3).

Figure 9. Targeting dsDNA-triggered AIM2 inflammasome by DSF mitigates intestinal radiotoxicity. Radiation-induced dsDNA release from the

intestinal epithelial cells transfers into macrophages via the HMGB1/RAGE axis and triggers AIM2 inflammasome and the downstream

consequences including pro-inflammatory cytokines secretion, which contributes to intestinal radiotoxicity. The FDA-approved DSF inhibits the

secretion of pro-inflammatory cytokines and mitigates intestinal radiotoxicity by blocking the GSDMD pore formation.
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Radiation

Mice were exposed to a dose of radiation under
anaesthesia using an X-RAD 160–225 instrument (Precision
X-Ray, Branford, CT; filter: 2 mm AI; 50 cm, 300 kV s�1,
4 mA, 0.9 Gy min�1). The whole abdomen of the mice was
exposed to radiation with lead shielding, and the other
parts of the mouse were shielded. The total body of the
mice in the control group was shielded with lead shielding
before radiation exposure. Cells were exposed to the
indicated dose of radiation or shielded with lead shielding.

Death determination of mice

Mice with the ruffled coat, hunched posture, unwillingness
to move and 25% loss of initial body weight were
identified as dead and euthanised.70

Measurement of intestinal epithelial
integrity

Epithelial integrity was evaluated by FITC-dextran assay.
Mice were gavaged with 0.6 mg g�1 FITC-dextran 3.5 days
after radiation and sacrificed 4 h later. The serum was
collected and diluted 1:1 with PBS, the fluorescence was
detected using a spectrophotometer at 485/530 nm, and
a standard curve was constructed through gradient
dilution of FITC-dextran to quantitate FITC-dextran in the
serum.

Detection of dsDNA

Peritoneal lavage fluid from mice was obtained with 1 mL
PBS. Fluid and cell culture supernatants were centrifuged at
5000 rpm for 5 min twice to deplete cells, and the
supernatant was then harvested. The serum from the whole
blood of patients was collected before and 48 h after
radiotherapy and then stored at �80°C. The PicoGreen
dsDNA assay kit was used to quantitate the dsDNA in the
samples by a standard curve method according to the
manufacturer’s instructions.

Gut microbiota depletion

As previously described, mice were treated with indicated
drinking water with a combination of antibiotics, including
ampicillin sodium salt (1 g L�1), metronidazole (1 g L�1),
vancomycin hydrochloride (0.5 g L�1) and neomycin
(1 g L�1) or vehicle for 2 weeks. Then, the DNA was
extracted from the faeces of the mice using the phenol–
chloroform–ethanol method, and 16S rDNA was analysed by
qPCR using specific primers (Supplementary table 1) to
verify the depletion efficiency.

Cytokine measurements

Cytokines including IL1-b and IL-18 were detected by ELISA
kit according to the manufacturers’ instructions.

HMGB1 detection

HMGB1 level was analysed by ELISA kit according to the
manufacturers’ instructions.

Caspase 1 activity assay

Relative Caspase 1 activity in cell lysates was detected using
the Caspase 1 Assay Kit according to the manufacturers’
instructions.

dsDNA purification

The purified dsDNA was extracted from the supernatant of
HCT116 cells 48 h after 12 Gy radiation using phenol/
chloroform/isoamyl alcohol.

BMMs culture

As reported,71 the bone marrow cells were harvested from
the adult female C57BL/6 mouse, then cultured with
Dulbecco’s modified Eagle’s medium (DMEM) supplemented
with 10% foetal bovine serum (FBS) and 20% culture
supernatants of L929 cells, and the culture medium was
changed every 3 days. A week later, the cells (BMMs) were
harvested for further experiments.

Transfection of siRNA

As previously reported,72 AIM2 in BMMs was knocked down
using 50 nM AIM2 siRNA (50-ACAUAGACACUGAGGGUAU-3)
or negative control (50-AAUUCUCCGAACGUGUCACGU-3)
with the help of Lipofectamine RNAiMAX Transfection
Reagent. After 48 h, the knockdown efficiency was
detected by Western blot.

Pyroptosis analysis

As previously reported,27 pyroptosis was assayed by
caspase-1 and propidium iodide (PI), and double-positive
cells were defined as pyroptotic cells. According to the
manufacturer’s instructions, 59 FLICA stock solution was
prepared by solubilising FLICA in 50 lL DMSO, and 19
FLICA working solution was diluted by stock solution with
PBS. The samples were incubated with 19 FLICA working
solution (sample: FLICA = 29:1) for approximately 1 h in
the dark, then washed with PBS 19 Apoptosis Wash
Buffer for three times and incubated with 3 lL PI (0.5%
v v�1) for 10 min. After staining, samples were analysed
through flow cytometry.

LDH release detection

Lactate dehydrogenase activity was detected using the
Cytotoxicity LDH Assay Kit according to the manufacturer’s
protocols, and LDH release was evaluated by the
percentage of the LDH activity in the culture supernatant of
the total lysed cells.
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Histology

The mice were euthanised, and the intestine was dissected
and washed in cold PBS and then fixed in 10% neutral-
buffered formalin overnight. Next, samples were
dehydrated with a concentration gradient of alcohol and
then embedded in paraffin. Sections of tissues (5 lm) were
prepared for haematoxylin and eosin (H&E) staining.
Routine H&E staining was performed, and then images
were captured using a light microscope.

Determination of villi height and surviving
crypt

Villi height and surviving crypts were objectively quantified
through intestinal images of H&E staining from at least
three mice per group using ImageJ 1.37 (ImageJ, RRID:
SCR_003070). The villi height was defined as the distance
from the crypt villi junction to the villi tip, and the
surviving crypts were defined as containing five or more
adjacent chromophilic non-Paneth cells, at least one Paneth
cell, and a lumen.

Immunofluorescence

Bone marrow-derived macrophages were cultured on glass
coverslips. After indicated treatments, cells were fixed with
4% Neutral paraformaldehyde (15 min), permeabilised with
0.1% Triton X-100 (15 min) and blocked with 1% BSA
(60 min) and then incubated with the ASC, NLRP3 or/and
AIM2 antibody (1:200) overnight at 4°C. After incubation
with the fluorescein-coupled secondary antibodies for
30 min, the nuclei were stained with DAPI, and then the
images were captured using confocal microscopy.

Quantitative real-time PCR (qPCR) analysis

Total RNA was extracted using PureLink� RNA Mini Kit.
cDNA synthesis was completed using the RevertAid First
Strand cDNA Synthesis Kit, and qPCR was performed with
the SYBR Green qPCR master mix according to the
manufacturer’s instructions. The primers are listed in
Supplementary table 2. For relative quantification, data
were normalised to the control using b-actin as the internal
control by the DCT method.

Western blot

Cells were lysed in ice-cold RIPA buffer supplemented with
protease inhibitors and phosphatase inhibitors, sonicated
for 15 s to reduce sample viscosity and then centrifuged at
16 000 9 g for 15 min at 4°C to harvest the total protein
lysates. BCA method was used to determine the
concentrations of the sample. Then, the samples were
boiled with 19 loading buffer to 98–100°C for 10 min.
30 lg proteins from each sample were subjected to SDS-
PAGE for electrophoresis and then transferred to a PVDF
membrane. The membranes were blocked, incubated with
primary antibodies overnight at 4°C and then incubated

with appropriate secondary antibodies for 1 h at room
temperature. Tris-buffered saline with Tween (TBST) buffer
was used to wash the membranes before and after
incubations. The band intensity of every sample was
visualised and captured using an enhanced
chemiluminescence detection system (Bio-Rad Laboratories)
by an ECL kit. b-Actin was used as the loading control.

Co-immunoprecipitation assay

Cell lysate containing 500 lg protein was incubated with
2 lg of indicated antibody or IgG control with rotation at
4°C overnight. Then, the immunoprecipitated complexes
were combined with Protein A/G magnetic Beads and
separated using eluent; finally, the samples were analysed
through Western blotting.

Xenotransplantation assays

Six- to eight-week-old male BALB/c mice were from
Huafukang Bioscience (Beijing, China). A total of 2 9 106

CT26 cells in PBS were subcutaneously injected at the
abdominal flank region of the mice. Then, the mice were
randomly divided into four groups and treated with
disulfiram (50 mg kg�1, i.p.) or vehicle for six consecutive
days from 1 day before fractionated radiotherapy.
Fractionated WAI (2 Gy per fraction) was performed daily
for five consecutive days in total. The health status of the
mice was observed daily, including diarrhoea score after
radiation. The tumor size and bodyweight of mice were
measured every 2 days, and the volume was estimated
using the formula: volume = length 9 width2 9 0.5. At the
endpoint, the xenografts were photographed and weighed.
During the radiotherapy, mice were euthanised if tumor
size reached 1000 mm3.

Statistical analyses

Equalisation, randomisation and blinding for each group
were involved in all experiments. Data are presented as
means � standard deviations. The data were analysed in
Prism 7 (RRID: SCR_002798). Statistical analysis methods
were available in the corresponding figure captions. In all
cases, P < 0.05 was considered statistically significant; ns, no
significance; *, P < 0.05.
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In this study, we found that inflammasome-dependent IL-1b and IL-18 secretion accounts for intestinal

radiotoxicity. Our results showed that released dsDNA from the irradiated IECs transfers into macrophages and

triggers AIM2 inflammasome-dependent IL-1b and IL-18 secretion. Finally, we found that FDA-approved

disulfiram is a promising candidate drug for mitigating intestinal radiotoxicity by controlling inflammasome-

dependent IL-1b and IL-18 secretion.
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