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ORIGINAL ARTICLE

Radiation induces proinflammatory dysbiosis:
transmission of inflammatory susceptibility by host

cytokine induction
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Edmond Sabo,® Alex Nevelsky,* Shahar Daniel,* Aviva Dahan,' Oren Ziv,
Rishu Dheer,® Maria T Abreu,® Omry Koren, Yechezkel Kashi,? Yehuda Chowers'

ABSTRACT

Objective Radiation proctitis (RP) is a complication of
pelvic radiotherapy which affects both the host and
microbiota. Herein we assessed the radiation effect on
microbiota and its relationship to tissue damage using a
rectal radiation mouse model.

Design We evaluated luminal and mucosa-associated
dysbiosis in irradiated and control mice at two
postradiation time points and correlated it with clinical
and immunological parameters. Epithelial cytokine
response was evaluated using bacterial-epithelial
co-cultures. Subsequently, germ-free (GF) mice were
colonised with postradiation microbiota and controls and
exposed to radiation, or dextran sulfate-sodium (DSS).
Interleukin (IL)-1B correlated with tissue damage and
was induced by dysbiosis. Therefore, we tested its direct
role in radiation-induced damage by IL-1 receptor
antagonist administration to irradiated mice.

Results A postradiation shift in microbiota was
observed. A unique microbial signature correlated with
histopathology. Increased colonic tumor necrosis factor
(TNF)or, IL-1B and IL-6 expression was observed at two
different time points. Adherent microbiota from RP
differed from those in uninvolved segments and was
associated with tissue damage. Using bacterial—epithelial
co-cultures, postradiation microbiota enhanced IL-1p and
TNFao, expression compared with naive microbiota. GF
mice colonisation by irradiated microbiota versus controls
predisposed mice to both radiation injury and DSS-
induced colitis. IL-1 receptor antagonist administration
ameliorated intestinal radiation injury.

Conclusions The results demonstrate that rectal
radiation induces dysbiosis, which transmits radiation
and inflammatory susceptibility and provide evidence
that microbial-induced radiation tissue damage is at least
in part mediated by IL-1B. Environmental factors may
affect the host via modifications of the microbiome and
potentially allow for novel interventional approaches via
its manipulation.

INTRODUCTION
Radiation therapy may lead to acute and chronic
toxicities that limit its use. The intestine is particu-
larly radiosensitive, due to the rapid gut epithelial
turnover.'

Radiation-induced tissue damage in humans was

shown to be associated with elevated levels of

Significance of this study

What is already known on this subject?

» Therapeutic radiation may cause severe intestinal
damage. Radiation exposure induces apoptosis of
epithelial cells, followed by mucosal inflammation,
and is associated with ulceration, fibrosis and a
disorganised process of tissue vascularisation,
resulting in diarrhoea, bleeding, pain and
impaired quality of life.

» Interleukin (IL)-1B was previously shown to best
correlate with radiation-induced intestinal damage
in both humans and mice, yet the detailed
interaction between IL-1p and radiation injury is
poorly defined.

» Changes in gut microbiota composition following
radiotherapy were reported in several
radiation-associated conditions. The major
changes observed were reduced diversity of the
Firmicutes and Bacteroidetes and increase in
Proteobacteria. However, no information is
available regarding the effect of radiation-induced
dysbiosis on specific pathogenic mechanisms of
postradiation enteritis.

What are the new findings?

» Radiation treatment induced localised microbial
dysbiosis. Mucosa associated dysbiosis was
correlated with local tissue damage but did not
occur in intact tissues.

» Radiation-induced dysbiotic microbiota transmitted
inflammatory susceptibility and rendered germ-free
recipient mice more susceptible to radiation
damage and dextran sulfate sodium-induced
colitis.

» Radiation-induced microbiota instigated increased
secretion of IL-1B both in bacterial-epithelial
co-cultures and in vivo in the colonised germ-free
mice. Blocking IL-1 showed that IL-1 was a major
driver of tissue damage in radiation proctitis.

How might it impact on clinical practice in

the foreseeable future?

» The findings suggest that microbiota manipulation
or direct inhibition of IL-1 should be considered as
potential clinical interventions to ameliorate or
prevent radiation-induced tissue damage and
thereby provide therapeutic benefit.
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interleukin 2 (IL-2), IL-6, IL-8 and particularly IL-18.* We have
previously shown that IL-1B was also most closely correlated
with tissue injury in a mouse radiation proctitis (RP) model.’

Previous attempts to minimise radiation injury included use of
free radical scavengers, and improved radiation techniques.®®
However, currently, the main approach to reduce injury is
reduction of the delivered radiation dose. This practice may
lead to decreased treatment efficacy.”™"" Better understanding of
radiation-induced mucosal pathogenesis may reveal additional
relevant pathogenic factors, potentially leading to more detailed
mechanistic understanding.

Radiation treatment may affect the patient’s tissue and the
entire intestinal milieu. In support of such a possibility, a shift in
gut microbiota composition following radiotherapy was previ-
ously shown in mouse models of segmental small bowel radi-
ation'? and graft versus host disease (GVHD),"* '* and in
human pathologies consisting of acute postradiotherapy diar-
rhoea,’® GVHD' and postradiation patients with gynaeco-
logical cancer.'® '7 However, hitherto, no causal effect was
attributed to radiation-induced dysbiosis.

Herein, we used a mouse model of localised directed rectal
radiation to investigate the dynamics of the intestinal micro-
biota, its interplay with the host immune system and its role in
radiation-induced tissue damage.

MATERIALS AND METHODS

Irradiated mouse model

Female C57BL/6] mice aged 6-8 weeks (Harlan Laboratories,
Israel) were maintained under specific pathogen-free (SPF) con-
ditions with free access to drinking water and food. Mice were
treated with localised internal rectal radiation using MultiSource
HDR afterloader (Eckert & Ziegler BEBIG GmbH, Germany)
as previously described.’

Irradiation procedures and IL-1 receptor antagonist (anakinra)
administration are detailed in the online supplementary
material.

Animal studies were approved by the animal care committee
of the Technion—Israel Institute of Technology, Haifa, Israel
(IL-073-06-2011 and IL-088-08-2015).

Sample collection

Stool was sampled at several time points: 1 week before radi-
ation and 2 and 6 weeks postradiation. Samples from each
mouse were either stored at —80°C for microbiota composition
analysis or processed for further experimentation. For this
purpose, samples were homogenised with phosphate — buffered
saline (PBS) (Biological Industries) (10% weight/volume), mixed
by vortex and centrifuged for 5 min at 800 rpm and bacterial
cells were pelleted. Pellets were washed in PBS, resuspended in
an equal volume of 50% glycerol with brain heart medium
(Difco) and stored at —80°C for co-culture experiments.

Colonic segments were immediately frozen in liquid nitrogen
and stored at —80°C. Tissues were subsequently analysed for
adherent microbiota composition and local cytokine expression.
A parallel colon segment was fixed in 4% formaldehyde for
histopathological analysis.

Cytokine expression

RNA was extracted from colon samples using RNeasy Mini Kit
(QIAGEN). Complementary DNA was synthesised using an
oligo d(T) primer from the Verso cDNA kit (Thermo Scientific).
Real-time quantitative PCR was performed using a StepOnePlus
Real-Time PCR System (Life Technologies). Relative cytokine
expression was calculated following normalisation to

phosphoglycerate kinase expression. Cytokine mRNA expres-
sion in co-culture experiments was normalised to
glyceraldehyde-3 phosphate dehydrogenase expression. The
PCR primer sets are described in online supplementary table S1.
Primers were purchased from Sigma Aldrich.

Colonic IL-1 quantification by ELISA
Total protein was extracted from colonic tissue using an extrac-
tion kit (Merck Millipore) according to the manufacturer’s
instructions.

IL-18 was quantified using an IL-1B Mouse ELISA Kit
(Abcam) according to the manufacturer’s instructions.

Histopathology
Colon tissue samples were fixed in 4% formaldehyde, processed
and stained with H&E. Samples were assessed blindly by an
experienced GI pathologist. Radiation histopathology results
were expressed by the semiquantitative radiation injury score
(RIS) comprised of seven histopathological categories
(maximum score is 18) as previously described'® '* and an addi-
tional parameter of inflammation assessing inflammatory cell
infiltration.

Dextran sulfate sodium (DSS)-induced colitis evaluation was
performed using a combined inflammatory histological score
(maximum score is 11) as previously described.?”

Microbiota composition analysis

Next-generation amplicon sequencing

Faecal DNA samples of conventionally raised SPF C57Bl/6 mice
were sequenced at the Research and Testing Laboratory
(Lubbock, Texas, USA) using Roche 454 Pyrosequencing.
Sequence reads are available under NCBI BioProject
PRJNA283782 (http:/www.ncbi.nlm.nih.gov/bioproject/283782).

DNA of mucosa-associated microbiota in colonic segments
was sequenced at the DNA Services Facility—University of
Illinois at Chicago using Illumina Miseq platform. Sequence
reads are available under NCBI BioProject PRJNA353641
(http:/www.ncbi.nlm.nih.gov/bioproject/353641).

Faecal DNA samples of Swiss Webster germ-free (GF) mice
postinoculation and radiation were also sequenced at the DNA
Services Facility—University of Illinois at Chicago using
Illumina Miseq platform. Sequence reads are available under
NCBI BioProject PRINA342751 (https:/www.ncbi.nlm.nih.gov/
bioproject/342751).

Data were processed using QIIME V. 1.8.0 (Quantitative
Insight Into Microbial Ecology) pipeline.?’ For details, see
online supplementary material.

Epithelial cell-faecal microbiota co-culture

Human HT29 colonic epithelial cells were obtained from
American Type Culture Collection (Manassas, Virginia, USA)
and maintained as previously described.** Cells (passage 34)
were seeded at a density of 5x10* cells/em? onto 24-well plates
in McCoy medium (Biology industries) supplemented with 10%
heat inactivated foetal calf serum (Biological Industries) and
2 mM glutamine and grown at 37°C in 5% CO, and 95% air
for 24 hours. For co-culture, the medium was changed and bac-
terial cell suspension obtained from irradiated and sham control
mice was adjusted to reach an optical density of 0.05 (Asg00)- A
20 L working suspension was added to each well of a 24-well
plate. The total culture volume was 1 mL. Co-cultures were
incubated at 37°C for 67 hours under microaerophilic condi-
tions. Cytokine expression by colonic epithelial cells was
assessed as described above.

98

Gerassy-Vainberg S, et al. Gut 2017;67:97-107. doi:10.1136/gutjnl-2017-313789

‘W6uAdod Aq parosroid 1sanb Ag 20z ‘0T |Mdy uo /wod fwq inGj/:dny wouy papeojumoq “2T0Z MY 2 U0 68/ETE-LT0Z-UANG/9ETT OT St paysiignd 1siy N9


http://dx.doi.org/10.1136/gutjnl-2017-313789
http://dx.doi.org/10.1136/gutjnl-2017-313789
http://dx.doi.org/10.1136/gutjnl-2017-313789
http://www.ncbi.nlm.nih.gov/bioproject/283782
http://www.ncbi.nlm.nih.gov/bioproject/283782
http://www.ncbi.nlm.nih.gov/bioproject/353641
http://www.ncbi.nlm.nih.gov/bioproject/353641
https://www.ncbi.nlm.nih.gov/bioproject/342751
https://www.ncbi.nlm.nih.gov/bioproject/342751
https://www.ncbi.nlm.nih.gov/bioproject/342751
http://dx.doi.org/10.1136/gutjnl-2017-313789
http://gut.bmj.com/

Gut microbiota

GF mouse model experiments

GF mouse model of RP

Mouse inoculation was performed by suspending one stool
pellet from radiation-treated and naive mice in 1 mL of sterile
PBS. A volume of 200 pL faecal suspension was introduced to
recipient GF Swiss Webster mice by oral gavage. Each trans-
planted mouse received an inoculum from a different donor
mouse. Transplanted mice were rectally irradiated 14 days posti-
noculation as described above. Mice were sacrificed 2 weeks
postradiation. Colonic segments were tested for histology and
cytokine quantification as detailed above.

GF mouse model of DSS colitis

Faecal samples from irradiated and naive mice were suspended
in 25% glycerol diluted in PBS (10% weight/volume) as
described above. GF C57Bl/6 mice were orally gavaged with
200 pL faecal suspension. Mice were treated 2 weeks postinocu-
lation with 2.5% DSS in drinking water for 6 days. Mice were
monitored daily to determine Disease Activity Index (DAI) as
previously described.”* Colonic segments were harvested at the
experimental end point and tested for histological evaluation
using combined inflammatory histological scores.

Data analysis

Faecal microbiota composition analyses were performed using
QIIME (V.1.8.0) pipeline.?' B diversity was determined by com-
puting unweighted and weighted UniFrac** distance. The result-
ing matrices were visualised by principal coordinates analysis
(PCoA) plots. Distributions of distances were compared with
two-tailed, two-sample t-tests.

Mucosa-associated microbiota was also plotted in weighted
UniFrac-based PCoA. PCo score comparison based on the
Kruskal-Wallis test was used to test for differences in community
composition among the different groups. Heatmap based on
pyrosequencing results at the genus level of faecal microbiota at
different time points postradiation was generated using the
‘heatmap’ module of the statistical software environment
R. Data were normalised to the average frequency in control
mice in each clinical stage and scaled internally on a row basis
to a mean of 0 and a SD of 1. The hierarchical clustering was
based on Euclidian distance and word’s agglomeration method
(boot n=1000). Linear discriminant analysis (LDA) effect size
(LEfSe) was used to identify differences in relative abundance at
different taxonomic levels.”®

Comparisons of cytokine expression and histological scores
were performed by two-tailed (Wilcoxon) Mann-Whitney U
test. Correlations were calculated using Pearson’s correlation
coefficient.

RESULTS

Locally delivered rectal radiation induces inflammation,
colonic tissue injury and inflammatory cytokine expression
mimicking human RP

In the current study, we took advantage of our previously devel-
oped mouse RP model using localised rectal radiation.’
Radiation-induced colonic damage was evaluated using hist-
ology (RIS) and inflammation score) and colonic mRNA cyto-
kine expression. The mRNA (figure 1A) of IL-1 (2 and
6 weeks: p<0.05, Mann-Whitney U test), IL-6 (2 weeks:
p<0.05; 6 weeks: p<0.01, Mann-Whitney U test) and TNFa
(2 and 6 weeks: p<0.01, Mann-Whitney U test) was signifi-
cantly higher in irradiated mice compared with control mice,
both at 2 and 6-week postradiation time points.

Histopathological assessment demonstrated that cytokine
expression paralleled tissue damage. Inflammation and RIS were
significantly higher in irradiated mice 2 and 6 weeks posttreat-
ment compared with controls (p<0.0001, Mann-Whitney
U test, figure 1B).

Although both the 2 and 6-week postradiation time points
were characterised by inflammation, analysis of the overall
inflammatory parameters, including colonic cytokine expression
and histological scores by principal component analysis
(figure 1C), demonstrated a difference between these time
points, corresponding to acute and chronic phases of the
disease. The most prominent differences between time points
were in the inflammatory score and expression of IL-1B and
IL-6 (figure 1C). As presented in online supplementary table S2,
both IL-1B and TNFo were correlated with the RIS (R=0.6,
p=0.001); however, a stronger correlation with the histological
inflammatory score was noted with IL-1p (R=0.4, p<0.05), sug-
gesting its importance in response to radiation.

RP is associated with dysbiosis characterised by a unique
microbial signature at each time point

To evaluate the impact of radiation treatment on the gut bacte-
rial population, faecal samples (experiment group n=23,
control group n=22) of pretreatment, 2 and 6 weeks postradia-
tion were analysed by 454 pyrosequencing. Bacterial communi-
ties of irradiated and control mice were compared using
unweighted and weighted UniFrac-based PCoA (figure 2A).
A significant shift in postradiation gut microbial composition
was noted (g<0.0001), suggesting that targeted local radiation
dramatically altered gut microbial composition.

Analysis of microbial composition at the specific time points
revealed a unique microbial stage-related signature (figure 2B).
The most significant shift in microbial composition was
observed 6 weeks postradiation. This may indicate a trend of
gradual microbial response to radiation exposure and the conse-
quent alternations in the intestinal environment. These results
also illustrate the parallel postradiation course of microbial
dynamics and colonic inflammation.

LEfSe was used to identify bacterial taxa associated with
radiation-induced tissue damage (figure 3). As shown, three out
of the six dominant bacterial phyla showed a significant change
in abundance between irradiated mice compared with controls.
These included the Proteobacteria phylum to which Suterella
spp. belong (LDA score=3.1, p<0.0001) and Verucomicrobia
phylum including the Akkermansia spp. (LDA score=3.6,
p<0.01). Radiation significantly reduced the prevalence of
Firmicutes (LDA score=4.1, p<0.01). Six genera showed
increased abundance in mice that developed RP compared with
control mice (LDA score>2.5, p<0.05) including Akkermansia,
Bacteroides, Parabacteroides, Sutterella, Turicibacter and an
unclassified genus belonging to the RF32 order.

The adherent bacterial population was next tested in different
colonic segments. Bacterial communities of inflamed (rectum)
and intact (proximal colon) tissues were assessed by Illumina
sequencing 6 weeks postradiation. Uninflammed segments were
taken 2 cm above the radiated area (inflammation was confirmed
by histology and cytokine expression). Histological scores for
distal inflamed and proximal uninflamed colonic segments are
shown in online supplementary table S3.

Comparison of the microbial composition between irradiated
and naive mice based on weighted Unifrac PCoA demonstrated
a significant change between irradiated distal colon and the
distal colon of naive mice. No significant difference was
observed in the proximal colonic segment between the two
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Figure 1  Evaluation of postradiation colonic damage in C57BL/6J mice. (A) Colonic cytokine expression (IL-1B, IL-6, TGFB and TNFor) was assessed

by quantitative PCR using mRNA extracted from colon biopsy samples. (B) Postradiation tissue damage was assessed by the semiquantitative
radiation injury score and scoring of inflammation. Experimental and naive groups are represented in red and blue columns respectively, as mean
+SEM (experiment group: 2 weeks n=33, 6 weeks n=21; naive group: 2 weeks n=8, 6 weeks n=9, data were pooled from three independent
experiments). *p<0.05; **p<0.01; ***p<0.001, Mann-Whitney U test. (C) Principal component analysis (PCA) of the inflammatory state demonstrates
distinct clustering at 2 and 6 weeks postradiation. Overall inflammatory parameters (cytokine expression and histological scores) were compared and
clustered based on correlation index measurement using two-dimensional PCA. The difference in the inflammatory state of irradiated mice at 2 weeks
(red) and 6 weeks (green) postradiation was significant (analysis of similarities (ANOSIM) comparison: R=0.4, q<0.0001). IL, interleukin.

mouse groups (irradiated vs naive distal colons: p<0.05; irra-
diated vs naive proximal colons p=NS, PCo3 score comparison
in weighted Unifrac indices, Kruskal-Wallis, figure 4). This
observation suggested that the microbial changes were asso-
ciated with local tissue damage. Notably, following radiation the
microbiota of the irradiated distal colon became more similar to
that of the proximal unirradiated segment, leading to loss of the
distinctive microbial composition noted in the two colonic sites
of naive mice.

Collectively, the results demonstrate that gut microbiota com-
position is associated with the changing inflammatory intestinal
milieu and radiation-induced tissue damage. We next addressed
the cause and effect relationship between these two components.

Radiation-altered microbiota induces increased

inflammatory responses in intestinal epithelial cultures

An in vitro epithelial cell co-culture model was used to explore
the potential effects of radiation-induced microbial dysbiosis on
the epithelial inflammatory response. HT29 epithelial cells were
co-cultured with faecal bacterial suspensions from irradiated and
naive mice obtained 6 weeks postradiation. Epithelial cytokine
expression following co-culture with faecal suspensions from

control naive mice and radiated mice were compared (figure 5).
Radiation-induced faecal microbiota induced TNFo (2.4-fold,
p<0.05, Mann-Whitney U test) and IL-1B secretion (1.7-fold,
p<0.01, Mann-Whitney U test) from the epithelial cells com-
pared with naive microbiota. Notably, co-incubation of the
faecal bacteria with HT29 cells was performed under micro-
aerophilic conditions. This was done as a compromise between
the anaerobic environment required by the bacteria and aerobic
conditions needed for optimal growth of epithelial cells.
Incubation time was limited to 6-7 hours.

These results support the contention that compositional
changes in the microbiota resulting from radiation treatment
impact epithelial cells in a manner that may be associated with
the pathogenesis of radiation-induced damage.

Radiation-induced dysbiosis transmits susceptibility to RP

To further assess the in vivo impact of radiation-induced micro-
biota on colonic tissue injury, we inoculated GF mice with
faecal microbiota obtained from irradiated and naive mice
and exposed them to radiation. Mice inoculated with
radiation-induced microbiota exhibited more severe pathological
features of radiation damage compared with mice inoculated
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Figure 2 Faecal microbiota composition alternation following radiation treatment at various time points. Bacterial composition was assessed by
165 rRNA sequencing of faecal samples using 454 pyrosequensing. (A) Distances between bacterial communities were clustered using principal
coordinates analysis based on unweighted and weighted UniFrac measure. Irradiated mice (2 weeks: n=9; 6 weeks: n=9): red dots; control mice

(0 weeks: n=9; 2 weeks: n=9; 6 weeks: n=9): blue dots. Data were pooled from two independent experiments, conducted nearly a year apart.

(B) Microbial dynamics at different time points presented by heatmap. The major bacterial genera frequency (vertical line) at different time points
of radiation proctitis was normalised to the average frequency in control mice in each time point. Horizontal lines represent faecal samples obtained
from each mouse at each time point, ordered by cluster analysis. The fold-change in bacterial abundance of each genus is expressed in SD units
scaled internally on a row basis and represented by a colour key. Hierarchical clustering was based on Euclidian distance measure and word's
agglomeration method (boot n=1000). The left colour bar in the heatmap indicates microbial community classes as defined by hierarchical
clustering. Samples were collected at three time points: before irradiation, 2 and 6 weeks postirradiation. Samples were clustered and marked red,

blue and green correspondingly.

with naive microbiota as assessed by the RIS (p<0.005, one-
tailed t-test; figure 6A). Notably, no significant difference was
noted in the inflammation subscore, suggesting that cellular infil-
tration did not play a significant role at this stage of the process.

Cytokine expression analysis also demonstrated a difference
between the postradiation treated groups (PCo3 scores compari-
son, p<0.05; one-tailed t-test; figure 6B). IL-1B expression was

the major contributor to the difference between groups based on
factor loading calculation (IL-1f factor loading on PC3: 0.97).
Further analysis demonstrated a significant increase in IL-1P
protein level (p<0.05, one-tailed t-test, figure 6E). Notably,
although increased TNFo expression was observed following radi-
ation in SPF mice compared with controls and in epithelial cells/
bacterial co-cultures with postradiation microbiota in vitro, no
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Figure 3 Bacterial markers
associated with radiation proctitis (RP),
at 2 and 6 weeks postradiation.
Differentially abundant operational
taxonomic units (OTUs) between
irradiated (red) and control mice (blue)
associated with RP were identified
using linear discriminant analysis (LDA
effect size) and presented by a
histogram of LDA scores. Groups were
defined according to the microbiota
origin. Irradiated versus control mouse
subgroups were defined according to
sampling time: 2 and 6 weeks
postradiation. Only OTUs that
significantly differed in both group and
subgroup comparisons were detected.
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Figure 4 Mucosa-associated microbiota dynamics following localised
radiotherapy. Bacterial composition was assessed by 16 s rRNA using
lllumina Miseq platform. Principle coordinates analysis of microbiota
diversity was performed based on weighted Unifrac measure. Each
point represents the bacterial profile of a single mouse at a specific
colonic segment. The control group consisted of healthy mice tested in
parallel colonic segments. The microbiota composition of distal (n=9;
red dots) and proximal colon (n=6; black dots) of irradiated mice; and
distal (n=9; green dots) and proximal (n=3; blue dots) colon of control
mice were tested.
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Figure 5 Differential cytokine expression from HT-29 epithelial cells
induced by co-culture with irradiated microbiota. Faecal bacterial
suspensions obtained from irradiated mice 6 weeks postradiation (red)
or from age matched controls (blue) were co-cultured with HT-29
epithelial cells for 6-7 hours. Cytokine expression was assessed using
mRNA quantitative PCR. Each bacterial suspension was prepared as a
pool from at least seven mice tested at two independent radiation
trials. Co-incubation experiments from each trial were repeated five to
six times. Data were normalised to the average mRNA cytokine
expression of epithelial cells co-cultured with bacteria from naive mice.
*p<0.05; **p<0.01, Mann-Whitney U test.
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Figure 6 Radiation-induced microbiota worsens radiation-induced colonic tissue injury in vivo. (A) Postradiation histological assessment of
germ-free (GF) mice inoculated with faecal microbiota from irradiated (red columns) and naive mice (blue columns). Histology was assessed by the
semiquantitative radiation injury score and inflammation scoring. Histological scores were evaluated 2 weeks postradiation and are represented as
mean+SEM (GF+radiation-induced microbiota: n=5; GF + naive group: n=4). **indicates p<0.01, one-tailed t-test (B). Colonic cytokine expression
profile is plotted against coordinate 1 (93%) and coordinate 3 (1%). Differences were observed between GF mice inoculated with irradiated and
naive microbiota (PCo3 score comparison, p<0.05; one-tailed t-test). (C) Faecal microbiota composition from GF mice inoculated with microbiota
from irradiated and naive donors after radiation treatment of both groups was assessed by 165 rRNA sequencing using the lllumina Miseq platform
and compared by PCo score comparison: p<0.05, PCo1 score comparison in weighted UniFrac index, Mann-Whitney U test. (D) Differentially
abundant operational taxonomic units associated with RP were identified using linear discriminant analysis (LDA effect size) in GF mice inoculated
with microbiota from irradiated and naive donors postinoculation and radiation. Groups were defined according to the microbiota origin; subgroups
were defined according to sampling time: 2 weeks postinoculation, before radiation and 2 weeks postradiation. (E) Colonic IL-1 protein level in GF
mice inoculated with microbiota from irradiated (red) and naive (blue) donors 2 weeks postradiation. IL-1B concentrations were measured using
ELISA. Values are expressed as means+SEM. *indicates p<0.05, one-tailed t-test. IL, interleukin.

such effect was observed in GF irradiated mice following inocula- microbiota and induction of IL-1B secretion, rather than a non-
tion with radiation-induced microbiota as compared with inocula- specific inflammatory response.

tion with control microbiota (see online supplementary figure S1). PCoA following sequencing of faecal samples from both
This result supports a specific association between postradiation groups 2 weeks postirradiation showed a significant difference
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in microbiota composition (p<0.05, PCo1 scores comparison in
weighted UniFrac index, Mann-Whitney U test; figure 6C).

LEfSe was used to identify differential OTU abundance
between both GF mouse groups following bacterial inoculation
and radiation and for comparison to microbiota of convention-
ally raised SPF irradiated mice (figure 6D). Phylum-level analysis
demonstrated that GF mice inoculated with radiation-induced
microbiota presented increased abundance of Bacteroidetes and
Proteobacteria and decreased presence of Firmicutes (LDA
score>3.5, p<0.01), similarly to the results obtained in the ori-
ginal model. Genus-level analysis revealed that Suterella and
Parabacteroides were over-represented and members belonging
to the Clostridiales order were decreased (LDA score>3,
p<0.05), similar to the original model. These results suggest
similarity in microbial changes induced by radiation in both
mouse groups.

Radiation-induced dysbiosis transmits susceptibility to

colitis

To test whether the effect of postradiation microbiota was spe-
cific for radiation-induced damage, GF mice were inoculated
with postradiation microbiota or control microbiota and treated
with DSS for 6 days. As shown, GF mice inoculated with postra-
diation microbiota lost more weight (figure 7A), had more
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Histological score
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colonic IL-1b (ng/ml)

Disease activity index (DAI)

severe disease activity (figure 7B) and more damage as shown by
histological analysis (figure 7C) (p<0.05, one-tailed t-test).
A trend for increased IL-1B levels was detected in this model as
well (p=0.07, one-tailed t-test, figure 7D). Similar to the radi-
ation challenge, TNFa expression was not induced by postirra-
diation microbiota compared with controls, reiterating the
association of postradiation microbiota with IL-1B secretion.
Taken together, these results demonstrate that radiation treat-
ment affected faecal microbiota in a way that transmitted a
proinflammatory signal, at least in response to radiation and
DSS administration.

IL-1 is a major mediator of colonic tissue damage in
radiation-induced mucosal injury

As noted, previous studies demonstrated that IL-1B expression
had the strongest correlation with both RIS and the inflamma-
tory score’ (see online supplementary table S2). The association
with IL-1B secretion was further supported by the experiments
conducted herein as well. However, such correlation may repre-
sent either a causative role for IL-1f in tissue damage or a pro-
tective compensatory response. Therefore, to further investigate
this question, we tested whether IL-1 inhibition would protect
or worsen the effects of radiation-induced damage. To this end,
mice were treated with the IL-1 receptor antagonist, anakinra”®

B GF + radiation induced microbiota
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3.5 1
3.0 -
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1.0 -

0.5 -
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Figure 7 Radiation-induced microbiota exacerbates colonic dextran sulfate sodium (DSS)-induced injury in germ-free (GF) mice. Radiation-induced
damage was evaluated based on (A) body weight and (B) the semiquantitative Disease Activity Index (DAI) 6 days after DSS 2.5% treatment in GF
mice inoculated with microbiota from irradiated (red) and naive (blue) donors. (C) Histological assessment of GF mice inoculated with faecal
microbiota from irradiated (red) and naive mice (blue) by the semiquantitative inflammatory combined histological score. The inflammatory score
was evaluated 6 days post-DSS treatment and is represented as mean+SEM (GF-+radiation-induced microbiota: n=5; GF+naive group: n=>5).
*p<0.05; **p<0.01; ***p<0.001, one-tailed t-test. (D) Colonic IL-1B protein level in GF mice inoculated with microbiota from irradiated (red) and
naive (blue) donors, 6 days post-DSS treatment. IL-1B concentrations were measured using ELISA. Values are expressed as means+SEM. *indicates

p<0.05, one-tailed t-test. IL, interleukin.
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and exposed to radiation. Treatment effects were assessed by
histology and colonic cytokine expression (figure 8). As
shown, anakinra treatment resulted in a lower RIS (p<0.05,
Mann-Whitney U test, figure 8A), which was accompanied by
reduced TNFo expression compared with irradiated control
mice (p<0.05, Mann-Whitney U test, figure 8B). Taken
together with the GF experiments, these observations
support a sequence of events in which radiation alters the
intestinal microbiota leading to increased host IL-1B secre-
tion, which in turn aggravates radiation-induced tissue
damage.

DISCUSSION

This study demonstrated that radiation treatment induced loca-
lised dysbiosis, which was associated with postradiation tissue
damage as evident by the fact that the microbiome of radiated
mice had pathogenic properties both in vitro and in vivo. We
also show for the first time that dysbiosis induced by local radi-
ation rendered GF recipient mice more susceptible to radiation
damage and DSS-induced colitis. Dysbiosis played a role in
intestinal inflammation and tissue damage, at least in part
through IL-1B induction. Amelioration of tissue damage after
blocking IL-1 reinforced IL-1 as a major driver of
radiation-induced tissue damage.

Similar to a previous study,® inflammatory cytokine expres-
sion correlated with the RIS. We observed different cytokine
clusters and tissue damage corresponding to the 2 and 6-week
time points. These changes were not isolated, since changes in
the microbial composition, paralleled with the RIS and cyto-
kine profile in the two time points, were observed.
Comparison of faecal microbial compositions between irra-
diated and control mice at the two time points revealed that
the microbiota significantly differed following local radiation
treatment. These results corroborate findings of others, who
showed that radiotherapy is associated with microbial compos-
itional changes, using different methodologies including

A M Irradiated untreated mice
M Irradiated mice + IL-1 receptor antagonist
Control mice
* %
12 4 *
10

Histological score
(<)}
L

I

Combined score

Inflammation score

Figure 8

mRNA relative expression

bacterial cultures, fingerprinting, clone libraries and recently
pyrosequencing.'*'”

A unique microbial signature was observed at the tested time
points. By analysing clustering patterns, it was apparent that
microbial changes appeared gradually, with the 2-week postra-
diation time point being most similar to the bacterial compos-
ition before radiation treatment. The predominant change in
bacterial composition occurred at the chronic phase 6 weeks
postradiation. The findings are consistent with those reported
by Nam et al'” who also observed a gradual response of gut
microbiota postradiation in patients with gynaecological cancer,
reaching a maximum 1-3 months postradiation.

The associations between the unique microbiota patterns and
inflammatory parameters during different postradiation disease
stages raised the question of cause and effect. There are contra-
dicting data regarding whether and how the microbiota affects
radiation-induced tissue damage. Using a total body radiation
model, it was shown that administration of Salmonella flagellin
had a protective effect from GI radiation damage by suppressing
apoptosis.”” However, a study using GF mice demonstrated that
these mice were markedly resistant to lethal radiation.”®
Additionally, several studies in both rodents and humans have
shown that administration of specific bacterial species, mainly
Lactobacillus, administered as a probiotic reduced postradiation
intestinal damage.”® 3° However, other studies suggested the
lack of a significant protective effect.>! 32

In vitro experiments in the current study demonstrated that
the dysbiotic microbiota exerted a direct proinflammatory effect
on the epithelial cells, as shown by increased expression of
TNFo and IL-1B following co-culture compared with effects
exerted by naive microbiota. Previous studies demonstrated that
epithelial cells play a central role in bacterial sensing by expres-
sing receptors for microbial-associated patterns, which can
trigger expression of an array of chemokines, cytokines and
effectors of innate immunity.>®> ** Due to the importance of the
epithelial barrier in the inflammatory response, the results

M Irradiated untreated mice
H Irradiated mice + IL-1 receptor antagonist
Control mice

IL6 TNFa

IL-1B

TGFB

IL-1 blockage reduces postradiation colonic damage and cytokine expression. Mice were treated with anakinra following radiation

treatment. At 6 weeks postradiation, mice were evaluated by histological assessment (A) and local colonic cytokine expression (B). Results from
irradiated anakinra treated mice are shown in red, from irradiated untreated mice in blue and from naive non-irradiated mice in grey. Expression of
colonic cytokines was assessed by quantitative PCR of colon samples. Data were normalised to the non-irradiated mouse group. Histopathology was
analysed to determine the semiquantitative radiation injury score. Data are represented as mean+SEM (anakinra treated group: n=22, untreated
group: n=22; naive non-irradiated group: n=4). Data shown were pooled from two independent experiments. *p<0.05; **p<0.01; ***p<0.001,

Mann-Whitney U test. IL, interleukin.
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suggest a causative role for the microbial dysbiosis in the
chronic postradiation phase. The complementary set of experi-
ments using GF mice indicated that postradiation microbiota
predisposed the mice to both radiation damage and an inflam-
matory trigger (DSS), and that this phenomenon was accompan-
ied by induction of intestinal IL-1B secretion. Taken together
with the in vitro observations, the data suggest a sequence of
events in which radiation induces dysbiosis, which in turn trig-
gers mucosal cytokine release, particularly IL-1B, aggravating
mucosal damage; this is supported by the amelioration of tissue
damage following IL-1 receptor antagonist administration,
thereby identifying the change in microbiota as the primary
event in this model. The fact that these effects occurred in
several mouse strains further strengthens this conclusion. These
data are in agreement with other studies in which bacteria were
shown to transmit an environmental signal affecting an ongoing
biological process. For example, Blanton et al*> demonstrated
that microbiota from Malawian undernourished children trans-
mitted an impaired growth phenotype to GF mice fed
Malawian diet.

Analysis of the radiation-induced microbial changes revealed
several bacterial genera that were over-represented in the injured
colon and were common to both conventionally raised irra-
diated mice and irradiated GF mice inoculated with
radiation-induced microbiota, which showed more severe
disease manifestation. The most significant and consistent in
both original and GF mouse models is the expansion of
Parabacteroides and Sutterella spp., the latter was also attributed
to significant increased abundance of the Proteobacteria
phylum. Sutterella was reported to induce an IgA low pheno-
type by degradation of the secretory component of SIgA as well
as IgA itself, which in turn increased susceptibility to
DSS-induced colitis. This effect was transmissible by faecal
transplantation.>® The abundance of Sutterella in the radiation
model herein suggests that radiation may drive inflammation
through similar mechanisms, hence promoting the inflammatory
response and aggravating tissue damage.

The use of anakinra does not allow differentiation between
IL-10 and IL-1B effects. However, several recent studies support
our findings which attribute an important role for IL-1f in the
context of radiation. One study demonstrated that IL-1p exacer-
bated mucositis in a mouse model through tight junction disrup-
tion.?” Another study reported that both IL-1a and IL-1p play a
role in radiodermatitis, but IL-18 had greater impact on the
inflammatory process.*® Of note, although TNFo was also
induced in the in vitro model, only IL-1B was induced by the
dysbiotic microbiota in GF mice compared with controls,
further pointing to their unique association. Taken together, the
findings support IL-1 as a key molecule in the context of
radiation-induced intestinal damage. Notably, anakinra is FDA
approved for human use and the present findings may support
exploration of its potential therapeutic effect in the context of
radiation.

In conclusion, the results of this study demonstrate
radiation-induced changes in the microbiome and their potential
impact on inflammation. We also demonstrated a transmissible
propensity for inflammation and radiation damage imparted by
the dysbiotic microbiota. Our results show for the first time that
the altered microbiota induced mucosal IL-1f secretion, which
contributed at least in part to radiation-induced colonic damage.
Collectively, the findings suggest that microbiota manipulation
or direct inhibition of IL-1 may constitute a potential thera-
peutic approach for reducing intestinal radiation-induced
damage.
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