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Prophylactic Faecalibacterium prausnitzii treatment prevents the acute
breakdown of colonic epithelial barrier in a preclinical model of pelvic radiation
disease
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ABSTRACT

Every year, millions of people around the world benefit from radiation therapy to treat cancers
localized in the pelvic area. Damage to healthy tissue in the radiation field can cause undesirable
toxic effects leading to gastrointestinal complications called pelvic radiation disease. A change in the
composition and/or function of the microbiota could contribute to radiation-induced gastrointestinal
toxicity. In this study, we tested the prophylactic effect of a new generation of probiotic like
Faecalibacterium prausnitzii (F. prausnitzii) on acute radiation-induced colonic lesions. Experiments
were carried out in a preclinical model of pelvic radiation disease. Rats were locally irradiated at 29
Gray in the colon resulting in colonic epithelial barrier rupture. Three days before the irradiation and
up to 3 d after the irradiation, the F. prausnitzii A2-165 strain was administered daily (intragastrically) to
test its putative protective effects. Results showed that prophylactic F. prausnitzii treatment limits
radiation-induced para-cellular hyperpermeability, as well as the infiltration of neutrophils (MPO+
cells) in the colonic mucosa. Moreover, F. prausnitzii treatment reduced the severity of the morpho-
logical change of crypts, but also preserved the pool of Sox-9+ stem/progenitor cells, the proliferating
epithelial PCNA+ crypt cells and the Dclk1+/IL-25+ differentiated epithelial tuft cells. The benefit of
F. prausnitzii was associated with increased production of IL-18 by colonic crypt epithelial cells. Thus,
F. prausnitzii treatment protected the epithelial colonic barrier from colorectal irradiation. New-
generation probiotics may be promising prophylactic treatments to reduce acute side effects in
patients treated with radiation therapy and may improve their quality of life.
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Introduction and in 5% to 10% of patients, chronic side effects.

A high incidence of acute symptoms is reported
during or shortly after the end of the radiation
therapy. In some cases, depending on dose, volume,
as well as individual susceptibilities, severe acute
symptoms may result in treatment suspension,
and thus failure of tumor control. Moreover, more
than 10 y after the end of the treatment, patients
may exhibit persistent overlapping symptoms
(diarrhea, constipation, bloating, pain), resulting
from multiple visceral organ dysfunctions. All
these symptoms were recognized in 2010 as a new
disease entity called “Pelvic Radiation Disease”
(PRD).'

Cancer is the second leading cause of death glob-
ally. Radiation therapy, an established part of treat-
ment of both primary and recurrent pelvic
malignancies, is used in almost 50% of cases and
concerns millions of people worldwide each year.
Improvement in treatment in the last decades has
led to a threefold increase in the number of cancer
survivors over the last 30 y. The efficacy of radiation
therapy requires an optimal compromise between
tumor control and healthy, normal tissue tolerance;
this is referred to as the benefit/risk ratio. Following
radiation therapy, healthy tissue around the tumor
can be damaged, initiating in 90% of patients acute,
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Digestive mucosa constitutes a physical barrier,
the first line of defense against pathogen infiltration
in the organism. Due to the high proliferative capa-
city of crypt epithelial stem/progenitor cells, colonic
mucosa is highly radiosensitive. After local radiation
exposure, a complex cascade of biological effects, i.e.
from damage of multiple biomolecules to cell phe-
notype modification and/or death, may induce dis-
ruption of barrier integrity. Colonic barrier
disruption may drive bacterial translocation and
likely the maintenance and/or exacerbation of muco-
sal inflammation.” After local radiation exposure, in
the absence of acute immune response control,
chronic inflammation could lead to persistent and
irreversible damage. So, protecting the colonic
mucosa from radiation toxicity and therefore from
the progression of inflammation might result in the
alleviation of acute and chronic side effects and
should improve the patient’s quality of life and/or
reduce the risk of life-threatening conditions.

In 2014, Andreyev suggested that intestinal
microbiota could be implicated in the initiation
and/or maintenance of radiation-induced intestinal
toxicity.” In patients receiving pelvic radiation ther-
apy, there is a loss of microbial diversity, which is
more pronounced in those with side effects like
diarrhea. Among observed abundance variation,
bacteria belonging to the genus Faecalibacterium
were reduced.*  Faecalibacterium  prausnitzii
(F. prausnitzii) is one of the most abundant anaero-
bic bacteria in the human colon (up to 5%) and so far
the only member of the Faecalibacterium genus.
Preclinical experiments performed in animal models
of inflammatory bowel disease have previously
demonstrated the therapeutic benefit of prophylactic
treatment with F. prausnitzii, which reduces colonic
damage and leads to increased survival of
animals.®'® Earlier studies demonstrated an ability
of F. prausnitzii to reduce histological and functional
colonic barrier impairment. The beneficial effects of
F. prausnitzii were associated with its tendency to
counterbalance dysbiosis and with local or systemic
anti-inflammatory effects.””>'"'* Sokol et al°
reported that live F. prausnitzii administration pre-
vents an acute TNBS-induced increase in the pro-
inflammatory cytokine IL-12, but only tends to
increase the anti-inflammatory cytokine IL-10 in
the colon. Some other pro-inflammatory cytokines
are also reduced by live F. prausnitzii administration

in the colon of mice with chronic low-grade inflam-
mation: TNF-a, IFN-y and IL-6.>'" While these
studies have outlined a protective effect of
F. prausnitzii treatment on the colonic mucosa,
probably in part via management of the inflamma-
tory response, the overall effect of F. prausnitzii on
the proliferation and self-renewal of crypt epithelial
cells remains unknown.

In this study, we made the assumption that
F. prausnitzii administration might preserve colonic
mucosa from radiation damage by controlling the
immune response. Our objectives were to test the
effectiveness of prophylactic F. prausnitzii treatment
on radiation-induced colonic mucosal barrier break-
down. We analyzed various parameters to assess the
maintenance and/or disruption of colonic mucosal
barrier integrity, such as the histological structure
and self-renewal of the colonic epithelium, para-
and trans-cellular permeability, microbiota compo-
sition/diversity and the inflammatory process. In
a context of radiation-induced colonic mucosal toxi-
city and dysfunction, we found that prophylactic
F. prausnitzii treatment had protective effects. We
demonstrated that this effect is associated with the
ability of F. prausnitzii to prevent acute para-cellular
permeability and therefore the nonspecific immune
response. Our results also suggested for the first
time that the therapeutic benefit of F. prausnitzii
might also follow activation of protected epithelial
cells and underlined the probable involvement of
differentiated epithelial cells, principally tuft cells.

Materials and methods
Ethics statement

All experiments were performed in compliance
with the Guide for the Care and Use of
Laboratory Animal as published by the French reg-
ulations for animal experiments (Ministry of
Agriculture Order No. B92-032-01, 2006) and
with European Directives (86/609/CEE) and were
approved by the local ethics committee of our
institute (permit number P16-07).

Animals

Male SD (Sprague Dawley) rats (Janvier SA, Le
Genest St Isle, France) weighing 250-300 g were



housed in standard conditions for a minimum of 1
week before experimentation. They were allowed
free access to water and fed standard pellets.

Bacterial strains and growth conditions

Faecalibacterium prausnitzii strain A2-165 (DSMZ
collection, Braunschweig, Germany) (DSM No
17677) was grown in LYBHI medium (brain-heart
infusion medium supplemented with 0.5% yeast
extract) (Difco, Detroit, USA) supplemented with
1 mg/mL cellobiose (Sigma-Aldrich Chemie
GmbH, Buchs, Switzerland), 1 mg/mL maltose
(Sigma-Aldrich), and 0.5 mg/mL cysteine (Sigma-
Aldrich) at 37°C in an anaerobic chamber (90% N,
5% CO,, and 5% H,). Bacteria were harvested by
centrifugation, washed in PBS, re-suspended in PBS
containing 20% glycerold stored at —80°C.

Irradiation protocol

Rats were anesthetized by isoflurane inhalation and
a single 29 Gray (Gy) dose of irradiation was deliv-
ered by a medical accelerator (Alphée) through
a 2x3cm window centered on the colorectal region.
Alphée is an accelerator-type radiation source
(maximal energy is 4 MeV with an average energy
of about 1.5 MeV; 30 kA).

Experimental design

Two groups of rats were submitted to colorectal
irradiation at a single 29 Gy dose and one group
was not irradiated (control group). The irradiated
rats received prophylactic treatment with
F prausnizii or received only vehicle. Non-
irradiated group received vehicle. Three days before
irradiation, the day of irradiation, and 2 d after
irradiation, 1.10” CFU of bacteria or PBS was intra-
gastrically administered once daily. Rats were sacri-
ficed, 6 h, 3 d after irradiation. The study groups
were as follows: Control group (Ctrl PBS): non-
irradiated and PBS-treated rats, Irradiated group
(IRR PBS): irradiated and PBS-treated rats, and
-F. prausnitzii treated group (IRR Fprau): irra-
diated and F. prausnitzii -treated rats.

In the first batch of the experiment, the colonic
barrier integrity was analyzed on colonic sections
by histological analysis, immunohistochemistry/
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immunofluorescence staining and TUNEL assay,
6 h or 3 d after irradiation. One independent
experiment for each time of sacrifice (N = 1, 5
animals per groups) was performed (8 to 20 inde-
pendent colonic sections per rats were analyzed)
and structural damages (morphological crypt aty-
pia or crypt loss; HES staining), epithelium renewal
ability (TUNEL and PCNA-positive crypt epithelial
cells in apoptosis or proliferation, respectively,
SOX9-positive progenitor/stem cells and DclK1-
positive Tuft cells) and inflammatory process
(mucosal infiltration of MPO-positive neutrophils
and CD68-positive macrophages and IL-18-
positive crypt epithelial cells) were assessed.

In a second batch of the experiment, the colonic
barrier integrity was analyzed by measuring ex vivo
colonic trans- and para-cellular colonic permeabil-
ity. Three independent experiments were per-
formed (N = 3, between 8 and 12 animals per
group for each experiment).

In a third batch of the experiment, 3 d after
irradiation, fecal microbiota composition by the
V3-V4 hyper-variable region of the 16SrRNA
sequencing and also mucosal cytokine concentra-
tion using ELISA bio-plex cytokine assay (23 cyto-
kines including IL-18) were assessed. One
independent experiment was performed (N = 1,
between 9 and 12 animals per group).

In a fourth batch of the experiment, the colonic
barrier integrity was analyzed 7 d after irradiation by
histological analysis performed on colonic sections
stained with HES (See Supplementary materials and
methods). One independent experiment was per-
formed (N = 1, 8 animals per groups, 20 independent
colonic sections per rats were analyzed) and the
severity of colonic mucosal ulceration was measured.

Histological and damage analysis

Animals were sacrificed by isoflurane inhalation 3 d
after colorectal irradiation. Distal colons were
removed, fixed in 4% formaldehyde, cross-sectioned
in four equal pieces and embedded in paraffin.
Paraffin-embedded colons were cut on a rotary micro-
tome (Leica Microsystems AG, Wetzlar, Germany)
into serial circular sections of 5 um, in 5 series spaced
by 250 um and stained with hematoxylin-eosin-
saffron (HES). Each slide was composed of four cir-
cular sections of the cross-sectioned colon
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representative of lesion along the colon. The severity
of histological damage of the mucosa on each colonic
circular section was assessed using a lesion score with
the Histolab software (Microvision Instruments,
Lisses, France). Determination of the injury score
was based on (1) inflammatory infiltration (modest
inflammatory infiltration at the base of the crypt lead-
ing to slight crypt detachment from the lamina pro-
pria; 0< score<1, or inflammatory infiltration in all the
lamina propria; 1< score<2), (2) epithelial damage
(crypt morphology atypia 0< score<l, and loss of
epithelial crypts (1< score<2) or both (1 + 2; in this
case graduation of the injury was: score 0 = null;
0< score<l = slight; 1< score<2 = moderate and
score>2 = severe). The injury score was calculated
for each animal group. Morphometric analysis of
crypt depth was also performed on HES-stained slides.

Immunohistochemistry and immunofluorescence

For immunohistochemistry, sections were deparaf-
finized and hydrated. Tissue sections were treated
with 0.1% Triton X-100 (Sigma-Aldrich) in PBS 1x
(Life Technologies) at room temperature (RT) for
10 min. Then, endogenous peroxidases were inhib-
ited by incubation with 3% H,O, in methanol at RT
for 10 min. Citrate buffer (10 mM, pH6) (Zytomed)
was used as an antigen retrieval solution; incuba-
tion lasted 15 min at 350 W. After saturation
(X0909, Dako), rabbit anti-SOX9 (ab185230,
Abcam, 0.803-0.971 mg/mL, for stem/progenitor
epithelial cell staining) diluted to 1/2000 and rabbit
anti-MPO (IMG-803971, Abcam, for neutrophil
staining) diluted to 1/75 was applied for 16 h at 4°
C. After saturation (X0909, Dako), mouse anti-
PCNA antibody diluted to 1/10000 (M0879 Dako,
525 pg/mL, for proliferating cell nuclear staining),
and mouse anti-CD68 (MCA341R, AbDserotec, for
resident macrophage staining) diluted to 1/200 was
applied for 1 h at 37°C. Sections were then incu-
bated for 30 min at RT with, respectively, anti-
rabbit-HRP Ig (D13-110, GBI Labs) or anti-mouse-
HRP Ig (D55-18, GBI Labs). Staining was devel-
oped with HRP Green (ZUC 070-100, Zytomed).
The sections were then counterstained with nuclear
fast red (H3403, VectorLabs), dehydrated, and
mounted. The negative control was assessed with
rabbit and mouse IgG (Dako, X0931) instead of the
analyzed primary antibodies.

For immunofluorescence, sections were deparaf-
finized and hydrated, and incubated with 3% H,0,
in methanol followed by an incubation in citrate
buffer. After saturation (X0909, Dako), rabbit anti-
Dclkl (ab109029, Abcam, for tuft cell staining)
diluted to 1/300 or rabbit IL-25 (IL-17E,
ab108530, Abcam) diluted to 1/500 was applied
for 16 h at 4°C. After saturation (X0909, Dako),
rabbit anti-IL-18 (HPA003980, Atlas antibodies)
diluted to 1/50 was applied for 1 h at 37°C. For
DclK1 or IL-18, sections were then incubated with
donkey anti-rabbit Alexa Fluor 488 (A21206,
Invitrogen) diluted to 1/200 for 1 h at RT. For IL-
25, sections were then incubated with goat anti-
rabbit Alexa Fluor 568 (A11011, life technologies)
diluted to 1/200 for 1 h at RT. For Dclkl1/IL25
double staining, immunostaining of IL25 and
DclK1 were performed one by one starting by
IL25. Slides were counterstained with DAPI and
mounted with Vectashield (H-1000, Vector). The
negative control was assessed with rabbit IgG
(Dako, X0903) instead of the analyzed primary
antibodies.

Ex vivo para- and trans-cellular permeability
measurement in using chambers

Three days after colorectal irradiation rats were
sacrificed. Immediately after sacrifice, distal colons
were removed, cut along the mesenteric border and
mounted in Ussing chambers (Corning Costar
Corporation, Harvard Apparatus, France) with
a flux area of 1.78 cm2. Colonic cellular permeabil-
ity to small and large molecules was measured
through the mucosal-to-serosal passage of fluoroi-
sothiocyanate (FITC)-Dextran 4 kDa (FD4; Sigma-
Aldrich, Saint Quentin Fallavier, France) and intact
horseradish peroxidase 44 kDa (HRP; Sigma-
Aldrich, Saint Quentin Fallavier, France) respec-
tively, added simultaneously in the mucosal com-
partment. After 20 min of equilibration, 600 pL of
bufter solution on the mucosal side was replaced by
300 uL of FD4 (2.2 mg/mL) and 300 uL of HRP
(0,4 mg/ml). After 1-h incubation, colonic perme-
ability to FD4 was determined by measuring the
fluorescence intensity at 485 nm/525 nm using an
automatic Infinite M200 microplate reader (Tecan,
Lyon, France). Cellular permeability to intact HRP
was determined by enzymatic assay'® for specific



HRP activity found in the serosal and mucosal
compartment using a microplate reader (Tecan).
Permeability was calculated as the ratio of flux/
concentration, as previously described'® and
expressed in cm/second. Finally, comparison
between groups was assessed by calculating relative
percentage according to Ctrl PBS permeability.

Colonic protein extraction and Bio-Plex cytokine
assay

Colon mucosa proteins were extracted following
the instructions for the Bio-Plex Cell Lysis kit
(171304011, Bio-Rad). Colonic concentrations of
23 cytokines and chemokines (IL-1a, IL-1f, IL-2,
IL-4, IL-5, IL-6, IL-7, IL-10, IL-12, IL-13, IL-17, IL-
18, IFN-y, TNF-a, VEGF, G-CSF, M-CSF, GM-
CSF, GRO/KC, MCP-1, MIP-3a, MIP-la and
RANTES) were measured in extracts from colon
tissue using the Bio-Plex Pro Rat Cytokine 23
(12005641, Bio-Rad) according to the manufac-
turer’s instructions. This Bio-Plex 200 system uses
fluorescently dyed beads to detect different types of
molecules in a single well of a 96-microwell plate,
requiring low sample volumes. Briefly, premixed
beads coated with target antibodies (50 puL) were
added to each well and washed twice with Bio-Plex
wash buffer. Standards (eight concentrations ran-
ging from 32000 to 1.95 pg/mL) and samples
(50 pL) were then added to the wells, followed by
shaking at 1100 rpm for 30 sec and incubation for
30 min with shaking at 300 rpm at RT. Wells were
then washed 3 times with Bio-Plex wash bufter, and
premixed detection antibody (25 uL) was added to
the wells. This was followed by shaking at 1100 rpm
for 30 sec and incubation for 30 min with shaking
at 300 rpm at RT. Wells were again washed 3 times
with Bio-Plex wash buffer and streptavidin-PE
(25 L) was added to the wells. Incubation was for
10 min with shaking at 300 rpm. Wells were washed
3 times with Bio-Plex wash buffer and the beads
were resuspended in 125 pL of Bio-Plex assay buf-
fer. With this technology, relevant inflammatory
cytokines could be detected in a single run. Dyed
beads were read on the Bio-Plex analyzer. One laser
classified the beads and determines the cytokine
being detected, and a second laser determined the
magnitude of the phycoerythrin-derived signal,
which is in direct proportion to the amount of
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molecule bound. Cytokine concentrations were
derived by interpolating the measured fluorescence
intensities to standard curves and by correcting
using the corresponding dilution factor employed
to achieve the minimum volume for analysis. Bio-
Plex Manager software (Bio-Rad) was employed to
calculate cytokine concentrations. To avoid inter-
assay variations, all samples were analyzed with the
same kit on the same day.

Fecal microbiota analysis

Total bacterial DNA was extracted from the fecal
samples according to the protocol described in
Godon et al.'”” DNA concentration, purity, and
integrity were determined using a NanoDrop instru-
ment. The size distribution of the extracted DNA
estimated by 1% agarose gel electrophoresis showed
that most of the DNA was high molecular weight
(>20 kb) with no significant shearing. These obser-
vations suggest that the extracted DNA was of good
quality and suitable for downstream processing.

The V3-V4 hyper-variable region of the 165 rRNA
gene was amplified with the primers MSQ-16SV3F
(CTTTCCCTACACGACGCTCTTCCGATCTACG-
GRAGGCWGCAG) and MSQ-16SV4R
(GGAGTTCAGACGTGTGCTCTTCCGATCTTA-
CCAGGGTATCTAATCCT). The PCR reactions
were performed using 10 ng of extracted DNA,
0.5 uM primer, 0.2 mM dNTP, and 0.5 U of the
DNA-free Tag-polymerase, MolTaq 16S DNA
Polymerase (Molzym). The amplifications were car-
ried out using the following profile: 1 cycle at 94°C for
60 s, followed by 30 cycles at 94°C for 60 s, 65°C for 60
s, 72°C for 60 s, and finishing with a step at 72°C for
10 min. The resulting PCR products were purified
and sent to the @BRIDGe platform (INRA, Jouy-en-
Josas) for sequencing wusing Illumina MiSeq
technology.

Sequences were analyzed using the Galaxy-
supported pipeline FROGS to produce abundance
tables of Operational Taxonomic Units (OTUs)
and their taxonomic affiliation. The successive
steps involved de-noising and clustering of the
sequence into OTUs using SWARM; chimera
removal using VSEARCH; and taxonomic affilia-
tion for each OTU using RDP Classifier on the
SILVA SSU 123 database. Statistical analyses were
performed using “R” language and environment
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version 3.2.3. a- and p-diversity measurements and
analysis of the differences in OTUs between sam-
ples was performed using the add-on package
“Phyloseq”'*

Statistics

All data are presented as means (SEM). Statistical
analyses were performed using Graph Pad Prism
5.0 (GraphPad, San Diego, CA). Statistical signifi-
cance was determined using one-way ANOVA fol-
lowed by Tukey’s posttest for multiple groups, or
a t-test when changes were compared between two
groups. Statistical significance was set at p <.05.
Differences between the cytokine concentrations
were analyzed using generalized least squares (GLS)
models with group as nominal covariate (Controls,
irradiated and Irradiated+Fprau). The GLS func-
tion of the nlme R package offers a variety of var-
iance structure specifications to handle violations of
the variance homogeneity assumption in order to
obtain correct standard errors and statistical signif-
icance. In each case, the selection of the optimal
model was conducted using the likelihood ratio for
nested models and the AIC otherwise. The signifi-
cant level was fixed at p < .05 after Benjamini-
Hochberg discovery rate (FDR) correction.

Results

Prophylactic F. prausnitzii treatment reduces
radiation-induced histological damage to the
colonic epithelium

The colonic epithelium forms a selective barrier
against the penetration of luminal contents and
then commensal and pathogen bacterial transloca-
tion. Physical barrier integrity of the colon was
investigated in scoring structural damage of the
colonic epithelium on histology slides (Figure 1).
In the control group, the histological damage score
of the colonic epithelium was 0.40 + 0.23 coming
from rare zone with inflammatory infiltration and
slight crypt detachment from the muscularis
mucosa. Three days after colorectal irradiation,
the score reached 2.72 + 0.06 (p < .0001 vsvsvs
control rats) corresponding to an increase in the
number of sections with crypt morphological atypia
(disorganized and deformed colonic epithelial
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Figure 1. Effect of prophylactic F. prausnitzii treatment on 29 Gy
colorectal irradiation-induced histological damage to the colonic
mucosa at 3 d. (a-b) Colonic sections were stained with hema-
toxylin, eosin and saffron (HES). () Sections show histological
structure change of the colonic mucosa in one representative rat
(4 representative sections/rat) of each group, the control group,
the irradiated group and the irradiated and F. prausnitzii-treated
group (Scale bars 200 pm). (b) Representative pictures showing
parameters considered for histological scoring. (b1) No damage,
(b2) inflammatory infiltration with a score graduation between 0
and 1 for modest inflammatory infiltration leading to slight crypt
detachment from the muscularis mucosa (MM, rectangle 1) or
between 1 and 2 for inflammatory infiltration observed in all the
lamina propria area (rectangle 2) and (b3) epithelial damages
with a score graduation between 0 and 1 for crypt morphological
atypia characterized by disorganized and deformed epithelial
crypts (rectangle 1) or between 1 and 2 for crypt loss (rectan-
gle 2). Scale bars 100 pm (c) Histogram represents means=SEM
of inflammatory infiltration score, epithelial damage score or
total scoring including inflammatory infiltration score and
epithelial damage score (for total scoring graduation of the
injury was: score 0 = null; 0< score<1 =slight; 1< score<2 = mod-
erate and score>2 = severe) quantified in control animals, in
irradiated animals or in irradiated and F. prausnitzii-treated ani-
mals. Analyses were performed on 20 sections per animal and 5
animals were used per group (N = 1). Ctrl = Control,
IRR = lIrradiated, Fprau = F. prausnitzii. Error bars represent
SEM, *p <.05, **p <.01, ***p <001, ****p <.0001.

crypts) or crypt loss but also with inflammatory
infiltration in all the lamina propria. Compared to
rats subjected to irradiation alone, in those pre-
treated with F. prausnitzii we showed a significant
reduction in the severity of the histological damage
score (2.15 + 0.09 in irradiated and F. prausnitzii
treatment vs 2.71 + 0.06 in irradiated rats,
p = .0013). Histological images and the scoring of
parameters individually (Figure 1(c)) show that an



increased score in irradiated rats treated by
F prausnitzii in comparison with control rats is
mostly dependent on modest inflammatory infiltra-
tion leading to slight crypt detachment from mus-
cularis mucosa but infrequently dependent of crypt
morphological atypia. So, F prausnitzii seems to
maintain normal crypt morphology. Our results
demonstrate an ability of F. prausnitzii to partially
protect the structural integrity of the colonic
mucosa from colorectal irradiation and suggest it
has the potential to preserve the epithelium as
a physical barrier against bacterial translocation.
To support this assumption the following experi-
ments looked at how F. prausnitzii can regulate the
function of the colonic epithelial barrier.

Prophylactic F. prausnitzii treatment prevents
radiation-induced disruption of the function of the
colonic epithelial barrier

Low trans- and/or para-cellular permeability is
a primordial index of the functional integrity of the
colonic barrier. In this study, ex vivo colonic perme-
ability using Ussing Chamber systems to measure
trans-cellular permeability to intact horseradish per-
oxidase (HRP, 44KDa) and paracellular permeability
to fluorescein isothiocyanate-dextran 4 (FD4, 4KDa)
were quantified. At 3 d, colorectal irradiation in rats
pre-treated with F. prausnitzii did not change trans-
cellular permeability to HRP (Figure 2(a)). At the
same time after colorectal irradiation, we found
a 2.3-fold increase in paracellular permeability to
FD4 (Figure 2(b), p < .05), neutrophil infiltration,
as demonstrated by the increased number of MPO-
positive neutrophils and expression of GRO/KC (a
specific neutrophil chemo-attractant) in the colonic
mucosa (Figure 2(c),2(e)), p < .01, p < .05, respec-
tively), and probably antimicrobial activity, as sug-
gested by increased expression of macrophage
inflammatory protein 3a(MIP3a) by mucosal cells
(Figure 2(f)), p < .05). Altogether, these findings
point to colonic barrier breakdown 3 d after color-
ectal irradiation. Pre-treatment with F. prausnitzii
protected rats from acute radiation-induced para-
cellular hyperpermeability. Permeability values in
irradiated rats pre-treated with F. prausnitzii
remained close to basal level (Figure 2(b)).
F. prausnitzii also prevented radiation-induced neu-
trophil infiltration, as shown by control levels of
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MPO-positive neutrophils and GRO/KC expression
in the colonic mucosa after F. prausnitzii adminis-
tration (Figure 2(c), 2(e)). MIP3a, remained elevated
in irradiated rats pre-treated with F. prausnitzii
(Figure 2(f)), p < .05).

Prophylactic F. prausnitzii treatment increases
resident macrophages in the colonic mucosa of rats
subject to colorectal irradiation

Pre-treatment of irradiated rats with F. prausnitzii
significantly increased CD68-positive resident macro-
phages in the colonic mucosa by 47.60%, while in rats
not pretreated there was only a trend of increased
macrophages (Figure 2(d)). Resident macrophages
of the colon do not proliferate and appear to lack
receptor-mediated chemotactic activity. Recruitment
of circulating precursor monocytes seems to be the
major source of cells that increase the number of
resident macrophages after F. prausnitzii treatment.
The chemokine RANTES plays a role in immune cell
recruitment as monocytes, mast cells and lympho-
cytes, but its expression was reduced in rats not pre-
treated and in rats pre-treated with F. prausnitzii
compared to control rats (Figure 2(g)), p < .05,
p < .01, respectively). Nevertheless, a borderline sig-
nificant (p = .06) increase in MCP-1 in the colonic
mucosa is suggestive of monocyte recruitment (Figure
2(h)). Our results also suggest that potential-recruited
monocytes could be differentiating into macrophages,
as the radiation-increased MIP-3alevel in the colonic
mucosa remained high in rats receiving F. prausnitzii
treatment'” (Figure 2(f)).

Colorectal irradiation with or without F. prausnitzii
treatment doesn’t modify gut microbiota

We investigated whether colorectal irradiation with
or without pre-treatment by F. prausnitzii involved
modifications of the gut microbiota by analyzing the
intestinal bacterial composition of the different
experimental groups (Figure 3). We found no differ-
ences between groups in a-diversity, which measures
the taxonomic richness of the fecal microbiota com-
munities (Figure 3(a)). In addition, p-diversity analy-
sis, which measures the degree of similarity between
the gut microbial communities, revealed no clustering
of the rats according to the F. prausnitzii or PBS pre-
treatments before irradiation (Figure 3(b)). Bacteria
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Figure 2. Effect of prophylactic F. prausnitzii treatment on 29 Gy
colorectal irradiation-induced epithelial barrier breakdown at
3 d. (a-b) Measurement of ex vivo colonic trans- and para-
cellular permeability to HRP or FD4, respectively, using Ussing
chambers. Each value represents the average of two indepen-
dent measurements per animal (15-20 animals per group) and is
for three independently repeated experiments (N = 3). (0
Immunohistological quantitative analysis of neutrophil infiltra-
tion in the colonic lamina propria. Colonic sections were stained
by myeloperoxidase (MPQO) antibody. The number of MPO-
positive cells was quantified in the lamina propria and per
colonic section. (d) Immunohistological quantitative analysis of
resident macrophages in the colonic lamina propria. Colonic
sections were stained by CD68 antibody. The area in pm? of
CD68-positive cells stained was quantified in the lamina propria
and per colonic section. For ¢ and d, the histograms represent
the average of eight independent measurements per animals
(five animals per group (N = 1)). Ctrl = Controls, IRR = Irradiated,
Fprau = F. prausnitzii. Error bars represent SEM. *p <.05, **p <.01.
The graphs (ef,gh) represent the expression in the colonic
mucosa of the chemokines GRO-KC, MIP-3a, RANTES and MCP-
1 in control animals, irradiated animals or irradiated and F.
prausnitzii-treated animals. ELISA multiplex assays were per-
formed at least in duplicate per animal and 9 to 10 animals
were used per group (N = 1). Ctrl = Controls, IRR = Irradiated,
Fprau = F. prausnitzii. Error bars represent SEM, *p <.05, **p <.01.

composition analysis at the phyla level showed no
differences between the groups (Figure 3(c)).

Prophylactic F. prausnitzii treatment increases the
production of the cytokine IL-18 by crypt epithelial
cells of irradiated rats

To study the acute and local inflammatory response
to colorectal irradiation and to shed light on the
mechanisms involved in the ability of F. prausnitzii
to protect the colonic barrier from radiation toxi-
city, we assessed the mucosal profile and concen-
tration of 17 cytokines (IL-1a, IL-1f, IL-2, IL-4, IL-
5,IL-6, IL-7,IL-10, IL-12, IL-13, IL-17, IL-18, IFN-
y> TNF-a, G-CSF, M, CSF and GM-CSF) using
a Bio-Plex assay (Figure 4(a-b), S1). At 3 d,
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Figure 3. Microbiota composition analysis after 29 Gy colorectal
irradiation in rats treated or not by F. prausnitzii. (a).16S rRNA-
sequencing-based alpha diversity analysis, measured by
Observed, Chaol, Shannon and invSimpson index in control,
irradiated and F. prausnitzii-irradiated animals. (b) Principal
Coordinates of analysis of all animals, confidence ellipses appear
around each group. (¢) Bacteria phyla analysis in all animals.
Twelve animals were used per group for these analyses (N = 1).
Ctrl = Controls, IRR = Irradiated, Fprau = F. prausnitzii.
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Figure 4. Effect of prophylactic F. prausnitzii treatment on IL-1f
and IL-18 production by colonic mucosal cells 3 d after 29 Gy
colorectal irradiation. (a, b) Graphs representing expression in
the colonic mucosa of IL-1B and IL-18 in control animals, irra-
diated animals, or irradiated and F. prausnitzii-treated animals.
ELISA multiplex assays were performed at least in duplicate per
animal and 9 to 10 animals were used per group (N = 1). Error
bars represent SEM, *p <.05. (¢) Representative pictures of
immunofluorescence staining of colonic sections by IL-18 anti-
body (green) in control animals, irradiated animals (arrows show
IL-18-positive immune cells) and irradiated and F. prausnitzii-
treated animals or by (d) IgG (negative control) in control ani-
mals. Scale bars 200 pm. Ctrl = Controls, IRR = Irradiated,
Fprau = F. prausnitzii.

colorectal irradiation did not change the expression
level of any measured cytokines from the colonic
mucosa.  Nevertheless, in rats receiving



prophylactic F. prausnitzii treatment, colorectal
irradiation  induced up-regulation of pro-
inflammatory cytokines IL-1f3 and IL-18 by muco-
sal cells (Figure 4(a-b), irradiated rats vs irradiated
and F. prausnitzii treated rats p < .05). As increased
levels of IL-1p and IL-18 cytokines were not seen
after irradiation alone (Figure 4(a-b)) or after bac-
teria administration alone (data not shown), it is
likely that F. prausnitzii treatment and radiation
exposure induced synergic effects on the produc-
tion of these cytokines by colonic mucosal cells. In
the colonic mucosa, IL-18 is expressed in a wide
range of immune cells like macrophages as well as
in epithelial cells. Immunohistochemistry on colo-
nic tissue slides was performed to study the cellular
origin of IL-18 production after F. prausnitzii treat-
ment (Figure 4(c-d)). Even though we observed
immunostaining of IL-18 in some immune cells
localized in the lamina propria of the colonic
mucosa (Figure 4(c), arrow), epithelial cells were
the major source of its production. In control rats,
we observed cytoplasmic immunostaining of IL-18
in the entire array of crypt epithelial cells. At 3 d,
colorectal irradiation slightly reduced IL-18 produc-
tion and immunostaining was more diffuse in the
epithelial cytoplasm. In comparison with control
rats, pre-treatment of irradiated rats with
F. prausnitzii increased IL-18 production by epithe-
lial cells, mostly those localized at the base of the
crypt, suggesting an enhancement of basal produc-
tion of IL-18 in the progenitor/stem cell compart-
ment of the mucosa. We then analyzed whether
increased IL-18 production by epithelial cells at the
crypt base was associated with regulation of stem/
progenitor cells.

Prophylactic F. prausnitzii results in a protection of
a pool of crypt epithelial progenitor/stem cells and
differentiated epithelial tuft cells from colorectal
irradiation

We assessed the number of epithelial stem/progenitor
cells on colon histology slides stained by Sox-9 anti-
body (Figure 5(a), 5(e)). The number of Sox-9-positive
stem/progenitor cells per crypt had decreased by
14.30%, 3 d after colorectal irradiation (28.93 + 0.15
in control rats vs 24.79 + 0.21 in irradiated rats,
p < .001). In irradiated rats receiving prophylactic
F. prausnitzii treatment, the number of Sox-9-positive
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cells stayed close to control level, with a slight but
significant increase (29.87 + 0.23 in irradiated and
F. prausnitzii treatment vs 28.93 + 0.15 in control
rats, p < .01). This demonstrated that F. prausnitzii
pre-treatment prevented radiation-induced loss of
crypt epithelial stem/progenitor cells. We then inves-
tigated the ability of F. prausnitzii to preserve epithelial
differentiated cells after colorectal irradiation. We
focused on tuft cells, which are identified as an anato-
mically and functionally distinct epithelial cell entity.
They are key regulatory intestinal niche cells and may
well constitute one of the niche components.'® We
measured the number of tuft cells on colon histology
slides stained by Dclkl1 antibody (Figure 5(b), 5(f)). In
the colonic mucosa of control rats, there were an
estimated 303.90 + 15.10 Dclkl-positive tuft cells per
slide. Three d after colorectal irradiation, the number
of Dclkl-positive cells was only 195.7 + 18.88, corre-
sponding to a decrease of 35.6% of tuft cells (p <.001),
and remained at control level in rats pretreated with
F. prausnitzii (264.90 + 26.10). This shows that pro-
phylactic F. prausnitzii treatment also results in
a protection of colonic-differentiated Dclkl-positive
tuft cells from colorectal irradiation. After luminal
infection by helminth parasites, cytokine IL-25
secreted by tuft cells stimulates stem/progenitor cells
to regulate epithelial remodeling.'**® We then per-
formed double staining of colon histology slides by
Dclkl and IL-25 antibody (Figure 5(d), 5(g)). In con-
trol rats, we found that among 303.90 + 67.53 Dclkl-
positive tuft cells per slide only 13.20 + 3.65 produce
cytokine IL-25. Three days after colorectal irradiation,
co-staining by Dclkl and IL-25 was observed in
1.87 + 0.77 tuft cells per slide, corresponding to an
85.80% decrease compared to controls (p < .01). In
irradiated rats pretreated with F. prausnitzii, the num-
ber of tuft cells co-stained by Dclkl and IL-25
remained at basal level (10.41 + 1.92). F. prausnitzii
also preserved the basal level of differentiated tuft cells
that could provide an optimal microenvironment for
stem cell function.

Prophylactic F. prausnitzii treatment results in
maintaining the self-renewal of colonic epithelium
exposed to radiation and reduces mucosal
ulceration

We were then interested by the renewal ability of
colonic epithelium, enhancement, or maintenance
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Figure 5. Effect of prophylactic F. prausnitzii treatment on 29 Gy
colorectal irradiation-induced reduction of stem/progenitor cells
and tuft cells at 3 d. Representative pictures of (a) immunohis-
tochemistry staining of colonic sections by SOX9 antibody (blue)
and nuclear fast red counterstain (pink) for the quantification of
crypt stem/progenitor cells (scale bars 100 um), (b) immuno-
fluorescence staining of colonic sections by Dclk1 antibody (in
green) for the quantification of tuft cells (scale bars 100 pm), (c)
immunofluorescence staining of colonic sections by IgG for
negative control of DclK1 (scale bare 100 pm) and (d) immuno-
fluorescence double-staining of colonic sections by Dclk1 and
IL25 antibodies (in green and red, respectively, arrows show co-
staining, Scale bar 10 um). Sections show control animals, irra-
diated animals, and irradiated and F. prausnitzii-treated animals
for (a-b) and control animals for (c-d). Histograms representing
(e) the number of SOX9-positive cells per crypt, (f) the number of
Dclk1-positive tuft cells per colonic section, and (g) the number
of Dclk1- and IL-25-positive tuft cells per colonic section.
Histogram (e) represents the average of 50-60 independent
measurements per animal (n = 5 animals per group, N = 1),
histograms (f) and (g) represent the average of 8 independent
measurements per animals (5 animals per group (N = 1)).
Ctrl = Controls, IRR = Irradiated, Fprau = F. prausnitzii. Error
bars represent SEM, *p <.05, **p <.01, ***p <.001.

of which in response to exogenous stressors is key
to physical barrier integrity. We first studied
whether F. prausnitzii-induced protection of crypt
epithelial stem/progenitor cells and tuft cells in
irradiated rats was also associated with the ability
of crypt epithelial cells to proliferate. We analyzed
the number of proliferating crypt epithelial cells on
histology colon slides stained by PCNA antibody
(Figure 6(a-b)). The proliferative rate of crypt

epithelial cells fell from 71.60 + 0.31% of prolifera-
tive PCNA-positive cells per crypt in control rats to
64.70 £ 0.39% in irradiated rats at 3 d (p < .001).
F. prausnitzii pre-treatment stabilized at basal level
the proliferation of the entire array of crypt epithe-
lial cells, including crypt stem/progenitor cells. We
then measured the crypt depth, which in the colon
is a criterion for mucosal thickness (Figure 6(c)). At
3 d, colorectal irradiation-induced partial atrophy
of the crypt (7.02% reduction of crypt depth,
20290 = 151 pm in irradiated rats s
218.24 + 1.58 um in control rats, p < .001). Pre-
treatment of irradiated rats with F. prausnitzii
maintained crypt depth at control level
(220.70 £ 1.72 ym in irradiated and F. prausnitzii
pre-treated rats vs 218.24 £ 1.58 yum in control rats).
These results demonstrate the ability of
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Figure 6. Effect of prophylactic F. prausnitzii treatment on 29 Gy
colorectal irradiation-induced decrease of colonic mucosa
renewal at 3 d and ulceration at 7 d. (a) Representative pictures
of immunohistochemistry staining of colonic sections by PCNA
antibody (in blue) and nuclear fast red counterstain (in pink) for
the quantification of crypt epithelial proliferation in control
animals, irradiated animals, and irradiated and F. prausnitzii-
treated animals. Scale bars 100 um. (b) Histogram representing
the percentage of proliferative PCNA-positive cells per crypt of
the colon. Histograms representing quantitative analysis (c) of
colonic crypt depth (um) in each group at 3 d and (d) length of
mucosal ulceration (um) in irradiated rats and irradiated and F.
prausnitzii-treated rats at 7 d, colonic sections were stained with
hematoxylin, eosin and saffron (HES). For b and ¢, each value of
the histogram represents the average of 50-60 independent
measurements per animal (n = 5 animals per group, N = 1).
For d, each value corresponds to the average of 20 independent
measurements per animal (n = 8 animals per group, N = 1). Error
bars represent SEM, **p <.01, ***p <.001 Ctrl = Controls,
IRR = Irradiated, Fprau = F. prausnitzii.



F. prausnitzii pre-treatment to preserve the basal
level of epithelial self-renewal even if rats are
exposed to colorectal irradiation and support its
acute effects on the preservation of colonic epithe-
lial barrier integrity. The benefit provided by
F. prausnitzii pre-treatment was sustained until
7 d after colorectal irradiation (Figure 6(d),
Supplementary ~ materials and  methods).
Prophylactic F. prausnitzii treatment reduced col-
orectal irradiation-induced mucosal ulceration by
52.80% at 7 d (4546.50 + 650.08 pum in irradiated
rats vs 2146.70 + 458.50 um in irradiated rats trea-
ted with F. prausnitzii; *p < .01).

Discussion

This study demonstrated that prophylactic treat-
ment with F. prausnitzii induces an acute protec-
tion of the colonic mucosal barrier from radiation
exposure and therefore maintains its functional
integrity. The therapeutic benefit of F. prausnitzii
after irradiation is provided by its ability to prevent
the increase of paracellular permeability, to
enhance epithelial self-renewal and to preserve dif-
ferentiated epithelial cells. The maintenance of
colonic barrier integrity by F. prausnitzii is asso-
ciated with macrophage recruitment and cytokine
production by mucosal cells, mostly epithelial cells,
as shown specifically for IL-18. We also found that
F. prausnitzii treatment results in the preservation
of colonic Dclk1/IL25-positive tuft cells.

Colorectal irradiation led to enhancement of colo-
nic paracellular permeability and to neutrophil infil-
tration in the mucosa, which are indexes of mucosal
barrier breakdown. We also quantified in the colonic
mucosa a significant increase of the chemokine GRO/
KC, a specific neutrophil chemoattractant, which is
suggestive of a perpetuating cycle of neutrophil
recruitment. We also showed in the mucosa
a significant increase of macrophage inflammatory
protein 3a (MIP3a), which is provided mostly by
epithelial cells, but also by other cells such as innate
and adaptative immune cells.'”*"** Given that MIP3a
is co-expressed with its physiological receptor CCR6
in neutrophils and that CCR6 expression is increased
in activated neutrophils,”* the possibility of autocrine
and/or paracrine signaling involving MIP3a, which
increases neutrophil recruitment within colonic
mucosa® can also not be excluded 3 d after colorectal
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irradiation. Moreover, by its antimicrobial activity,**
increased secretion of MIP3a by other mucosal cells
may, in synergy with neutrophil recruitment and acti-
vation, help protect against bacterial invasion. Three
days after irradiation, we noted no modification of the
production by mucosal cells of pro-inflammatory
cytokines, and even quantified a significant decrease
in the chemokine RANTES. Expression of RANTES is
increased in activated epithelial cells, endothelial cells,
fibroblasts, monocytes/macrophages within hours of
stimulation”® and is induced late (3-5 d) after
T lymphocyte activation.® A colorectal irradiation-
induced decrease in the expression of RANTES may
be due to the radiosensitivity of many mucosal cell
types leading to the deregulation of their molecular
machinery and/or death and then to malfunction of
the local immune response depending on monocyte/
macrophages and T lymphocyte activation/and/or
mobilization.”” *' Finally, under our experimental
conditions, 3 d after colorectal irradiation seems to
be too short a time to identify a shift in fecal microbial
composition. Indeed, Gerassy-Vainberg et al.”
showed that targeted rectal radiation-induced time-
dependent modification of fecal microbiota composi-
tion and that the radiation-induced unique microbial
signature was most evident at 6 weeks. In conclusion,
our results seem to be consistent with a nonspecific
innate inflammatory response (neutrophil infiltration
and activation) to colorectal irradiation at 3 d, with
mostly phagocytic and antimicrobial effects.

In this context of radiation exposure, prophylactic
treatment with F. prausnitzii had a protective effect on
impairment of the colonic mucosal barrier. We first
demonstrated  that oral administration of
F. prausnitzii prevented radiation-induced increase
in acute (3 d) para-cellular permeability and in the
nonspecific innate inflammatory response orche-
strated by neutrophils after their mobilization (reduc-
tion of the number of neutrophils and GRO/KC
expression in the colonic mucosa). The protective
effect of F. prausnitzii on hyperpermeability has
already been shown in a model of inflammatory
bowel  disease @ with  chronic  low-grade
inflammation.>'° In rodents receiving F. prausnitzii
treatment for management of acute colitis, histological
examination of the colon showed, as we quantified in
our study in the colonic mucosa, a relatively low level
of neutrophil infiltration.” F. prausnitzii also reduced
MPO activity in a model of inflammatory bowel
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disease with chronic mild/severe grade colitis,” thus
highlighting the ability of F. prausnitzii to reduce
neutrophil activation in this context. Results obtained
by Sokol et al. demonstrated an ability of F. prausnitzii
supernatant (SN) to reduce in vitro IL-1p-induced IL-
8 secretion by colonic epithelial cells (caco-2 cells).® As
IL-8 is known to be involved in neutrophil recruit-
ment, the findings of Sokol et al. support our results
and also suggest the involvement of epithelial activa-
tion in F. prausnitzii metabolite effects.

We then demonstrated that prophylactic treatment
with F. prausnitzii also decreased epithelial damage at
3 d, leading to a reduced area of mucosal ulceration at
7 d. In our experimental conditions, F. prausnitzii
treatment was unable to minimize radiation-induced
apoptosis of crypt epithelial cells in the colonic mucosa
(Supplementary data S2). Nevertheless, we showed for
the first time that its therapeutic benefit at 3 d is related
to its ability to preserve mucosal self-renewal through
the maintenance of an activated pool of stem/progeni-
tor cells and of epithelial cell proliferation.

This work supports and offers some assumptions
concerning F. prausnitzii mechanisms of action
probably through an increase in some inflamma-
tory parameters.

In several experiments using models of inflam-
matory bowel disease, one mechanism proposed to
explain the therapeutic benefits of F. prausnitzii is
its anti-inflammatory properties.>”'* In our experi-
mental context, in which colorectal irradiation-
induced at 3 d a nonspecific immune response
without a change in local pro-inflammatory cyto-
kine production, we noted no anti-inflammatory
effects after F. prausnitzii administration. Indeed,
mucosal anti-inflammatory cytokine IL-10 was
similar in control and irradiated animals pre-
treated or not by F. prausnitzii.

Nevertheless, we showed that in rats receiving
F. prausnitzii, irradiation led to significant enhance-
ment of resident macrophages. Macrophages play
a key role in coordinating signals from luminal
microbiota and injured colonic epithelium and
thereby transmit regenerative inputs to colonic pro-
genitor cells.”**” Recently, macrophages have been
reported to be essential for the regenerative response
of the intestine to lethal abdominal irradiation by
rescuing LGR5+ intestinal stem cells.”” In the con-
text of radiation-induced dysregulation of colonic
epithelial self-renewal, an increase of resident

macrophages by F. prausnitzii treatment may play
a role in the protection of the epithelial progenitor/
stem cell compartment and thus may help maintain
colonic barrier integrity.

Moreover, in rats receiving F. prausnitzii, irradia-
tion also induced up-regulation of the pro-
inflammatory cytokines IL-1p, IL-18 by colonic
mucosal cells. In a context in which the luminal level
of F. prausnitzii could be increased, cell stress induced
by irradiation should provide increased danger sig-
nals, which may stimulate NOD-like receptor (NLR)
inflammasome signaling, leading to IL-1p and IL-18
activation and production by mucosal cells. It was
previously reported that NLR inflammasome activa-
tion may be either regenerative or deleterious,
depending on the cell type in which it is activated.™
In response to colitis, acute or chronic NLR inflam-
masome activation in colonic epithelial cells and the
subsequent production and secretion of IL-18 seem to
be critical for maintaining microbiota stability, colonic
homeostasis/regeneration, and barrier integrity
against bacterial translocation,””® whereas chronic
NLR activation in immune cells like macrophages
seems to have a pro-inflammatory effect.’® The sever-
ity of colonic injury may be modulated by shifting the
balance between protective and damaging effects
depending on the inflammatory context and the
experimental conditions. In our experimental condi-
tions, we found that F. prausnitzii treatment after
irradiation increases IL-18 production mostly by
epithelial cells. So, in this context, the balance between
regenerative and deleterious effects is probably in
favor of protection via epithelial cell activation.
Further experiments are needed to assess the relative
impact of IL-18 produced by crypt epithelial cells in
the protective effect of F. prausnitzii.

Finally, F. prausnitzii effects are also associated with
its ability to preserve differentiated epithelial cells like
Dclkl-positive tuft cells from radiation-induced loss.
The use of Villin-Cre; Dclk1%* mice, which are
specifically deficient in Dclk1 in the epithelial cells of
the intestine, showed the involvement of this enzyme
in the regeneration of the epithelium of the small
intestine after whole-body irradiation. Moreover,
Dclkl mainly produced by the tuft cells in the epithe-
lium seems to have a radioprotective effect on stem/
progenitor cells. In addition, in the absence of Dclkl
expression by tuft cells, irradiation-surviving stem/
progenitor cells appear to lose their ability to provide



epithelial repair and Dclkl deletion seems to have an
impact on animal survival.*° In the present study,
the preservation of Dclkl-positive tuft cells by
F. prausnitzii administration may have protected the
colonic mucosa from radiation-induced damage. As
chemosensory and secretory cells, tuft cells orchestrate
the sensing of luminal content, the stromal immune
response and regeneration of intestinal epithelial cells
through the secretion of IL-25.""%*! We showed that
some tuft cells quantified in control rats or after irra-
diation in rats treated with F. prausnitzii also
expressed IL-25 cytokine, whereas after irradiation
alone they did not or did so rarely. This result points
to the potential involvement of tuft cells in the pro-
phylactic effects of F. prausnitzii on colonic mucosa
self-renewal, through Dclk1 and/or IL-25 production.
Further experiments are needed to demonstrate
robustly the role played by tuft cells in the efficacy of
F. prausnitzii against radiation toxicity.

Finally, in order to further our understanding with
respect to the mechanisms of action of F.prausnitzii,
we analyzed the microbiota composition through 16S
rRNA sequencing. No effect of irradiation or F.praus-
nitzii administration was detected on microbiota rich-
ness (a-diversity). A deeper look into our results
showed that only few rats, 4 from 48, were positive
for F.prausnitzii and moreover, they were distributed
among all the groups tested (control group, irradiated
group and irradiated and F.prausnitzii treated group,
data not shown). We also performed qPCR specific
from F.prausnitzii but no amplifications were detected
for any group using this method (data not shown). F.
prausnitzii is Extremely Oxygen Sensitive and also
very sensitive to pH'* meaning that oral administra-
tion might lead to a massive death of the bacteria. We
have already shown that it is indeed very difficult to
colonize even germ-free mice with F.prausnitzii*’
Rodents do not exhibit the same level of endogenous
F.prausnitzii compared to humans which is one of the
main difference between the two microbiota."! We
have thus no evidence of F.prausnitzii colonization
or even persistence in rats (this study) or in mice
(chatel, personal communication) but there is still
a protective effect for some parameters indicating
that implementation is not required or it is at an
undetectable level.

In a context of radiation-induced colonic damage,
we have demonstrated for the first time that prophy-
lactic F. prausnitzii treatment favors the reinforcement
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of the colonic mucosal barrier leading to radioprotec-
tive effects. We have established that F. prausnitzii
prevents radiation-induced para-permeability and
the associated acute nonspecific immune response,
but also preserves epithelial integrity. Our results sug-
gest that epithelial cell activation is involved in the
benefits of acute F. prausnitzii treatment and that tuft
cells could play a key role. Our study opens new
perspectives in the protection of colonic mucosa
from radiation toxicity using prophylactic
F. prausnitzii treatment. New-generation probiotics
might be a real hope in reducing acute side effects in
patients who undergo pelvic radiotherapy. It has also
been suggested that the severity of acute radiation
toxicity may predict the severity of chronic symptoms,
known as consequential late damage.” Therefore,
F. prausnitzii-induced acute protection may be bene-
ficial in reducing late side effects. Clinical use of
F. prausnitzii could help improve the quality of life
of these patients.

Acknowledgments

The authors wish to thank GSEA of the IRSN for the technical
assistance provided with the animals. This work has benefited
from the facilities and expertise of @BRIDGe (GABI, INRA,
AgroParisTech, Paris-Saclay University.

ORCID

Gabriel Fernandes
Jean-Marc Chatel
Alexandra Sémont

http://orcid.org/0000-0002-4897-8521
http://orcid.org/0000-0003-4967-1414
http://orcid.org/0000-0003-3444-5895

Competing financial interest declaration

The authors declare no conflicts of interest.

References

1. Andreyev HJ, Wotherspoon A, Denham JW, Hauer-
Jensen M. Defining pelvic-radiation disease for the sur-
vivorship era. Lancet Oncol. 2010;11(4):310-312.
doi:10.1016/S1470-2045(10)70026-7.

2. Moussa L, Usunier B, Demarquay C, Benderitter M,
Tamarat R, Semont A, Mathieu N. Bowel radiation
injury: complexity of the pathophysiology and promises
of cell and tissue engineering. Cell Transplant. 2016;25
(10):1723-1746. d0i:10.3727/096368916X691664.

3. Ferreira MR, Muls A, Dearnaley DP, Andreyev HJ.
Microbiota and radiation-induced bowel toxicity:


http://orcid.org/0000-0002-4897-8521
http://orcid.org/0000-0003-4967-1414
http://orcid.org/0000-0003-3444-5895
https://doi.org/10.1016/S1470-2045(10)70026-7
https://doi.org/10.3727/096368916X691664

€1812867-14 (&) A.LAPIERE ET AL

10.

11.

12.

lessons from inflammatory bowel disease for the radia-
tion oncologist. Lancet Oncol. 2014;15(3):e139-47.
doi:10.1016/S1470-2045(13)70504-7.

. Wang A, Ling Z, Yang Z, Kiela PR, Wang T, Wang C,

Cao L, Geng F, Shen M, Ran X, et al. Gut microbial
dysbiosis may predict diarrhea and fatigue in patients
undergoing pelvic cancer radiotherapy: a pilot study.
PloS One. 2015;10(5):e0126312. doi:10.1371/journal.
pone.0126312.

. Manichanh C, Varela E, Martinez C, Antolin M, Llopis M,

Dore ], Giralt J, Guarner F, Malagelada J-R. The gut
microbiota predispose to the pathophysiology of acute
postradiotherapy diarrhea. Am ] Gastroenterol. 2008;103
(7):1754-1761. doi:10.1111/j.1572-0241.2008.01868 x.

. Sokol H, Pigneur B, Watterlot L, Lakhdari O, Bermudez-

Humaran LG, Gratadoux -J-J, Blugeon S, Bridonneau C,
Furet ]J-P, Corthier G, et al. Faecalibacterium prausnitzii
is an anti-inflammatory commensal bacterium identified
by gut microbiota analysis of Crohn disease patients.
Proc Natl Acad Sci U S A. 2008;105(43):16731-16736.
d0i:10.1073/pnas.0804812105.

. Zhou L, Zhang M, Wang Y, Dorfman RG, Liu H,

Yu T, Chen X, Tang D, Xu L, Yin Y, et al
Faecalibacterium prausnitzii produces butyrate to
maintain Th17/Treg balance and to ameliorate color-
ectal colitis by inhibiting histone deacetylase 1.
Inflammatory bowel diseases 2018.

. Huang XL, Zhang X, Fei XY, Chen ZG, Hao YP, Zhang S,

Zhang MM, Yu YQ, Yu CG. Faecalibacterium prausnitzii
supernatant ameliorates dextran sulfate sodium induced
colitis by regulating Thl7 cell differentiation. World
] Gastroenterol. 2016;22:5201-5210. doi:10.3748/wjg.v22.
122.5201.

. Laval I, Martin R, Natividad JN, Chain F, Miquel S,

Desclee de Maredsous C, Capronnier S, Sokol H,
Verdu EF, van Hylckama Vlieg ], et al. Lactobacillus
rhamnosus CNCM 1-3690 and the commensal bacter-
ium Faecalibacterium prausnitzii A2-165 exhibit similar
protective effects to induced barrier hyper-permeability
in mice. Gut Microbes. 2015;6(1):1-9. doi:10.4161/
19490976.2014.990784.

Martin R, Miquel S, Chain F, Natividad JM, Jury ], Lu]J,
Sokol H, Theodorou V, Bercik P, Verdu EF, et al.
Faecalibacterium prausnitzii prevents physiological
damages in a chronic low-grade inflammation murine
model. BMC Microbiol. 2015;15(1):67. doi:10.1186/
$12866-015-0400-1.

Zhang M, Qiu X, Zhang H, Yang X, Hong N, Yang Y,
Chen H, Yu C. Faecalibacterium prausnitzii inhibits
interleukin-17 to ameliorate colorectal colitis in rats. PloS
One. 2014;9:e109146. doi:10.1371/journal. pone.0109146.
Qiu X, Zhang M, Yang X, Hong N, Yu C.
Faecalibacterium prausnitzii upregulates regulatory
T cells and anti-inflammatory cytokines in treating
TNBS-induced colitis. ] Crohn’s Colitis. 2013;7:€558—
68. d0i:10.1016/j.crohns.2013.04.002.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

Maehly AC, Chance B. The assay of catalyses and
peroxydases. Methods Biochem Anal. 1954;1:357-424.
doi:10.1002/9780470110171.ch14.

Artursson P, Magnusson C. Epithelial transport of drugs
in cell culture. II: effect of extracellular calcium concen-
tration on the paracellular transport of drugs of different
lipophilicities across monolayers of intestinal epithelial
(Caco-2) cells. ] Pharm Sci. 1990;1990(79):595-600.
Godon JJ, Zumstein E, Dabert P, Habouzit F, Moletta R.
Molecular microbial diversity of an anaerobic digestor
as determined by small-subunit rDNA sequence
analysis. Appl Environ Microbiol. 1997;63:2802-2813.
doi:10.1128/ AEM.63.7.2802-2813.1997.

McMurdie PJ, Holmes S. phyloseq: an R package for
reproducible interactive analysis and graphics of micro-
biome census data. PloS One. 2013;8:e61217.
doi:10.1371/journal.pone.0061217.

Hausmann M, Bataille F, Spoettl T, Schreiter K, Falk W,
Schoelmerich ], Herfarth H, Rogler G. Physiological role
of macrophage inflammatory protein-3 alpha induction
during maturation of intestinal macrophages. ] Immunol.
2005;175:1389-1398. doi:10.4049/jimmunol.175.3.1389.
Middelhoff M, Westphalen CB, Hayakawa Y, Yan K§,
Gershon MD, Wang TC, Quante M. Dclkl-expressing
tuft cells: critical modulators of the intestinal niche? Am
] Physiol Gastrointest Liver Physiol. 2017;313:G285-
G99. doi:10.1152/ajpgi.00073.2017.

Gerbe F, Sidot E, Smyth DJ, Ohmoto M, Matsumoto I,
Dardalhon V, Cesses P, Garnier L, Pouzolles M, Brulin B,
et al. Intestinal epithelial tuft cells initiate type 2 mucosal
immunity to helminth parasites. Nature. 2016;529
(7585):226-230. d0i:10.1038/nature16527.

Von Moltke ], Ji M, Liang HE, Locksley RM. Tuft-cell-
derived IL-25 regulates an intestinal [LC2-epithelial
response circuit. Nature. 2016;529:221-225. doi:10.1038/
naturel6161.

Scapini P, Laudanna C, Pinardi C, Allavena P,
Mantovani A, Sozzani S, Cassatella MA. Neutrophils
produce biologically active macrophage inflammatory
protein-3alpha (MIP-3alpha)/CCL20 and MIP-3beta/
CCL19. Eur ] Immunol. 2001;31:1981-1988.
doi:10.1002/1521-4141(200107)31:7<1981::AID-
IMMU1981>3.0.CO;2-X.

Kwon JH, Keates S, Bassani L, Mayer LF, Keates AC.
Colonic epithelial cells are a major site of macrophage
inflammatory protein 3alpha (MIP-3alpha) production
in normal colon and inflammatory bowel disease. Gut.
2002;51:818-826. doi:10.1136/gut.51.6.818.

Yamashiro S, Wang JM, Yang D, Gong WH,
Kamohara H, Yoshimura T. Expression of CCR6 and
CD83 by cytokine-activated human neutrophils. Blood.
2000;96:3958-3963. d0i:10.1182/blood.V96.12.3958.
Yang D, Chen Q, Hoover DM, Staley P, Tucker KD,
Lubkowski J, Oppenheim JJ. Many chemokines including
CCL20/MIP-3alpha display antimicrobial activity.
] Leukoc Biol. 2003;74:448-455. doi:10.1189/j1b.0103024.


https://doi.org/10.1016/S1470-2045(13)70504-7
https://doi.org/10.1371/journal.pone.0126312
https://doi.org/10.1371/journal.pone.0126312
https://doi.org/10.1111/j.1572-0241.2008.01868.x
https://doi.org/10.1073/pnas.0804812105
https://doi.org/10.3748/wjg.v22.i22.5201
https://doi.org/10.3748/wjg.v22.i22.5201
https://doi.org/10.4161/19490976.2014.990784
https://doi.org/10.4161/19490976.2014.990784
https://doi.org/10.1186/s12866-015-0400-1
https://doi.org/10.1186/s12866-015-0400-1
https://doi.org/10.1371/journal.pone.0109146
https://doi.org/10.1016/j.crohns.2013.04.002
https://doi.org/10.1002/9780470110171.ch14
https://doi.org/10.1128/AEM.63.7.2802-2813.1997
https://doi.org/10.1371/journal.pone.0061217
https://doi.org/10.4049/jimmunol.175.3.1389
https://doi.org/10.1152/ajpgi.00073.2017
https://doi.org/10.1038/nature16527
https://doi.org/10.1038/nature16161
https://doi.org/10.1038/nature16161
https://doi.org/10.1002/1521-4141(200107)31:7%3C1981::AID-IMMU1981%3E3.0.CO;2-X
https://doi.org/10.1002/1521-4141(200107)31:7%3C1981::AID-IMMU1981%3E3.0.CO;2-X
https://doi.org/10.1136/gut.51.6.818
https://doi.org/10.1182/blood.V96.12.3958
https://doi.org/10.1189/jlb.0103024

25,

26.

27.

28.

29.

30.

31.

32.

33.

34.

Lokuta MA, Maher J, Noe KH, Pitha PM, Shin ML,
Shin HS. Mechanisms of murine RANTES chemokine
gene induction by Newcastle disease virus. ] Biol Chem.
1996;271(23):13731-13738. doi:10.1074/jbc.271.23.
13731.

Ullman KS, Northrop JP, Verweij CL, Crabtree GR.
Transmission of signals from the T lymphocyte antigen
receptor to the genes responsible for cell proliferation
and immune function: the missing link. Annu Rev
Immunol.  1990;8(1):421-452. doi:10.1146/annurev.
1y.08.040190.002225.

Meurer R, Van Riper G, Feeney W, Cunningham P,
Hora D Jr.,, Springer MS, Maclntyre DE, Rosen H.
Formation of eosinophilic and monocytic intradermal
inflammatory sites in the dog by injection of human
RANTES but not human monocyte chemoattractant pro-
tein 1, human macrophage inflammatory protein 1 alpha,
or human interleukin 8. ] Exp Med. 1993;178:1913-1921.
d0i:10.1084/jem.178.6.1913.

Schall T], Bacon K, Toy KJ, Goeddel DV. Selective
attraction of monocytes and T lymphocytes of the mem-
ory phenotype by cytokine RANTES. Nature. 1990;347
(6294):669-671. d0i:10.1038/347669a0.

Ajuebor MN, Hogaboam CM, Kunkel SL,
Proudfoot AE, Wallace JL. The chemokine RANTES is
a crucial mediator of the progression from acute to
chronic colitis in the rat. ] Immunol
2001;166:552-558. d0i:10.4049/jimmunol.166.1.552.
Finch SC. Landmark perspective: acute radiation
syndrome. Jama. 1987;258(5):664-667. d0i:10.1001/
jama.1987.03400050106037.

Zhang H, Yan H, Ying J, Du L, Zhang C, Yang Y,
Wang H, Wang H. Resveratrol ameliorates ionizing
irradiation-induced long-term immunosuppression in
mice. Int ] Radiat Biol. 2018;94(1):28-36. d0i:10.1080/
09553002.2018.1408976.

Gerassy-Vainberg S, Blatt A, Danin-Poleg Y,
Gershovich K, Sabo E, Nevelsky A, Daniel S, Dahan A,
Ziv O, Dheer R, et al. Radiation induces proinflamma-
tory dysbiosis: transmission of inflammatory suscept-
ibility by host cytokine induction. Gut. 2018;67
(1):97-107. d0i:10.1136/gutjnl-2017-313789.

Martin R, Chain F, Miquel S, Lu J, Gratadoux ]JJ,
Sokol H, Verdu EF, Bercik P, Bermudez-Humaran LG,
Langella P, et al. The commensal bacterium
Faecalibacterium  prausnitzii is  protective in
DNBS-induced chronic moderate and severe colitis
models. Inflamm Bowel Dis. 2014;20:417-430.
doi:10.1097/01.MIB.0000440815.76627.64.

Smith PD, Smythies LE, Shen R, Greenwell-Wild T,
Gliozzi M, Wahl SM. Intestinal macrophages and
response to microbial encroachment. Mucosal
Immunol. 2011;4(1):31-42. doi:10.1038/mi.2010.66.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45,

GUT MICROBES (&) €1812867-15

Saha S, Aranda E, Hayakawa Y, Bhanja P, Atay S,
Brodin NP, Li J, Asfaha S, Liu L, Tailor Y, et al
Macrophage-derived  extracellular vesicle-packaged
WNTs rescue intestinal stem cells and enhance survival
after radiation injury. Nat Commun. 2016;7(1):13096.
d0i:10.1038/ncomms13096.

Siegmund B. Interleukin-18 in intestinal inflammation:
friend and foe? Immunity. 2010;32(3):300-302.
d0i:10.1016/j.immuni.2010.03.010.

Zaki MH, Boyd KL, Vogel P, Kastan MB, Lamkanfi M,
Kanneganti TD. The NLRP3 inflammasome protects
against loss of epithelial integrity and mortality during
experimental colitis. Immunity. 2010;32:379-391.
d0i:10.1016/j.immuni.2010.03.003.

Elinav E, Strowig T, Kau AL, Henao-Mejia J, Thaiss CA,
Booth CJ, Peaper DR, Bertin ], Eisenbarth SC, Gordon
J1, et al. NLRP6 inflammasome regulates colonic micro-
bial ecology and risk for colitis. Cell. 2011;145:745-757.
d0i:10.1016/j.cell.2011.04.022.

May R, Qu D, Weygant N, Chandrakesan P, Ali N,
Lightfoot SA, Li L, Sureban SM, Houchen CW. Brief
report: dclkl deletion in tuft cells results in impaired
epithelial repair after radiation injury. Stem Cells.
2014;32(3):822-827. doi:10.1002/stem.1566.
Chandrakesan P, May R, Weygant N, Qu D, Berry WL,
Sureban SM, Ali N, Rao C, Huycke M, Bronze MS, et al.
Intestinal tuft cells regulate the ATM mediated DNA
Damage response via Dclkl dependent mechanism for
crypt restitution following radiation injury. Sci Rep.
2016;6(1):37667. doi:10.1038/srep37667.

Howitt MR, Lavoie S, Michaud M, Blum AM, Tran SV,
Weinstock JV, Gallini CA, Redding K, Margolskee RF,
Osborne LC, et al. Tuft cells, taste-chemosensory cells,
orchestrate parasite type 2 immunity in the gut. Science.
2016;351(6279):1329-1333. doi:10.1126/science.aaf1648.
Martin R, Miquel S, Benevides L, Bridonneau C, Robert V,
Hudault S, Chain F, Berteau O, Azevedo V, Chatel JM et al.
Functional characterization of novel Faecalibacterium
Prausnitzii strains isolated from healthy volunteers: a step
forward in the use of F. prausnitzii as a next-generation
probiotic. Front Microbiol. 2017  Jun;30(8):1226.
d0i:10.3389/fmicb.2017.01226.

Miquel S, Leclerc M, Martin R, Chain F, Lenoir M,
Raguideau S, Hudault S, Bridonneau C, Northen T,
Bowen B et al. [dentification of metabolic signatures linked
to anti-inflammatory effects of  Faecalibacterium
prausnitzii. mBio. 2015 Apr = 21;6(2):e00300-15.
d0i:10.1128/mBi0.00300-15.

Nguyen TL, Vieira-Silva S, Liston A, Raes ]. How informa-
tive is the mouse for human gut microbiota research? Dis
Model Mech. 2015;8(1):1-16. d0i:10.1242/dmm.017400.
Dorr W. Radiobiology of tissue reactions. Annals of the
ICRP 2015; 44:58-68. doi:10.1371/journal.pone.0123013.


https://doi.org/10.1074/jbc.271.23.13731
https://doi.org/10.1074/jbc.271.23.13731
https://doi.org/10.1146/annurev.iy.08.040190.002225
https://doi.org/10.1146/annurev.iy.08.040190.002225
https://doi.org/10.1084/jem.178.6.1913
https://doi.org/10.1038/347669a0
https://doi.org/10.4049/jimmunol.166.1.552
https://doi.org/10.1001/jama.1987.03400050106037
https://doi.org/10.1001/jama.1987.03400050106037
https://doi.org/10.1080/09553002.2018.1408976
https://doi.org/10.1080/09553002.2018.1408976
https://doi.org/10.1136/gutjnl-2017-313789
https://doi.org/10.1097/01.MIB.0000440815.76627.64
https://doi.org/10.1038/mi.2010.66
https://doi.org/10.1038/ncomms13096
https://doi.org/10.1016/j.immuni.2010.03.010
https://doi.org/10.1016/j.immuni.2010.03.003
https://doi.org/10.1016/j.cell.2011.04.022
https://doi.org/10.1002/stem.1566
https://doi.org/10.1038/srep37667
https://doi.org/10.1126/science.aaf1648
https://doi.org/10.3389/fmicb.2017.01226
https://doi.org/10.1128/mBio.00300-15
https://doi.org/10.1242/dmm.017400
https://doi.org/10.1371/journal.pone.0123013

	Abstract
	Introduction
	Materials and methods
	Ethics statement
	Animals
	Bacterial strains and growth conditions
	Irradiation protocol
	Experimental design
	Histological and damage analysis
	Immunohistochemistry and immunofluorescence
	Ex vivo para- and trans-cellular permeability measurement in using chambers
	Colonic protein extraction and Bio-Plex cytokine assay
	Fecal microbiota analysis
	Statistics

	Results
	Prophylactic F. prausnitzii treatment reduces radiation-induced histological damage to the colonic epithelium
	Prophylactic F. prausnitzii treatment prevents radiation-induced disruption of the function of the colonic epithelial barrier
	Prophylactic F. prausnitzii treatment increases resident macrophages in the colonic mucosa of rats subject to colorectal irradiation
	Colorectal irradiation with or without F. prausnitzii treatment doesn’t modify gut microbiota
	Prophylactic F. prausnitzii treatment increases the production of the cytokine IL-18 by crypt epithelial cells of irradiated rats
	Prophylactic F. prausnitzii results in a protection of a pool of crypt epithelial progenitor/stem cells and differentiated epithelial tuft cells from colorectal irradiation
	Prophylactic F. prausnitzii treatment results in maintaining the self-renewal of colonic epithelium exposed to radiation and reduces mucosal ulceration

	Discussion
	Acknowledgments
	ORCID
	Competing financial interest declaration
	References

