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ABSTRACT

Formyl peptide receptor-1 (FPR1) is a pattern recognition receptor that is mostly expressed by myeloid
cells. In patients with colorectal cancer (CRC), a loss-of-function polymorphism (rs867228) in the gene
coding for FPR1 has been associated with reduced responses to chemotherapy or chemoradiotherapy.
Moreover, rs867228 is associated with accelerated esophageal and colorectal carcinogenesis. Here, we
show that dendritic cells from Fpri~~ mice exhibit reduced migration in response to chemotherapy-
treated CRC cells. Moreover, Fpri™~ mice are particularly susceptible to chronic ulcerative colitis and
colorectal oncogenesis induced by the mutagen azoxymethane followed by oral dextran sodium sulfate,
a detergent that induces colitis. These experiments were performed after initial co-housing of Fpr1™~ mice
and wild-type controls, precluding major Fpri-driven differences in the microbiota. Pharmacological
inhibition of Fpr1 by cyclosporin H also tended to increase intestinal oncogenesis in mice bearing the
Apc™™ mutation, and this effect was reversed by the anti-inflammatory drug sulindac. We conclude that
defective FPR1 signaling favors intestinal tumorigenesis through the modulation of the innate inflamma-
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Introduction

Colorectal cancer (CRC) is one of the most prevalent malig-
nancies worldwide and represents 10% of all cancer types."”
However, when detected at an early stage, CRC is cured in 9
out of 10 cases. Several risk factors are known to be associated
with CRC initiation and progression, including old age, obe-
sity, red meat consumption, chronic intestinal inflammation,
and genetic alterations.””> Additionally, by 2040, the worldwide
burden of CRC is projected to increase to 3.2 million new cases
and 1.6 million deaths with an increasing incidence in coun-
tries with a high or very high income®.

Formyl peptide receptors (FPRs) are pattern recognition
receptors known to play important roles in diverse physiologi-
cal processes, including host defense and inflammation.” FPRs
recognize peptides bearing a particular post-translational mod-
ification, namely N-formylation, that is only catalyzed by
enzymes present in bacteria and in mitochondria. Hence,
these N-formylated peptides consist of microbial pathogen-

associated molecular patterns (MAMPs) or danger-associated
molecular patterns (DAMPs) derived from dying cells spilling
mitochondrial content.”” Furthermore, FPR1 recognizes non-
formylated proteins such as (i) cathepsin G2 (i) family with
sequence similarity 19 (chemokine (C-C motif)-like), member
A4 (FAM19A4),° and (iii) annexin Al (ANXA1) that is
released from the cytosolic compartment of dying and dead
cells, hence constituting yet another DAMP.”"

We previously showed that a loss-of-function polymorph-
ism in FPRI, rs867228, with an allelic frequency of ~20% across
all ethnic groups, is associated with poor responses to anthra-
cycline-based adjuvant chemotherapy in two distinct cohorts
of breast cancer and one cohort of CRC patients.'"'> Another
group confirmed that rs867228 is associated with poor prog-
nosis in patients with locally advanced rectal cancer treated
with neoadjuvant chemoradiotherapy.'*'* Homo- or hetero-
zygous presence of the minor allele in rs867228 causes the
anticipated manifestation (by ~6y) of luminal B breast
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cancer.'> Homozygous presence of the minor allele of rs867228
(which affects ~4% of the population) is associated with the
earlier diagnosis of gastrointestinal cancers, in particular eso-
phagus and colorectal carcinomas, by ~5y.'*'” Of note, per-
ipheral blood mononuclear cells from individuals bearing
rs867228 either in heterozygosity or in homozygosity show
a reduced interaction with anthracycline-treated dying tumor
cells in microfluidic chambers.'"'® The FPRI ligand involved
in this interaction turned out to be ANXAL"'

Echoing the aforementioned clinical observations, Fprl /=
and FprI* mice were unable to mount a tumor-specific
immune response against different tumor cell types (e.g., fibro-
sarcoma, pulmonary adenocarcinoma, malignant mammary
tumor) treated with immunogenic cell death inducers (e.g.,
cyclophosphamide, doxorubicin, mitoxantrone, and oxalipla-
tin). Moreover, in a model of carcinogen-induced mammary
carcinoma, female Fprl~~ mice developed mammary carci-
noma earlier than wild-type mice.'">'® Exhaustive phenotyping
of the immune populations infiltrating the tumor bed upon
chemotherapy demonstrated that Fprl is required for the very
initial steps leading to antitumoral immunity. Defects of Fprl
were linked to the suboptimal activation of dendritic cells
(DCs) belonging to the type 1 conventional DC (cDC1) subset.
The latter failed to position themselves in the proximity of
ANXAI-releasing dying cancer cells."®'® Altogether, these
experiments established that Fprl plays a cardinal role in the
establishment of cancer immunosurveillance.

As mentioned above, patients with homozygosity in
rs867228 tend to develop colorectal cancers several years ear-
lier than patients lacking rs867228.''” However, we have not
yet addressed the question as to whether FPR1 would affect the
immunosurveillance of CRC. Here, we provide evidence that
genetic or pharmacological inhibition of FPRI1 facilitates intest-
inal oncogenesis in inflammation-driven and genetic models.

Results

Fpr1 facilitates the migration of dendritic cells toward
dying CRC cells

Bone-marrow derived dendritic cells (BMDCs) were obtained
from C57BI/6 mice harboring functional FprI alleles (Fpri*'*
or wild type, WT) or lacking one (FprI*) or both alleles of Fpr1
(Fpr1™'7). To examine their migratory capacity, BMDCs were
placed on top of microporous membranes and their migration
through these membranes toward lower chambers was mon-
itored by measuring impedance in a specialized device (see
Materials & Methods). Migration was stimulated by placing
the supernatant of MC38 CRC cells (syngeneic in immuno-
competent C57Bl/6 mice) that were left untreated (control) or
transiently treated with the chemotherapeutic agent oxaliplatin
(OXA) into the lower chambers (Figure 1a). As compared to
supernatants from untreated MC38 cells, supernatants from
OXA-treated MC38 cells stimulated migration of WT BMDC:s.
This migration-stimulatory effect was attenuated when Fpr1*/*
BMDCs were replaced by Fpr1* and Fpr1~~ BDMCs, the latter
exhibiting the lowest propensity for migration (Figure 1b-d).
Similarly, Fpr1™'~ BDMCs demonstrated reduced migration
abilities even at basal state (i.e., in the presence of supernatants

from untreated MC38 cells) (Figure 1b,c). However, the spe-
cific response of BMDCs to cell death (i.e., the difference of
migration in response of OXA-treated versus untreated CRC
cells) was strongly compromised by the absence of Fprl
(Figure 1d). These findings suggest that Fprl governs the
spatial relationship between myeloid and CRC cells, motivating
us to investigate the impact of Fpr1 on intestinal carcinogenesis
and tumor progression.

Effects of FPR1 on inflammation-induced CRC

To investigate the potential effects of Fprl deficiency, we
turned to an inflammation-induced model of CRC caused by
a single intraperitoneal (i.p.) administration of the mutagen
azoxymethane (AOM) followed by oral dextran sodium sulfate
(DSS), a detergent that induces colitis*°
carcinogenic protocol was applied to mice bearing a WT,
Eprl*, or Fprl™~ genotype. Of note, we performed co-
housing of mice with the three genotypes before the initiation
of the protocol (Figure 2a)*' thus minimizing possible differ-
ences in gut microbiota that might have arisen from defects of
Fprl, as determined by 16S sequencing of fecal material (col-
lected before AOM injection and after one cycle of DSS).
Hierarchical Cluster Analysis (HCA, Figure 2b) and non-
supervised Principal Coordinate Analysis (PCoA, Figure 2c),
both employed with Bray-Curtis distance, failed to detect
major differences in the overall microbiota composition
among Fprl genotypes, thus confirming the capacity of
cohousing to homogenize microbiota structure, irrespective
of Fprl genetic background. PCoA showed that the unique
statistical difference in microbiota composition was among
AOM+DSS and control mice (Figure 2¢). The supervised
Partial Least Square Discriminant Analysis (PLS-DA,
Figure 2d) revealed differences in microbiota composition,
especially for Fpr1*’* AOM+DSS treated mice. Thus, variable
of importance in projection (VIP) scores (Figure 2e) showed
that 7 out of 19 differentially abundant species (most impor-
tantly Parabacteroides goldstenii and Eubacterium siraeum)
had higher relative abundances in this group. Interestingly,
Fpr1™"~ mice at baseline showed a minor shift in the abundance

. This colon-

of Parasutterella excrementihominis and Lactobacillus reuteri,
which are species having the lowest relative abundance in
Fpr1** AOM+DSS mice. Among the 44 bacteria species evi-
denced by the VIP plot (Figure 2e), 18 were significant without
FDR and 10 were significant after a Benjamini-Hochberg two-
stages 10% FDR (Supplemental Table S1), indicating that only
a minority of the identified bacterial species (10 out of 441
species or 2.3%) differed in their relative abundance.
Additionally, in contrast to a prior report that did not perform
cohousing,”* we did not find any significant difference in colon
inflammation (indicated by weight loss, Fig S2B, diarrhea or
rectal bleeding, data not shown) between FprI-proficient and -
deficient mice (Figure 2c—e). For colorectal carcinogenesis, we
continued the experiment by supplying two additional cycles of
oral DSS (Figure 3a). Fprl”~ mice developed more



ONCOIMMUNOLOGY e 3

Naive mice
— BMDCs
Bone marrow R RENEN
/ Microporous membrane
—>
Microelectrodes U
xCELLigence migration assay
[P Retrieve
— [: @ —> Change media — supernatent
" - after 16h
MC38 cells Incubate with OXA

for 1 hour

b

257 - Fprt*# Control - Fpr1** OXA
~#~ Fpr1*- Control -# Fpr1*- OXA
Fpr17 Control Fpr1”- OXA
2.0 ii
iiiiiilill **p=0.0088
$ —
p=0.029
7 i #p=0.0368
x TT+1
5 W
c EEE
= "i" I
3 I .
(] L
1.0 iiii
s Ty TEEE iiiiiiii
SRHTTHIT
054 /A
A
/5
i/
0.0—% T T T T T T T T T
0 40 80 120 160 200 240 280 320 360
Time (minutes)
1509 3 Control 50 7
[ OXA
Kekdk
HHH 40
® — Fkkk 3
£ 100 i g
o — °
) 2 30
s s
G 3
o o
£ £
= © 20
S 50— g
< <
5]
10
s T T T 0 T T T
Fpr1** Fpr1*- Fpr1” Fpr1** Fpr1*- Fpr1”

Figure 1. Fpr1 defects induce a migration defect. Notes: 3 x 10* MC38 colon carcinoma cells were treated with oxaliplatin (OXA) or left untreated. After 1 h, treatment
media was replaced by fresh media. After 16 h of culture, supernatants were retrieved and used as chemoattractant. Bone-marrow derived dendritic cells (BMDCs) were
isolated and cultured for 7 d in granulocyte-macrophage colony-stimulating factor containing media. The migration of 6 x 10* BMDCs from Fpr1~'~, Fpr1*, and Fpr1*'*
mice toward the chemoattractant was monitored over 24 h. For each condition, at least seven internal replicates are represented. (a) Overall scheme of the experiment.
(b) Cell index of BMDCs reaching the compartment containing chemoattractant. Results from a representative experiment are illustrated as mean + SEM over time. ** p
<0.01, *** p <0.001 as compared to Fpr1*’* control mice; *p < 0.05, ****p < 0.0001 as compared to Fpr1*'+ OXA-treated MC38 cells; °p < 0.05 as compared to Fpri*
gggtrol mice; %&p < 0.005 as compared to Fpr1* OXA-treated MC38 cells. (c) Area under the curve of the panel B. **** p < 0.0001 as compared to untreated control mice;

'p < 0.0001 as compared to Fpri*™* control mice. (d) Difference in the area under the curve of OXA-treated and untreated BMDCs.
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Figure 2. Fpr1 genotype does not impact microbiota. Notes: After a 2-week-long cohousing period Fpr1*'*, Fpr1*, and Fpr1~'~ C57BL/6 mice were treated (Day 0) with
a single intraperitoneal (i.p.) injection of azoxymethane (AOM, 10 mg/kg) or with an equivalent volume of PBS (control group), followed by one cycle of 2% dextran
sodium sulfate (DSS) in the drinking water for 96 h, starting on day 3 (a). Feces were collected on day 0 and 20 (after AOM injection). (b) Hierarchical cluster analysis
(HCA) based on clr-transformed, normalized, and standardized bacterial relative abundances, from low (green) to high (red). On the x-axis are the bacterial species
clustered following the Bray-Curtis distance, while on the y-axis the six mice groups considered (Fpr1*'* control, blue; Fpr1* control, green; Fpr1~~ control, cyan; Fpr1™/*
AOM-+DSS, orange; Fpr1* AOM+DSS, red; Fprl'/' AOM+DSS, purple). (c) Unsupervised principal coordinate analysis (PCoA) showing beta-diversity difference (ANOSIM
and PERMANOVA metrics) among the groups in terms of bacterial species relative abundances, after transformation, normalization, and standardization. Values
represent the number of mice for each group. (d) Supervised Partial Least Square Discriminant Analysis (PLS-DA) for the same groups of panel C, beta-diversity
measured by ANOSIM. (e) Variable Importance Plot (VIP) shows: (i) discriminant species after PLS-DA in descending order of VIP score (bar length); (i) the highest
relative abundance depending on the cohort (central bar color) and the lowest one (edge bar color); (iii) significant difference after Mann — Whitney U test (non-FDR,
*p < 0.05, ** p < 0.01; *** p < 0.001). Results from two pooled independent experiments yielding similar results are illustrated.

reactive mucosal hyperplasia (Figure 4a-d and Table S1).
Altogether, the cumulative histopathological score was
** controls

macroscopically visible colon polyps (which include various
histological lesions such as hyperplasia, adenoma, and carci-
nomas, though without any visible impact on their size) than increased in Fprl~~ mice as compared to Fprl
Fpr1*"* mice (Figure 3b). Notably, all Fpr1™'~ mice (19 out of ~though this result was not significant (Figure 4e and Fig. S1),
19) developed such lesions, contrasting with 15 out of 23 all  correlating with the macroscopic evaluation of the polyp count
Fpr1* mice and the relatively low frequency of Fpr1*'* mice (Figure 4f). We then separately evaluated histologically detect-
exhibiting polyps (14/21) (Figure 3c). able adenomas and adenocarcinomas, favored by these inflam-

A histological examination of Swiss rolls confirmed these matory-driven lesions. These malignancies preferentially
macroscopic differences (Figure 4a-d). For this, we evaluated developed in FprI-deficient animals rather than in WT con-
colonic non-neoplasic lesions i) inflammatory cell infiltration,  trols (Fig. S2). Mice with the FprI* genotype manifested an
ii) surface epithelium, and crypt injury, as well as iii) colonic  intermediate phenotype (Figure 4 and S1).
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C57BL/6 mice were treated (Day 0) with a single intraperitoneal (i.p.) injection of azoxymethane (AOM, 10 mg/kg) followed by three cycles of 2% dextran sodium sulfate
(DSS) in the drinking water for 96 h, starting on day 3 or with an equivalent volume of PBS (control group). All mice were sacrificed at 80 d, when colons were rolled,
fixed in formaldehyde, and transferred into ethanol after 24 h. Samples were embedded in paraffin and underwent hematoxylin, eosin, and saffron (HES) staining.
Results from three pooled independent experiments yielding similar results are shown as dot plots which indicate means + SD. p values inferior to 0.2 are indicated
(Kruskal Wallis and ROUT (Q = 2%) tests). (a) Overall scheme of the experiment. (b) Number of polyps per mouse with a representative picture of a polyp-bearing colon.
Each dot represents one mouse. (c) Average percentage of polyp-bearing mice and total number of polyp-bearing mice in three independent experiments, each
indicated by one dot. Numbers above the columns indicate the number of mice bearing polyps macroscopically observed among the total number of mice included in

each experimental group.

In conclusion, homozygous Fprl deficiency significantly
favors colonic reactive mucosal hyperplasia as well as inflam-
mation-induced colon tumorigenesis. It appears improbable
that these effects can be attributed to shifts in the microbiota,
rather suggesting that they are due to immune system-intrinsic
defects in immunosurveillance.

Effects of Fpr1 on APC"*.induced cancers

Mice bearing the truncation mutation Min (multiple intestinal
neoplasia) in codon 850 of the gene Apc (adenomatous polyposis
coli), referred to as ApcMi"/ * mice, show constitutive overactiva-
tion of the Wnt pathway leading to intestinal carcinogenesis.”>**
We treated such mice with the pharmacological Fpr1 antagonist
cyclosporin H (CsH) once per week for 8 weeks (i.p. at 30 mg/kg/
mouse), alone or in combination with two treatment periods of
the non-steroidal anti-inflammatory drug sulindac (Figure 5a),
which is known to attenuate intestinal oncogenesis.25 Of note,
sulindac has a pleiotropic effect (on inflammation, proliferation,
and Wnt/f-catenin signaling).”* > CsH treatment increased the
number of lesions (atypical hyperplasias or intestinal adenomas
across the intestine) developing in Apc™™* animals as compared
to untreated Apc™™* mice. This pro-tumorigenic CsH effect
was abrogated by simultaneous sulindac treatment (Figure 5b,c),
suggesting that Fprl inhibition contributes to the manifestation

of atypical hyperplasias or intestinal adenomas via pro-
inflammatory effects.

Discussion

Homozygous presence of rs867228, a loss-of-function poly-
morphism in FPRI, is associated with the precocious manifes-
tation of gastrointestinal cancers, in particular esophagus and
colorectal carcinomas. Here, we investigated the impact of
genetic or pharmacological inhibition of Fprl on experimental
intestinal neoplasia developing in mice. We found that Fprl
inhibition enhanced the propensity of mice to intestinal onco-
genesis in two models, namely, (i) carcinogen and inflamma-
tion-driven (AOM/DSS) colorectal oncogenesis and (ii)
Apc™™-induced tumorigenesis affecting the small intestine.
Although it is tempting to assume that these effects are due
to deficient immunosurveillance, the mechanistic underpin-
nings of these phenomena remain to be elucidated.

In mice, the knockout of Fprl has ambiguous effects on
the control of microbial infections as well as on noninfec-
tious diseases, which might explain - at the theoretical
level — why loss-of-function variants of FPRI constitute
an advantage for a population of individuals exposed to
a heterogeneous panel of external and internal disease dri-
vers. Thus, the knockout of Fprl increases bacterial burden,
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Figure 5. Antagonism of Fpr1 impacts intestinal tumorigenesis in the spontaneous APC""™* model. Notes: APC*"™* (heterozygous) or WT mice were treated weekly with
cyclosporin H (CsH, i.p. 30 mg/kg/mouse), while the non-steroidal anti-inflammatory drug sulindac was administered by switching from regular diet to one containing
300 ppm sulindac. (a) Overall scheme of the experiment. (b) Enlarged windows of representative pre-neoplastic lesions: i) atypical hyperplasia, a well-circumscribed
intra-epithelial proliferation of densely packed enterocytes and ii) adenoma, a benign well-demarcated neoplasm extending beyond the confinement of the intestinal
mucosa. (c and d) Number of lesions per mouse. Results from four independent experiments yielding similar results are illustrated. Histograms illustrate means + SD.
p values lower than 0.2 are indicated (one-way ANOVA, Tukey multiple comparison test).

inflammation, and mortality in murine models of pneumo-
coccal meningitis (where Streptococcus pneumoniae 1is
injected into the subarachnoid space)®’, Listeriosis (where
Listeria monocytogenes is administered intravenously) or
peritonitis (where pathogenic isolates of Escherichia coli
are injected i.p.)’°, but protects against plague (where
Yersinia pestis is administered subcutaneously).’!
According to one report, Fprl~'~ mice exhibit higher levels
of circulating interleukin (IL-) 6, tumor necrosis factor
(TNF-) a and chemokine (C-X-C motif) ligand 1
(CXCL1) post-lipopolysaccharide (LPS) challenge, as well
as more liver damage indicated by apoptosis and transami-
nase elevation, as compared to WT controls.>> However,
deletion of Fprl protects against cuprizone-induced demye-
lination of the corpus callosum and neuroinflammation of
the cortex’ and improves the outcome of traumatic brain
injury’* and transient focal brain ischemia through reduced
neuroinflammation.’® Deletion of Fprl also mitigates lung

damage by aerosolized or intratracheally instilled LPS,’**’

cigarette smoke,”* intratracheal bleomycin instillation,*’
and bronchiolitis obliterans syndrome induced by allo-
geneic heterotopic tracheal transplantation.*'

At the gut level, the Fprl deletion reduces acute colitis
induced by one single cycle of oral treatment with DDS*>*’
or intracolonic administration of dinitrobenzene sulfonic acid
(DNBS)**. However, upon two cycles of DDS, colitis has been
reported to be histologically worse with more ulcers in Fpr1™/~
mice.*’ In our study — which involved three cycles of DDS plus
a pretreatment with AOM, the most commonly used model of
chemically induced colon carcinogenesis,*”> the Fprl KO did
not significantly modulate intestinal inflammation leading to
weight loss (Fig S2).

FPR1 and the microbiota exhibit reciprocal effects.
Although there are no major changes in the context of
anormal diet, Fpr1~'~ mice on a high fat diet exhibit an altered
microbiota as compared to WT mice with an increase in
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Rikenellaceae,*® which, based on rather indirect evidence,
might favor colorectal carcinogenesis.”’” Reportedly, the FprI
KO reduces the formation of organized intraluminal structures
that encapsulate commensals following acute Toxoplasma gon-
dii gastrointestinal infection, correlating with increased micro-
bial translocation, poor commensal containment, and higher
mortality.*® Fpr1™'~ mice failed to recruit an anaerobic bacter-
ial consortium including Akkermansia muciniphila into the
proximity of colonoscopy-induced wounds.*’ The wound clo-
sure-promoting effect of A. muciniphila requires FPR1 as well
as intestinal epithelial-cell-specific nicotinamide adenine dinu-
cleotide phosphate oxidase 1-dependent redox signaling.*’
However, the implication of A. muciniphila in AOM/DSS-
induced colon carcinogenesis is controversial.”>! Daily gavage
of Lactobacillus rhamnosus GG (LGG) to WT mice increases
gastrointestinal motility, and this effect is not seen in Fpr1™/~
mice.”> The Fprl KO reduces intestinal healing of wounds
induced by colonoscopy in response to intrarectal administra-
tion of LGG.** Of note, to exclude the possibility that the
absence of Fpr1 might affect intestinal oncogenesis in an indir-
ect fashion (via microbiota shifts) rather than in a (more) direct
fashion (via effects on immunosurveillance), Fpri*'* and
FprI™'~ mice were cohoused before the initiation of treatments
with AOM and DSS. In this experimental design, we did not
detect any major differences between the microbiota in Fpr1™'*
and Fpr1~'~ mice subjected to AOM and DSS. At this point, we
therefore cannot argue in favor of the hypothesis that Fprl
would induce CRC-relevant changes in the intestinal
microbiota.

Although Fpr1™'~ mice did not manifest any major shift
in their fecal microbiota compared to their WT controls, it is
still possible that they respond differently to carcinogenic
effects depending on the microbiota, which clearly modu-
lates inflammation-induced colon carcinogenesis.SS’54 LGG,
which acts through FPRI on gut motility*’ and colon wound
closure,” limits AOM/DSS-induced colon carc:inogenesis.55
In vitro data suggest that the antiangiogenic and inflamma-
tion resolving effects of LGG on colon cancer cells are
mediated by FPR1.”> Hence, it will be interesting to study
the possibility that the effects of tumor-suppressive bacteria
on intestinal carcinogenesis are mediated by FPR1 signaling.
Moreover, it appears possible — yet remains to be formally
demonstrated - that defects in Fpr1™'~ immune cells (such as
the reduced migration of Fpr1~’~ dendritic cells toward
stressed or dying CRC cells) account for inadequate antic-
ancer immune responses in a microbiota-independent
fashion.

Irrespective of these uncertainties, it appears that FPRI
deficiency favors intestinal oncogenesis. These findings suggest
that the association of rs867228 with early diagnosis of gastro-
intestinal malignancies reflects a cause-effect relationship.

Material and methods
Chemicals

Cyclosporin H (#HY-P1122) was purchased from MedChem.
Dextran sodium sulfate (#42867) and azoxymethane (#A5486)
were provided by Sigma Aldrich. Pierce™ 16% formaldehyde

methanol-free (#28908) was purchased from Thermo Fisher
Scientific. The Haemalum-Shorr staining solution (#720-
0330), Saffron (#720-0184) and Ethanol absolute (#20821.310
or #20821.365) were provided by VWR. Phosphate buffered
saline (#100123, Gibco) was purchased from Gibco. Sub-X
clearing medium (#3803672), paraffin (#39V2001 or
#39601006), Rabbit HRP PowerVision kit (#PV6119) and
BOND Epitope dewax solution (#AR9222) were provided by
Leica Biosystem. Eosin-Y aqueous (#6766010) was purchased
from MM France.

Animals

Mice were bred and maintained in the animal facilities of the
Centre de Recherche des Cordeliers in specific pathogen-free
conditions in a temperature-controlled environment with 12-h
light/12-h dark cycles and received food and water ad libitum
with standard diet unless otherwise stated. FprI™'~ mice were
originally produced by Taconic under the commercial name
C57BL/6NTac-FprltmlGao N6. Subsequent breedings were
performed in house. Animal experiments followed the
Federation of European Laboratory Animal Science
Association (FELASA) guidelines and were in compliance
with  EU  Directive  63/2010.  Protocols  #24973-
2020040413162969 v3 and #30574-2021031815209398 v4
were approved by the Charles Darwin Ethical Committee
(C2EA-05 registered at the French Ministry of Research).

Inflammation-induced colorectal oncogenesis

Females and males 6- to 10-weeks-old were used in these
experiments. 6- to 10-week-old wild-type C57BL/6] female
mice were obtained from Envigo. After a two-week cohousing
period, Fpr1*'*, Fpr1*, and Fpr1~'~ mice were randomized and
treated (Day 0) with a single intraperitoneal (i.p.) injection of
AOM (10 mg/kg) or with an equivalent volume of vehicle (PBS,
control group). Three days later, animals from the treated
group received 2% DSS in the drinking water for 96 h, followed
by a 2-week rest period without DSS, then another 96-h cycle of
2% DSS followed by a second 2-week rest period and, at last,
a final 96-h cycle of 2% DSS. All mice were sacrificed by
cervical dislocation 80d after AOM administration.
A longitudinal analysis of fraction of initial weight data was
performed by linear mixed-effect modeling (https://kroemer
lab.shinyapps.io/TumGrowth/).>

APCMi* spontaneous intestinal oncogenesis

4-week-old females and males were used in these experiments.
APCM""* mice or WT littermates were treated i.p. weekly with
cyclosporin H (CsH, 30 mg/kg/mice) or with an equivalent
volume of vehicle (PBS), while sulindac was administered by
switching from regular diet to that containing 300 ppm sulin-
dac. All mice were sacrificed by cervical dislocation at 12 weeks
(8 weeks after treatment initiation), and tissues from the small
intestine and colon were harvested.
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Swiss rolls

Following sacrifice, the ileum, jejunum, duodenum, or colon
were excised and processed as previously described.”” Briefly,
the entire length of the tissue was unraveled, cut open long-
itudinally along its main axis, and washed with PBS.
Subsequently, the tissue was macroscopically inspected for
the presence of macroscopic protrusions (referred to as
polyps), with the luminal side face up, and rolled from the
proximal to distal section on a needle from which the eye was
cut. The Swiss rolls were then fixed using a minuten pin in 4%
formaldehyde for 24 h at 4°C then transferred until paraffin
embedding into a cassette in 70% ethanol at 4°C.

Histology

About 5-pm thick sections were performed with a microtome.
Swiss roll paraffin-embedded tissue sections underwent either
hematoxylin, eosin, and saffron (HES) as previously
described.”” At last, each slide was scanned at a resolution of
0,22 pm per pixel using a 20x objective of the Zeiss Axio Scan
Z1 slide scanner and visualized using the QuPath-0.2.3
software.

Histopathological analysis

The histopathological evaluation of HES-stained mouse
intestinal tissue sections was conducted on Whole-Slide
Images (WSI) in the QuPath-0.2.3 digital pathology
software.”® To ensure reproducible microscopic findings,
the description, and diagnosis of mouse intestinal prolif-
erative and nonproliferative lesions reported in the present
work followed the most recent and accepted consensual
terminology used in mouse pathology, as published by
international committees and experts.”” ®' Researchers
performing the histological assessment (JLN and PC)
were blinded to sample identity at the time of the analysis.

Statistical analysis of ex vivo experiments

Multiple comparisons of the number of polyps or adenomas
were conducted using a one- or two-way ANOVA Tukey’s
multiple comparison test. Multiple comparisons of histological
scores were performed using Dunn’s multiple comparison test.

Microbiota analysis

Mice feces were collected on day 0 and 20 (after AOM injec-
tion) and frozen at —80°C. DNA extraction and 16S rRNA
sequencing of mouse stools.

Extraction and 16S-targeted sequencing

Samples were extracted by a mechanical treatment performed
with powder glass beads acid washed (G4649-500 g Sigma) and
0.5 mm glass beads cell disruption media (Scientific Industries,
Inc) using a FastPrep-24™ 5 G Grinder (mpBio) at maximum
speed (6.5 m/s) for 90 s. Then the samples were treated through
two kinds of lysis methods: method 1 with classical lysis and
protease step following by purification on E.Z.N.A Tissue DNA
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Kit (Omega bio-tek, Norcross, Etat-Unis) and method 5 using
a deglycosylation step and purification on the EZ1 Advanced
XL device (Qiagen, Courtaboeuf, France)®® Samples were first
amplified on these two extractions, pooled and barcoded, then
sequenced for 16S rRNA sequencing on MiSeq technology
(Illumina, Inc, San Diego CA 92,121, USA) with paired end
strategy, constructed according to the 16S targeted sequencing
Library Preparation (Illumina). For each protocol extraction,
metagenomic DNA was amplified for the 16S “V3-V4” regions
by PCR for 45 cycles, using the Kapa HiFi Hotstart ReadyMix
2x (Kapa Biosystems Inc, Wilmington, MA, USA), and the
surrounding conserved region V3_V4 primers with overhang
adapters (FwOvAd_341F
TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGCCT-
ACGGGNGGCWGCAG; RevOvAd_785R
GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGGA-
CTACHVGGGTATCTAATCCAfter purification on AMPure
beads (Beckman Coulter Inc, Fullerton, CA, USA), concentra-
tion was measured using High-sensitivity Qubit technology
(Beckman Coulter Inc, Fullerton, CA, USA) and dilution to
3.5 ng/pl was performed. At this step, the library of protocol 1
was pooled volume to volume to the library of protocol 5 and
Mlumina sequencing adapters and dual-index barcodes were
added to the amplicon. After purification on AMPure beads
(Beckman Coulter Inc, Fullerton, CA, USA), the first library
was pooled with 95 multiplexed samples and the second library
with 41 multiplexed samples. The global concentration was
quantified by a Qubit assay with the high-sensitivity kit (Life
Technologies, Carlsbad, CA, USA). Before loading for sequen-
cing on MiSeq (Illumina Inc, San Diego, CA, USA), the pool
was diluted at 8 pM. Automated cluster generation and paired-
end sequencing with dual index reads was performed in
a single 39-h run in a 2 x 250 bp. The paired reads were filtered
according to the read qualities. The raw data were configured
in FASTQ files for R1 and R2 reads.

Bioinformatic analysis

Raw FASTAQ files were analyzed with DADA?2 pipeline v.1.14
for quality check and filtering (sequencing errors, denoising,
and chimera detection) on a Workstation Fujitsu Celsius R940
(Fujitsu, Tokyo, Japan). Filtering parameters were as follows:
truncLen = 0, minLen = 100, maxN = 0, maxEE = 2, truncQ =
11, trimLeft = 15. All the other parameters in the DADA2
pipeline for paired-end were left as default. Raw reads
(5692773 in total, on average 37,700 per sample) were filtered
(1921911 in total, on average 12,727 per sample) and 2503
Amplicon Sequence Variants (ASV) were found. Sample cov-
erage was computed and resulted to be on average higher than
99% for all samples, thus meaning a suitable normalization
procedure for subsequent analyses. Bioinformatic and statisti-
cal analyses on recognized ASV were performed with Python
v.3.8.2. Each ASV sequence underwent a nucleotide Blast using
the National Center for Biotechnology Information (NCBI)
BLAST software (ncbi-blast-2.3.0) and the latest NCBI 16
S Microbial Database (http://ftp.ncbi.nlm.nih.gov/blast/db/).
After blasting, the 2503 ASVs were merged into 441 species
(thus excluding sub-species or strain differences), and a matrix
of their relative abundances and prevalences was built. Only
bacterial species having a prevalence equal to or higher than
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20% were considered, thus 118 species were considered for
subsequent statistical analyses.

Statistics and reproducibility

Data matrices were first transformed with pseudocount
and centered-log-ratio (CLR), then normalized and stan-
dardized using QuantileTransformer and StandardScaler
methods from  Sci-Kit learn package v0.20.3.
Normalization using the output_distribution =normal’
option transforms each variable to a Gaussian-like shaped
distribution, whilst the standardization results in each
normalized variable having a mean of zero and variance
of one. These two steps of normalization followed by
standardization ensure the proper comparison of variables
with different dynamic ranges, such as bacterial relative
abundances, or cytokine levels. For microbiota analysis,
measurements of a diversity (within sample diversity)
such as Richness and Shannon index, were calculated at
species level using the SciKit-learn package v.0.4.1.
Exploratory analysis of B-diversity (between sample diver-
sity) was calculated using the Bray-Curtis measure of dis-
similarity and represented in Principal Coordinate
Analyses (PcoA), along with methods to compare groups
of multivariate sample units (analysis of similarities -
ANOSIM, permutational multivariate analysis of variance —
PERMANOVA) to assess significance in data points clus-
tering. ANOSIM and PERMANOVA were automatically
calculated after 999 permutations, as implemented in Sci-
Kit learn package v0.4.1. To visualize a non-supervised
clusterization as PCoA, we implemented with custom
scripts (Python v3.8.2) a Hierarchical Clustering Analysis
(HCA) with ‘Bray-Curtis’ metrics and ‘complete linkage’
method. We implemented Partial Least Square
Discriminant Analysis (PLS-DA) and the subsequent
Variable Importance Plot (VIP) as a supervised analysis
wherein the VIP values (order of magnitude) are used to
identify the most discriminant bacterial species among the
cohorts. Bar thickness reports the fold ratio (FR) value of
the mean relative abundances for each species among the
two cohorts, while an absent border indicates mean rela-
tive abundance of zero in the compared cohort. Mann -
Whitney U test and p values, without FDR, was used for
a fixed sample size as previously described, and Kruskal -
Wallis tests were employed to assess significance for pair-
wise or multiple comparisons, respectively, considering a p
value < 0.05 as significant.

Migration assay

3 x 10* MC38 colon carcinoma cells were either treated with 400
uM of oxaliplatin (OXA) or left untreated. After 1 h, treatment
media was replaced by fresh media. After 16 h, supernatant was
retrieved and used as chemoattractant. Bone-marrow derived
dendritic cells (BMDCs) were isolated and cultured for 7d in
RPMI-1640 media with pen/strep, L-glutamine, non-essential
amino acids, sodium pyruvate, B-mercaptoethanol, and granulo-
cyte-macrophage colony-stimulating factor as previously
described.®> The migration of 6 x 10* BMDCs from Fprl™~,

Fpri*, and Fpr1*"* mice toward the chemoattractant was followed

for 24 h. Longitudinal analysis of square root preprocessed cell
index data was performed by linear mixed-effect modeling from
40 to 220 min. Wald test was used to compute p values by testing
jointly that both cell migration slopes and intercepts of the trans-
formed cell indexes were the same between treatment groups of
interest (https://kroemerlab.shinyapps.io/TumGrowth/).>® Cell
index data are represented on the untransformed original scale
alongside the SEM computed at each time point. For each condi-
tion, at least seven internal replicates are represented.
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