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ABSTRACT Gut dysbiosis has been associated with intestinal and extraintestinal malignancies,

but whether and how carcinogenesis drives compositional shifts of the microbiome
to its own benefit remains an open conundrum. Here, we show that malignant processes can cause ileal
mucosa atrophy, with villous microvascular constriction associated with dominance of sympathetic
over cholinergic signaling. The rapid onset of tumorigenesis induced a burst of REG3yrelease by ileal
cells, and transient epithelial barrier permeability that culminated in overt and long-lasting dysbiosis
dominated by Gram-positive Clostridium species. Pharmacologic blockade of B-adrenergic receptors
or genetic deficiency in Adrb2 gene, vancomycin, or cohousing of tumor bearers with tumor-free lit-
termates prevented cancer-induced ileopathy, eventually slowing tumor growth kinetics. Patients with
cancer harbor distinct hallmarks of this stress ileopathy dominated by Clostridium species. Hence,
stress ileopathy is a corollary disease of extraintestinal malignancies requiring specific therapies.

SIGNIFICANCE: Whether gut dysbiosis promotes tumorigenesis and how it controls tumor progression
remain open questions. We show that 50% of transplantable extraintestinal malignancies triggered
a p-adrenergic receptor-dependent ileal mucosa atrophy, associated with increased gut permeability,
sustained Clostridium spp.-related dysbiosis, and cancer growth. Vancomycin or propranolol prevented

cancer-associated stress ileopathy.

INTRODUCTION

During the last decade, the gut microbiome has garnered
much attention in the context of evolving immuno-oncology,
with compelling evidence of the role of intestinal dysbiosis in
primary resistance to immune checkpoint blockade across a
large range of advanced malignancies (1-4). This contention
was supported by numerous epidemiologic studies pointing
out the deleterious impact of broad-spectrum antibiotics in
the clinical outcome of anti-PD-1/anti-PD-L1 antibodies
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in stage IIIT and IV melanoma and lung, kidney, and bladder
cancers (35, 6). Of note, the decreased richness of the intestinal
ecosystem was associated with a tumor microenvironment
poor in T-cell infilcraces.

The increased awareness of the potential contribution of
gut dysbiosis in treatment failure led many investigators to
describe metagenomics (MG)-based intestinal blueprints asso-
ciated with resistance to immunotherapy (1-3, 7, 8). However,
to what extent cancer-associated dysbiosis precedes the tumo-
rigenic process and therefore is causatively linked to neoplasia
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development or is merely its direct consequence remains
unknown. Here we show in mice and humans that the tcumori-
genic process triggers a sustained dysbiosis (in favor of species
belonging to the Clostrédinm genus) associated with a stress
ileopathy, characterized by ileal mucosa atrophy, constric-
tion of the microvascular villous circulation, and increased
expression of tyrosine hydroxylase concomitant with a drop
in parasympathetic signaling in the mucosa. Transient ampli-
fying cells and Paneth cells lose their defensins while produc-
ing antimicrobial peptides in response to catecholamines.
Clostridiz-killing vancomycin and genetic or pharmacologic
inhibition of B-adrenergic receptors interfered in the natural
tumor growth kinetics, suggesting that cancer-induced ileopa-
thy should be viewed as a critical corollary of tumorigenesis.

RESULTS
Cancer Can Cause a Terminal lleopathy

Inflammatory processes distal from the intestine, such as
traumatic or ischemic brain injuries, may cause gastrointesti-
nal dysfunction, increased epithelial barrier permeability, and
dysbiosis in experimental models and patients (9, 10). Given
that cancers are chronic inflammatory lesions, we assessed
potential changes in gut permeability following tumor
implantation. Transgene-enforced expression of the Re# proto-
oncogene under control of the metallothionein 1 promoter
drives spontaneous melanomagenesis mimicking the human
melanoma progression. We took advantage of a Res transgenic
melanoma cell line that reaches a surface of 25 to 35 mm?
within seven days after the subcutaneous inoculation of the
minimal tumorigenic dose, leading to tumor outgrowth in
100% cases. We gavaged FITC-labeled dextran (FITC-dextran)
into mice at various time points after the inoculation of a sub-
lethal dose of RET melanoma cells (vs. PBS) and determined
serum levels of FITC-dextran dye. We observed its transient
elevarion ar 9 days, but not at day 12 after tumor injection,
vet less impressive than colitis-induced FITC leakage (Fig. 1A).
We also detected blood FITC within six days after inoculation
of the transplantable MC38 colon cancer (Supplementary
Fig. SIA). Moreover, we found the serum hallmarks of the
“leaky gut” syndrome described earlier (11) with elevation
of soluble ST2 (IL33R) and/or CD14 at day 20 of RET and/
or MCA205 sarcoma tumor bearers (Fig. 1B; Supplemen-
tary Fig. S1B) in the absence of weight loss (Supplementary
Fig. S1C). This transient gut permeability was accompanied by
morphologic changes of the mucosa, starting at day 3, peak-
ing at days 6 to 9, and resolving by day 12 (Fig. 1C). Indeed, a
careful examination of tissue sections in light microscopy by
four independent pathologists concluded a patchy, partial, or
subtotal thickness reduction of the mucosa, characterized by
villus atrophy and, in some cases, abrasion of villus extremi-
ties, resulting in a significant decrease of the villus/crypt
height ratio, bereft of inflammatory infiltrates, in the proxi-
mal and terminal ileum (Fig. 1C; Supplementary Fig. S1D).
Conversely, IHC staining of CD8" and Grl™ cells within the
ileal lamina propria (LP) showed reduced intra- and extravas-
cular CD8" T-cell numbers and LP infiltration by Grl* cells
following RET inoculation (Supplementary Fig. S1E and S1F).
Concomitant changes in the CD34* villous microvascula-
ture were observed by day 3 (up to day 7), with a significant

reduction of the vascular thickness in the distal ileum of RET
tumor bearers (Fig. 1D). These morphologic abnormalities
spared the duodenum, the jejunum, and colon mucosae (Sup-
plementary Fig. S1G) and were not observed following the
injection of killed RET cancer cells (Fig. 1C). The reduction
of villus/crypt height ratios coincided with the apoptosis of
ileal crypt cells stained with antibodies against cleaved cas-
pase-3 (Fig. 1E), as well as defects in Ki-67" proliferative cells
at the junction between the transit amplifying compartment
and the villus (Fig. 1F). Intestinal epithelial and endothelial
cells are normally tightly bound together by intercellular
junctional complexes that regulate the paracellular perme-
ability. We stained the ileum of tumor bearers for the tight
junction protein Zonula occludens-1 (Zo/) and the adherens
junction protein E-cadherin buc failed to identify an altered
distribution during the first three days after RET inoculation
(Supplementary Fig. SIH and S1I). In addition, gRT-PCR
assessing ileal Mylk, Jam 1, Ocln, and Zof gene transcription at
day 3 did not show any influence of the tumor establishment
(Supplementary Fig. S1J). Of note, tumor inoculation induced
a significant decrease of eosinophil numbers in the ileum of
RET-bearing mice by day 3 after tumor implantation (Sup-
plementary Fig. S1K). Importantly, this dramatic decrease of
the villus/crypt height ratio and occurrence of crypt apoptosis
were not only observed by day 3 and up to day 9 after implan-
tation of RET melanoma but were also evidenced after the
subcutaneous administration of MCA20S fibrosarcomas and
MC38 colon cancers (syngeneic of C57BL/6 mice), but not
B16F10 melanoma, nor AT3 or 4T1 breast cancer implanta-
tion (Fig. 1G-J). Moreover, orthotopic renal RENCA in the
subcapsular area of the kidney of BALB/c mice or lung TC1
within the lung parenchyma both induced the mucosal atro-
phy at later time points (>day 15), whereas an intravenous
model of lung metastases of TC1 failed to do so (Fig. 1G-]).
Altogether, we unveiled that 57% (# = 4/7) of mouse trans-
plantable tumors could trigger a cancer-associated ileopathy
characterized by a transient (starting at day 3, peaking at
days 6-9, and resolving by day 12) epithelial atrophy of the

terminal ileum.

Cancer Can Promote Intestinal Dysbiosis in Mice

Intrigued by this cancer-associated ileopathy, we concomi-
tantly analyzed compositional shifts of the fecal microbi-
ota longitudinally in these tumor bearers at different time
points of tumor progression across five tcumor models. We
used high-throughput amplicon sequencing of the gene
encoding 16S rRNA and the relevant bioinformatics tools
to analyze differences in taxonomic composition in a paired
manner, before (D0) and at day 7 (D7) following subcutane-
ous tumor inoculation across five tumor subtypes (RET,
MCA205, RENCA, MC38, and AT3), and we pursued until
day 12 (D12) and day 19 (D19) for RET and MCA205
tumors (Fig. 2A and B; Supplementary Fig. S2). There were
no differences in any of the alpha diversity metrics inspected
(richness, evenness, Shannon index, and Simpson diversity
index) at any time point in any of the six tumor types (not
shown). However, the principal coordinate analyses (PCoA)
of microbial B-diversity distances identified significant shifts
in the microbiome composition over time in RET [Fig. 2A for
DO vs. D12; Supplementary Fig. S2A for DO vs. D7 (top) and
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Figure 1. Prototypic pathologic features of cancer-associated ileopathy. A, RET-induced (right) or DSS-induced (left) intestinal permeability monitored
by FITC-dextran oral administration at day 9 or 12 and translocation in the bloodstream 4 hours later. Each dot represents one mouse; one representative
experiment out of two is depicted. Mann-Whitney test was used for comparison with the control group. DSS, dextran sulfate sodium. B, Plasma levels of
soluble CD14 and ST2 at day 20 in naive versus RET tumar bearers. Two concatenated experiments are plotted. Each dot represents one mouse. Mann-
Whitney test was used for comparison with the control group. C, Morphologic changes. Left, typical micrograph of hematoxylin/eosin/saffran-stained ileal
tissue visualized in light microscopy. Scale bar, 100 um (Ctrl: PBS injection, RET: tumor injection). Right, manual calculation of the villus/crypt height ratio

in the distal ileum, at day 3, days 6-89, and day 12, after subcutaneous tumor implantation of live or dead RET (day 7) versus PBS. Each dot represents one
mouse in two concatenated independent experiments of 4-6 mice/group. Mann-Whitney test was used for comparison with the control group. D, CD34
staining to monitor villous vascular thickness. A prototypic micrograph picture is shown followed by precise measurement of vascular thickness in RET- and
PBS-injected mice at day 3. Each dot represents the mean of 30 ileal villi/animals. Mann-Whitney test was used for comparison with the control group.

E and F, Typical micrograph picture of ileal crypts (E) or whole epithelia (F) stained with anti-cleaved caspase-3 (cCas3) Ab (E) or anti-Ki-67 Ab (F; positivity
outlined in black arrows) in naive Ctrls (PBS injection) or RET tumor bearers at day 3, and manual calculation for cCas3 and automated quantification of
Ki-67-positive cells/mm? were performed. Scale bar, 50 um. Mann-Whitney test was used for comparison with the control group. G-J, The same as Cand E,
but subcutaneous implantation of different tumor cell lines (MCAZ205, MC38, B16F 10, AT3, orthotopic or intravenous (iv.) TC1, syngeneic of C57BL/6 mice,
or orthotopic RENCA, 4T1 syngeneic of BALB/c mice). Each graph assembles results from 1to 3 independent experiments containing groups of 5-6 mice
sacrificed at day 7 after subcutaneous tumor implantation or days 15-21 for orthotopic or i.v. TC1 or RENCA. ANOVA statistical analyses (Kruskal-Wallis
test) were used for multiple comparisons. Numerical P values are indicated.
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DO vs. D19 (bottom)], MCA205 [Fig. 2B for DO vs. D12; Sup-
plementary Fig. S2B for DO vs. D7 (top), DO vs. F4 (bottom)],
and RENCA tumor models (between DO and D7; Supplemen-
tary Fig. 52C), coinciding with ileal atrophy. In contrast, no
significant compositional modulations of the stools could
be observed in AT3 tumor bearers (between DO and D7;
Supplementary Fig. S2D) in accordance with the absence of
ileopathy. To determine the relative contribution of the abun-
dance of each bacterial species at DO to the observed group
separation at D12, bacterial species were ordered according
to their variable importance (VIP) score [which relies on
the supervised analysis of partial least square discriminant
analysis (PLS-DA); Fig. 2A (RET) and Fig. 2B (MCA205)].
We found a common relative dominance of the Clostridiales
order (including Clostridizceae family members, i.e., Clostrid-
i papyrosolvens, C. dariflaveam, C. cellulolyvticam, C. aldenense,
and C cellobioparum;, Ruminococcaceae family members, such
as R. flavefaciens and F. plautis, Sporanaerobacter genus, such
as S acetigenes and Vallitaleaceae family members such as
V. pronyensis) at the expense of Lactobacillus genus (relative loss
of L. anrmalis and L. taiwanensis) across the three ileopathy-
promoting tumor types (RET, MCA205, and RENCA; Fig. 2A
and B; Supplementary Fig. S2E-S2G). Importantly, in con-
trast to the transient nature of the cancer-associated ileopa-
thy, cancer-induced gut dysbiosis persisted for a prolonged
period (until animal sacrifice at day 19), with the relative
overrepresentativity of distinct taxonomic species such as
F. plantii, C. papyrosolvens, C. dariflavum, C. cellulolvtricum, and
S, acetigenes and the consistent loss of Zactobacili spp. and
C. oryzae or E. ventriossm (Supplementary Fig. S2E and S2F).

Hence, we conclude that in one model out of two, cancer
could trigger a transient ileopathy associated with a pro-
tracted intestinal dysbiosis favoring families and species from
the Clostridinm genus until death.

Significance of Intestinal Dysbiosis in Cancer

To parse out the biological significance of these microbial
shifts observed right after tumor inoculation and persisting

overtime, we used three orthogonal experimental strategies.
First, we analyzed the effects of various antibiotic (ATB)
regimens on the RET-induced epithelial atrophy observed at
day 7. The broad-spectrum ATB cocktail ampicillin, colistin,
and streptomycin (ACS) as well as vancomycin (expected to
kill most Gram-positive bacteria) completely prevented the
reduction of the ileal villus/crypt height ratio and crypt cell
apoptosis (Fig. 2C, left and right plots), whereas colistin (only
killing Gram-negative commensals) failed to do so, support-
ing a role for Gram-positive Clostridinm spp. in this ileopathy.
Second, the cohousing of RET tumor bearers with tumor-
free mice together for six to nine days (Fig. 2D, left) revealed
transmission patterns because it created an ileopathy of the
distal ileum in “healthy” animals while significantly protect-
ing the RET tumor-bearing littermates from ileum epithelial
damage (Fig. 2D, right). Moreover, cohousing also prevented
the transient increase of gut permeability to FITC-dextran
dye at nine days after RET tumor implantation (Figs. 1A
and 2E). Third, to show the causal link between gut dysbio-
sis and tumor incidence, we inoculated the 3-methycholan-
threne (3-MCA) chemical carcinogen capable of inducing
fibrosarcoma in 100% naive CS7BL/6 mice at a dosing of
100 pg (12) and compared the incidence and severity of
tumor development in 3-MCA recipients maintained alone
or together with healthy littermates that did not receive the
carcinogen (Fig. 2F, top). Surprisingly, fibrosarcoma forma-
tion was significantly retarded and exhibited slower growth
kinetics (Fig. 2F, bottom) in animals reared with healcthy
controls as compared with 3-MCA-isolated animals. Finally,
we concluded the preclinical significance of ileopathy-
associated dysbiosis in cancer by showing a transient tumor
growth retardation induced by the prophylactic oral admin-
istration of vancomycin (Fig. 2G). Vancomycin coincided
with the relative underrepresentation of six Clostridia spp.
(C. dostridioforme, C. asparagiforme, C. indolis, C. populets, C. ibumi,
and C amygdalinum; Fig. 2H; Supplementary Fig. S2H) and
with the relative reemergence of distinct Lactobacilli (such
as Lactobacillus rogosae). Finally, the cause-effect relationship

<

Figure 2. Microbiota-dependent cancer-induced ileopathy and biological significance. A and B, PCoA of the taxonomic composition of feces (inset) in
a paired manner in naive versus RET (A) or MCA205 (B) tumor-bearing mice at day 12 after tumor implantation. B-Diversity of fecal microbiota (bacterial
relative abundance) according to time [before (orange) and 12 days after (blue) tumor inoculation]. ANOSIM and PERMANOVA define the separation

of the groups; P values define the significance of group separation after 999 permutations of the samples. Bar plot of fecal species that discriminate
between pre- and post-tumor inoculation in mice, ordered by their variable importance (VIP) score. For each species, the bar color depicts the cohort
with the highest mean relative abundance for a defined species, whereas the border color indicates the cohort with the lowest mean relative abundance.
An absent border indicates mean relative abundance of zero in comparator cohort(s). Mann-Whitney test was used. Bar thickness reports the fold ratio
(FR) value of the mean relative abundances for each species among the two cohorts. C, Effects of various types of antibiotics (ATB) regimen on cancer-
induced ileal atrophy and apoptosis inileal crypts. Calculation of the villus/crypt height ratio (left) or crypt apoptosis (right) at day 7 after subcutaneous
RET implantation (vs. PBS) was performed. ANOVA statistical analyses (Kruskal-Wallis test) were used for multiple comparisons. Numerical P values

are indicated. D and E, Effects of cohousing of tumor bearers with tumor-free mice on ileal morphology and permeability. Calculation of the villus/crypt
height ratio in the distal ileum at days 6-9 after RET implantation (vs. PBS) in isolated versus cohoused mice (middle). Each dot represents one mouse.
Gut permeability assessed using the same procedure as the one described in Fig. 1A (E). Mann-Whitney test was used for comparison with the control
group. F, Effects of cohousing of tumor bearers with tumor-free mice on tumor incidence and growth kinetics. Experimental setting of 3-MCA-induced
tumorigenesis (F, top). MCA was injected in isolated mice or mice doomed to be littermates for >90-100 days with naive C57BL/6 mice in the same cage.
Time to tumor incidence (F, middle) and tumor growth kinetics over time (F, bottom). Survival curves were estimated using the Kaplan-Meier product limit
method. G, Effects of various types of ATB regimen on tumar size 7 days after tumor inoculation. Each graph assembles results from two independent
experiments containing groups of 5-6 mice. ANOVA statistical analyses (Kruskal-Wallis test) were used for multiple comparisons. Numerical P values
are indicated. H, 165 rRNA-based MG sequencing of fecal amplicons before (D -7) and after 7 (D =0) or 14 (D7) days of vancomycin. Using PLS-DA VIP
plot, coupled to a pairwise comparison of relative taxonomic abundances (for species having a prevalence equal to or greater than 5%), we analyzed
taxonomic composition differences between the groups treated or not with oral vancomycin. Bar plot of fecal species that discriminate between pre- and
post-tumer inoculation in mice, ordered by their VIP score. For each species, the bar color depicts the cohort with the highest mean relative abundance
for a defined species, whereas the border color indicates the cohort with the lowest mean relative abundance. An absent border indicates mean relative
abundance of zero in comparator cohort(s). Bar thickness reports the FR value of the mean relative abundances for each species among different groups.
|, Spearman correlation between villus/crypt height ratio in the distal ileum at days 6-9 after RET implantation and tumor size. Each dot represents one

mouse/tumor. Four experiments comprising 5-6 mice/group are concatenated.



between the RET-induced overrepresentation of Clostridia spp.
and reduced tumor immunosurveillance was brought to us
by gavaging tcumor-bearing mice treated with anti-PD-1 mAb
with distinct Clostrédia spp. associated with antibiotics- and
tumor-induced immunosuppression such as C. batheways and
C. dostridioforme (S). This oral feeding with cancer-associated
Clostridia spp. significantly compromised the efficacy of the
immunotherapy, whereas Lactobacillus rewters failed to do so
(Supplementary Fig. S2I, left and right). Finally, there was
a strong correlation between tumor size at day 7 and villus/
crypt height ratios (Fig. 2I), supporting the contention that
ileopathy is a corollary syndrome of the tumorigenic process.

Hence, cancer-associated ileopathy coincides with a rapid
and durable intestinal dysbiosis dominated by Gram-positive
Clostridinm species participating in the aggressiveness of
tumor outgrowth.

Cancer Induced Severe Perturbations of Secretory
Cells from the lleum

Using single-cell RNA sequencing, we profiled 44,807 indi-
vidual epithelial cells from mouse small intestine harvested
in naive and RET tumor bearers at 24 hours after tumor
implantation and characterized the gene signatures associ-
ated with melanoma inoculation (Fig. 3A). Unsupervised
clustering of the leukocytic and epithelial cells partitioned
the data into 20 and 25 groups, respectively (Supple-
mentary Fig. S3A and S3B), which we visualized using
#stochastic neighborhood embedding and labeled post oc by
the expression of reported marker genes (13). Each cluster
was associated with a distinct cell type, including epithe-
lial [stem cells, enterocytes, goblet, Paneth, enteroendocrine
(EEC) secretory cells, and rtuft cells] and immune cells (T, B,
dendritic, and macrophages). Although absorptive entero-
cytes were partitioned across several clusters representing
distinct maturation stages, the EECs, transit amplifying (TA)
cells, Paneth, goblet, stem, and ruft cells were each repre-
sented by a single distinct cluster (Supplementary Fig. S3A).
The proportions of most differentiated ileal cell types were
consistent with expected abundances (13) and weakly varied
between tumor bearers and naive animals (Supplementary
Fig. $3A-S3C; Supplementary Fig. S4A and S4B), except for
nondividing CD4* T cells (IL7R*, ICOS*, and RORA®), and
granzyme A-producing 8 T cells (CD8a*, CCR6*, KLRD17,
and CCL5") that increased by day 1 after RET inoculation
(Supplementary Fig. S4B-54D), whereas stem and secre-
tory cells were markedly reduced (Fig. 3B). The volcano plot

indicating significance versus fold changes of overall versus
cell-specific gene expression between naive and tumor bear-
ers highlighted the relative overexpression of antimicrobial
peptides [such as regenerating islet-derived protein 3 beta or
gamma (Reg3f, Reg3y)] at the expense of defensins (Defa 5, 21,
22,23, 24, 36, and 38) across many clusters of cells (including
TA and Paneth cell clusters; Fig. 3C and D), as well as 8T
cells and macrophages (Supplementary Fig. S4D and S4E).
IHC confirmed the degranulation of distinct crype cells
that encompass Paneth cells and EECs, only in mice bear-
ing tumors triggering the epithelial atrophy (Fig. 3E). Here
again, crypt degranulation was a proxy of ileal villus atrophy
and prevented by vancomycin (Fig. 3F). We corroborated by
qPCR analysis that lectin Reg?y transcription was upregu-
lated at day 7 in the ileal epithelium of RET tumor bearers
(Fig. 3G, left) but that antibiotics (broad spectrum and
vancomycin but not colistin) could blunt Reg3y gene expres-
sion, in line with the capacity of this antimicrobial peptide
to bind the peptidoglycan layer of Gram-positive bacteria
(14). Lectin Reg3y correlated with epithelial villus atrophy
and crypt apoprtosis (Fig. 3G, middle and right). In fact, after
a transient loss at day 1, EECs defined as chromogranin
A-positive (CgA*) cells were significantly increased by day
3 in the ileal crypts of animals inoculated with tumor cells
inducing ileopathy (RET, MCA20S, and MC38; Supplemen-
tary Fig. S3C; Fig. 4A) but not in animals inoculated with
tumors that did not induce crypt damage, such as B16F10
(Fig. 4A, right). Crypt CgA* cell numbers correlated with ileal
villus atrophy, crypt apoptosis (Fig. 4B), and Reg3y expres-
sion (Fig. 4C). Once again, RET-induced early accumulation
of EECs capable of overexpressing serum amyloid A gene
product (associated with acute inflammation) in ileal crypts
was abrogated by vancomyecin (Fig. 4D and E) and correlated
with tumor size at day 7 (Fig. 4F).

Cancer Induces Catecholamine-Associated
Stress lleopathy

Stress generated by psychological or pathologic disorders can
induce most of the features described in this cancer-associated
ileopathy (such as increased gut permeability, dysbiosis, and
pathophysiologic exacerbation; refs. 10, 15). Despite the poten-
tial relevance of the hypothalamic-pituitary-adrenal axis in
intestinal permeability (16), we ruled out a role for cancer stress-
induced corticosteroids in our symptomatology in as much as
corticosterone levels remained stable over time during tumor
progression (Supplementary Fig. S5A).

.

Figure 3. Single-cell transcriptomics analyses reveal acute reactivities of secretory cells. A, Single-cell transcriptomics of the CD45-negative
component of the terminal ileal epithelial layer overlapping PBS versus RET-injected mice. Uniform manifold approximation and projection (UMAP)

plots of N=36,891 single cells (points) colored by clusters annotated post hoc (refer to Supplementary Fig. S3A) for three naive and three RET tumor
bearers at day 1 after inoculation. Refer to Supplementary Fig. S3A for overlapping representation of the concatenated results for the CD45-positive
component of the terminal ileal epithelial layer for the two groups of mice. B, Relative proportions of stem cells, neuroendocrine and Paneth cells, and TA
cells (according to clusters defined in Supplementary Fig. S3A) in controls (PBS) versus RET-inoculated mice within the CD45-negative fraction. C and D,
Volcano plots of differential gene-expression patterns between pre- and 24 hours after RET inoculation according to log,( adjusted P values and log; fold
ratios for the cluster related to TA cells (C, N = 305 cells “Ctrl without tumor” vs. N = 263 cells “RET") and Paneth cell subsets (D, N = 86 cells “Ctrl without
tumor”vs. N=35 cells “RET") identified from the droplet-based data sets for regional (distal ileum) samples. Significant differences are annotated in
red. E and F, Representative images of degranulating crypts in MCA205 tumor bearers and effects of ATB. Scale bars, 50 um. Cell degranulation analyzed
in hematoxylin/easin/saffron staining in the ileal crypts of naive or RET, MCA205, or AT3 tumor bearers at day 7 after tumor inoculation without ATB

(E) and with ATB (F). Each dot corresponds to the enumeration of the percentages of degranulated crypts/5-6 fields/animal (F). Symbols represent
individual mice. Mann-Whitney test. G, Quantitative PCR determination of Reg3ygene transcription in the terminal ileum of RET tumor bearers treated
with 7 days of various ATB regimen and correlations with morphologic changes. Spearman correlations between the villus crypt height ratio (middle)

and crypt apoptosis (right) and Reg3ygene expression. Each dot represents one ileum. The graph depicts two experiments of 5-6 mice/group, each dot
representing one ileum. ANOVA statistical analyses (Kruskal-Wallis test) were used for multiple comparisons. Numerical P values are indicated between
individual ATB groups versus nontreated controls.
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Figure 4. Cancer-induced hyperplasia of EECs in the ileal crypts. A, IHC of crypt cells using a CgA-specific staining. Representative micrographs of
CgA~ cells in the RET model (left) and enumeration of CgA* cells/mm? in the distal ileum at day 3 after tumor inoculation of different transplantable
murine cancers inducing or not inducing ileopathy (right). Scale bar, 25 um. Mann-Whitney test was used for comparison versus control group. B and C,
Spearman correlations between crypt CgA* cells and villus/crypt height ratio (B, left) or cCas3 (B, right) in the RET tumor model or with Reg3yileal gene
expression in gPCR at day 3 after RET implantation (C). D, Enumeration of ileal crypt CgA* cells according to various regimens of antibiotics at day 7

in the RET model. ANOVA statistical analyses (Kruskal-Wallis test) were used for multiple comparisons. Numerical P values are indicated. E, Selective
overexpression of the Saal gene product inileal EECs post-RET inoculation identified in single-cell RNA sequencing of the cluster 22 corresponding to
EECs (Supplementary Fig. S3A). F, Spearman correlations between crypt CgA* cells and tumor size at day 7. Each dot represents one mouse. Each graph
assembles results from 1 to 3 independent experiments containing groups of 5-6 mice.

The gastrointestinal tract is highly innervared by both intrin-
sic (enteric) and extrinsic nerve fibers, which provide control
of gut functions (17). The intrinsic enteric nervous system is
organized in two distinct networks, the submucosal and the
myenteric plexuses (17). We performed a quantitative analysis
of the densities of nerve fibers of the sympathetic and para-
sympathetic nervous systems of ileal plexus, submucosae, and
mucosae after RET tumor inoculation, using IHC staining with
anti-tyrosine hydroxylase (TH), anti-choline acetyltransferase
(ChAT), or anti-vesicular acetylcholine transporter (VAChT)
antibodies. TH catalyzes the rate-limiting step in the synthe-
sis of catecholamines, whereby L-tyrosine is converted into
L-DOPA and then dopamine, which is the precursor of the bio-
genic amines norepinephrine and epinephrine, all three being
important neurotransmitters. In the nervous system, TH is a
specific marker of catecholaminergic neurons, whereas ChAT,
the ACh-synthesizing enzyme, and VAChT are specifically
expressed in cholinergic neurons. ChAT staining was not reli-
able in THC. So, we took advantage of the ChAT-eGFP mouse
model (18), allowing the fluorescence identification of ileal
parasympathetic nerves, as well as cells from the villi, crypts,
and stroma of the mucosa. ChAT expression was decreased in
the stroma at day 3 after RET inoculation (Fig. 5A). VAChT-
immunoreactive nerve fibers that extend into LP inside each
villus were clearly reduced by RET injection by day 3 up to days
6 to 9 (Fig. 5B). Of note, ChAT* cell bodies and fibers were not

affected in the ileal myenteric plexus (Supplementary Fig. S5B).
Although we failed to observe any changes of TH staining in
fibers of the submucosae and myenteric plexus (Supplementary
Fig. S5C), we noticed an increase in the density of TH' cells at
the bottom of the ileal crypts that were not bona fide neuronal
cells in RET and MCA205 tumor bearers (Fig. 5C). Publicly
available transcripromics data sets reveal selective TH expres-
sion in EECs (Supplementary Fig. S5D; ref. 13). TH and CgA
single stainings markedly correlated (Fig. 5D). Once again, the
RET-induced accumulation of TH-positive cells was abrogated
by vancomycin but not colistin (Fig. SE). Of note, the intrinsic
innervation of melanoma tumors associated or not with an
ileopathy did not differ (Supplementary Fig. S5E).
Transcription patterns of various genes encoding
defensins, antimicrobial peptides, innate interferons, ChAT,
and adrenergic receptor signaling suggested a coordination
between REG3y and catecholamine pathways (Supplemen-
tary Fig. S5F). Hence, we surmised that biogenic amine
neurotransmitters could participate in ileal damage. We
incubated mouse 3-D crypt stem cell-derived ileal enteroids
with physiologic concentrations of dopamine, noradrenaline,
and adrenaline for 24 hours and observed a clear reduc-
tion of enterocyte proliferation (Fig. SF and G), concomi-
tant to an increased secretion of the antimicrobial peptide
REG3y (Fig. 5G). Using human ileal enteroids derived in
culture medium allowing the differentiation of secretory



ChAT-GFP VAChT
Ctrl
15 - P =0.0801 200 - Villus Crypt Stroma 25 FP=0.0151 P=0.0204
._ L ] _ _ _ ] A
g S e ) P70,31.92 P=0.9799 P =0.0176 é: 20 i
21.0 o 307 a 2 A oo
A IO S : 3t
o S &1004 3_ £ 22 L= :A‘
+ —= =
£ 054 EF «® 5 §o 52 RET =10 .ﬁo.
§ e° XS0 M o 4a fc < 05 °
2 L A a Aa <
0.0 T T 0 T ? T T T T 0.0 I\ ‘I\ l\ T
™ D &
& & Fg S S & & & &
D3 D3 g D3 D6-9
D
1 -
P =0.0004 s
P =0.0013 10
° g
3
. 54
- £
i % - 2 o
A o
ﬁ |. T -5 T T T 1
Q> A $ 0 50 100 150 200
& Qg’ Q?g’ Crypt CgA™ cells/mm?
-
D7

Figure 5. Imbalance between the sympathetic and parasympathetic tonus in ileal mucosa during tumor growth. A, ChAT assessment by fluorescence
microscopy in the various cell types of the ileal mucosa in e GFP-ChAT transgenic mice after RET (or PBS) inoculation at day 3. ChAT* nerve fibers (GFP*)
were evaluated in the mucosa and submucosa of distal ileum. Also, ChAT* cells identified in the lining of villi (circle) or crypts (square) and scattered in

the stroma “endothelial and immune cells

" (star) were counted. Submucosal ganglion cells were excluded from evaluation of ChAT* nerve fibers and cells.

Mann-Whitney test was used for comparison versus control group. B, VAChT IHC staining of the ileal mucosa and submucosa using specific antibodies in
PBS or RET-injected mice at day 3. One representative micrograph picture (scale bar, 50 um; A, B) and counting of positive area/total area in the distal
ilea at day 3 (B). Each dot represents one mouse. A representative experiment out of two yielding similar conclusions is shown. Mann-Whitney test was
used for comparison versus control group. C, IHC staining of crypt cells with anti-tyrosine hydroxylase (TH)-specific antibodies with two representative
micrograph pictures at two different field of magnification (scale bars, 50 um), showing that TH* cells might correspond to Paneth cells or EEC. Enumera-
tion of TH* cells in ileal crypts at day 3 after tumor inoculation (RET, MCA205; C, right). Mann-Whitney test was used for comparison versus control
group. D, Spearman correlation between % TH* crypts and CgA* cells in the ileal crypts in RET-bearing hosts. (continued on next page)

cells, we could recapitulate the capacity of epinephrine (and
to some extent norepinephrine) to induce the transcription
of REG3G gene (but not that of defensin genes; Fig. 5H). Of
note, DEFAS gene expression remained equal or decreased
in similar conditions. Incidentally, the RNA sequencing of
all LP leukocytes unveiled that the nondividing CD4* T-cell
subset expressing /ros and Rorz gene products contained
signal transduction modules compatible with catecholamine
stimulation post-RET inoculation (Supplementary Fig. S4C).

Altogether, an imbalance between catecholamine and cho-
linergic signaling within the ileal mucosa of tumor bearers
was a hallmark of cancer-induced ileal damage that may be
apostrophed “stress ileopathy.”

Cancer-Induced lleopathy Is Reduced by
Pharmacologic Inhibition or Genetic Ablation
of B-Adrenergic Receptors and Contributes to
Tumor Growth

Previous studies using models of stroke (10), acute kidney
ischemia (19), and sepsis (20) have implicated gut-derived
norepinephrine as a key mediator of hepatic and systemic

inflammation, with a role of o- or B-adrenoreceptors in the
pathology exacerbation. We utilized pharmacologic inhibi-
tors of various receptors of the autonomous nervous and
endocrine systems (Fig. 6A) as well as gene-deficient mice to
nail down which neuroepithelial circuitry could be involved in
the cancer-induced ileopathy. Although pharmacologic inhi-
bition of wl- or v2-adrenergic receptors did not interfere in
the RET-induced atrophy of the ileal epithelial layer (Fig. 6B),
metyrosine that inhibits the enzymatic capacity of TH to trans-
form L-tyrosine in L-DOPA, B1- or B2-specific or nonspecific
pan-B-adrenoreceptor blockade, as well as reserpine, which
irreversibly inhibits the vesicular monoamine transporter
of catecholamines involved in their release in the synaptic
cleft, all prevented RET-induced reduction of the villus/crypt
height ratios (Fig. 6B). Accordingly, the use of the f-adrenergic
receptor agonist clenbuterol tended to exacerbate the cancer-
associated ileopathy (Fig. 6B). In contrast, the anticholinergic
agent atropine, which competitively antagonizes the actions of
acetylcholine and other muscarinic agonists on all muscarinic
receptors within exocrine glands, ganglia, and intramural neu-
rons, could not reverse the effects of tumor progression on the
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Figure 5. (Continued) E, IHC staining specific for TH expression in ileal crypts of RET tumor bearers that were treated with various regimens of
antibiotics during 7 days. The graphs depict a pool of two independent experiments comprising 5-6 mice/group. Mann-Whitney test was used for com-
parison versus control group. F-H, Mouse (F-G) and human (H) 3-D ileal crypt stem cell-derived enteroids stimulated with catecholamines (F-H) or LPS
+LTA (F-G) 24 hours at day 5 after enteroid dissociation (F-G) or for three days (H). F, z-stacks projection of confocal microscopy images of immuno-
fluorescent staining of Ki-67 and nuclei (with DAPI) in mouse intestinal organoids and ELISA assessment of REG3y protein normalized to total proteins

in the enteroid lysates (G). A representative experiment showing raw data for each individual well (out of twa yielding similar results) is depicted. H, PCR
determination of the expression levels of antimicrobial peptide and defensin gene products in human enteroids exposed to various catecholamines.
Normalized transcriptional expression of the REG3G gene (and DEFA5S) in human ileal organoids that were differentiated for 4 days and then stimulated with
100 umol/L adrenaline, noradrenaline, or dopamine for 3 days (n = 2). Similar conclusions were drawn when stimulating the organoids for 24 hours (n=2).
Of note, expression levels of the DEFAS gene (left) did not change in similar conditions. Mann-Whitney test was used for comparison versus control group.

ileum (Fig. 6C). Similarly, the steroidal antiprogestogen mife-
pristone, which prevents binding of cortisol to the glucocorti-
coid receptor, did not interfere in the tumor-induced ileopathy
(Fig. 6C). Prophylactic intake of the p1/B2 adrenergic receptor
antagonist propranolol could prevent crypt degranulation and
apoptosis, as well as the accumulation of CgA* cells (Fig. 6D),
when administered at the time of tumor implantation. The
pharmacologic inhibition of f-adrenoreceptors phenocopied
the effects of the Adrb2 gene deficiency. The epithelial atro-
phy could no longer be observed in Ad7427" or Adrb27~ mice
(Fig. 6E). The RET-induced reduction of the villous microvas-
cular thickness that may be related to vasoconstriction was
also dependent on the sympathetic tonus (Fig. 6F). However,
the pan-B-adrenoreceptor blockade failed to significantly inter-
fere in cancer-induced deviations of the taxonomic composi-
tion of the microbiota. Although propranolol and metoprolol
could somehow prevent the imbalance between Raminococaceae
and Lactobacillaceace family members induced by RET implan-
tation at day 8, the B-diversity of the whole intestinal ecosystem
was not differenc in RET tumor bearers treated or not with
propranolol (Supplementary Fig. S6A and S6B).

Based on our rationale and former work showing that pan-
B blockers affect the immune system and benefit patients and
mice bearing melanoma treated with immunomodulators
such as rIL2, anti-PD-1 antibodies, or combination-based
therapies (21), we addressed whether B-blockade could inter-
fere in the tumor growth kinetics alone or combined with
anti-PD-1 antibodies (Supplementary Fig. S6C). The pan-
B-blocker propranolol but neither the p2 adrenergic receptor
antagonist ICI118551 nor the B2 adrenergic receptor agonist
clenbuterol could slow RET and MCA205 outgrowth (Fig. 6G
and H), eventually boosting the effects of PD-1 and CTLA4
co-blockade (Supplementary Fig. S6C).

Alrogether, cancer-induced ileopathy is a corollary syn-
drome of distinct malignancies, compromising the epithe-
lial barrier and immune fitness, eventually contributing to
cancer progression.

The Gut Oncomicrobiome Signature of Patients
with Cancer

We next addressed whether cancer-associated ileopathy has
clinical significance in humans. Pioneering reports dating
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Figure 6. p-Adrenoreceptor signaling controls cancer-induced ileal atrophy. A, Graphical scheme of molecular pathways relevant for the catecholamine
release or adrenergic receptor signaling and pharmacologic inhibitors (or agonist) used in the following experiments and experimental setting to investi-
gate the effects of various pharmacologic inhibitors or agonist (clenbuterol) of the sympathetic nervous system on RET or MCA205 tumor growth kinetics.
B and C, Villus/crypt height ratio in RET melanoma bearers treated with various pharmacologic inhibitors or agonist (clenbuterol) of the sympathetic
nervous system (B) or the glucocarticoid or muscarinic receptors (C) during 7 days from at least two independent concatenated experiments comprising
5-6 animals/group, each dot representing one ileum. ANOVA statistical analyses (Kruskal-Wallis test) were used for multiple comparisons. Numerical P
values are indicated. D, Modulation of ileal crypt EEC hyperplasia (left), cell apoptosis (middle), and degranulation (right) with propranolol at day 7 in RET-
inoculated animals. A representative experiment out of two is depicted, each dot representing one distal ileum. ANOVA statistical analyses (Kruskal-Wallis
test) were used for multiple comparisons. Numerical P values are indicated. E and F, The same as in B, but using Adrb2 gene-deficient mice (homozygous

or heterozygous littermates) to enumerate villus/crypt height ratio (E) and the villous microvasculature thickness at day 7 (F). ANOVA statistical analyses
(Kruskal-Wallis test) were used for multiple comparisons. Numerical P values are indicated. G and H, Effects of various pharmacologic inhibitors or agonist
(clenbuterol) of the sympathetic nervous system on RET or MCA205 tumor growth kinetics, longitudinal RET melanoma growth (G, survival curves were
estimated using the Kaplan-Meier product limit method), and cross-sectional assessment at sacrifice for RET (H, left) and MCAZ205 (H, right) depicted by
means + SEM of tumor sizes, aver time or at sacrifice for 6-8 animals/group. Mann-Whitney test was used for comparison versus control group.

from the 1960s already described morphologic abnormalities of this corollary disease (22-25). Owing to the regulatory con-

observed in ileal mucosae of patients diagnosed with advanced straints limiting endoscopy/biopsy of the distal ileal epithelium
malignancies, but this contention was disputed as “spurious” in patients recently diagnosed with extraintestinal malignancy,
due to numerous confounding factors such as performance we limited our study to patients diagnosed with proximal colon

status alterations and cachexia that blurred the interpretation cancers who underwent surgical resection of terminal ileum.
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Figure 7. Gutoncomicrobiome MG-based signature across 8 different human malignancies. A and B, IHC assessment of CgA* and cleaved caspase-3* cells

in the ileum of “healthy” cancer-free volunteers (HV), patients suffering from colorectal cancers (CRC) or cancers distant from the digestive tract (melanoma,
ovarian cancer, kidney or bladder cancer, and Burkitt lymphoma) or inflammatory bowel disease (IBD) or irrelevant diseases [tumor-free individuals without
gastrointestinal (G) tract-related disorders]. Quantification of CgA (top) and Spearman correlation with cleaved caspase-3 (bottom) at diagnosis (refer to Sup-
plementary Table S1 for description of patient characteristics), each dot representing one patient's sample. Numerical P values are indicated for Mann-Whitney
test versus HV. EC, epithelial cells; GIST, gastrointestinal sarcoma; NET, neuroendocrine tumors; GU, genitourinary cancer. A representative micrograph picture of
the ectopic hyperplasia of EEC (A) and enumeration (B, top) of CgA* cells in the upper (U) and lower (L) part of the villus in five independent fields/individual, each
dot representing the ratio U/L between these two values in one ileum sample (biopsy or surgical resection; B). Scale bar, 100 um. (continued on following page)

As described in mice, two independent pathologists observed
increased proportions of CgA* EECs in the crypts, often hai-
boring an ectopic distribution reaching the villi tips in patients
diagnosed with colon cancer, genitourinary tumors, or neuroen-
docrine tumors compared with cancer-free individuals (Fig. 7A
and B), whereas Paneth cell numbers did not differ (Supple-
mentary Fig. S7A). This EEC accumulation did not appear to be
cancer-specific and could be observed in patients suffering from
inflammatory bowel disease (Fig. 7B; Supplementary Table SI).
Moreover, as seen in tumor-bearing mice, the ectopic accumula-
tion of EEC at the top of the villi correlated with ileal crypt apop-
tosis in patients (Fig. 7B, bottom). However, in contrast to mice,
there were no abnormalities in the proliferative capacities of
ileal enterocytes in cancer bearers (Supplementary Fig. S7B). As
described in mice, 145 patients with advanced-stage cancer also
harbored the specific serum hallmarks of gut permeability (such
as soluble CD14 and ST2) compared with healthy individuals
(Fig. 7C; Supplementary Table S2).

Based on the premise that cancer might be associated
with a corollary gut dysbiosis, we prospectively carried out a
shotgun MG-based analysis of fecal material harvested from
the largest series of patients with cancer ever reported so far.
In a prospective cohort of 1,426 patients with cancer across
8 different malignancies and disease staging, we collected the
stools from patients harboring kidney cancer (# = 69), breast
cancer (# = 83), lung cancers (# = 368), melanoma (# = 108),
prostate cancers (# = 47), ovarian cancers (# = 29), and
chronic myelomonocytic leukemia (# = 17). These samples
were integrated to 705 colon cancers from the publicly availa-
ble database (26). This collection of cancer metagenomes was
compared in terms of species-level taxonomic profiles with
5,570 healthy individuals. Baseline characteristics of patients

with cancer in each cohort are presented in Supplementary
Table S3. Based on prior studies demonstrating a higher
diversity of the gut microbiome in patients with melanoma
responding to anti-PD-1 blockade (2), we first compared the
alpha diversity in cancer versus cancer-free individuals, and
observed no significant differences across multiple diversity
metrics (Shannon index; Supplementary Fig. S7C). We then
performed PCoA for microbial B-diversity, which provides
a measure of the overall relatedness between samples. Sig-
nificant differences separated bacterial species from feces of
individuals with cancer versus those without cancer (#<0.01;
Fig. 7D). Using linear discriminant analysis of effect size
(LEfSe; ref. 27), coupled to a pairwise comparison of relative
taxonomic abundances (for species having a prevalence equal
to or greater than 5%) using bootstrapping of two-tailed
Mann-Whitney I tests (with 1,000 permutations and cor-
rection for continuity and ties), we concluded that selected
bacterial taxa [V = 25; such as Prevotella genus (2 coprs,
2 stercorea, and £ sp CAGS20), Lachnospiraceae family mem-
bers (Fubacterinm ballii, E. ventriosum, E. rectale, Fubacterium
sp CAG 274, D. longicatena, Roseburia sp CAG 471, R. faecrs,
C. comes, and Anaerostipes hadrus), Actinobacteriaceae (Collinsella
aerofaciens, bBifidobacterium adolescentss, B, psendocatenslatum,
and Aeriscardovia aeriphila), Lactobacillaceae (L. rogosae and
L. ruminis); Fig. 7E] were overrepresented in healchy individu-
als. Conversely, distinct bacterial species were overrepresented
in patients with cancer across 6 of 8 cancer types, such as 10
Gram-positive commensals, belonging to the Clostridra class
or Clostridiales order (such as Clostridium boltae, C. citroniae,
C. clostridioforme, C. asparagiforme, C. lavalense, C. sp CAG242,
C. symbosiem, and Ruthenibacterium lactatiformans), gamma-
and delta-proteobacteria (Bophila wadworthia and Hafnia alver),
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Figure 7. (Continued) C, Quantification of CD14 (top) and soluble ST2 (bottom) in the serum of healthy volunteers (HV) and patients with cancer
(melanoma, ovarian cancer, kidney cancer, and non-small lung cell carcinoma) at diagnosis (refer to Supplementary Table S1 for description of patient
characteristics), each dot representing one patient's sample. Numerical P values are indicated for Mann-Whitney test versus HV. Statistical analyses
were performed comparing HV and each cancer histologic type using Student t test. D, Shotgun MG-based analysis of fecal material harvested from
1,637 patients with cancer (refer to Supplementary Table S2 for description of patient characteristics) and 5,570 HVs, Pairwise comparison on relative
taxonomic abundances highlighting species that are over- or underrepresented in multiple cancer types. E, The heat map shows the most relevant species

as those significant in at least five out of eight cancer categories.

Bifidobacterinm dentim, and Butyricimonas virosa, as described
in rodents and reported in patients with kidney cancer who
took antibiotics or failed to respond to immune checkpoint
inhibitors (ref. 28; Fig. 7E). We conclude about the promi-
nence of a gut oncomicrobiome fingerprint shared across
several tumor types and mammalian species (rodents and
humans) where commensals associated with ATB-induced
dysbiosis and immunoresistance (mostly Gram-positive bac-
reria belonging to the Clostridiales order or Proreobacteria)
take over beneficial microbes associated with a healthy status.

Altogether, we show a protracted intestinal dysbiosis, most
likely associated with stress-induced ileopathy, as a new path-
ologic feature of cancer progression independent of cachexia
in patients with cancer and rodents.

DISCUSSION

Our findings highlight for the first time ileal epithelial
dysfunction as a corollary to carcinogenesis initiation that

contributes to its pathogenesis and causes a protracted gut
dysbiosis. First, the pathologic hallmarks of cancer-associated
ileopathy, characterized by mucosal atrophy (abrasion of villi
tips), are unexpected in that they occurred rapidly after tumor
implantation and are orchestrated in a coordinated manner.
This pathogenesis involves defects in endoplasmic reticulum
(ER) stress response and autophagy activation, as well as apop-
tosis of crypt cells accompanied by decreased proliferation
in the maturation zone, loss of lymphocytes, granulocytes,
and eosinophils, Paneth cell degranulation (with increased
REG3y/defensins ratios), and EEC accumulation in the crypts
with ectopic distribution to the villus tip. They are more
pronounced in the terminal ileum, reaching the proximal
ileum with a short lag, but spared the upper small and large
intestine. Following these criteria, the hallmark characteristics
of the cancer-associated ileopathy differ from bona fide gut
disorders characterized by inflammation or immune-related
pathologies or Th2-associated infectious diseases (29-31).
However, they are reminiscent of the “cancer enteropathy” first



observed by physicians in 1965 (22-24). Authors described
frequent partial (in 10%-29% cases) or subtotal (1%-2% cases)
villus atrophy of duodenum, jejunum, or ileum in patients
with cancer independent of metastases, treatments, interval
to death, or steatorrhoeae, but proportional to duration of the
malignancy and weight loss (23, 24).

In mice, the hallmark characteristics of the cancer-
associated ileopathy were transient, starting at day 3, peaking
at day 8, and resolving at day 12 (when tumors reached a sur-
face of about 20 mm?), followed by a long-lasting intestinal
dysbiosis where Gram-positive bacteria (mostly belonging to
the Clostridiales order) prevail in the ecosystem. Owing to its
rapid onset, cancer-associated ileopathy did not coincide with
body-weight loss nor systemic inflammation due to cachexia.
However, it shared with cachexia-associated microbial dys-
biosis the relative loss of Lactobacillus genus, the increased
gut permeability, and endotoxemia (25, 32, 33). We excluded
a role for mucosal T-cell activation in this process (because
they were reduced within and outside blood vessels, maybe
due to vasoconstriction), as well as a dysregulation of tight
junctions, but uncovered a biologically significant imbalance
between sympathetic and parasympathetic signals in specific
areas of the mucosa. ChAT-producing cells were reduced in
the stroma, whereas tyrosine hydroxylase-expressing cells
accumulated in the crypts to potentially release biogenic
amines (such as epinephrine) that may be, at least in parr,
a source of the villous microvascular constriction and ileal
damage (reduced Ki-67 and increased REG3y secretion). EEC
and Paneth cells were previously reported to express TH,
either constitutively for the former ones, or after kidney
injury for the latter ones (13, 19, 34). Hence, although the
mechanisms by which ileopathy is triggered or maintained
during cancer progression remain largely unclear, our find-
ings allow us to speculate that the deviated repertoire of the
gut microbiota with the predominance of Clostridinm spp.
may induce EEC production of biogenic amines that in turn
signal in and stimulate Panech cell neighbors to produce and
release antimicrobial peptides to control ileal dysbiosis.

Blockade of B-adrenoreceptors limited the growth of extra-
intestinal tumors, mostly in those generating the cancer
enteropathy. In that regard, Stanley and colleagues showed
that ischemic brain injuries caused guc barrier dysfunction
and increased permeability, allowing the translocation of
ileal bacteria to peripheral organs, paving the way to Gram-
positive lung infections. These authors unveiled a biologically
significant imbalance between adrenergic and cholinergic
signaling within the submucosal plexus in the ileum post-
stroke. Indeed, reduction in cholinergic signaling stimu-
lated the proinflaimmatory immune response (35), whereas
its activation prevented the brain injury-induced increase
in both intestinal and cerebral vascular permeability (36,
37). Adrenergic-mediated systemic immunosuppression was
shown to be beneficial after stroke (38). The pan-p-blocker
propranolol could decrease gut permeability post-stroke
and reduce bacterial translocation to the lung parenchyma.
Moreover, neutralizing 3 adrenoreceptors after stroke could
block the bone marrow exodus of inflammatory monocytes
(39), which can also be a source of biogenic amines, and
contribute to a feedback-positive loop of systemic inflam-
mation (40). Of note, our data indicate that there was no

myeloid cell recruitment in ilea post-tumor implantation.
Catecholamines mediate numerous functions in the intes-
tine. At the level of epithelial dynamics, noradrenaline release
from the sympathetic nervous system appears to stimulate
crypt cell proliferation in both the small and large intestines
through signaling via a2 adrenoceptors (41). Conversely and
in accordance with our findings, adrenaline inhibits cell divi-
sion in both normal and neoplastic intestinal epithelial cells
(IEC) through B-adrenoreceprors (42).

The intestinal immune and nervous systems are inter-
twined, sensing and integrating luminal cues to regulate
motility. The involvement of catecholaminergic neurons in
anti-inflammatory responses has been demonstrated in differ-
ent tissues and is attributed to the broad sympathetic inner-
vation in peripheral lymph nodes associated with expression
of B2-adrenergic receptors in immune cells. Recent evidence
suggested that intestinal resident macrophage populations
play a role in the normal functioning of enteric neurons
in homeostatic conditions (43, 44). Specifically, muscularis
macrophages (MM), located within and surrounding the
myenteric plexus, were shown to regulate the activity of
enteric neurons and peristalsis via secretion of bone morpho-
genetic protein 2 in a microbiota-dependent manner (44).
Moreover, MMs displayed a tissue-protective gene-expres-
sion profile, a signature that was enhanced following enteric
infection, and involved B2-adrenergic receptor signaling (45).
While not affecting pathogen load, p-blockade by salbutamol
protected mice from enteric nerve loss through a mechanism
involving arginase 1 and polyamines (46).

The circuitry connecting luminal sensing to enteric neu-
rons remains largely unknown (47, 48). Recent work directly
connected the microbiota to transcription factors in enteric
neurons (47, 49) regulating their function. Some lines of evi-
dence suggest that sensing of luminal pathogens, or associ-
ated changes in the bowel environment, could be mediated by
an intermediate cell type, the EEC (50) or mucosal-associated
pain sensory afferents (51), both with the capacity to affect
enteric neuron survival and/or activation. Although EECs
can synapse with vagal neurons to transduce gut luminal
signals in milliseconds by using glutamate as a neurotrans-
mitter, our data suggest that EEC may also express TH and
produce catecholamines, as already reported (13).

Interestingly, not all tumorigenic processes trigger this
ileopathy. Heterotopic (MC38) or orthotopic (RENCA, fibro-
sarcoma, RET melanoma) cancers could do so, but even within
the same histology (i.e., melanoma), we observed major differ-
ences between cell types (B16F10 and RET). It was not a peculi-
arity of mouse genetic background because RENCA, syngeneic
of BALB/c, and all the others (syngeneic of C57BL/6) could
elicit ileal dysfunctions. Our findings strongly suggest that
soluble products secreted from cancer cells may be transferred
to and sensed by distinct epithelial and/or neuronal and/
or immune components of the ileal mucosae. Previous work
documented that extracellular vesicles from p53-deficient (but
not proficient) cancer cells could shuttle tumor miRNA capa-
ble of reprogramming the transcriptional profile of existing
nerves, resulting in axonal sprouting and emergence of adren-
ergic nerves indispensable for tumor development (52). In fact,
the biological significance of the sympathetic nervous system
in tumor progression has already been reported in prostate



and head and neck tumors (52, 53). However, our data do not
support this scenario, as we failed to observe any exacerbated
innervation of subcutaneous tumors and differences between
tumors associated or not with enteropathy. Plasma prot-
eomics and metabolomics as well as bone marrow chimeras
could help disentangle scromal versus tumoral cues inducing
stress leopathy.

Our findings rather support the notion that the sympathetic
nervous system (or the imbalance within the autonomous
nervous system circuitries) indirectly affects natural tumor
immunosurveillance. Indeed, B-blockade boosted the efficacy
of anti-PD-1 antibodies in MCA205 and RET tumor models.
In fact, previous work has already reported that patients with
melanoma or breast cancer who took pan-B-blockers pre-
sented a greater benefit to immunotherapy or chemotherapy,
respectively, as a consequence of increased accumulation of
tumor-infiltrating lymphocytes within the tumor microen-
vironment (21, 54). Indeed, intestinal dysbiosis favoring the
dominance of short chain facty acid-producing immunosup-
pressive bacteria and/or the translocation of Zactobacilli spp.
endowed with tolerogenic properties may compromise several
of the tumor immunosurveillance mechanisms (2, 8, 28).

Regardless of the precise molecular cues underlying the
connections between cancer enteropathy and B2 adrener-
gic signaling, our data illustrate that the cancer-associated
ileopathy is a debilitating corollary syndrome of the tumo-
rigenic process, inducing a long-lasting dysbiosis perturbing
the delicate host-tumor balance. Novel diagnosis tools and
specific interceptive therapeutics are needed to interfere in
this negative feedback loop.

METHODS

Cell Culture, Reagents, and Tumor Cell Lines

MC38, MCA-205, B16F10 (syngeneic from C57BL/6] mice), and
4T1 cell lines (syngeneic from BALB/c mice) were purchased from
the American Type Culture Collection, whereas the AT3 breast can-
cer cell line (syngeneic from C57BL/6] mice) was kindly provided by
Dr. Mark Smyth (QIMR Berghofer, Brisbane, Australia). The RET
melanoma cell line, generated by transgenic expression of the RE7
proto-oncogene under the control of the metallothionein-1 pro-
moter driving spontaneous melanogenesis, was provided by Viktor
Umansky (DKFZ—German Cancer Research Center; syngeneic from
C57BL/6] mice). The luciferase-transfected RENCA cell line (synge-
neic for BALB/c mice) was provided by Transgene. Cells were cultured
at 37°C with 5% CO, in RPMI 1640 containing 10% FCS, 2 mmol/L
L-glutamine, 1% penicillin/streptomycin, and 1% sodium pyruvate
and nonessential amino acids. All reagents were purchased from
Gibco-Invitrogen. Dead RET cells were created by repeating freez-
ing and thawing of the RET cell line three times continuously, and
viability of the cell line was evaluated by the Vi-CELL Cell Viability
Analyzer. Cell lines were regularly tested for Mycoplasma contamina-
tion and were not used after more than 10 passages.

Mice Experiments

Ethics, Guidelines, and Providers. All animal experiments were
carried out in compliance with French and European laws and
regulations. The local institutional animal ethics board and French
Research Ministry approved all mouse experiments (permission
numbers: 2020_035_25416). Experiments were performed in accord-
ance with government and insticutional guidelines and regulations.
Female C57BL/6 mice were purchased from Harlan. Mice were used

berween 7 and 12 weeks of age. All mouse experiments were per-
formed at the animal facility of Gustave Roussy Cancer Campus
where animals were housed in specific pathogen-free conditions.

Subcutaneous Transplantable MCA-205 Sarcoma, MC38, BI6F10,
and RET Melanoma. Mice were implanted with 0.8 x 10° MCA-205
sarcoma, 1.0 x 10° MC38, 0.3 x 10° B16F10, or 0.5 x 10° live or dead
RET melanoma, 0.5 x 10 AT3 breast cancer, and 0.3 x 10° 4T1 cells
subcutaneously. Tumor-inoculated mice were treated intraperito-
neally when tumors reached a 20 to 40 mm? size with anti-PD-1
mADb (250 pg/mouse; clone RMP1-14 purchased from Bio X Cell),
anti-CTLA4 (100 pg/mouse, clone 9D9 purchased from Bio X Cell)
or isotype controls (clones 2A3 and MPC11, respectively) three times
at three-day intervals. Tumor length and width were routinely moni-
tored every three days by means of a caliper.

Pharmacologic Treatment

a- and p-Blockade. We conducted intraperitoneal (i.p.) injection
of prazosin (purchased at the local pharmacy of Gustave Roussy) at
a concentration of 1.5 mg/kg of mice twice a week for «l blockade,
RX821002 (Tocris) at a concentration of 10 mg/kg of mice daily for o2
blockade, metoprolol (purchased at the local pharmacy of Gustave
Roussy or Sigma) at a concentration of 10 mg/kg of mice daily for p1
blockade, and ICI118551 (Tocris) at a concentration of 10 mg/kg of
mice daily for p2 blockade. For pan-B-blocker or agonist experiments,
mice were treated from the day of tumor inoculation with autoclaved
drinking water containing propranolol (Sigma or purchased at the
local pharmacy of Gustave Roussy) at a concentration of 0.5 mg/mL
and filtered through a 0.22-um membrane or clenbuterol (Sigma) ata
concentration of 9 pg/mL, which was refreshed twice a week.

Catecholamine Depletion. Metyrosine (o-Methyl-D, L-p-tyrosine;
CliniSciences) at a concentration of 60 mg/kg of mice was injected i.p.
three days before and daily after tumor injection. Reserpine (Sigma)
was injected i.p. 48 hours before tumor inoculation at a concentration
of 5 mg/kg of mice.

Anticholinergic Agent and Steroidal Antiprogestogen. Atro-
pine (purchased at the local pharmacy of Gustave Roussy or Sigma)
and mifepristone (Sigma) at a concentration of 30 mg/kg and 4 mg/kg
of mice, respectively, were injected i.p. daily.

The RENCA-luc Orthotaopic Tumor Model. BALB/c mice were anes-
thetized with isoflurane. A lateral incision was made on the dorsolat-
eral right flank of each mouse. 10* Renca-Luc cells resuspended in
30 uL PBS were injected into the subcapsular space of the right kidney.
The skin incision was then closed with surgical clips. Tumor growth
was monitored after 15 days of tumor injection using an IVIS Imaging
System 50 Series (Analytic Jenap). At day 15, mice were euthanized to
harvest small intestines and perform ileum Swiss roll.

Orthotopic Luciferase-Engineered TCI1 Lung Cancer Model. TCI1
cells stably expressing firefly luciferase (TC1-Luc, 4 x 10° in 100 pL
PBS) were percutaneously injected into the right lung of wild-type
CS7BL/6 mice. Tumor incidence and development were regularly
monitored by the 7 z7vo photonic imaging of tumor cells’ luciferase
activity. In brief, mice received a percutaneous injection of luciferase
substrate (Beetle Luciferin potassium salt, Promega) at a dose of
150 mg/kg, and 8 minutes after luciferin inoculation, photons were
acquired on a Xenogen IVIS 50 bioluminescence /7 r7ro imaging sys-
tem (Caliper Life Sciences Inc.). Tumor-bearing mice were sacrificed
ar days 7, 14, and 21 after rumor injecrion.

TCI Intravenous (IV) Model.  To establish the non-small cell lung
carcinoma IV model, TC1 cells stably expressing firefly luciferase (TC1-
Luc, 5 x 10° in 100 uL PBS) were intravenously injected into wild-type
C57BL/6 mice. Tumor incidence and development were regularly
monitored by 7# #z#e photonic imaging of tumor cells’ luciferase



activiry. In brief, mice received an i.p. injection of luciferase substrare
(Beetle Luciferin potassium salt, Promega) at a dose of 150 mg/kg,
and 8 minutes after luciferin inoculation, photons were acquired on a
Xenogen IVIS 50 bioluminescence 7# z7zo imaging system (Caliper Life
Sciences Inc.). Two weeks after cell injection (day 14), rumor incidence
in the lung was detected at an exposure time of four minutes. /z zivo
imaging was conducted every four to five days with an exposure time
starting with four minutes, which was then gradually decreased to
three, two, and one minute when photon saturation occurred. Tumor-
bearing mice showing photon saturation within less than one minute
of exposure were euthanized.

Antibiotic Treatments. Mice were treated with antibiotic solu-
tion containing ampicillin (1 mg/mL), streptomycin (5 mg/mL), and
colistin (1 mg/mL; Sigma-Aldrich), or colistin alone (I mg/mL), or
vancomycin alone (0.25 mg/mL) added in auroclaved drinking warter.
Anribioric solutions were refreshed and bottles were replaced three
times a week,

Cobousing Fxperiments. The same number of RET-injected mice
(C57BL/G] females) were cohoused as littermares with naive (non-
tumor-bearing) mice (C57BL/6] females) in the same cage from the day
of tumor injection until sacrifice. As for methylcholanthrene-induced
sarcoma, MCA inoculated and noninoculated mice were admixed in
the same cage in a 1:1 ratio or left alone in separate cages. Groups of
wild-type C57BL/6 mice were injected subcutaneously in the flank with
100 pg of 3-MCA in 0.10mL of corn oil. Mice were monitored every 7
days for tumor development 90 to 100 days after 3-MCA treatment. Ani-
mals bearing nodules >0.5cm? in area and demonstrating progressive
growth were considered as “cumor” nodules, as previously described (12).

RNA Extraction and PCR to Determine Gene Expression

Lysis and extraction protocols were identical for all murine sam-
ples. Tumor or intestinal samples were snap-frozen in liquid nitrogen
in RLT and buffer conraining 0.1% B-mercaptoethanol. On the day
of extraction, samples were thawed at 4°C and homogenized on a
microtube homogenizer (Benchmark Scientific) in RNA-free glass
bead tubes (Dutscher). Total RINA extraction and genomic DNA
removal were performed with the RNeasy Mini Kic (Qiagen), fol-
lowing the manufacturer’s recommendations. A maximum of 1ug
of RNA, measured by using a NanoDropTM Spectrophotometer
(Thermo Fisher Scientific), was reverse-transcribed into ¢cDNA with
a mix composed of SuperScript 1II Reverse Transcriptase (Life Tech-
nologies), RNaseOUT Recombinant Ribonuclease Inhibiror (Life
Technologies), Random primers (Promega), and Deoxynucleoside
Triphosphate Set, PCR grade (Roche Diagnostics).

Quantitative Gene Expression Assay. Expressions of murine Ppia
(Mm02342430_gl1), Angd4 (MmO03647554_gl), Lyz2 (Mm01612741_
ml), Regdy (MmO00441127_ml), o Defensin-5 (Mm00651548_gl),
defensin Bl (MmO00432803_m1), IFNal (Mm03030145_gH), TFNBI1
(MmO00439552_s1), IFNA2 (Mm04204157_gH), Th (Mm00447557_
ml), ChAT (Mm01221880_m1), Adrbl (Mm00431701_s1), and Adrb2
(Mm02524224_s1; all from Life Technologies) were analyzed with the
TagMan Gene-Expression Assay using the Universal Master Mix IT on a
StepOnePlus Real-Time PCR System (Life Technologies). Amplifications
were carried out using the following ramping profile: 1 cycle at 95°C
for 10 minures, followed by 45 cycles of 95°C for 30 seconds, 60°C for
I minute. Quantitative RT-PCR data were normalized to the expression
levels of the housekeeping gene Ppia by means of the 272¢. method.

Pathologic Methods and Analyses

Animal Handling after Sacrifice to fnvestigate the Digestive Tract.
Mice were sacrificed at various time points post-RET (or tumor)
inoculation. The intestinal tissues including duodenum, jejunum,
ileum, and colon were harvested, and the lumen was flushed wich

sterile PBS. Each intestinal segment was curt longirudinally, rolled,
and fixed in 4% paraformaldehyde (PFA) overnight. After fixation, the
intestine tissue was preserved in formalin-fixed, paraffin-embedded
or optimum cutting temperature compound.

IHC of Murine Intestinal Tisswes. For morphologic analysis, a
hematoxylin, eosin, and saffron staining was used. For all biomarker
staining, we used Bond Leica automared immunostainer instcruments.
For the detection of cleaved caspase-3, Ki-67, TH, VAChT, and CDS8,
paraffin sections were processed for heat-induced antigen retrieval
(either ER1 corresponding citrate buffer pH6 or ER2 corresponding
EDTA buffer pH9) for 20 minutes at 100°. Slides were incubared
with the antibody for one hour at room temperature. The antibodies
used were as follows: cleaved caspase-3 (Cell Signaling Technology,
D4W27Z, rabbir, 1:100, ER2), Ki-67 (Cell Signaling Technology, D3B5,
rabbir, 1:500, ER2), TH (Millipore, polyclonal, rabbit, 1:300, ERI),
VAChHT (Synaprtic Systems, polyclonal, rabbit, 1:500, ER2), and CD8
(Cell Signaling Technology, D4W2Z, rabbit, 1:400, ER2). The signal
was revealed with the Rabbit HRP PowerVision Kit (Leica Biosystems,
#PV6119). The signals were detected with diaminobenzidine (DAB).
For the derection of ZO1, CgA, and E-cadherin, paraffin secrions were
processed for heat-induced antigen retrieval (either ER1 or ER2) for
20 minutes at 100°. Slides were incubated with the antibody for 30
minutes at room temperature. The antibodies used were as follows:
ZO1 (Abcam, EPR19945-224, rabbir, 1:1,000, ER2), CgA (Immunostar,
1317001, rabbit, 1:1,000, ER1), and E-cadherin (Cell Signaling Tech-
nology, 24E10, rabbit, 1:100, ER2). To reveal the signal, slides were
incubated with Bond Polymer Refine Detection Kit (Leica Biosystems,
#DS9390) and red chromogen. For the detection of double mark-
ers CD4/FOXP3 simulraneously, antigen retrieval was performed by
incubating slides in ER2 buffer (pH 9.0) for 20 minutes at 100°C.
Then, the antibodies were successively incubated for one hour at room
temperature and detected, respectively, by Bond Polymer Refine Red
Detection (Leica Biosystems, #D59390) and by Bond Polymer Refine
Detection Kit (Leica Biosystems, #D59800). The antibodies used were
as follows: CD4 (Cell Signaling Technology, D7D2Z, rabbit, 1:50, ER2)
and FOXP3 (Cell Signaling Technology, D608R, rabbit, 1:200, ER1).
These slides were successively revealed by red chromogen (Leica Biosys-
tems) and HIGHDEF Black HRP chromogen/substrate (Enzo Life Sci-
ences, #ADI-950-171-0030). Finally, the sections were counterstained
by hematoxylin (Leica Biosystems). For Alcian Blue special stain, slides
were deparaffinized with xylene and rehydrated with alcohol and
water. Then, slides were incubated with Alcian Blue solution pH2.5 for
45 minutes at room temperature. Without rinsing, slides were covered
with sodium tetraborate solution. Finally, slides were rinsed in dis-
tilled water, dried, and mounted with xylene-based media. Images for
analysis were acquired as whole slide images (WSI) with a slide scanner
Zeiss Axio Scan.Z1 and Olympus VS120 whole-slide imaging system.

Measurement of Villus/Crypt Height Ratio. WSIs of longitudinal
sections from adult mouse small intestine (duodenum, jejunum, and
ileum) were generated. Five representative areas of distal ileum were
randomly selected from each mouse. Measurements of villus and
crypt height were performed using QuPath (55), when crypt-villus
units were well oriented. The ratio of villus height/crypt height was
calculated based on the measurements of each crypt-villus unit
Tangentially cut or less than 3-5 not well-oriented villi or crypts were
excluded from the analysis.

Analysis of IHC Biomarkers

Biomarkers in Whole Tissues. QuPath software was used (55).
Regions of interest (ROI) were defined first by “Simple tissue detec-
tion” function and modified by hand in each WSI to quantify
biomarker-positive cells, and “Positive cell detection” or “Object clas-
sification” functions were used for detection of Ki-67, CD4/FOXP3,
and goblet cells, whereas other biomarkers such as cleaved caspase-3,



CgA, TH, CDS8, and GR1 were quanrtified manually. To quanrify
biomarker-positive areas such as ZO1, E-cadherin, and VAChT, “Pixel
classification” function was used, and the DAB™ area was considered
as a biomarker-positive area. Artifacts and other nonspecific struc-
rures stained by the biomarkers were manually excluded.

Whole-Mount Immunostaining and Clearing Procedure. Tissue
samples were immunostained and cleared following the iDISCO*
protocol. Briefly, samples were dehydrated using graded series of
methanol solution and then bleached in methanol/5% hydrogen
peroxide overnight at 4°C. Samples were rehydrated using graded
series of methanol solution, permeabilized for two days at 37°C and
incubarted in blocking buffer: PTwH (0.2% Tween-20, 10 mg/L hepa-
rin in PBS), 5% DMSO, and 3% donkey serum for three days at 37°C.
Tissues were incubated with primary antibodies ar 37°C for one week,
washed in PTwH, and incubated with secondary antibodies for two to
three days. The antibodies used are as follows: rat anti-panendothelial
cell antigen monoclonal antibody, unconjugated, clone MECA-32
(rat, 1:10, catalog no. 550563, RRID:AB_393754, BD Pharmingen),
anti-tyrosine hydroxylase antibody (rabbirt, 1:200, catalog no. AB152,
RRID:AB_390204, Merck Millipore), anti-VaChT antibody (rabbit,
1:250, catalog no. 139 103, RRID:AB_887864, Synaptic Systems),
Cy3-AffiniPure Donkey Anti-Rabbit IgG (H + L) antibody (Donkey,
1:500, catalog no. 711-165-152 RRID:AB_2307443, Jackson Immuno-
Research Labs), Alexa Fluor 647-AffiniPure Donkey Anti-Rat IgG
(R + L) antibody (Donkey, 1:500, catalog no. 712-605-153 RRID:AB_
2340694, Jackson ImmunoResearch Labs). Samples were washed in
PTwH, dehydrated in graded methanol series, and equilibrated in
66% dichloromethane/33% methanol overnight. Delipidation was
completed by immersion in 100% dichloromethane for 20 minutes.
Finally, samples were immersed in dibenzyl ether to homogenize the
refractive indices between the tissue and the imaging medium.

LSFM and Image Processing. Cleared samples were imaged at
0.63x zoom on a light-sheet fluorescence microscope (LSFM; Ultrami-
croscope II, LaVision Biotec) using Imspector Microscope controller
software (Version 5.1.328, LaVision Biotec). Stack images were con-
verted to Imaris files (.ims) using Imaris File Converter and opened
with Imaris x64 software (version 9.6; Bitplane) to obtain 3-D volume
images. 3-D pictures were generated using the “snapshot” tool.

Biomarkers in Villi and Crypts.  To calculate the cell density of bio-
markers such as cleaved caspase-3 or CgA only in villi or crypts, areas of
murine villi and crypts were identified by a deep learning-based method.
Briefly, WSIs were cropped into 256 x 256 pixel tiles. Blank tiles and tiles
with only debris or uninterpretable pieces of tissue were excluded. The
neural network trained by pathologists (S. Yonekura and K. Ueda) per-
formed the semantic segmentation of villi, crypts, LP in murine ileum
and colon using Python library “Segmentation model.”

Quantification of ChAT* or VaChT" Areas in Mucosa and Sub-
mucosa of murine ileum. Mice were implanted with 0.5 x 10° RET
melanoma cells subcutaneously and sacrificed at day 3. A Swiss-roll tis-
sue of ileum was collected and fixed, and the expression of VAChT was
revealed by the THC using DAB. Images displayed in the figures were
acquired as WSIs with a digiral slide scanner Olympus VS120. Image
analysis was performed using QuPath (20). Briefly, the VAChT* area was
identified by detecting the percentage of DAB" area within five repre-
sentative (1.0 mm?) manually annotated regions, corresponding to the
mucosa and submucosa of the ileum, randomly selected for each mouse.
Only nerve fibers were quantified, excluding the submucosal plexus.

Quantification of ChAT" Neurons in Myenteric Plexus. Distal
ileum segments were fixed in 0.1 mol/L PBS containing 4% PFA at
room temperature for three hours. Whole mounts of longirudinal
muscle and myenteric plexus were obrained by microdissection and

were permeabilized with PBS conraining 4% horse serum (HS) and 0.5%
Triton X-100 for one hour at room temperature. Tissues were then
incubated with the following primary antibodies sequentially: rabbit
anti-ChAT [gift from Prof. Dr. M. Shemann (TUM School of Life Sci-
ences, Technical University of Munich, Freising, Germany), 1/1,000] for
72 hours, and human anti-neuronal marker (gift from CHU Nantes,
1/500) overnight, both containing 4% HS, 0.5% Triton X-100, and
0.02% sodium azide at room temperature. After washing, tissues were
incubated for two hours at room temperature with the appropriate
secondary antibodies and mounted with Pro-Long Gold Antifade Rea-
gents (Thermo Fisher Scientific). A minimum of 20 ganglia per tissue
(animals) was analyzed using an Olympus BX microscope.

Quantification of Immunofluorescence ChAT' Areas in Mucosa
and Submucosa of Murine Ileum. ChAT-GFP transgenic mice were
implanted wich 0.5 x 10° RET melanoma cells subcutaneously and sac-
rificed at day 7. A Swiss-roll tissue of distal ileum was collected, fixed,
and counterstained with DAPI for the nucleus. Images displayed in
the figures were acquired as WSIs with a digital slide scanner Olympus
VS120. Image analysis of ChAT" was performed using QuPath (20).
Briefly, the ChAT" area was identified by detecting the percentage of the
GFP" area within two to five representative (1.0 mm?) manually anno-
tated regions, corresponding to well-oriented mucosa and submucosa
of the ileum, randomly selected from two to four different sections of
the ileum from each mouse. Out-of-focus and not well-oriented areas
were excluded from the analysis. Areas of ChAT" cells in the villi, crypts,
or stroma (vessels/immune cells) were excluded from ChAT" nerve fib-
ers area, but were counted separately for each mouse. Cases with less
than 30 villi evaluated were excluded from the final analysis.

Quantification of CD8" Cells in the Ileum. WSIs were used to
calculate CD8* cell density with QuPath. Five to eight representative
regions (1.0 mm?), randomly selected, were evaluated in the distal
ileum of each mouse. CD8" cells were manually counted as intra- or
extravascular, according to their location in well-oriented villi. Cases
with fewer than 30 villi evaluated were excluded from the final analysis.

Quantification of GR1" Cells in the Ileum. WSIs were used to
calculate GR1* cell density with QuPath. Due to the low number of
cells present in the sample, GR1* cells were counted in the entire
distal segmenct of the ileum, considering the presence of GR1" cells
in the LP of the villi, among the crypts or total. Total length was
determined for the segment of distal ileum of each mouse in order to
define a normalized count of GR1" cells/mm.

Single-Cell RNA Sequencing

Ileum samples from C57BL/6 mice with and without RET mela-
noma were collected, and far tissue, Peyer’s patches, and feces were
removed. Intestines were cut longitudinally, rolled up, and then cut
transversally into small pieces into a tube. Pieces were transferred
into a new 50-mL tube with 20mL of IEC medium containing PBS,
5% FCS, 5mmol/L EDTA, and 1 mmol/L DTT. Tubes were vortexed
and shaken at 37°C for 20 minutes. Cell suspensions were filtered
with a 40-um cell strainer into a new tube, centrifuged, resuspended
in a solution of PBS 1x (without EDTA and magnesium) contain-
ing 0.04% de BSA (400 ug/mL), and counted. Cell suspensions were
stored in LoBind tubes at a concentration of 1.0 x 10° cellules/
mL and kept on ice until use. Single-cell suspensions were loaded
onto a chromium single-cell chip (10X Genomics) according to the
manufacturer’s instructions for coencapsulation with barcoded gel
beads at a target capture rate of ~10,000 individual cells per sample.
Captured mRNAs were barcoded during cDNA synthesis using the
Chromium Next GEM Single-Cell 3 GEM, Library and Gel Bead
Kit v3.1 (10X Genomics) according to the manufacturer’s instruc-
tions. The resulting libraries were prepared in parallel in one single
batch. We pooled all of the libraries for sequencing in an Illumina



flow cell. All the libraries were sequenced with an 8-base index read,
a 28-base Readl containing cell-identifying barcodes and unique
molecular identifiers (UMI), and a 91-base Read2 containing tran-
script sequences on an Hlumina NovaSeq 6000 at Gustave Roussy.

Statistical Assessment of Single-Cell RNA Sequencing

Quality Control, Pseudomapping, and Quantification. Raw
binary base call (BCL) files were demultiplexed and converted to
Fastq format using bel2fastq (Illumina). Quality control of reads was
performed using fastqc and assignment o the expected genome spe-
cies evaluared with fastq screen (56). Reads were pseudomapped to
the Ensembl reference transcriptome v99 corresponding to the mus
musculus GRCm38 build with kallisto using its « bus » subcommand
and parameters corresponding to the 10X Chromium 3’ scRNA-Seq
v3 chemistry (57). The index was made with the kb-python wrapper
of kallisto (57, 58). Barcode correction using whirtelist provided by
the manufacturer (10X Genomics), and gene-based quantification of
reads was performed with BUStools (59).

Quality Control on Each Sample. Cell barcodes by symbol
count table were loaded in R (v3.6.3) using the BUSpaRse pack-
age (hteps://github.com/qubvel/segmentation_models). To call real
cells from empty droplets, we used the emptyDrops() function from
the dropletUrils package, which assesses whether the RNA content
associated with a cell barcode is significantly distinct from the ambi-
ent background RNA present within each sample (60, 61). Barcodes
with 2 < 0.001 (Benjamini-Hochberg-corrected) were considered as
legitimate cells for further analysis. The count matrix was filtered to
exclude genes detected in fewer than five cells, cells with fewer than
1,500 UMIs, or fewer than 200 detected genes, as well as cells with a
mitochondrial transcript proportion higher than 20%. The propor-
tion of ribosomal gene counts and the proportion of mechanical
stress-response gene counts were also estimated but not used to
filter cells.

Cell-Cycle Scoring. Cell-cycle scoring of each cell was performed
using two methods: the cell-cycle scoring function from the Seurat
package and the cyclone function from Scran. Barcodes correspond-
ing to doublet cells were identified and discarded using the union
of two methods. First, scDblFinder using default parameters except
for minClusSize (set to the minimum of 50, or the number of cells
divided by 50) and dbr set to (number of cells)2/1E+05). Second, seds
with its hybrid method using default parameters (62). We manually
verified that the cells identified as doublets did not systematically
correspond to cells in the G,-M phase.

Individual Analysis. Seurat was applied for further data pro-
cessing. The SCTransform normalization method (63) was used to
normalize, scale, select 3,000 highly variable genes, and regress out
bias factors (number of detected genes, proportion of mitochon-
drial transcripts, proportion of ribosomal transcripts, and propor-
tion of mechanical stress-response transcripts). Pearson residuals
from this regression were used for dimension reduction by prin-
cipal components analysis (PCA). The number of PCA dimensions
to keep for further analysis was evaluated by assessing a range of
reduced PCA spaces using 3 to 49 dimensions, with a step of 2.
For each generated PCA space, Louvain clustering of cells was per-
formed using a range of values for the resolution parameter from
0.1 to 1.2, with a step of 0.1. The optimal space was manually evalu-
ared as rhe one combinarion of kepr dimensions and clustering
resolution resolving the best structure (clusters homogeneity and
compacity) in a uniform manifold approximation and projection
(UMAP) space. Additionally, we used the clustree method to assess
if the selecred oprimal space corresponded ro a relarively srable
position in the clustering resulrs tested for these dimensions/reso-
lution combinations (64).

Detecred clusters were mapped ro known markers of IECs (13) and
immune cells (65). Data sets were divided into two data sets contain-
ing either epithelial cells or immune cells based on Pypic (CD45) gene
expression prior to integration.

Integration Analysis. Darta sets were integrared using canonical
correlation analysis to identify pairwise anchors between data sets
and using the anchors to harmonize the data sets, as implemented
in Seurat. In practice, darta sets were normalized independently using
SCTransform, as described before (see individual analysis section).
The top 3,000 highly variable genes across all samples were selected
by the SelectIntegrationFeatures function and used for integration
with the PrepSCTIntegration, FindIntegrationAnchors, and Inte-
grateData functions (with default parameters). After integration, a
PCA was performed on the integrated data set.

Louvain clustering was performed as described for individual
analysis, using 35 dimensions and a resolution of 0.9. Results were
visualized through a UMAP reduction at two dimensions.

The automatic annotation of cell types, cluster marker gene detec-
tion, and cerebro visualization steps were performed similarly to the
individual analysis.

Grouped analysis: IndivNernr: Each data set was normalized inde-
pendently by SCTransform, as described in the individual analysis
section, and then data were merged using the merge function
from Seurat. A common dimension reduction was performed by
PCA. Louvain clustering was performed as described for individual
analysis, using 35 dimensions and a resolution of 0.9. Results were
visualized through a UMAP reduction at two dimensions. The
automatic annotation of cell types, cluster marker gene detection,
and cerebro visualization steps were performed similarly to the
individual analysis.

GlobalNorn: Data sets were merged by merge function from Seurat,
and then a normalization by SCTransform and a common dimension
reduction by PCA were performed (as described in the individual
analysis section). Louvain clustering was performed as described for
individual analysis, using 35 dimensions and a resolution of 0.9 (for
the epithelial cells data set) and using 30 dimensions and a resolution
of 0.9 (for the immune cells data set). Results were visualized through
a UMAP reduction at two dimensions. The automatic annotation of
cell types, cluster marker gene detection, and cerebro visualization
steps were performed similarly to the individual analysis.

Custom differential analysis: Differential expression analyses were
performed using the Wilcoxon test implemented in the Seurat pack-
age. Resulting Avalues were corrected for false-positive rate using the
Bonferroni correction.

Gene set enrichment analysis. Gene set enrichmenrt analysis was per-
formed using fgsea R package. Pathways were retrieved from the
Reactome database (https://reactome.org/) using the function Reac-
tomepathway from fgsea package. Pathways that comprised fewer
than 15 genes were excluded from the analysis.

Serum Levels of Soluble ST2, CD14, and Corticosteroids

Blood taken from mice was centrifuged for 3 minutes at 12 rcf.
The serum was collected and stored at —20°C until analysis. ST2,
CD14, and corticosteroid levels were measured using the Duoset
murine ST2 and CD14 ELISA Kit (R&D Systems) following the
manufacturer’s instructions.

DNA Extraction and 165 rRNA Sequencing of Mouse Stools

Preparation and sequencing of mouse fecal samples were performed
at IHU Méditerranée Infection, Marseille, France. Briefly, DNA was
extracted using two protocols. The first protocol consisted of physical
and chemical lysis, using glass powder and proreinase K, respecrively,
then processing using the Macherey-Nagel DNA Tissue Extraction
Kit (66). The second protocol was identical to the first protocol, with



the addition of glycoprotein lysis and deglycosylation steps (67). The
resulting DNA was sequenced, targeting the V3-V4 regions of the
16S rRNA gene as previously described (68). Raw FASTQ files were
analyzed with Mothur pipeline v.1.39.5 for quality check and filtering
(sequencing errors, chimerae) on a Workstation DELL T7910. Raw
reads were filtered and clustered into Operational Taxonomic Units
(OTU), followed by elimination of low-populated OTUs (until five
reads) and by de #ove OTU picking at 97% pairwise identity using
standardized parameters and SILVA rDNA Dartabase v.1.19 for align-
ment. Sample coverage was computed with Mothur and resulred ro be
on average higher than 99% for all samples, thus meaning a suitable
normalization procedure for subsequent analyses. Bioinformatic and
statistical analyses on recognized OTUs were performed with Pycthon
v.2.7.11. The most representative and abundant read within each OTU
(as evidenced in the previous step with Mothur v.1.39.5) underwent a
nucleotide Blast using the National Center for Biotechnology Infor-
mation (NCBI) Blast software (ncbi-blast-2.3.0) and the latest NCBI
16S Microbial722 database accessed at the end of April 2019 (ftp://
fep.ncbi.nlm.nih.gov/). A matrix of bacterial relative abundances was
built at each taxon level (phylum, class, order, family, genus, and spe-
cies) for subsequent multivariate statistical analyses. Raw data were
first normalized and then standardized using QuantileTransformer
and StandardScaler methods from Sci-Kit learn package v0.20.3.
Normalization transforms each variable to a strictly Gaussian-shaped
distribution, whereas 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 com-
parison of variables with different dynamic ranges, such as bacterial
relative abundances, tumor size, or colonic infiltrate score. Measure-
ments of « diversity (within sample diversity), such as observed_otus
and Shannon index, were calculated at the OTU level using the SciKit
learn package v.0.4.1. Exploratory analysis of B-diversity (between
sample diversity) was calculated using the Bray-Curtis measure of dis-
similarity calculated with Mothur and represented in PCoA, whereas
for hierarchical clustering analysis, the “Bray-Curtis” metrics and
“complete linkage” method were implemented using custom scripts
(Python v.2.7.11). We implemented PLS-DA and the subsequent vari-
able importance plot (VIP) as a supervised analysis in order to identify
the most discriminant bacterial species among the different cohorts
of mice according to various therapies. When needed, univariate/
multivariate statistics and correlation analyses were performed with
Python v2.7 and related packages (Scipy, SciKit-learn). All 7 values
were considered statistically significant if less than or equal to 0.05.

168 rRNA Gene Sequence Processing and Analysis in Mice with or
without Propranolol (Supplementary Fig. S6A and 56B). Demul-
tiplexed raw sequence data were processed using Qiime2 version
2020.6.0 along with the plugin DADA2 (69). Amplicon sequence vari-
ants (ASV) were generated for each sample. Each run was denoised
separately. Briefly, sequences were corrected for Illumina amplicon
sequence errors, dereplicated, and merged of paired-end reads. Figaro
(70) was used to determine the optimal truncation parameters.
Thus, sequence lengths were truncated at position 243 for forward
reads and at position 239 for reverse reads. Runs were merged
rogether using the qiime2’s plugin feature rable followed by chimera
removal using uchime #e #ore method. The taxonomy assignment
was performed against the GreenGenes reference database v13.8
(V3-V4 segment; ref. 71). Qiime’s artifact files related to fearure
and raxonomy tables resp. phylogeneric tree were exported to biom
respectively. Newick formar in order to use with phyloseq R package
v1.32 (72). For alpha-diversity analysis, each sample was downsam-
pled to 10,000 reads (graphically determined through rarefaction
curves). Samples for which reads number was below this threshold
were excluded. Alpha diversity measures the species richness wichin
each sample, which were assessed by observed ASV, Chaol, Shan-
non index, and inverse Simpson index. The Wilcoxon test was used

to determine significant differences in alpha diversity among the
two groups. B-Diversity was analyzed through PCoA with weighted
UniFrac distance (73). Permutation multivariate analysis of variance
using the distance metrices method (74) was used to test for the dif-
ferences among communities. The DESeq2 (75) method was used
for differential analysis. ASVs detected in less than 30% of samples
within one group were excluded from differential analysis. All statis-
tical analyses were performed under R version 4.0.2.

Handling of Patient Specimens

Feces-related translational research was conducted according to
the ethical guidelines and approval of the local ethical committee
(CCPPRB, Kremlin Bicétre). Feces (for MG analysis) and serum col-
lection were performed under the study “Oncobiotics,” B2M ethics
protocol number PP: 15-013. Written informed consent was obtained
for all patients in accordance with the Declaration of Helsinki.

Clinical Management. Detailed in Supplementary Tables S1, S2,
and S3. Most if not all patients were under routine clinical manage-
ment outside of clinical protocols.

MG Analyses.
handled by Metagenopolis platform, INRAE, Jouy-en Josas, as previ-
ously described (1, 28).

Stool DNA extraction and sequencing have been

Small Intestine Crypt Isolation and Organoid Culture for
Quantification of REG3y Secretion

Crypt isolation and organoid culture were performed as previously
described (76) with the following modifications. Briefly, the ileum of
10- to 13-week-old mice was cut longitudinally and scraped with a
cover slip to remove villi. The intestine was cut transversely into 2- to
4-mm pieces and washed four times with cold PBS. Fragments were
then incubated in 2 mmol/L EDTA in PBS for 30 minutes on ice. Fol-
lowing the removal of the EDTA medium, fragments were vigorously
resuspended in PBS containing 10% FCS (Gibco) and passed through
a 70-um strainer (BD Bioscience). This step was repeated three times.
Isolated crypts were pelleted and washed in Advanced DMEM/F12
(ADF; Invitrogen). Crypts were then resuspended in 1 mL of Matrigel
growth factor reduced basement membrane matrix (Corning), and
50 pL drops were placed into prewarmed 24-well plates. Following
Matrigel polymerization, crypts were overlaid with ADF supplemented
with 100 U/mL penicillin G sodium, 100 pg/mL streptomycin sulfate,
2 mmol/L L-glutamine, 10 mmol/L HEPES, 1x N2 15 supplement, 1x
B27 supplement, 50 ng/mL mEGF, 100 ng/mL mNoggin (PeproTech),
N-acerylcysteine (Sigma; reagents from Invitrogen unless otherwise
indicated), and 10% conditioned medium of R-Spondin-1-transfected
HEK 293T cells. Media were changed every two to three days. Cultures
were split every 7 to 10 days by first dissolving the Matrigel with cold
ADF and mechanically disrupring rhe organoids using a narrowed
Pasteur pipette. Media were supplemenred five days after splitting with
either adrenaline, noradrenaline, or dopamine (kind gift of the phar-
macy of Gustave Roussy Institute) at a concentration of 100 pmol/L
orwith LPS 10 ng/mL (Sigma) + LTA 10 ng/mL (Sigma). After six days
of culture, media were removed and organoids were extracted from
the Marrigel using organoid harvesting solution (Cultrex, catalog no.
3700-100-01). Organoids were then lysed mechanically with narrowed
Pasteur pipette to collect intraluminal content, and organoid lysates
were immediately frozen ar -80°C. REG3y was quantrified in organoid
lysates using a commercial ELISA kit (LSBio, catalog no. LS-F6890-1).
Whole protein concentration in organoid lysates was assessed using a
micro BCA protein assay kit (Thermo Fisher).

Human Enteroid Manufacturing

Materials. DAPT (catalog no. D5942), dopamine hydrochloride
(catalog no. H8502), (t)-epinephrine hydrochloride (catalog no.



E4642), and L-(-)-norepinephrine (+)-bitartrate salt monohydrate
(catalog no. A9512) were purchased from Sigma. WNT surrogate was
purchased from U-Protein Express.

Methods

Human Ileal Organoid Experiments

Human ileal tissue was obtained with written informed consent of
the patients and approval of the ethical committee of the University
Medical Center Utrecht. Human ileal organoids were established and
cultured as previously described (77, 78), with WNT-conditioned
medium replaced by WNT surrogate 0.15 nmol/L. For analysis of
REG3G and DEFAS mRINA expression, organoids were first cultured
in expansion conditions for four days after dissociation. Organoids
were then differentiated for four days using the niche-inspired intes-
tinal organoid culture medium containing insulin-like growth fac-
tor-1 and fibroblast growth factor 2 as described by Fujii et al. (79)
with the following changes: removal of Gastrin, replacement of
WNT-conditioned medium by WNT surrogate 0.15 nmol/L, and
addition of 10 pmol/L of the NOTCH signaling inhibitor DAPT.
This medium enhanced differentiation toward the secretory lineage.
Organoids were subsequently treated with this medium without
or with 100 pmol/L epinephrine, norepinephrine, or dopamine for
24 hours or three days. RNA was harvested and isolated using the
RNEasy Kit (Qiagen) according to the manufacturer’s protocol. Reverse
transcription was performed using M-MLV Reverse Transcriptase,
RNase H Minus, and Point Mutant (Promega) according to the manu-
facturer’s protocol. Quantitative PCR was performed using the 1Q
Sybr Green Supermix (Bio-Rad) and the CFX384 Touch Real-Time
PCR Detection System (Bio-Rad). Gene expression was normalized
to expression of the housekeeping gene GAPDH. The following qPCR
primer sequences were used:

GAPDH; Fw (5" — 3'); GATTTGGTCGTATTGGGCGC
Ry (5" = 3" TTCCCGTTCTCAGCCTTGAC
REG3G; Fw (5" — 3); GGTGAGGAGCATTAGTAACAGC
Ry (5" = 3'); CCAGGGTTTAAGATGGTGGAGG
DEFAS; Fw (S' — 3'); AGACAACCAGGACCTTGCTAT
Ry (5" - 3"); GGAGAGGGACTCACGGGTAG

Fixed Organoid Immunostaining

Organoids were collected five to seven days after passaging.
Marrigel was removed using cold ADF and mechanically disrupred
using a nﬂl’rOWed Pasteur pipette. DiSrLlPth organoids were \Vashﬂd
once in cold ADF and resuspended in a medium to Matrigel ratio
of 1:1 at a concentration of 2,000 organoids per mL. Organoid
suspension (5 pL) was plated in 96-well plates (ibidi, caralog no.
89646). After Matrigel polymerization, organoids were cultivated
for five days in ADF supplemented with 100 U/mL penicillin G
sodium, 100 pg/mL streptomycin sulfate, 2 mmol/L L-glutamine,
10 mmol/L HEPES, 1x N2 15 supplement, 1x B27 supplement,
50 ng/mL mEGF, 100 ng/mL mNoggin (PeproTech), N-acetylcysteine
(Sigma; reagents from Invitrogen unless otherwise indicated), and
10% conditioned medium of R-Spondin-1-transfected HEK 293T
cells. Media were changed every two days. After five days of cul-
ture, organoid media were supplemented with either adrenaline,
noradrenaline, or dopamine at a concentration of 100 pmol/L. After
six days of culture, organoids were centrifuged at 3,000 rpm for 10
minutes at 4°C prior to fixation. Organoids were fixed in Matrigel
using 4% PFA in PBS at room temperature for one hour. Organoids
were permeabilized with 0.5% triton X100 (Sigma) in PBS for one
hour and blocked using 0.5% triton X100 in PBS supplemented
with 10% FCS for one hour. Organoids were incubarted with primary
antibody solution conrtaining rabbit anti-mouse Ki-67 antibody
(1:200, Abcam, ab16667) and incubated for an additional 24 hours
at 4°C with secondary anribody solution conraining DyLitgthS50
goat anti-rabbit antibody (1:200, Abcam, ab96884) and 0.2 ug/mL

DAPI (Invitrogen). Images were acquired using an sp8 confocal
microscope (Leica).
Image analysis was performed using ImageJ software.

Statistical Analyses

Mouse Models. Data analyses and representations were performed
with either the srtaristical environment R (hrep://www.R-project.
org/), Microsoft Excel (Microsoft Co.), or Prism 8 (GraphPad).
Tumor growth in mouse models was analyzed with dedicated soft-
ware (80). For comparisons of nonparametric two group param-
erers, the Mann-Whitney ¢ rest was used. Kruskal-Wallis for
multiple groups was used to test differences berween groups. Sur-
vival curves were estimated using the Kaplan-Meier product limit
method. All tests were two-sided, and P values <0.05 were considered
statistically significant.

MG Analyses of Human Samples. We conducted a shotgun MG-based
analysis of fecal material available in the curatedMetagenomicData
package by considering both newly acquired and publicly available
dara sets (81). More specifically, we collecred the stools from patients
harboring kidney cancer (N = 69; ref. 28), breast cancer (V = 83;
ref. 82), lung cancer (V= 368; ref. 83), prostate cancer (V= 47), ovar-
ian cancer (A= 29), and chronic myelomonocytic leukemia (V= 17).
This collecrion of cancer metagenomes was integrated to 108 mela-
noma and 705 colon cancer samples from the publicly available
database (26) and compared in terms of species-level taxonomic
profiles (generated using MetaPhlAn3) with 5,570 healchy individu-
als coming from multiple publicly available data sets (84). We found
discriminarive species between cancer and healthy samples by consid-
ering LEfSe coupled to a pairwise comparison of relative taxonomic
abundances (for species having a prevalence equal to or greater than
5%) using bootstrapping of two-tailed Mann-Whitney 7 tests (with
1,000 permurtarions and correction for continuity and rties). To limit
possible batch effects as much as possible, we kept in the analysis
only metagenomes with at least 10M reads. Due to the well-recog-
nized effect of lifestyle on microbiome composition, we considered
only samples coming from westernized subjects. Similarly, no ATB
use was associated with all publicly available samples.

Data Availability

The dara generated or analyzed during this study are included within
the article, its Supplementary Information files, and public reposi-
tories. Raw metagenomic sequences are available in the Sequence
Read Archive (SRA) under the Bioproject accession PRINA785435
(human) and PRJNA785093 (mice), and raw RNA sequencing is
available in the ArrayExpress under accession E-MTAB-11242 (mice;
heeps://www.ebi.ac.uk/arrayexpress/).

Code Availability

No unique sofrware or computarional code was created for this
study. Codes detailing implementation of established tools/pipelines
are described in detail in the Methods section and available upon
request to the corresponding author.
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