N

N

Preclinical and clinical evidence of the association of
colibactin-producing Escherichia coli with anxiety and
depression in colon cancer
Fabien Rondepierre, Maéva Meynier, Johan Gagniere, Vincent Deneuvy,
Anissa Deneuvy, Gwenaelle Roche, Elodie Baudu, Bruno Pereira, Richard

Bonnet, Nicolas Barnich, et al.

» To cite this version:

Fabien Rondepierre, Magéva Meynier, Johan Gagniere, Vincent Deneuvy, Anissa Deneuvy, et al.. Pre-
clinical and clinical evidence of the association of colibactin-producing Escherichia coli with anxiety
and depression in colon cancer. World Journal of Gastroenterology, 2024, 30 (21), pp.2817-2826.
10.3748 /wjg.v30.i121.2817 . hal-04601735

HAL Id: hal-04601735
https://uca.hal.science/hal-04601735

Submitted on 5 Sep 2024

HAL is a multi-disciplinary open access L’archive ouverte pluridisciplinaire HAL, est

archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

destinée au dépot et a la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche francais ou étrangers, des laboratoires
publics ou privés.

Distributed under a Creative Commons Attribution - NonCommercial 4.0 International License


https://uca.hal.science/hal-04601735
http://creativecommons.org/licenses/by-nc/4.0/
http://creativecommons.org/licenses/by-nc/4.0/
https://hal.archives-ouvertes.fr

World Journal of
Gastroenterology

Submit a Manuscript: https:/ /www.f6publishing.com World | Gastroenterol 2024 June 7; 30(21): 2817-2826

DOI: 10.3748 / wjg.v30.i21.2817 ISSN 1007-9327 (print) ISSN 2219-2840 (online)

ORIGINAL ARTICLE
Basic Study

Preclinical and clinical evidence of the association of colibactin-
producing Escherichia coli with anxiety and depression in colon
cancer

Fabien Rondepierre, Maéva Meynier, Johan Gagniere, Vincent Deneuvy, Anissa Deneuvy, Gwenaelle Roche,
Elodie Baudu, Bruno Pereira, Richard Bonnet, Nicolas Barnich, Frédéric Antonio Carvalho, Denis Pezet,
Mathilde Bonnet, Isabelle Jalenques

Specialty type: Gastroenterology Fabien Rondepierre, Vincent Deneuvy, Isabelle Jalenques, Service de Psychiatrie de I’Adulte A
and hepatology et Psychologie Médicale, CHU Clermont-Ferrand, Clermont-Ferrand 63000, France

Provenance and peer review: Maéva Meynier, Johan Gagniere, Gwenaelle Roche, Elodie Baudu, Richard Bonnet, Nicolas
Unsolicited article; Externally peer Barnich, Denis Pezet, Mathilde Bonnet, M2iSH, UMR 1071, INSERM, University of Clermont
reviewed. Auvergne, INRAE USC 1382, Clermont-Ferrand 63001, France

Peer-review model: Single blind Maéva Meynier, Elodie Baudu, Frédéric Antonio Carvalho, NeuroDol, UMR 1107, INSERM,

University of Clermont Auvergne, Clermont-Ferrand 63001, France
Peer-review report’s classification

Scientific Quality: Grade B
Novelty: Grade A

Creativity or Innovation: Grade A Bruno Pereira, Biostatistics Unit, Department of Clinical Research and Innovation, CHU
Scientific Significance: Grade A Clermont-Ferrand, Clermont-Ferrand 63000, France

Johan Gagniere, Anissa Deneuvy, Denis Pezet, Department of Digestive Surgery, CHU de
Clermont-Ferrand, Clermont-Ferrand 63001, France

P-Reviewer: Wan X, China Richard Bonnet, Department of Bacteriology, CHU de Clermont-Ferrand, Clermont-Ferrand

63001, France
Received: February 29, 2024

Revised: April 17, 2024 Isabelle Jalenques, Université Clermont Auvergne, INP, CNRS, Clermont Auvergne Institut

Accepted: April 23, 2024 Pascal, Clermont-Ferrand 63000, France

Published online: 7,2024 ) . . .
ublished online: June 7, 20 Co-first authors: Fabien Rondepierre and Ma&va Meynier.

Co-corresponding authors: Mathilde Bonnet and Isabelle Jalenques.

Corresponding author: Mathilde Bonnet, PhD, Professor, M2iSH, UMR 1071, INSERM,
University of Clermont Auvergne, INRAE USC 1382, 28 Place Henri Dunant, Clermont-
Ferrand 63001, France. mathilde.bonnet@uca.fr

Abstract

BACKGROUND
The association between the intestinal microbiota and psychiatric disorders is
becoming increasingly apparent. The gut microbiota contributes to colorectal
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carcinogenesis (CRC), as demonstrated with colibactin-producing Escherichia coli (CoPEC).

AIM
To evaluate the association between CoPEC prevalence and anxiety- and depressive-like behaviors with both
preclinical and clinical approaches.

METHODS

Patients followed after a CRC surgery and for whom the prevalence of CoPEC has been investigated underwent a
psychiatric interview. Results were compared according to the CoPEC colonization. In parallel C57BL6/] wild type
mice and mice with a CRC susceptibility were chronically infected with a CoPEC strain. Their behavior was
assessed using the Elevated Plus Maze test, the Forced Swimming Test and the Behavior recognition system
PhenoTyper®.

RESULTS

In a limited cohort, all patients with CoPEC colonization presented with psychiatric disorders several years before
cancer diagnosis, whereas only one patient (17 %) without CoPEC did. This result was confirmed in C57BL6/] wild-
type mice and in a CRC susceptibility mouse model (adenomatous polyposis colimutipleintestinal neoplasia/+) ‘Mice exhibited
a significant increase in anxiety- and depressive-like behaviors after chronic infection with a CoPEC strain.

CONCLUSION
This finding provides the first evidence that CoPEC infection can induce microbiota-gut-brain axis disturbances in
addition to its procarcinogenic properties.

Key Words: Colorectal cancer; Colibactin; Escherichia coli; Colibactin-producing Escherichia coli; Inflammation; Anxiety;
Depression; Behavior

©The Author(s) 2024. Published by Baishideng Publishing Group Inc. All rights reserved.

Core Tip: Colibactin-producing Escherichia coli (CoPEC) have been associated to colorectal carcinogenesis. We
demonstrated that all colorectal cancer patients colonized by CoPEC had psychiatric disorders that occurred several years
before colorectal cancer diagnosis. Mice chronically infected with a CoPEC strain exhibited a significant increase of anxiety-
/depressive-like behaviors in several tests. These first results suggest that CoPEC infection could induce microbiota-gut-
brain axis disturbances in addition to their pro-carcinogenic properties.
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INTRODUCTION

The gastrointestinal tract and the nervous system are closely connected by a complex bidirectional system in which the
gut and the central and enteric nervous systems interact with each other, engaging neuronal, endocrine and immune
activities. The intestinal microbiota has been described recently as a third component of the brain-gut axis[1]. The gut
microbiome is composed of a wide variety of microbial species and contributes to the maintenance of digestive tract
integrity[2]. Disturbances in the gut microbiome (dysbiosis) may play a key role in the pathogenesis of gastrointestinal
diseases (inflammatory bowel disease, irritable bowel syndrome, colorectal cancer, efc.) as well as extradigestive disorders
(hypertension, autism spectrum disorders, anxiety, depression and Parkinson’s disease). Clinical studies were first
performed on Parkinson’s disease given the high prevalence of gut dysfunction in these patients. A decrease in the
abundance of the anti-inflammatory genus Faecalibacterium is associated with an increase in the abundance of the
proinflammatory genus Proteobacteria[3,4]. Interestingly, Enterobacteriaceae levels correlated with postural instability and
gait issues[4]. Modifications in the microbiome can induce depressive-like behaviors, which are comorbidities of neurode-
generative disorders. Similar dysbiosis has also been described in anxiety and depressive disorders[5-7]. These clinical
observations and experiments in animal models support the suggested role of the intestinal microbiome in the
development and progression of anxiety and depression[8-11].

Associations between gut microbiota disturbances and colorectal carcinogenesis (CRC) have also been demonstrated
[12,13]. Metagenomic studies have shown that the gut microbiota has a greater abundance of procarcinogenic taxa, such
as Escherichia, Bacteroides, and Fusobacterium, in CRC patients than in healthy individuals[13]. Colibactin-producing
Escherichia coli (CoPEC) are pathobiont bacteria that have been shown to be more prevalent in the biopsies of CRC
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patients than in those of control patients[14-16]. Colibactin is almost exclusively closed to Escherichia coli (E. coli)
phylogroup B2 that includes the extraintestinal pathogenic E. coli which are the commonest causative agent of urinary
tract infections and highly frequent in neonatal meningitis and sepsis[17]. In vitro and in vivo studies have also
demonstrated the role of CoPEC and the colibactin toxin in CRC [15,18-21].

Severe depressive symptoms have been associated with CRC. Because microbiota-gut-brain axis disturbances and
Enterobacteria imbalance have been implicated in both depression and CRC pathologies, the aim of this study was to
evaluate psychiatric disorders in CRC patients colonized by CoPEC. Our clinical observations were confirmed through
the study of anxiety- and depressive-like behaviors in animal models chronically infected with CoPEC.

MATERIALS AND METHODS
Clinical study

Patients: The study was recommended to all nondemented adult patients who were treated at the digestive surgery
department of Clermont-Ferrand University Hospital after CRC surgery and tested for the presence of CoPEC via PCR
analysis of CRC samples[18]. Informed consent was obtained from all subjects involved in the study.

Psychiatric evaluation: Patients were evaluated by a psychiatrist for current and lifetime Axis I psychiatric disorders as
defined by the DSM-IV using the Mini International Neuropsychiatric Interview (MINI 5.0.0)[22], a standardized,
structured psychiatric interview that has been validated in French[23,24]. The severity of depression and anxiety was
determined with the Hamilton Depression Rating Scale (HDRS)[25] and Hamilton Anxiety Rating Scale (HAMA)[26],
respectively. These two scales were completed by the psychiatrist after an interview, and higher scores reflected greater
severity. For the HAMA, psychic and somatic anxiety subscores were used.

Data collection: Sociodemographic (age, sex, educational level and way of life) and medical (tumor location, TNM CRC
stage, laparoscopy or laparotomy, presence of CoPEC) data were collected from both surveys and medical records via the
Research Electronic Data Capture (REDCap) tool hosted at Clermont-Ferrand University Hospital[27]. REDCap is a
secure, web-based application designed to support data capture for research studies.

Preclinical studies

Animals: All animals were housed at animal biosafety level 2 conditions (21-22°C, 12:12 h light-dark cycle) with access to
food and water ad libitum. Studies were performed using five-week-old wild-type (WT) C57BL/6 male mice (1 = 12 mice/
group, 24 in total) purchased from Janvier Lab (Le Genest-Saint-Isle, France) and five- to six-week-old C57BL/6]-
adenomatous polyposis coli (Apc)multiple intestinal neoplasia (Min)/+ mjce purchased from The Jackson Laboratory (Bar Harbor, Maine,
United States; nn = 4 control and 5 infected mice, 9 in total).

To enhance bacterial colonization, streptomycin (2.5 g/L) was administered for 3 days prior to oral inoculation with 10°
bacteria (Figure 1). The representative strain of CoPEC used was the 11G5 strain, which was isolated from the colonic
tissue of a patient with colon cancer as previously described[28]. Control mice were inoculated with 200 pL of sterile 1X
phosphate-buffered saline (PBS). Fresh fecal pellets were collected every week (Figure 1) and resuspended in sterile 1X
PBS. After serial dilution, the bacteria were enumerated by plating on LB agar medium supplemented with 50 pg/mL
ampicillin and 50 pg/mL kanamycin and incubated at 37°C overnight. Colony forming units were enumerated and
normalized to the weight of the feces.

Colonic low-grade inflammation: Fecal samples were collected at 7 d postinfection (DPI) and 15 DPI (Figure 1), weighed
and homogenized in sterile 1X PBS. The vials were centrifuged (10000 x g, 10 min), and the supernatants were stored at -
20°C until analysis. The supernatants were subsequently diluted in kit-recommended reagent (1% bovine serum albumin
in 1X PBS), and the concentration of lipocalin-2 was estimated using the Mouse Lipocalin-2/NGAL Duoset ELISA kit
(R&D Systems, Minneapolis, MN) according to the manufacturer’s instructions. Concentrations were normalized to the
weight of the feces.

Anxiety-like behavior: Anxiety-like behavior was assessed using the elevated plus maze (EPM) test (ViewPoint Behavior
Technology, Lissieu, France) at 15 DPI (Figure 1), as previously described[29]. Mice were acclimated to the room for at
least 45 min before the test. Individual animals were placed in the central zone and allowed to explore the maze for 5 min.
Mice were recorded with a camera, and the data were automatically scored by EthoVision XT® software (version 14;
Noldus Information Technology, Wageningen, Netherlands). Anxiety was characterized according to the number of
entries in each arm (defined as all four paws located within the arm) and the time spent in the open arms.

Behavior recognition system PhenoTyper®: PhenoTyper® (Noldus Information Technology, Wageningen, The
Netherlands) is an automated infrared (IR) video-tracking system for measuring animal behavior[29]. Briefly, this device
is composed of 8 plexiglass cages (45 cm x 45 cm), each containing an opaque plastic square shelter accessible by two
entrances and delimited areas for feeding and drinking. The cages are surrounded by a top unit with IR lighting and an
IR camera for video recording during light and dark cycles. At 20 DPI (Figure 1), the mice were transferred into
PhenoTyper® cages (1 per cage), and animal activities were recorded with Mediarecorder® (Noldus Information
Technology, Wageningen, Netherlands) for 24 h, including a 12 h dark period and a 12 h light period. During the test, the
mice had ad libitum access to food, water and shelter. The raw data were analyzed with EthoVision XT® software (version
14; Noldus Information Technology, Wageningen, Netherlands), and various specific behaviors were compared between
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Figure 1 Experimental workflow of the preclinical models used in this study. Wild-type or adenomatous polyposis colimeinestnalneoplasial* mjice were
chronically infected with the 11G5 CoPEC strain (10° bacteria per mouse) at DO after pre-streptomycin treatment (from D-4 to D-1). Colonic low-grade inflammation
was measured at D7 and D15. Elevated plus maze, Phenotyper and forced swimming test were performed at D15, D20 and D35 respectively. SPF: Specific pathogen
free; CoPEC: Colibactin-producing Escherichia coli; EPM: Elevated plus maze; FST: Forced Swimming Test (Created with BioRender.com, Supplementary material).

the infected and control animals.

Forced Swimming Test (FST): At 35 DPI (Figure 1), after acclimatization for 45 min, each mouse was placed in a glass
cylinder (17 cm in diameter and 30 cm high) containing water at 22 + 2 °C. The immobility time of the mice within a 6 min
period was recorded. Immobility was defined as when a mouse stopped swimming and floated, making only those
movements necessary to keep its head above water. Each experiment was filmed and recorded so the videos could be
analyzed blindly to avoid experimenter bias.

Statistical analysis

For clinical data, quantitative data are presented as medians (interquartile ranges) and were compared between samples
with and without CoPEC with the Mann-Whitney test, while categorical data are presented as numbers (percentages) and
were compared with Fisher’s exact test. Absolute differences with 95%Cls are presented for relevant factors. Factor
analysis of the mixed data was performed using the dudi.mix function of the ade4 package in R (http://cran.r-project.
org/web/packages/ade4/index.html) to determine which parameters could be used to discriminate the presence of
CoPEC (yes/no). The parameters considered in this analysis were determined based on the univariate analysis results
and clinical relevance among sociodemographic, surgical, tumoral and psychiatric data. Quantitative data were centered
and scaled.

For animal studies, the study sample is described by numbers and percentages for categorical data and by means + SDs
[or medians (interquartile ranges) when the data were not normally distributed] for continuous data. Normality was
assessed graphically and using the Shapiro-Wilk test. Student’s ¢ test (or the Mann-Whitney test when the assumptions to
apply the t test were not met) was used to compare continuous data between two groups, and the chi-square test (or
Fisher’s exact test when appropriate) was used to compare categorical data between two groups. Comparisons between
groups were conducted using analysis of variance (ANOVA) or the Kruskal-Wallis test when the assumptions for
ANOVA were not met. Post hoc tests for two-by-two multiple comparisons were applied: Tukey-Kramer after ANOVA
and Dunn after the Kruskal-Wallis test. Pearson’s test was performed to determine correlations between two independent
variables.

Statistical analyses were performed with GraphPad Prism 7 software (GraphPad, La Jolla, CA, United States) and
STATA V15 (StataCorp, College Station, Texas, United States). A P value < 0.05 was considered to indicate statistical
significance, without corrections other than those mentioned above.

RESULTS

CoPEC infection is associated with anxiety and depressive disorders in colon cancer patients

Of the 64 eligible patients, only 12 agreed to participate. These participants did not differ from the nonparticipants in
terms of age, sex, CoPEC status, TNM stage or tumor location. All clinical data are summarized in Table 1. The sex ratio
was 1:1, and the median age was 67 years (63-80.5). CoPEC was detected in the colonic tissue of 6 patients (CoPEC+), and
the other 6 patients were negative for CoPEC (CoPEC-). CoPEC+ patients were younger than CoPEC- patients (P = 0.013).
No differences were observed for colon cancer clinical data.

The presence of current psychiatric disorders and HAMA and HDRS scores were comparable between CoPEC+ and
CoPEC- patients. However, their psychiatric history profiles were different. Only one CoPEC- patient had psychiatric
disorders (agoraphobia and specific phobia), but all CoPEC+ patients had psychiatric disorders [P = 0.015, absolute
difference = 0.83 (0.54;1.13)]: One patient presented with a generalized anxiety disorder; one patient had a specific phobia;
and four patients, including one with a specific phobia, had one or more past major depressive disorders. For all included
patients, independent of CoPEC presence, the first psychiatric disorder occurred several years before colon cancer
diagnosis.

Buissidenge WIG | hittps://www.wijgnet.com 2820 June7,2024 | Volume30 | Issue2l |


https://f6publishing.blob.core.windows.net/b16245c2-5351-49b4-b1af-05ff771878cc/WJG-30-2817-supplementary-material.pdf
https://f6publishing.blob.core.windows.net/b16245c2-5351-49b4-b1af-05ff771878cc/WJG-30-2817-supplementary-material.pdf
http://cran.r-project.org/web/packages/ade4/index.html
http://cran.r-project.org/web/packages/ade4/index.html
http://cran.r-project.org/web/packages/ade4/index.html
http://cran.r-project.org/web/packages/ade4/index.html
http://cran.r-project.org/web/packages/ade4/index.html

Rondepierre F et al. CoPEC induces anxiety and depression

Table 1 Sociodemographic and clinical data stratified according to the presence of colibactin-producing Escherichia coli

Total, n=12 CoPEC+,n=6 CoPEC-,n=6 P value

Sociodemographic
Age (yr) 67 (63-85) 63 (57-65) 80.5 (79-82) 0.013
Sex, female 6 (50) 2(33) 4 (67) 0.567
Educational level, more than 12 yr 2(17) 1(17) 1(17) 1
Cohabiting couple 10 (83) 6 (100) 4 (67) 0.455
CRC
Follow-up since CRC surgery (yr) 49 (4.2-8.2) 6.5 (4.3-8.4) 4.7 (4.0-5.3) 0.513
Laparotomy 8 (67) 3 (50) 5(83) 0.545
Left colon cancer 6 (50) 3 (50) 3 (50) 1
TNM CRC stage 0.545

1 2(17) 2(33) -

2 6 (50) 3 (50) 3 (50)

8 3 (25) 1(17) 2(33)

4 1(8) - 1(17)
Psychiatry
Personal past anxiety /major 7 (58) 6 (100) 1(17) 0.015
depressive disorders
Family psychiatric disorders 4 (33) 2(33) 2(33) 1
HDRS total score 5.5 (3.0-7.5) 6.5 (5.0-8.0) 4.5 (2.0-7.0) 0.422
HAMA total score 6.5 (3.5-10.5) 7.5 (6.0-10.0) 4.5 (3.0-11.0) 0.52
HAMA somatic score 0.5 (0.0-2.0) 1.0 (0.0-2.0) 0.0 (0.0-2.0) 0.388
HAMA psychic score 5(2.5-8.5) 5.5 (4.0-8.0) 4.5 (1.0-11.0) 0.936

The data are reported as medians (interquartile ranges) or n (%). CoPEC: Colibactin-producing Escherichia coli; CRC: Colorectal cancer; HAMA: Hamilton
Anxiety Rating Scale; HDRS: Hamilton Depression Rating Scale.

Factor analysis of mixed data, including age, TNM CRC stage, psychiatric disorders, and HDRS and HAMA scores,
revealed different clinical profiles according to the presence of CoPEC, and psychiatric disorders were a major factor
contributing to these differences (Figure 2). Importantly, these results were confirmed after excluding age from the
analysis (data not shown).

CoPEC infection induced long-lasting disturbances in colonic mucosa homeostasis and anxiety/depressive-like

behavior in preclinical models
At 4 DP], all the infected WT mice were colonized by the 11G5 CoPEC strain (Figure 3A). The bacterial load remained
high throughout the experiment until 30 DPI, indicating persistent and chronic infection in the mice. Low-grade inflam-
mation in the colon was assessed by measuring fecal lipocalin-2 levels via ELISA. At 7 DPI, the fecal level of lipocalin-2
was significantly greater in the infected group than in the control group (P < 0.05; Figure 3B and C). This difference
persisted up to 15 DPI (P < 0.05).

Infected mice made significantly fewer entries into and spent less time in the open arms of the EPM than did the
control group at 15 DPI (2.7 £ 0.3 vs 6.6 + 0.5 entries, P < 0.001; 9.9 £ 1.3 vs 17.6 £ 1.8 s, P < 0.01; Figure 4A and B).

These results were confirmed in the CRC susceptibility APC™* mouse model (Figure 5). In addition, at 35 DP],
immobility time during the FST was longer in infected mice (83.3 + 8.9 vs 37.7 + 4.7 s, P < 0.001; Figure 4C). Taken
together, these results indicate that the infected mice exhibited significant anxiety- and depressive-like behaviors.

CoPEC infection induced long-lasting disturbances in well-being in preclinical models

We analyzed the impact of CoPEC infection on animal behavior at 20 DPI with a PhenoTyper® device. The infected mice
did not differ in terms of the distance traveled or the time spent in the hidden zone (data not shown). However, the total
duration of digging (P < 0.05) and sniffing (P < 0.01) was significantly shorter during the dark period (Figure 4D-G),
suggesting anxiety- and depressive-like behaviors.
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Figure 2 Clinical data of colon cancer patients stratified according to the presence of colibactin-producing Escherichia coli. A: The
correlation circles obtained via factor analysis of the mixed data show the correlations between the variables. The shorter vectors represent variables with weak
correlations and less contribution to the axis; B: Patient representation (one point for each patient) reveals two different patient profiles according to the presence of
colibactin-producing Escherichia coli (CoPEC) in the digestive tract and variables associated with the profiles. Patients with COPEC are presented in blue, while
patients without CoPEC are presented in red. The variables associated with the presence of CoPEC were past psychiatric disorders and higher Hamilton Anxiety
Rating Scale (HAMA) somatic scores. Age: Age of patient; HAMA_psy: Hamilton psychologic anxiety score; HAMA_soma: Hamilton somatic anxiety score; HDRS:
Hamilton Depression Rating Scale; Psy-: No past psychiatric disorder; Psy+: Past psychiatric disorder; Stage: TNM stage of tumor.
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Figure 3 Chronic colibactin-producing Escherichia coli infection is associated with the induction of microinflammation. A: Colonization of
wild-type (WT) infected mice (n = 12) in the gastrointestinal tract followed by counting the fecal colony form units of colibactin-producing Escherichia coli (11G5 strain)
at different time points. B and C: Colonic low-grade inflammation was assessed by measuring fecal lipocalin-2 levels at the peak of infection (7 DPI) and 15 DPI [WT
control, n = 11 (stools could not be collected or analyzed for one mouse); WT infected mice, n = 12]. The white circles represent WT control mice, while the black
circles represent WT infected mice. Statistical analysis: Student's ¢ test: 2P < 0.05. CFU: Colony form unit.

DISCUSSION

The involvement of the intestinal microbiota, particularly Enterobacteria, in CRC pathogenesis, anxiety and depression
has become increasingly apparent in recent decades. In the present study, we showed, in a limited cohort, that anxiety
and depressive disorders were significantly more prevalent in colon cancer patients colonized by CoPEC. Interestingly,
we determined that the first psychiatric disorder occurred several years before the colon cancer diagnosis, as previously
reported. Severe depressive symptoms were shown to be associated with an increased risk of CRC[30]. Preclinical models
were used to confirm our clinical results. Since psychiatric disorders seemed to occur before carcinogenesis in our clinical
study, we chronically infected WT mice with a CoPEC reference strain and observed a significant increase in anxiety-like
behaviors in the EPM test after infection. In addition, sniffing and digging times measured with a PhenoTyper® device
were significantly decreased, and immobility periods during the FST were increased after infection, suggesting anxiety-
and depressive-like behaviors. The same effects on anxiety-like behaviors have also been observed in the context of colon
carcinogenesis (Figure 5). These preclinical data indicated that chronic CoPEC infection could affect host behavior before
colon cancer development. We hypothesized that CoPEC could colonize the gut of neonatal or young hosts as previously
described[31]. This infection can induce perturbations in gut homeostasis, which may have some consequences for
disturbances in the microbiota-gut-brain axis. Alterations in the gut epithelial barrier were already measured after CoPEC
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Figure 4 Anxiety- and depressive-like behaviors in wild-type mice chronically infected with colibactin-producing Escherichia coli. A and B:
Anxiety-like behavior assessed using the elevated plus maze test at 14 DPI; A: Entry frequency and B: time spent in the open arms of wild-type (WT) control and
infected mice (n = 12 per group); C: Immobility time during the forced swimming test of WT control and infected mice (n = 12 per group) at 35 DPI; D-F: WT control
and infected (n = 6 per group) mice were placed in a PhenoTyper® device at 20 DPI and recorded for 24 h to assess spontaneous behavior in a representative
experiment; D and E: Total digging (D) and sniffing times (E) determined over 24 h; F and G: Mean digging (F) and sniffing times (G) measured only during the 12-h
dark period. The white circles represent WT control mice, while the black circles represent infected mice. Statistical analysis: Student's ¢ test: 2P < 0.05, °P < 0.01, °P
<0.001, ¢P < 0.0001.

infection in a rat model[31]. We showed here that CoPEC infection induced a persistent increase in the level of fecal
lipocalin-2, which is a marker of low-grade inflammation[32]. These disturbances (intestinal barrier alteration and inflam-
mation) induced by CoPEC infection are known pathways associated with the anxiety- and depressive-like behaviors[33]
suggesting that CoPEC infection could play a role in the physiopathology of these disorders. In addition, a recently
published study showed that CoPEC could killed specifically enteric pathogens or commensals in the gut[34]. Effect of
the CoPEC on intestinal homeostasis could be a direct effect on mucosa or by targeting microbiota leading to a pro-
inflammatory dysbiosis. Further studies will be performed to evaluate dysbiosis and neuroinflammation in our chronical
CoPEC-infected preclinical model. Our study has several limitations, particularly because of the low number of included
patients and the high dropout rate. This study was proposed to colon cancer patients several years after surgery. Patients
were elderly; sometimes lived far from the hospital; and were often refractory to additional surveys, notably those
surveys concerning their psychiatric history. All these reasons may explain the low number of included patients. These
first results require confirmation on a larger cohort. We could use the ongoing Metabiote clinical trial, which aims to
study the prognostic value of CoPEC as markers for prediction of oncologic outcomes in CRC[35]. This prospective cohort
could be used to verify these results on a larger number of patients. We then used preclinical models to support these
clinical observations. A reverse translational research approach confirmed our clinical results. The number of animal
behavioral studies, behavioral tests and even devices developed for targeted analysis of these behaviors are increasing,
and these tests are being used and documented in the scientific community. Even if additional studies will be essential to
investigate the involved mechanisms, such as the impact of colibactin and/or CoPEC-associated virulence factors, our
reverse translational research approach confirmed our clinical results.
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Figure 5 Chronic colibactin-producing Escherichia coli infection is associated with anxiety-like behaviors in adenomatous polyposis coli
multiple ntestinal neoplasia’ myjce, A: Colonization of the gastrointestinal tract in wild-type (WT, n = 12) and adenomatous polyposis coli (Apc)mipte intestinal neoplasia (Min)/+ (7 = 5)
mice infected with the colibactin-producing Escherichia coli strain (11G5 strain) according to fecal colony form units at different time points; B and C: Anxiety-like
behavior was assessed using an elevated plus maze test at 14 DPI. Entry frequency (B) and time spent in the open arms (C) by APCY"* control (n = 4) and infected (
n = 5) mice; D: Immobility time during the forced swimming test of APCY"* control and infected mice at 35 DPI. The black circles represent WT infected mice, the
hollow purple circles represent APCM"* uninfected mice, and the purple circles represent APCY™* infected mice. Statistical analysis: Student’s ¢ test: 2P < 0.05, °P <
0.01. CFU: Colony form unit; APC: Adenomatous polyposis coli; Min: Multiple intestinal neoplasia; WT: Wild-type.

CONCLUSION

Our results support a significant role of Enterobacteriaceae in the development of psychiatric disorders. Although further
mechanistic studies are planned, these initial results suggest that CoPEC infection could induce microbiota-gut-brain axis
disturbances in addition to their procarcinogenic effects.
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