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Abstract

Abnormal colonisation of the ileal mucosa by adherent-invasive Escherichia coli (AIEC) is a key feature of Crohn’s
disease. To date, no curative treatment for this disease exists, highlighting the need to develop new therapies
targeting the origin of the inflammation, in particular the intestinal microbiota and more specifically AIEC. This
study investigated the anti-virulence properties of 17 bacterial strains (lactobacilli and bifidobacteria) and three
plant extracts (walnut and green tea leaves and liquorice roots) against AIEC. In vitro, six lactobacilli strains and
one bifidobacterium strain reduced AIEC LF82 adhesion to Caco-2/TC7 cells and/or suppressed IL-8 secretion
induced by AIEC. Although plant extracts did not prevent adhesion or inflammation, they inhibited AIEC growth.
In a murine model of dextran sulfate sodium-induced colitis exacerbated by LF82 infection, two Lacticaseibacillus
strains, one Bifidobacterium strain, and walnut and green tea extracts efficiently alleviated colitis and reduced faecal
lipocalin-2 levels. For the green tea extract and one Lacticaseibacillus strain, beneficial effects were correlated
with a decreased number of AIEC associated with the colonic mucosa. Building on these findings, bacteria and
plant extract combinations were tested in the same model. A formulation combining two Lacticaseibacillus strains
(Lbs. casei and Lbs. rhamnosus) with the walnut extract demonstrated the greatest efficacy, markedly reducing
colitis score and preserving intestinal mucosa integrity. While untreated mice remained heavily colonised, the
combination promoted AIEC elimination from the gut of half the mice, contributing to the alleviation of colitis
symptoms. These results highlight the ability of combinations of specific bacteria/plant extracts to limit the
presence of AIEC in the ileal mucosa of Crohn’s disease patients, presenting a promising approach for disease
management.
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1 Introduction

Crohn’s disease (CD) is a chronic inflammatory bowel
disease (IBD) resulting from an aberrant immune re-
sponse to detrimental environmental stimuli, including
intestinal microbiota, in genetically predisposed indi-
viduals (Dolinger et al., 2024). Currently, no curative
treatment exists in CD which remains a substantial
economic and social burden on public health (Floyd
et al, 2015). Therapeutic strategies, including anti-
inflammatory agents, immunomodulators, biologics,
and surgical resection of inflamed regions, are imple-
mented to manage symptoms and reduce recurrences,
rather than achieving a definitive cure (de Mattos et al.,
2015).

The gut microbiota plays a critical role in the patho-
genesis of CD. Numerous studies have demonstrated
dysbiosis in the intestinal microbiota of CD patients
compared to healthy individuals, notably with an in-
creased prevalence in adherent-invasive Escherichia
coli (AIEC) (Darfeuille-Michaud et al., 2004). AIEC are
considered as a ‘CD pathobiont’ due to their ability
to initiate and/or sustain the chronic inflammatory
state of the disease in a susceptible host. These bac-
teria strongly adhere to intestinal epithelial cells (IEC)
enabling their invasion (Boudeau et al., 1999; Eaves-
Pyles et al, 2008) and are capable of surviving and
replicating within macrophages, where they induce
the secretion of tumour necrosis factor-alpha (TNF-a)
(Bringer et al., 2006; Glasser et al., 2001). In a recent clin-
ical study on CD patients, an association was observed
between AIEC and early ileal lesions, with the pres-
ence of these bacteria identified as a predictive marker
for endoscopic post-operative recurrence (POR) at six
months (Buisson et al., 2023). This finding underscores
the role of AIEC in the initial stages of ileal CD and
the necessity of developing AIEC-targeted therapies as
a strategy to prevent disease progression. Various strate-
gies have been investigated to eliminate AIEC from the
gut, including an anti-adhesive approach using heptyl-
mannoside derivatives, such as FimH antagonists (Sivi-
gnon et al., 2015b) and a targeted elimination approach
with bacteriophages (Galtier et al., 2017). Furthermore,
probiotic interventions present a promising strategy for
disrupting AIEC colonisation in the gut.

Probiotics are defined as ‘live microorganisms which,
when administered in adequate amounts, confer a
health benefit on the host’ (FAO/WHO, 2001). They can
positively affect the host by strengthening the intesti-
nal barrier and modulating the immune response, or
they can act on pathogenic bacteria by inhibiting their
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adhesion to the epithelium or by creating an environ-
ment unfavourable to their survival (Alard et al., 2018;
Hrdy et al., 2020; Ni et al., 2023; Plaza-Diaz et al., 2019).
Studies targeting AIEC bacteria have shown the posi-
tive effects of Escherichia coli (E. coli) Nissle 1917, along
with lactobacilli and bifidobacteria strains and certain
yeasts, particularly the strain Saccharomyces cerevisiae
CNCM I-3856, by significantly reducing AIEC adhesion
to IEC and modulating inflammation (Boudeau et al.,
2003; Ingrassia et al., 2005; Leccese et al., 2020; Sivignon
et al., 2015a). Invivo, S. cerevisiae CNCM 1-3856, and par-
ticularly heteropolysaccharides extracted from its cell
wall, decreased AIEC gut colonisation and prevented
signs of colitis in a mouse model of CD (Sivignon et al.,
2021, 2015a). However, meta-analyses of clinical trials
assessing the efficacy of probiotics in CD patients have
not shown significant benefits (Limketkai et al, 2020).
This lack of effectiveness may be due to various factors,
including the choice of probiotic strains, doses, formu-
lations, treatment duration, cohort heterogeneity, and,
in particular, insufficient consideration of patients’ spe-
cific microbial dysbiosis profiles, such as the presence of
AIEC.

Alongside traditional anti-inflammatory medications,
an increasing number of IBD patients are exploring
alternative strategies, such as plant extracts, which
represent natural products, to help alleviate symp-
toms. Plant extracts can modulate the intestinal micro-
biota by increasing the number of beneficial bacterial
species producing short-chain fatty acids (SCFA) (Wu
et al., 2021). Inversely, they can exert effects against
pathogenic bacteria, such as E. coli strains responsi-
ble for urinary tract infections or diarrhea, primarily
through their antibacterial activity and ability to inhibit
biofilm formation (Lagha et al., 2019; Olivas-Quintero et
al., 2022). An anhydrous ethanol extract from walnut
husks showed antibacterial activity against Staphylo-
coccus aureus, Bacillus subtilis, and E. coli via cell wall
damage and impaired energy metabolism, alteration of
bacterial growth, and proliferation (Wang et al., 2023).
To date, few studies have demonstrated the ability of
plant extracts to reduce adhesion and invasion levels of
AIEC (Szandruk-Bender et al., 2020; Zhang et al., 2021).

Our study aimed to perform an in vitro screening
of the potential of probiotic strains and plant extracts
for their anti-inflammatory and anti-virulence proper-
ties against AIEC. Bacteria and plant extracts of interest
were subsequently evaluated in vivo, using a murine
model of dextran sulfate sodium (DSS)-induced colitis
infected with AIEC, both independently and in com-
bination, to assess their ability to prevent AIEC gut

BENEFICIAL MICROBES 17 (2026) 305-321



PROBIOTICS AND PLANT EXTRACTS TARGETING AIEC IN CROHN’S DISEASE

TABLE 1 Bacterial strains studied
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Strains designation Bacterial species Origin

P11 Lactobacillus acidophilus Human
P12 Ligilactobacillus salivarius Unknown
P13 Lactiplantibacillus plantarum Vegetable
PI8 Lacticaseibacillus casei Dairy product
P17 Lactobacillus gasseri Human
PI141 Lactobacillus gasseri Human
PI44 Lactiplantibacillus plantarum Human
PI145 Lacticaseibacillus casei Human
PI146 Lacticaseibacillus casei/paracasei Human
P148 Lacticaseibacillus rhamnosus Human
PI156 Lactobacillus gasseri Human
LA306 Bifidobacterium animalis subsp. lactis Human
LA803 Bifidobacterium bifidum Human
LA804 Bifidobacterium animalis subsp. lactis Human
LA805 Bifidobacterium breve Human
P17 Bifidobacterium animalis subsp. lactis Human
PI55 Bifidobacterium breve Human

colonisation and alleviate associated colitis symptoms.
Our findings led to the development of a bacteria-plant
extract-based formulation capable of limiting AIEC gut
colonisation and mitigating associated colitis symp-
toms.

2 Material and methods

Bacterial strains and plant extracts

The Adherent-Invasive E. coli (AIEC) strain LF82, resis-
tant to ampicillin and erythromycin, was isolated from
an ileal biopsy of a Crohn’s disease (CD) patient.
The LF82-AfimH isogenic mutant, deficient in type
1 pili synthesis, was previously generated (Dreux et
al., 2013). Additional AIEC strains (from the ileum of
CD patients) were used: strains S52 and S136 from
the POP REMIND cohort (ID-RCB 2009-A00205-52)
and strains CEA218S, CEA615S and CEA6I8U from the
CEALIVE cohort (ANSM number 141382B-42). The dif-
fusely adherent E. coli (DAEC) strain F1845 was used for
its ability to adhere to cells in a mannose-insensitive
manner. These strains were grown in Luria-Bertani (LB)
(Condalab, Madrid, Spain) broth or on LB agar at 37 °C
overnight without agitation.

Eleven lactobacilli and six bifidobacteria strains were
provided by PiLeJe Laboratoire to assess their properties
(Table 1). Lactobacilli were cultured for 24 h and bifi-
dobacteria for 48 h at 37 °C under anaerobic conditions
(GENbag anaer, Biomérieux, Marcy I'Etoile, France) in
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De Man, Rogosa and Sharpe broth (MRS, Biokar Diag-
nostics, Beauvais, France), supplemented with 0.1%
L-cysteine hydrochloride (Thermo Fisher Scientific,
Waltham, MA, USA) for bifidobacteria. For experimen-
tal studies, bacterial cultures were centrifuged (3,500 g,
10 min, 4 °C) and resuspended in Phosphate Buffer
Sodium (PBS). For combination experiment, bacterial
strains in lyophilized form (supplied by PiLeJe Labora-
toire) were directly resuspended in PBS.

Plant extracts from walnut (Juglans regia L.) leaves,
liquorice (Glycyrrhiza glabra L.) roots, and green tea
(Camellia sinensis L.) leaves were provided by PiLeJe
Laboratory in lyophilized form. The extract of C. sinensis
tested (Green tea CPSP-01, named green tea extract sub-
sequently) is obtained by extraction of 1 kg of C. sinensis
dry leaves in 10 1 of water at 85 °C for 30 min. After filtra-
tion, the resulting extract is concentrated under vacuum
(native extract ratio [NER] about 4:1), then fixed and
dried on 0.835 kg of C. sinensis dry leaves (impregna-
tion support) under reduced pressure (drug extract ratio
[DER] about 2:1). The resulting product is crushed to
form the green tea extract. Dry hydroalcoholic extracts
of walnut leaves and liquorice roots were prepared as
described above with 20 to 70% (v/v) ethanolic leach-
ing (Authier et al., 2022). Extracts were reconstituted in
PBS and sonicated using a Bioruptor device (Diagenode,
Seraing, France) for three 15-second cycles. The same
batches and preparation methods were used across all
experiments included in this study.
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Cell culture

The human intestinal epithelial cell line Caco-2/TC7
(ATCC HTB-37) was maintained in high-glucose Dul-
becco’s Modified Eagle Medium (DMEM) supplemented
with L-glutamine (Gibco, Grand Island, NY, USA), 10%
fetal bovine serum (FBS) (Dutscher, Bernolsheim,
France), 1% antibiotic/antimycotic solution (Cytiva,
Marlborough, MA, USA), 1% non-essential amino acids
(Fisher), and 1% vitamins (Dutscher). Cells were cul-
tured at 37 °C in a humidified atmosphere containing
5% CO,. TC7 cells were seeded in 96-well plates (10%
cells/well) for viability assays, in 24-well plates (4 x 103
cells/well) for adhesion assays and cytokine measure-
ments, before incubation for an additional 24 h.

Bacterial growth

Increasing concentrations of plant extracts were incu-
bated with bacteria in LB broth for AIEC or MRS
medium (+ 0.1% cysteine) for lactobacilli or bifidobac-
teria, and growth was monitored by measuring optical
density (OD) at 600 nm every 30 min for 12 or 16 h using
the Flexstation 3 instrument (Molecular Devices, San
Jose, CA, USA).

Functional assessment of type 1 pili and flagella
Functionality of type 1 pili and flagella were assessed by
yeast agglutination and mobility test, respectively. AIEC
LF82 or LF82-AfimH mutant were cultured in LB broth
in the presence or absence of plant extracts, and candi-
date probiotics were grown in MRS broth. For aggluti-
nation assay, LF82 suspension (ODg, = 0.6) was serially
diluted in PBS and incubated with a suspension of Sac-
charomyces cerevisiae (10 mg/ml, equivalent to ~8 x 107
yeasts/ml) for 1 h. Candidate strains were mixed with
LF82 bacteria at a ratio 1:1. The agglutination titre was
defined as the highest dilution showing agglutination.
For mobility, 5 ul of standardised LF82 (OD600 = 0.2 in
PBS) was deposited as a central stitch in 0.3% LB agar.
Growth diameters were measured after 18 h at 37 °C.

Biofilm formation assay

Biofilm formation assays were adapted from a pre-
viously described method (Martinez-Medina et al.,
2009b). Briefly, strains were grown overnight with plant
extracts (100 pg/ml) in LB broth supplemented with
5 g/l of glucose (Sigma-Aldrich, St. Louis, MO, USA).
Then, 130 ul of a standardised LF82 suspension (3 x
107 CFU/ml) in M63 medium (0.8% glucose, 1 mM
MgSO,) (Bio Basic, Toronto, Canada) were placed into
microplates and grown for 24 h at 30 °C under shak-
ing. Growth OD was read at 630 nm. Wells were washed
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once in PBS and adhered bacteria were stained with 1%
crystal violet (Sigma-Aldrich). After five washes, crystal
violet stain — bound biofilm was solubilized in ethanol
and the OD was read at 570 nm. Biofilm formation index
was calculated using the formula: (ODg;, attached bac-
teria - ODjgyq control) / (ODggo of bacterial growth in
broth - ODgg, control).

Viability assay on TC7 cells

Serial dilutions of plant extracts were added to Caco-
2/TC7 cells for 24 h. After PBS washes, cell viability
was assessed using the XTT assay (Biotium, Fremont,
CA, USA) according to the manufacturer’s protocol.
Absorbance was measured at 450 nm and 650 nm after
4 h of XTT incubation.

Adhesion assays on Caco-2/TC7 cells

Caco-2/TC7 cells were infected with AIEC or DAEC bac-
terial strains at a multiplicity of infection (MOI) of 10
bacteria per cell for 3 h. Candidate probiotics were
tested at MOI comprised between 1 and 200 per cell.
For co-incubation experiments, candidates and AIEC
were added simultaneously on cells. For pre-incubation
assays, cells were incubated with candidates 1-h prior to
infection with AIEC or DAEC bacteria. Candidate strains
were also incubated alone for 4 h on cells to determine
their adhesive capacity. Plant extracts were incubated
overnight either with TC7 cells or during LF82 growth
for 18 h before cellular infection. Cells were washed
with PBS, lysed with 1% Triton X-100 (Sigma-Aldrich),
and spread on LB agar plates using an easySpiral (Inter-
science, Saint Nom la Bretéche, France) with the appro-
priate antibiotics to quantify E. coli CFU or on MRS agar
for lactobacilli or bifidobacteria enumeration. The num-
ber of CFU was quantified with the Scan 4000 (Inter-
science).

Cytokine quantification

TC7 cells were infected with AIEC strains at MOI 10 for
5 h. Cells were incubated with candidate strains (MOI
100) for 1-h prior to AIEC infection. For plant extract
studies, cells were pre-incubated overnight before LF82
infection. IL-8 and CCL-2 levels in cell culture super-
natants were quantified by ELISA (#DY208 and #DY279,
Duoset, R&D systems, Minneapolis, MN, USA).

Mice and ethics statement

Six-week-old BALB/cBy] male mice purchased from
Charles River Laboratories (Larbresle, France) were
housed at the University Clermont Auvergne (accred-
ited establishment no. D63 113 16) under standard

BENEFICIAL MICROBES 17 (2026) 305-321



PROBIOTICS AND PLANT EXTRACTS TARGETING AIEC IN CROHN’S DISEASE

laboratory conditions (22 + 1 °C, 12-12-h light/dark
cycle). They were acclimated for one week with ad libi-
tum access to food and water. All animal experiments
were performed in accordance with the Committee
for Research and Ethical Issues C2E2A and the French
ministry of Education & Research (Approval No. 38082-
2022071217268046). This study was carried out in accor-
dance with relevant guidelines and regulations.

Mouse infection experiments

Mice were randomly assigned to 7 or 8 groups (n = 6
or 8 per group). To induce colitis, mice were given 2%
(w/v) of dextran sulfate sodium (DSS, MW 36-50 kDa,
MP Biomedicals, Eschwege, Germany) in drinking water
for 8 days (D0-D8), and were orally challenged with 108
AIEC LF82 once a day during this period. Probiotics
(10° CFU), plant extracts (1 mg), or combinations were
administered daily by gavage in 0.2 ml PBS for one week
before (D-7 to D-1) and during the DSS-LF82 challenge.
Body mass was recorded daily. Disease Activity Index
(DAI) score which is a composite score determined by
the relative body weight loss, stool softness, and fae-
cal blood (Hemocare test, Care Diagnostica, Voerde,
Germany), was assessed to evaluate the progression
of colitis (Supplementary Table S1). Faecal lipocalin-2
was measured by ELISA (#DY1857, Duoset, R&D sys-
tems). Intestinal permeability was evaluated on D7 by
the fluorescence measurement (Flexstation 3, Molec-
ular Devices) of FITC-dextran 4 kDa (FD4, TdB labs,
Uppsale, Sweden) in the serum of mice 5 h after its
administration by gavage of 15 mg of FD4 diluted in
PBS. On D8, mice were euthanized and colons were col-
lected for histological analyses, LF82 quantification, and
cytokine measurements. Concerning histomorphologi-
cal evaluation, Swiss rolls were made from longitudi-
nally opened-colonic tissues, fixed in PBS-buffered 10%
formalin, embedded in paraffin, and then sectioned into
5-um thick slices for haematoxylin and eosin (H&E)
staining. The colitis severity was scored (Supplementary
Tables S2 and S3) in a blinded manner by professional
pathologists using light microscopy. The final score
reflects signs of inflammation, cell infiltration, fibrosis,
and epithelial and mucosal damage. Quantification of
LF82 associated with the colonic mucosa was carried
out on a 1 cm segment of proximal colon. The pro-
inflammatory cytokine KC released by the colonic tissue
in culture medium for 24 h was quantified by ELISA
according to the manufacturer’s instructions (#¥DY453,
Duoset, R&D systems).

BENEFICIAL MICROBES 17 (2026) 305-321

309

Statistical analysis

Data are presented as mean + SEM or median. Statistical
comparisons were performed using the non-parametric
Kruskal-Wallis test with Dunn’s multiple comparison.
Differences were considered significant at P < 0.05. All
analyses were conducted using GraphPad Prism 10.0.3
(GraphPad Software, San Diego, CA, USA).

3 Results

Lactobacilli strains decrease AIEC-induced
inflammation in intestinal epithelial cells

The ability of the candidate bacterial strains to reduce
cytokine release by Caco-2/TC7 cells upon AIEC infec-
tion was investigated. First, cells were pre-incubated for
1 h with bacterial strains before being infected with the
AIEC reference strain LF82 for five additional hours. As
shown in Figure 14, infection with AIEC LF82 induced
high IL-8 secretion by TC7 cells (300 pg/ml). Among
the 17 strains tested, five significantly prevented IL-8
secretion: PI8, PII7 (P < 0.05), PI48, PI46 and PI45
(P < 0.01), the latter three reducing by ten-fold the
AIEC LF82-induced secretion. Interestingly, strains PI17,
PI45 and PI46 also reduced the secretion of the cytokine
CCL-2 triggered by AIEC LF82 infection whereas the
effect of PI3 was limited to CCL-2 (Figure 1B). The anti-
inflammatory potential of these strains was assessed
on four other AIEC strains. PI45, P146 and PI48 effi-
ciently prevented the release of both cytokines (Fig-
ure 1C-1D). The effect of lactobacilli or bifidobacteria
alone on IL-8 and CCL-2 secretion by cells was also
evaluated (Supplementary Figure S1). With the excep-
tion of PI2, lactobacilli strains did not result in pro-
inflammatory responses, while bifidobacterial strains
promoted cytokine release on their own. These secre-
tions were not significantly increased in the presence of
LF82.

Lactobacilli strains inhibit AIEC-adhesion to intestinal
epithelial cells

The ability of the 17 bacterial strains to inhibit adhesion
of AIEC to IEC, the main virulence feature of this patho-
biont, was evaluated. Four lactobacilli strains, PI41, PI2,
P146, and PI45, significantly reduced AIEC LF82 adhe-
sion to cells (66.7% + 4.6%; P < 0.05, 43.2% + 8.0%; P <
0.001, 42.0% + 9.9%; P < 0.001 and 29.6% = 5.8%; P <
0.0001, respectively) in a co-incubation protocol (candi-
date bacteria and LF82 incubated simultaneously) (Fig-
ure 2A). The pre-incubation experiment, in which bac-
teria were pre-incubated with cells for 1 h prior to infec-
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blue) for 1 h, followed by a 5-h infection with the AIEC LF82 strain (A, B) or other AIEC strains (C, D) at MOI 10. IL-8 (A, C) and
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**P < 0.01, ***P < 0.001, ****P < 0.0001 compared to the ‘AIEC alone’ condition. MOI = multiplicity of infection. NI =

non-infected.

tion, enhanced the anti-adhesive properties of strains
P12, PI45, and PI46, and enabled strains PI48 and PI7
to inhibit LF82 adhesion (Figure 2B). A dose-effect was
performed on strains with inhibition properties, using
both co-incubation and pre-incubation protocols (Fig-
ure 2C and 2D). The anti-adhesive effect of these strains
was confirmed, except for PI41 that failed to demon-
strate inhibition effect, even at a MOI of 200 bacte-
ria per cell. The anti-adhesive ability of PI45 was vali-
dated on other strains of AIEC, whereas for the other

bacteria, inhibitory effects are strain-dependent among
AIEC isolates (Figure 2E). None of the candidates suc-
ceeded in modulating the adhesion of the AIEC strain
S136 or of a Diffusely-Adherent Escherichia coli (DAEC)
strain, adhering to IEC independently of type 1 pili.
Furthermore, the anti-adhesive strains were unable to
agglutinate yeasts or to inhibit the type 1 pili-mediated
adhesion of LF82 to yeasts (Supplementary Figure S2).
Finally, the adhesive capability of lactobacilli and bifi-
dobacteria to IEC was also assessed. The study revealed
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FIGURE 2  Efficacy of 17 strains of lactobacilli and bifidobacteria in reducing AIEC strains adhesion to intestinal epithelial TC7 cells. (A-D)

Caco-2/TC7 cells were infected with AIEC LF82 at MOI 10 for 3 h. (A) co-incubation experiment: TC7 cells were simultaneously
incubated with probiotic strains (MOI 100) and ATEC LF82 for 3 h. (B) pre-incubation experiment: TC7 cells were first
incubated with probiotic strains (MOI100) for 1 h, followed by a 3-h infection with AIEC LF82 in the presence of probiotics.
(C-D) dose-effect assays with candidate strains in either a co-incubation (C) or pre-incubation (D) setup. (E) percentages of
residual adhesion of AIEC strains and one DAEC strain to intestinal epithelial cells in the presence of five candidate strains
using a pre-incubation protocol. (F) TC7 cells were incubated with probiotic strains at MOI 100 for 4 h. Bacteria adhering to the
cells were quantified on MRS agar plates. Results are expressed as percentages of adherent bacteria, with adhesion in the
absence bacteria set at 100% (A-E), or as number of adherent bacteria per ml (F). Data are presented as mean + SEM (n = 3-4).
*P < 0.05,**P < 0.01, ***P < 0.001, ****P < 0.0001, compared to the ‘Probiotic-free’ condition; lactobacilli in red; bifidobacteria
in blue; MOI = multiplicity of infection, in bacteria per cell.

that PI2 adhered more strongly to TC7 than PI45, PI46  Plant extracts do not reduce AIEC adhesion to IEC nor
or P17, while P148 showed minimal adhesion, even after  inflammatory response but affect AIEC growth and
4 h of contact with cells (Figure 2F). type-1pili function

Three plant extracts — walnut (WAL), liquorice (LIQ)
and green tea (GT) — were studied for their ability
to interfere in the AIEC-IEC interaction. First, TC7
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FIGURE 3  Effects of a pre-treatment of TC7 cells with plant extracts on cellular viability, AIEC-induced inflammatory response and AIEC

adhesion. (A) experimental design. (B) TC7 cells were pre-incubated for 24 h with increasing concentrations of plant extracts
and cellular viability was assessed by XTT assay. (C) TC7 cells were pre-incubated overnight with plant extracts and then
infected with ATEC LF82 (MOI 10) for 5 h. IL-8 secretion was measured in the culture medium by ELISA. (D) cells were
pre-incubated overnight with plant extracts and then infected with AIEC LF82 (MOI 10) for 3 h. The number of cell-adherent
AIEC LF82 was determined by counting on LB agar plates. Results are expressed as percentages of adherent bacteria, with AIEC
LF82 infection in the absence of plant extracts set as 100%. Data are presented as mean values + SEM (n = 3-4). *P < 0.05,

**P < 0.01, compared to a non-treated condition (not shown, equal to 100% cellular viability).

cells were pre-treated with increasing concentrations
of extracts (Figure 3A). After 24 h of incubation, a sig-
nificant reduction (~70%) in cell viability was observed
from 1,000 pg/ml of WAL and LIQ, and from 100 ug/ml
of GT (Figure 3B). As such, concentrations below
100 pg/ml of plant extracts were selected to evaluate
their effects on the AIEC/cell interaction. An overnight
pre-incubation of TC7 cells with plant extracts did not
succeed in preventing IL-8 secretion induced by AIEC
LF82 (Figure 3C) and did not modify LF82 adhesion lev-
els to cells (Figure 3D).

Next, LF82 bacteria were incubated with plant ex-
tracts (Figure 4A). Increasing extract concentrations (1-
1,000 ug/ml) were added to a culture of AIEC LF82
in LB medium and bacterial growth was followed for
12 h. LF82 growth was significantly reduced for the three
extracts starting at 100 pg/ml (Figure 4B, P < 0.05

compared to LF82 alone). The ability of AIEC LF82 to
express functional type 1 pili and flagella in the presence
of plant extracts was also evaluated. Type 1 pili func-
tionality, evaluated via yeast agglutination, decreased at
100 pg/ml for WAL and GT (Table 2). No differences
in flagella-mediated motility were observed in semi-
solid agar across treatments (Figure 4C). Furthermore,
plant extracts did not affect the biofilm formation of
the AIEC LF82 strain (Supplementary Figure S3). Finally,
the effect of culturing AIEC LF82 in the presence of the
three plant extracts on its subsequent adhesion abil-
ity was assessed. Adhesion levels on TC7 cells were not
affected, even for WAL and GT (Figure 4D), indicating
that the moderate reduction in type 1 pili functionality
was insufficient to alter LF82 adhesion ability.
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Impact of a pre-treatment of AIEC LF82 with plant extracts on bacterial growth, mobility and adhesion ability. (A)

experimental design. (B) growth of AIEC LF82 in LB medium alone or with varying concentrations of plant extracts was
measured by OD at 600 nm over 12 h (area under the curve, AUC). (C) mobility assay in LB-agar 0.3% after an overnight culture
of AIEC LF82 with or without plant extracts. The LF82-AfliC mutant lacking flagella is used as a negative control. (D) adhesion
assay: AIEC LF82 was cultured in the presence of plant extracts in LB broth at 37 °C for 24 h, then TC7 cells were infected with
pre-treated bacteria at MOI 10 for 3 h. Data are presented as mean values + SEM (n = 3). *P < 0.05, **P < 0.01, compared to the

‘LF82 alone’ condition. %: no mobility was observed.

Selected bacterial strains and plant extracts
significantly alleviate colitis symptoms in a
DSS-induced colitis mouse model infected with AIEC
LF82

Three strains, PI45, PI48 and PI7, were selected for in
vivo testing, based on their ability to counteract AIEC
adhesion and to reduce the associated inflammatory
response. WAL, LIQ and GT extracts were also included
in this assay to evaluate their global impact on the
host. They were studied individually in a mouse model
of colitis induced by the administration of DSS com-
bined with a daily AIEC challenge. Candidate strains
and plant extracts were administered daily by gavage
(10° CFU/day or 1 mg/day) for one week in a prophylac-
tic manner (D-7 to D-1) and continued throughout the
DSS/AIEC LF82 challenge (from DO to D8) (Figure 5A).
The administration of bacteria or plant extracts alone
did not induce any signs of inflammation and are well
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tolerated in vivo (data not shown). Body weight loss was
observed for the untreated group starting from D5 and
reaching 12.1% = 8.1% at D8. PI45, P48, WAL and GT
effectively prevented this loss (Figure 5B, 5C). By D6, all
treatments except LIQ significantly reduced the Disease
Activity Index (DAI) score, which reflects body weight
loss, stool consistency and the presence of blood in fae-
ces (Figure 5D, P < 0.01). PI48, PI7 and GT lowered
faecal lipocalin-2 levels by D2, a biomarker of intestinal
inflammation, prior to any visible signs of colitis (Fig-
ure 5E, P < 0.05). All treatments, especially PI45, main-
tained a functional intestinal barrier as measured by
the reduced FITC-dextran 4 kDa concentrations in mice
serum compared to untreated mice (Figure 5F). Notably,
P148, GT (P < 0.05), P145 and WAL decreased the num-
ber of mucosa-associated AIEC (Figure 5G). WAL and
GT prevented colonic shortening (Figure 5H, P < 0.01),
reduced the histological score by 50% and reduced pro-



314

TABLE 2 Impact of plant extracts on the ability of AIEC LF82 to
produce functional type 1 pili. An agglutination assay
with yeasts was performed after an overnight culture
of AIEC LF82 in the presence or absence of plant
extracts. The AIEC LF82-AfimH mutant, impaired in
type 1 pili was used as a negative control. Data are
representative of three independent experiments

Plant extracts Agglutination
(ug/mL) Titer
LF82 WT 0 116
LF82 AfimH 0 0
1 116
LF82
+ Walnut 10 1/16
100 1/6
1 116
LF82
+ Liquorice 10 1/16
100 1/16
1 116
LF82
+ Green tea 10 116
100 1/8

inflammatory cytokine KC releases by tenfold (Figure 51,
5], Supplementary Figure S4, P < 0.05). Other cytokines
(IL-1B, IL-6, and IL-10) showed no significant differences
(data not shown).

A combination of two lactobacilli and walnut extract
significantly mitigates DSS-induced colitis in mice
infected with AIEC bacteria

Three combinations of bacterial strains and plant ex-
tracts were tested in the DSS-LF82 mouse model to
evaluate the potential for synergistic effects (Figure 6A).
All combinations included the PI45 and PI48 strains,
with either GT or WAL, or with strain PI7 and GT. Plant
extracts showed minimal toxicity towards probiotic can-
didates, even after 16 h of exposure (Supplementary Fig-
ure S5), confirming that bacteria/plant formulations do
not compromise bacterial viability. Body weight loss was
more pronounced in AIEC-infected mice (DSS-LF82)
(-14.0% =+ 4.1% at D8) compared to non-infected con-
trols (DSS-PBS) (-5.1% + 2.2% at D8). The three combi-
nations limited body weight loss induced by DSS-LF82
treatment, especially PI45-PI48-WAL, with an average
loss of 6.2% = 6.3% at D8 (Figure 6B, 6C). Whereas
AIEC LF82 significantly exacerbated colitis severity
(DSS compared to DSS+LF82, P < 0.05) with a DAI
score above 8 for 5 mice, the PI45-PI48-WAL combi-
nation reduced symptoms to levels comparable to the

F. DE CLERCQ ET AL.

non-infected group (Figure 6D). Faecal lipocalin-2 levels
increased with AIEC LF82 infection but were lowered by
treatment with the aforementioned combinations, par-
ticularly PI45-PI48-GT and PI45-PI48-WAL (Figure 6E).
Colon lengths were not significantly different, but the
severe shortening observed in several mice in the LF82-
infected group was prevented by treatments (Figure 6F).
Despite P145-P148-GT slightly increased serum FD4 con-
centrations, intestinal permeability remained low for
the non-infected groups. In LF82-infected conditions,
intestinal permeability was greatly increased by AIEC
LF82, but P145-P148-WAL and P145-P148-PI17-GT combi-
nations effectively prevented this increase (Figure 6G,
P < 0.05, P < 0.01). At D8, AIEC LF82 were less abun-
dant in the colonic mucosa of mice treated with PI45-
PI48-WAL. Indeed, for half of the mice, the number of
AIEC associated with the mucosa was below the detec-
tion threshold, highlighting the strong potential of this
combination in limiting AIEC colonisation (Figure 6H,
P < 0.01). Histological scores appeared to be reduced
in mice treated with PI45-PI48-WAL regardless of LF82
infection status (Figure 61, Supplementary Figure S6).
No significant differences in KC release by the proximal
colon were observed between groups (Figure 6]).

4 Discussion

The aim of our study was to evaluate 17 bacterial strains
belonging to the Lactobacillaceae and Bifidobacteriaceae
families, along with three plant extracts, through com-
plementary in vitro and in vivo experiments, to identify
a bacteria-plant combination capable of limiting the
colonisation of the AIEC pathobiont in the context of
CD.

Two main criteria were considered during the screen-
ing process. The first focused on the anti-inflammatory
potential of the candidate strains, assessed through the
modulation of two key pro-inflammatory cytokines, IL-
8 and CCL-2. Both cytokines are elevated in patients
with IBD (Lu et al,, 2023; Singh et al., 2016) and were
consistently induced by AIEC LF82 in TC7 cells under
our experimental conditions. In contrast, other pro-
inflammatory cytokines, such as TNF-q, IL-6, and IL-1§3
were not significantly induced by LF82 in this model.
Among the strains tested, lactobacilli PI3, PI8, PIl7,
PI45, P146 and P148 efficiently decreased LF82-induced
cytokine production. We observed heterogeneity in the
anti-inflammatory responses among the three Lacto-
bacillus gasseri strains (PI17, P141, and PI56), demon-
strating a strain-specific effect. Previous studies have
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FIGURE 5

Beneficial effects of bacterial strains and plant extracts in DSS-induced colitis aggravated by AIEC LF82 infection in mice. (A)

BALB/c mice received 2% DSS in their drinking water for 8 days and were infected daily with 108 CFU of AIEC LF82 bacteria by
gavage from DO to D7. Bacteria or plant extracts were administrated daily by gavage in a prophylactic manner for one week and
continued during the DSS/LF82 challenge (B) evolution of body weight according to the treatments (baseline set at 100% on
DO). (C) body weight loss at D8. (D) Disease Activity Index (DAI) score assessed on D6. (E) faecal Len-2 (lipocalin-2)
concentrations measured by ELISA on D2. (F) intestinal permeability was assessed on D7 by measuring serum fluorescence 5 h
after intragastric administration of FITC-dextran 4 kDa (FD4). (G) quantification of AIEC LF82 associated with the colonic
mucosa on D8. (H) colon length measurements on D8. (I) histopathological scores determined on colonic tissue sections on D8,
as defined in Supplementary Table S2. (J) KC cytokine released by the proximal colon measured by ELISA on D8. Data are
presented as mean values + SEM (n = 6; 5B and 5C) or as median (min to max; n = 6). *P < 0.05, **P < 0.01.

demonstrated the anti-inflammatory potential of lacto-
bacilli in various inflammatory and infectious contexts,
particularly Lacticaseibacillus (Lbs) casei and Ligilacto-
bacillus (Lgb) salivarius strains which alleviate inflam-
mation by inhibiting the NF-xB pathway in cells infected
with Shigella flexneri or enterotoxigenic E. coli (Qiao
et al., 2020; Tien et al, 2006). In our study, two Lbs
casei strains, PI45 and PIS, efficiently prevented LF82-
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induced inflammation, whereas the Lgb salivarius strain
P12 failed to inhibit the pro-inflammatory response and
elicited an inflammatory response alone. This finding
highlights the strain-specific effects of bacteria depend-
ing on the biological context.

In the second step of the bacterial strain screening,
the anti-adhesive properties of the strains were assessed
by incubating them with the epithelial cells during LF82
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FIGURE 6 Effects of different bacteria and plant extracts combinations in a mouse model of DSS-induced colitis aggravated by AIEC LF82

infection. (A) BALB/c mice received 2% DSS in their drinking water for eight days and were infected daily with 108 CFU of AIEC
LF82 bacteria by gavage from DO to D7. Treatment combinations were administrated daily by gavage in a prophylactic manner
for 1 week and continued during the DSS/LF82 challenge. (B) evolution of body weight according to the treatments (baseline

set at 100% on DO). (C) body weight loss

on D8. (D) Disease Activity Index (DAI) score assessed on D6. (E) faecal Len-2

(lipocalin-2) concentrations measured by ELISA on D2. (F) colon length measurements on D8. (G) intestinal permeability on
D7 assessed by measuring serum fluorescence 5 h after intragastric administration of FITC-dextran 4 kDa (FD4). (H)

quantification of LF82 associated with th

e colonic mucosa on D8. (I) histopathological scores determined on colonic tissue

sections on D8, as defined in Supplementary Table S3. (J) KC cytokine released by the proximal colon measured by ELISA on
D8. Data are presented as mean values + SEM (n = 8; 6B, 6C) or as median (min to max; n = 8). *P < 0.05, “*P < 0.01. GT: Green

tea; WAL: Walnut.

infection. Five lactobacillus strains (PI2, PI41,
and PI48) and one bifidobacterium strain (PI7) demon-

strated the ability to reduce LF82 adhesion.

PI45, P146, Three strains, P145, PI46, and PI48 combined both
anti-inflammatory and anti-adhesive activities. To com-
plete the analysis, the most effective anti-adhesive

and/or anti-inflammatory strains against LF82 were
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tested on additional AIEC strains. Indeed, although E.
coli strains classified as AIEC pathobionts share cer-
tain phenotypic traits, they are phylogenetically diverse,
and the genetic factors and mechanisms underlying
their pathogenicity remain incompletely understood
(Bonet-Rossinyol et al., 2023; Martinez-Medina et al.,
2009a). PI145, PI46, and PI48 confirmed their strong
anti-inflammatory activity across different AIEC iso-
lates. In adhesion assays, PI45 was the most effective
in reducing bacterial adhesion across the AIEC panel,
while PI7 markedly decreased the adhesion of the
CEA2I8S strain. Thus, among the 17 candidate strains,
P145 (Lbs. casei), P148 (Lbs. rhamnosus) and PI7 (Bifi-
dobacterium animalis subsp. lactis) were selected for in
vivo study. PI46 belongs to the same species as PI45 and
was excluded due to its lower efficacy in inhibiting the
adhesion of other AIEC strains relative to PI45. PI2 was
excluded due to its pro-inflammatory effect.

In parallel, we investigated the mechanisms by which
bacteria counteract AIEC adhesion to IEC. In a previous
study, we demonstrated that the anti-adhesive effect of
the yeast strain S. cerevisiae CNCM 1-3856 against AIEC
LF82 was mainly attributed to its ability to block type 1
pili from bacteria (Sivignon et al., 2015a). Indeed, AIEC
bacteria primarily adhere to IEC through the mannose-
binding adhesin FimH located at the tip of their type
1 pili (Boudeau et al., 2001; Dreux et al., 2013). In our
study, none of the bacteria with anti-adhesive proper-
ties interfered with the FimH — mannose interaction
in agglutination assays, indicating that these bacteria
neither block the FimH adhesin nor its mannosylated
binding sites. Anti-adhesive strains may also inhibit
AIEC adhesion through a non-specific manner, such
as competitive adhesion to host cells. The tested bac-
terial strains displayed varying levels of adhesion to
IEC. Lactobacillus strains PI2, PI45 and PI46 adhered
strongly to TC7 cells compared to PI48, and this cor-
related with their higher ability to inhibit LF82 adhe-
sion. However, no reduction in adhesion was observed
against the AIEC strain S136 for these three strains, sug-
gesting that the anti-adhesive effect may not be solely
explained by physical obstruction of pathogen access
to host cells. Additional experiments are required to
further investigate the mechanism underlying this anti-
adhesive effect.

Concerning plant extracts, none of the three com-
pounds exhibited anti-inflammatory or anti-adhesive
effects when applied during infection of IEC by AIEC
bacteria. Although type 1 pili functionality is slightly
affected following LF82 growth in the presence of wal-
nut (WAL) and green tea (GT), this had no measurable
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impact on LF82 adhesion to IEC. Moreover, biofilm for-
mation, another key virulence factor of the AIEC patho-
biont, was not affected when bacteria were grown in
the presence of the plant extracts. Interestingly, the
three plant extracts affected the growth of LF82. These
plant extracts have previously demonstrated bacterici-
dal and fungicidal activity against a variety of pathogens
(Falcinelli et al., 2017; Irani et al, 2010; Zurek et al.,
2023). For instance, alcohol soluble extracts from wal-
nut leaves at a concentration of 10 mg/ml showed bac-
tericidal effects against six Gram-positive and Gram-
negative bacteria, and the yeast Candida albicans (Zurek
et al., 2023). Thus, the three extracts were selected for
the in vivo study, as none of the in vitro data enabled
their distinction.

PI45, PI48, PI7 and plant extracts were individually
evaluated in a mouse model of colitis challenged with
AIEC bacteria. Given the enhanced anti-adhesive effect
of the bacterial candidates in pre-incubation experi-
ments, bacteria and extracts were administered pro-
phylactically for seven days before the DSS/LF82 chal-
lenge. Globally, each compound, with the exception of
liquorice extract (LIQ), demonstrated beneficial effects
on the clinical signs of colitis and protected the intesti-
nal mucosa from injury. The two Lbs. strains reduced the
number of AIEC bacteria associated with the colonic
mucosa, supporting anti-adhesive properties observed
invitro. Strain PI148 has previously been reported to alle-
viate colonic inflammation and to prevent increase of
intestinal permeability in a murine model of low-grade
inflammation induced by dinitrobenzene sulfonic acid
(DNBS) (Torres-Maravilla et al., 2024). In our study, P148
efficiently prevented early signs of intestinal inflam-
mation, as evidence by a decreased faecal lipocalin-2
concentration on day two. However, it failed to exert
a significant effect on KC release by colonic tissues at
the end of experiment. The PI7 strain showed a simi-
lar profile to P148 but the moderate anti-adhesive effect
of PI7 observed in vitro did not translate into reduced
LF82 colonisation in vivo. Daily administration of WAL
and GT to mice significantly reduced AIEC adhesion to
the intestinal mucosa although these compounds did
not affect LF82 adhesion or biofilm formation in vitro.
This effect may result from a direct impact on LF82 via-
bility as observed in vitro. Additionally, it is plausible
that these plant extracts modulate the gut microbiota,
as green tea polyphenols and walnut peptides have been
shown to promote the growth of short-chain fatty acid-
producing bacterial species in mouse models of colitis
(Wu et al., 2021; Zhi et al., 2022).
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Three combinations were tested in mice. PI48 and
PI45 were paired for their beneficial effects: both de-
creased colitis symptoms and LF82 colonisation, with
PI45 additionally preserving intestinal barrier integrity.
These strains were then combined with either WAL or
GT, which showed multiple in vivo benefits. LIQ was
excluded due to its lack of efficacy. A third combination,
including the four candidates that prevented the early
rise in faecal lipocalin-2 (PI45, P148, P17, and GT), was
also evaluated. While the administration of these com-
binations to DSS-treated mice was not harmful, it did
not alleviate colitis symptoms in absence of AIEC. As
previously reported, LF82 exacerbated DSS-induced col-
itis (Carvalho et al., 2008) and despite the heterogene-
ity of the DAI scores, the three mice with the highest
scores were those most colonised by AIEC. In LF82-
infected groups, the PI45-PI48-WAL combination was
as effective as each compound individually tested, in
alleviating signs of colitis, in protecting intestinal bar-
rier and in preventing the early increase of lipocalin-2.
However, the beneficial effect of WAL on KC release
was lost when associated with PI45 and PI48. On the
other hand, this combination was greater than the indi-
vidual compounds to reduce the AIEC gut colonisation,
with half of the mice showing bacterial levels below the
detection threshold. This may result from the combined
anti-adhesive properties of the two bacteria, along with
either a direct effect on AIEC viability or an indirect
influence on the gut microbiota by WAL. Traditionally
used in medicine, walnut leaves are rich in tannins,
polyphenols, and flavonoids and are renowned for their
anti-diabetic, anti-diarrheal, and antimicrobial proper-
ties (Altemimi et al., 2023; Zhi et al., 2022). Additionally,
in a mouse model of candidiasis, walnut leaf extract
significantly reduced gut colonisation by Candida albi-
cans, alleviated colonic inflammation, and increased
the abundance of anti-inflammatory bacterial species
(Authier et al., 2022). Lastly, the two combinations con-
taining GT were less effective in mice than the indi-
vidual components, suggesting that GT may interfere
with the beneficial properties of the bacteria. Additional
studies are required to fully elucidate the mechanisms
by which the bacteria — GT interaction may interfere
with the beneficial effects of each component.

In conclusion, we screened 17 bacteria and three
plant extracts for their anti-AIEC effects using comple-
mentary in vitro and in vivo approaches and assessed
the benefits of their varying combinations. A formula-
tion composed of two bacterial strains (PI45 and PI148)
and walnut leaf extract was shown to reduce AIEC gut
colonisation, alleviate AIEC-induced inflammation, and

F. DE CLERCQ ET AL.

preserve intestinal barrier integrity. Although further
investigations are needed to fully elucidate the underly-
ing mechanisms, this combination may offer a promis-
ing therapeutic strategy for CD patients who harbour
AIEC or are at risk of being colonised by AIEC, by poten-
tially extending remission duration or improving clin-
ical symptoms by reducing inflammatory markers and
preserving or restoring the intestinal epithelium.

Supplementary materials

Data is available on https://doi.org/10.1163/18762891
-bja00095 under Supplementary Materials.
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