& frontiers | Frontiers in

@ Check for updates

OPEN ACCESS

EDITED BY
Natarajaseenivasan Kalimuthusamy,
Bharathidasan University, India

REVIEWED BY

Priscilla Branchu,

INSERM U1220 Institut de Recherche en
Santé Digestive, France

Nathalie Rolhion,

Institut National de la Santé et de la
Recherche Médicale (INSERM), France

*CORRESPONDENCE

Hang Thi Thu Nguyen
hang.nguyen@uca.fr

Nicolas Barnich
nicolas.barnich@uca.fr

"These authors have contributed equally to
this work

RECEIVED 27 July 2023
ACCEPTED 04 March 2024
PUBLISHED 28 March 2024

CITATION

Da Silva A, Dalmasso G, Larabi A,

Hoang MHT, Billard E, Barnich N and

Nguyen HTT (2024) Identification of
autophagy receptors for the Crohn'’s disease-
associated adherent-invasive Escherichia coli.
Front. Cell. Infect. Microbiol. 14:1268243.

doi: 10.3389/fcimb.2024.1268243

COPYRIGHT
© 2024 Da Silva, Dalmasso, Larabi, Hoang,
Billard, Barnich and Nguyen. This is an open-
access article distributed under the terms of
the Creative Commons Attribution License

(CC BY). The use, distribution or reproduction
in other forums is permitted, provided the
original author(s) and the copyright owner(s)
are credited and that the original publication
in this journal is cited, in accordance with
accepted academic practice. No use,
distribution or reproduction is permitted
which does not comply with these terms.

Frontiers in Cellular and Infection Microbiology

TvpPE Original Research
PUBLISHED 28 March 2024
Do110.3389/fcimb.2024.1268243

|dentification of autophagy
receptors for the Crohn's
disease-associated adherent-
invasive Escherichia coli

Alison Da Silva®, Guillaume Dalmasso®, Anais Larabi,
My Hanh Thi Hoang™?, Elisabeth Billard*, Nicolas Barnich™!
and Hang Thi Thu Nguyen™!

tM2iSH (Microbes, Intestine, Inflammation and Susceptibility of the Host), UMR 1071 Inserm,
Université Clermont Auvergne, INRAE USC 1382, CNRH, Clermont-Ferrand, France, 2Department of
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Introduction: Crohn'’s disease (CD) is a chronic inflammatory bowel disease, of
which the etiology involves genetic, environmental and microbial factors.
Adherent-invasive Escherichia coli (AIEC) and polymorphisms in autophagy-
related genes have been implicated in CD etiology. Autophagy is a key process
for the maintenance of cellular homeostasis, which allows the degradation of
damaged cytoplasmic components and pathogens via lysosome. We have shown
that a functional autophagy is necessary for AIEC clearance. Here, we aimed at
identifying the autophagy receptor(s) responsible to target AIEC to autophagy
for degradation.

Methods: The levels of autophagy receptors p62, NDP52, NBR1, TAX1BP1 and
Optineurin were knocked down in human intestinal epithelial cells T84 using
siRNAs. The NDP52 knock-out (KO) and p62 KO Hela cells, as well as NDP52 KO
Hela cells expressing the wild-type NDP52 or the mutated NDP52"4!248Aa
protein were used.

Results and discussion: We showed that, among the tested autophagy receptors
(p62, NDP52, NBR1, TAX1BP1 and Optineurin), diminished expression of p62 or
NDP52 increased the number of the clinical AIEC LF82 strain inside epithelial
cells. This was associated with increased pro-inflammatory cytokine production.
Moreover, p62 or NDP52 directly colocalized with AIEC LF82 and LC3, an
autophagy marker. As the NDP52Y212484&@ nolymorphism has been associated
with increased CD susceptibility, we investigated its impact on AIEC control.
However, in Hela cell and under our experimental condition, no effect of this
polymorphism neither on AIEC LF82 intracellular number nor on pro-
inflammatory cytokine production was observed. Together, our results suggest
that p62 and NDP52 act as autophagy receptors for AIEC recognition, controlling
AIEC intracellular replication and inflammation.
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Introduction

Crohn’s disease (CD) is an inflammatory bowel disease (IBD)
characterized by chronic inflammation of any part of the
gastrointestinal tract (Torres et al, 2017). Evidence has shown
that CD resulted from a complex interplay between
environmental factors and genetic susceptibility, leading to
dysregulated immune responses against the intestinal microbiota
(Carriere et al,, 2014). To date, no curative treatment is available for
CD patients, and only symptomatic treatments are proposed to
limit the intensity and the frequency of the inflammatory flare
(Torres et al,, 2017). This indicates a need to fully elucidate the
underlying causes of the disease.

Intestinal dysbiosis with altered composition and diversity of
the microbiota has been consistently described in patients with IBD
(Carriere et al., 2014). It has been shown that the intestinal mucosa
of CD patients is abnormally colonized by adherent-invasive
Escherichia coli (AIEC) pathobionts (Darfeuille-Michaud et al.,
1998, 2004). AIEC bacteria are characterized by their abilities to
adhere to and to invade intestinal epithelial cells, to survive and
replicate within macrophages without inducing cell death, and to
induce the release of pro-inflammatory cytokines (Larabi et al,
2020a). Furthermore, our group has shown that the replication
ability of AIEC is increased in macrophages from CD patients
compared to healthy individuals (Vazeille et al., 2015), and that the
defect in AIEC clearance of CD patients-derived macrophages is
linked to the polymorphisms in autophagy-related genes, including
IRGM (Immunity-related GTPase family M protein) and ULK-I
(Unc-51 Like Autophagy Activating Kinase 1) (Buisson et al., 2019).
Our recent study showed that AIEC are involved in the early stages
of ileal lesions in CD, and the presence of AIEC within surgical
specimen is predictive of endoscopic post-operative recurrence at 6
months (Buisson et al., 2023). This study strongly demonstrates the
clinical relevance of AIEC implication in the etiopathogenesis
of CD.

Macroautophagy (hereafter referred to as autophagy) is a tightly
regulated and conserved catabolic process by which the cell
degrades cytoplasmic components, such as misfolded proteins,
damaged organelles or invasive pathogens, via lysosome (Klionsky
et al., 2021). Briefly, autophagy is initiated by the formation of the
isolated double-membrane phagophore that elongates and matures
to form an autophagosome. Autophagosome then fuses with
lysosome for the subsequent degradation of its content (Klionsky
et al, 2021). Our group has shown that upon AIEC infection,
autophagy is induced in host cells, and a functional autophagy is
necessary to limit the intracellular replication of AIEC (Lapaquette
et al., 2010, 2012; Bretin et al., 2016, 2018; Dalmasso et al., 2021).
We also showed that while host cells induce a functional autophagy
to eliminate AIEC, AIEC can subvert autophagy by up-regulating
the levels of microRNAs 130a and 30c of host cells (Nguyen et al.,
2014) or by impairing host SUMOylation, a eukaryotic reversible
post-translational modification, in which SUMO, a ubiquitin-like
polypeptide, is covalently linked to target proteins (Dalmasso et al.,
2019). This consequently leads to abnormal AIEC intracellular
replication and enhanced AIEC-induced inflammation (Nguyen
et al, 2014; Dalmasso et al,, 2019). Furthermore, upon AIEC
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infection, host cells secrete exosomes (Carriere et al., 2016),
extracellular vesicles of 30-100 nm, that can transfer miR-30c and
miR-130a from cell-to-cell to inhibit autophagy, favoring AIEC
intracellular replication (Larabi et al., 2020b). Importantly, we and
others have shown that the CD-associated SNPs in autophagy-
related genes, including ATGI6L1, IRGM and NOD2, lead to
impaired autophagy, resulting in abnormal AIEC intracellular
replication and increased secretion of pro-inflammatory cytokines
(Nguyen et al., 2013; Larabi et al., 2020a).

Autophagy can be non-selective, where bulky portions of the
cytoplasm are degraded upon stress, or highly selective, by which
pre-selected and specific cellular components are degraded. In
selective autophagy, the first step involves the ubiquitination of
the cargo, following which it gets recognized by autophagy
receptors for subsequent targeting into an autophagosome, which
matures into a degradative vesicle after fusion with lysosome
(Lamark and Johansen, 2021). Selective autophagy is classified
according to the targeted cargo: mitophagy for mitochondria,
pexophagy for peroxisomes, ribophagy for ribosomes, lipophagy
for lipid droplets, aggrephagy for aggregated proteins and
xenophagy for invading pathogens (Lamark and Johansen, 2021).
Ubiquitinated intracellular bacteria could be recognized by multiple
ubiquitin-binding cargo receptors, such as Optineurin (Wild et al.,
2011), NBR1 (Kirkin et al., 2009; Waters et al., 2009), TAX1BP1
(Tumbarello et al., 2015), p62 (Bjorkey et al., 2005; Pankiv et al.,
2007) and NDP52 (Thurston et al.,, 2009).

p62 (also known as SQSTM1 (sequestosome 1)) is the first
selective autophagy receptor to be identified and described (Bjorkoy
et al., 2005; Pankiv et al, 2007). It is involved in cellular stress
response, clearance of protein aggregates, defective organelles as
well as invading pathogens (Sharma et al., 2018; Vainshtein and
Grumati, 2020). Indeed, the importance of p62 in xenophagy was
primarily explored in the control of the invading bacteria
Salmonella enterica serovar Typhimurium (Zheng et al., 2009).
Other bacterial species, such as Shigella flexneri (Mostowy et al.,
2011), Listeria monocytogenes (Mostowy et al., 2011) and
Mycobacterium tuberculosis (Franco et al., 2017) have been also
reported to be selectively targeted by p62 for recruitment and
delivery into nascent LC3-positive autophagosomes. p62 acts with
other receptors such as NDP52 (nuclear dot protein 52 kDa, also
known as CALCOCQ2) to target S. Typhimurium (Cemma et al,,
2011), Listeria monocytogenes (Mostowy et al., 2011) and Shigella
flexneri (Mostowy et al., 2011) to autophagosomes.

NDP52 is an important selective autophagy receptor which is
involved in the maintenance of cellular homeostasis by degrading
damaged mitochondria via mitophagy (Heo et al., 2015). It also plays
an essential role in xenophagy. Indeed, NDP52 targets various
infectious pathogens such as Streptococcus pyogenes (Von Muhlinen
etal, 2010), S. Typhimurium (Von Muhlinen et al., 2010) and Shigella
flexneri (Mostowy et al, 2011) for their selective degradation by
xenophagy. NDP52 uses its C-terminal ubiquitin-binding zinc finger
domain (UBZ) to recognize ubiquitin on the bacterial surface and the
LC3-interacting region (LIR) for the binding with LC3 molecules on
autophagosome, facilitating the recruitment of autophagic machinery
surrounding the pathogens (Ivanov and Roy, 2009; Thurston et al,
2009). Moreover, NDP52 also takes part in reducing inflammation via
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down-regulating the NF-xB (nuclear factor-kappa B) signaling
(Inomata et al, 2012; Ellinghaus et al, 2013). In 2013, a whole
exome sequencing study identified an association between CD
susceptibility and a common missense variant, Val248Ala (SNP
rs2303015), which leads to the replacement of valine by alanine at
position 248 of the NDP52 protein (Ellinghaus et al., 2013). Ellinghaus
and colleagues reported that while the wild-type NDP52 was able to
decrease NF-kB activation in response to poly(I:C), a TLR (Toll-like
receptor) agonist, in HeLa cells, the CD-associated NDPp52V2484la
variant failed to do so (Ellinghaus et al, 2013). Thus, the negative
feedback on TLR signaling exerted by NDP52 was impaired by the
NDP52V#2#841a yariant, and this could be one of the mechanisms
underlying the implication of this variant in CD pathogenesis
(Ellinghaus et al., 2013). Nevertheless, the impact of this risk variant
on autophagy targeting bacteria or xenophagy has not been
investigated. So far, the autophagy receptors responsible for the
recognition of AIEC and targeting the bacteria to autophagosome
have not yet been identified. In this study, we aimed to identify the
autophagy receptor(s) specific for AIEC targeting and to investigate the
impact of the CD-associated NDP52"*?*4% yariant on host response
to AIEC infection.

Materials and methods
Bacterial strains

The AIEC reference strain LF82 was isolated from a chronic
ileal lesion of a CD patient (Darfeuille-Michaud et al., 1998). The
clinical AIEC strains CEA501S and CEA614S were isolated from the
ileal lesions of CD patients from the CEALIVE cohort (Buisson
et al., 2021). The LF82-GFP bacteria was used to visualize the
bacteria by fluorescent microscopy as previously described (Nguyen
et al., 2014; Bretin et al,, 2016). The mCherry-labeled AIEC LF82
strain was obtained by bacterial conjugation in solid medium.
Briefly, the mCherry donor strain, the AIEC LF82 recipient strain
and the strain carrying the transposase were grown overnight in
Luria-Broth (LB) with corresponding antibiotics at 37°C. These 3
strains were mixed together, centrifuged for 2 min at 1,900 g, re-
suspended in 1.5 mL of LB to eliminate antibiotics and centrifuged
again. Then, the pellet was re-suspended in 50 pL of LB, and this
solution was filtered through a 0.45 um filter membrane on LB agar
plate. The plate was incubated for 2 to 6 hours at 37°C, and then, the
filter membrane was transferred in a 50 mL tube to resuspend the
bacteria in 1 mL of LB. It was spread on LB agar plates and
incubated overnight at 37°C. The E. coli K12 C600 strain
(Appleyard, 1954) was used as a non-invasive strain. All bacterial
strains were grown overnight in LB at 37°C without agitation.

Cell lines and culture conditions

The NDP52 knock-out (KO) and p62 KO HelLa cells, as well as
their corresponding control HeLa cells, which express NDP52 or
p62, respectively, were kindly provided by Prof. Richard J. Youle
(National Institutes of Health, Bethesda, Maryland, USA) (Lazarou
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et al, 2015). HeLa cells expressing the GFP-LC3 construct was
kindly given by Drs. Aurore Roziéres and Christophe Viret (CIRI,
Centre International de Recherche en Infectiologie, Lyon, France).
HeLa cells were cultured in Dulbecco’s Modified Eagle Medium
(DMEM) with L-glutamine (Gibco) supplemented with 10% fetal
bovine serum (FBS) (Dutscher) and 1% antibiotic/antimycotic
solution (Penicillin G/Streptomycin/Amphotericin B) (Cytiva).
The intestinal epithelial cell line T84 (ATCC, CCL-248) was
cultured in DMEM/F-12 Nutrient Mixture (Ham) (Gibco)
supplemented with 10% FBS, 1% Glutamine (Gibco), 1%
antibiotic/antimycotic solution (Penicillin G/Streptomycin/
Amphotericin B) and 1% Hepes (Dutscher). All cells were
maintained in an atmosphere with saturated humidity and
containing 5% CO, at 37°C.

Plasmid construction

The constructs expressing wild-type NDP52, or mutated
NDP52V*841 or NDP52-GFP or NDP52V******.GFP were
generated. NDP52 ¢cDNA was cloned from T84 cells into the
pEGFP-C2 vector (Clontech) using the SuperFi II DNA
polymerase (Invitrogen) and the following primers:

NDP52porward-Ecor1: 5 -GGGCGAATTCTATGGAG
GAGACCATCAAAG-3

NDP52geverse.pamis: 5 -GTTGGATCCTCAGAGAGAGT
GGCAGAACACG-3’.

The valine at position 248 was replaced by an alanine by
changing a C for a T at the position 743 of NDP52 cDNA
using the Site-Directed Mutagenesis Kit QuickChange IT
(Agilent) and the following primers:

Forward: 5-GAGAAAGAAATGGAGAAGCTTGCTCAGGG
AGATCAAGATAAGAC-3%

Reverse: 5-GTCTTATCTTGATCTCCCTGAGCAA
GCTTCTCCATTTCTTTCTC-3.

GFP was removed from the pEGFP-C2-NDP52 construct
using the In-Fusion HD Cloning Kit (Takara) and the
following primers:

Forward: 5°-TCGCCACCATAACTGATCATA
ATCAGCCATACC-3%

Reverse: 5’-CAGTTATGGTGGCGACCGGTAGCGC-3.

All the sequences were verified by DNA sequencing
(Eurofins Genomics).

Transfection

All transfections were performed using Lipofectamine 3000
RNAimax (Invitrogen) according to the manufacturer’s
instructions. Briefly, T84 cells or NDP52 KO HelLa cells were
seeded in 24-well tissue culture plates. The following day,
lipofectamine 3000 reagent was diluted in Opti-MEM medium
(Gibco), and nucleotide mix was prepared by mixing siRNAs
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(Dharmacon ON-TARGETplus SMARTPool; final concentration:
50 nM) against NDP52 (#L-010637-00-0005), Optineurin (#L-
016269-00-0005), p62 (#L-010230-00-0005), NBR1 (#L-010522-
00-0005) or TAX1BP1 (#L-016892-00-0005) or 500 ng of plasmid
in Opti-MEM medium. Then, the lipofectamine 3000 reagent was
added to the nucleotide mix and incubated for 5 min at room
temperature. The mixed solution was added to the cells and
incubated at 37°C in an atmosphere containing 5% CO,. After 6
h, the transfection medium was removed, cells were washed once
with PBS and incubated with antibiotic-free culture medium.

Invasion assay

Bacterial strains were cultured overnight in LB at 37°C without
agitation. Bacterial concentrations were estimated by measuring the
optical density at 600 nm. Bacteria were re-suspended in a proper
volume of fresh antibiotic-free culture medium to allow infection of
host cells at a MOI (multiplicity of infection) of 10, 100 or 200. The
number of intracellular bacteria was determined using the
gentamicin protection assay as we described previously (Nguyen
et al., 2014; Bretin et al, 2016). Briefly, cell monolayers were
incubated with bacteria for 3 h, washed for three times with PBS
1X and then incubated with antibiotic-free culture medium
containing 100 pg/mL of gentamicin for the indicated time. To
determine the number of intracellular bacteria, cell monolayers
were washed once with PBS and lysed with 1% Triton X-100
(Euromedex) in deionized water. Samples were serially diluted
and plated onto LB agar plates to determine the number of CFU
(colony-forming unit) of the bacteria.

Immunofluorescence analysis

GFP-LC3-expressing HeLa cells were seeded on coverslips in
24-well tissue culture plates 2 days before infection. Cells were
infected with AIEC LF82-mCherry at a MOI of 100 and
centrifugated at 160 g for 10 min to promote the contact between
the bacteria and the cells. The cells were then incubated with the
bacteria for 3 h at 37°C in an atmosphere containing 5% CO,. Cells
were then washed three times with PBS 1X and incubated with
antibiotic-free culture media containing 100 pg/mL of gentamicin
for the indicated time. Then, cells were fixed with 3.7%
paraformaldhehyde (PFA) (Sigma) in PBS 1X at room
temperature for 10 min, and then permeabilized with 0.1% Triton
X-100 in PBS 1X at room temperature for 10 min. Cells were
incubated with the saturation buffer (PBS 1X containing 5% FBS,
3% Bovine Serum Albumin (BSA) and 0.025% Triton X-100) at
room temperature for 1 h. Cells were then incubated overnight at 4°
C with a primary antibody diluted in the saturation buffer (rabbit
anti-NDP52 antibody, #ab68588, Abcam, dilution: 1/100) in a
humid box. The following day, after 6 washes with PBS 1X, cells
were incubated with the corresponding secondary antibody diluted
in the saturation buffer (anti-rabbit Cy5, #A10523, Invitrogen,
dilution: 1/400) in a humid box for 45 min. Nuclei were stained
with Hoescht. Coverslips were mounted with a Mowiol solution
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(Interchim). Images were taken using Zeiss LSM 800 with Airyscan
confocal microscope.

Flow cytometry

NDP52 KO Hela cells were seeded in 6-well tissue culture
plates. The following day, cells were transfected with wild-type
NDP52-GFP or NDP52"#2#841_ GEpP constructs, or the empty
plasmid. Then, cells were infected with AIEC LF82-mCherry at a
MOI of 100 for 3 h. Cells were then washed three times with PBS 1X
and incubated with antibiotic-free culture media containing 100 ug/
mL of gentamicin for 1 h. Cells were trypsinized, resuspended in
fresh antibiotic-free culture media and centrifugated for 5 min at
130 g. The cells were finally resuspended in PBS 1X containing 1%
BSA and 2 mM EDTA. The flow cytometry analysis was performed
on Attune flow cytometer (Life Technologies) using the Attune
NXT software.

Enzyme-linked immunosorbent assay

Cell culture supernatants were collected at different time points
during invasion assay (before infection and at 4 h, 10 h and 24 h
post-infection). The amounts of secreted IL-8 and IL-6 levels were
determined by enzyme-linked immunosorbent assay (ELISA)
according to the manufacturer’s instructions (Duoset,
R&D systems).

Immunoblotting analysis

Cells were washed with PBS 1X and lysed with RIPA buffer (20
mM Tris-HCl, 150 mM NaCl, 2 mM EDTA, 1% NP-40, pH 7.4)
containing protease and phosphatase inhibitor cocktail (Roche) and 20
mM Na-orthovanadate. Lysates were recovered in an eppendorf tube
and disrupted for 6 min at 4°C. Then, lysates were centrifuged at 14,000
g for 15 min at 4°C, and the supernatants were used for
immunoblotting. Protein concentrations were measured using the
DC protein assay kit (Bio-Rad). The samples were diluted with 4X
Laemmli sample buffer (277.8 mM Tris-HCl, pH 6.8, 44.4% (v/v)
glycerol, 4.4% SDS, 0.02% bromophenol blue; Bio-Rad) containing [3-
mercaptoethanol, followed by heating for 5 min at 95°C. Whole-cell
lysates were separated by acrylamide gel electrophoresis (10 ug of
proteins per well), and transferred to a nitrocellulose membrane
(Amersham'™ Protran' ™ supported 0.45 pm). The membrane was
then incubated with the blocking buffer (PBS 1X containing 0.1%
Tween 20 and 5% BSA) for 1 h at room temperature. Then, the
membrane was incubated with primary antibodies [rabbit anti-NDP52
antibody (#ab68588, Abcam, dilution: 1/1000); rabbit anti-optineurin
antibody (#ab151240, Abcam, dilution: 1/1000); anti-p62/SQSTM1
(#sc-28359, Santa Cruz Biotechnology, dilution: 1/1000); anti-NBR1
(#20145, Cell Signaling Technology, dilution: 1/1000); anti-TAX1BP1
(#5105, Cell Signaling Technology, dilution: 1/1000); anti-phospho-
IxB-ou (#2859, Cell Signaling Technology, dilution: 1/1000); anti-3-
actin rabbit antibody (#4970, Cell Signaling Technology, dilution: 1/
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1000)] diluted with the blocking buffer overnight at 4°C. After washes,
membranes were incubated with the appropriate HRP-conjugated
secondary antibodies (Cell Signaling Technology) in blocking buffer
for 1 h at room temperature. After washes, blots were detected using
the Clarity Western ECL Substrate (Bio-Rad) and revealed using the
ChemiDOCTM XRS System (Bio-Rad).

Statistical analyses

Results were presented as means + SEM. Statistical analyses
between 2 or several groups were performed using the Student t test
(Mann-Whitney if not parametric) or analysis of variance
(ANOVA) followed by a post-test Bonferroni correction
(Kruskal-Wallis if not parametric), respectively, with GraphPad
Prism version 9.4.0 software. A P value less than 0.05 was
considered statistically significant. *P < 0.05; **P < 0.01; ***P <
0.001; ****P < 0.0001.

Results

p62 and NDP52 are autophagy receptors
involved in the control of AIEC LF82
intracellular replication

Some autophagy receptors, such as Optineurin, NBRI,
TAX1BP1, p62 and NDP52, have been shown to participate in
the elimination of invading bacteria (Lamark and Johansen, 2021).
To investigate which autophagy receptors are involved in the
control of intracellular AIEC LF82 by autophagy, the intestinal
epithelial T84 cell line was transfected with siRNAs against
Optineurin, NBR1, TAX1BP1, p62 or NDP52. The efficiency of
siRNA transfection was analyzed by western blot and was shown in
Supplementary Figure 1. Among them, a significant increase in the
number of intracellular ATEC LF82 was observed in cells transfected
with siRNAs against p62 or NDP52, compared to cells transfected
with vehicle or a siRNA control at 4, 10 and 24 h post-infection
(Figure 1A). In the cells transfected with siRNAs against TAX1BP1,
Optineurin or NBR1, no significant difference in the AIEC LF82
intracellular number was detected compared to vehicle and siRNA
control conditions (Figures 1A, B). Together, these results suggest
that p62 and NDP52 might be involved in the control of the ATEC
LF82 strain by autophagy.

To determine whether p62 and NDP52 could have a synergistic
effect to target AIEC, T84 cells were transfected with both siRNAs
against p62 and NDP52, and the number of intracellular LF82 in these
cells was compared to that in cells transfected with siRNA against p62
or siRNA against NDP52 separately. As shown in Figure 1C, a
significant increase in the number of intracellular AIEC LF82 in
cells transfected with both siRNAs against p62 and NDP52 compared
to cells transfected with each siRNA separately was observed at 4, 10
and 24 h post-infection. This result suggested that p62 and NDP52
could have a synergistic effect to target AIEC bacteria.
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To confirm the involvement of p62 in autophagy-mediated
control of AIEC intracellular number, p62 KO and the control HeLa
cells were infected with the AIEC LF82 strain. A significant increase
in the number of intracellular AIEC LF82 was observed in p62 KO
HelLa cells compared to control cells at 4, 10 et 24 h post-infection
(Figure 1D). The same experiment was performed using NDP52
KO Hela cells and their corresponding control cells, and the same
results were obtained (Figure 1E). Indeed, the intracellular number
of AIEC LF82 was significantly higher in NDP52 KO HeLa cells
compared to control cells (Figure 1E). Thus, these results confirm
the involvement of p62 and NDP52 in the control of AIEC LF82
intracellular number.

Next, to further investigate the role of these two receptors in the
recognition of other clinical AIEC strains, p62 KO HeLa cells, NDP52
KO HelLa cells and their respective control cells were infected with two
other clinical AIEC strains (CEA501S and CEA614S) isolated from the
ileal mucosa of CD patients [CEALIVE cohort (Buisson et al., 2021)].
The non-pathogenic and non-invasive E. coli K12 C600 strain and the
AIEC LF82 strain were also used. In p62 KO HeLa cells, the
intracellular number of the AIEC CEA501S and CEA614S strains
was significantly higher compared to that in control cells at 4h post-
infection (Figure 2A). This was also observed for the AIEC LF82 strain
but not the K12 C600 strain (Figure 2A). Similarly, the intracellular
number of the CEA501S and CEA614S strains was significantly higher
in NDP52 KO HeLa cells compared to control cells at 4h post-infection
(Figure 2B). This increase was also observed for the AIEC LF82 strain,
but not the K12 C600 strain (Figure 2B). Taken together, these results
suggest the role of p62 and NDP52 in controlling the intracellular
number of clinical AIEC strains.

Direct colocalization between p62 or
NDP52 with the AIEC LF82 strain and the
autophagic protein LC3

It has been shown that autophagy receptors can bind the
autophagic protein LC3 via their LC3-binding domain and can
also bind ubiquitin on the bacterial surface via their ubiquitin-
binding domain (Lamark and Johansen, 2021). To demonstrate that
p62 and NDP52 act as autophagy receptors for AIEC, we performed
immunofluorescent staining to observe a colocalization between
NDP52 or p62 with AIEC LF82 bacteria and the autophagic protein
LC3. Figure 3A shows a direct colocalization between LF82-GFP
bacteria, p62 (blue) and LC3 (red). We also observed a
colocalization between LF82-mCherry, NDP52 (magenta) and
GFP-LC3 (Figure 3B). Together, these results demonstrate that
p62 and NDP52 are autophagy receptors responsible for the
recognition and targeting AIEC LF82 bacteria to LC3-
positive autophagosome.

Data for bacterial invasion assay performed with the same MOI
and time post-infection used for immunofluorescent staining was
shown in Supplementary Figure 2. This result showed that
depletion in p62 or NDP52 led to increase in intracellular
number of the AIEC LF82 strain.
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FIGURE 1

NDP52 and p62 are implicated in the control of AIEC LF82 intracellular number. (A—C). T84 cells were transfected with 50 nM of control siRNA or siRNA
against NDP52, p62 or Optineurin (A), or TAX1BP1, NBR1, or Optineurin (B), or with both siRNA against NDP52 and p62 or siRNA against NDP52 or p62
separately (C). 48 h after transfection, the cells were infected with AIEC LF82 strain at a MOI of 10 for 3 h. The cells were then washed and incubated with
the infection media containing 100 pg/ml gentamicin for 1, 7 or 21 h, which corresponded to 4, 10 or 24 h post-infection on the graph respectively. The
cells were washed, lysed and plated on LB agar plate to determine the colony-forming units of LF82. p62 KO Hela (D) or NDP52 KO Hela (E) cells and their
corresponding control cells were infected with the AIEC LF82 strain as in A-C, and the colony-forming units of LF82 were determined. Results are presented
as means + SEM from 3 independent experiments. Different points on the graph presented replicates from 3 independent experiments. Statistical analyses

were performed using one-way Anova test followed by a post-test Bonferroni correction. *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001
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FIGURE 2

Depletion of NDP52 or p62 leads to enhanced intracellular number of clinical AIEC strains in Hela cells. P62 KO Hela (A) or NDP52 KO Hela (B) cells and
their corresponding control cells were infected with the K12 C600 strain, or different clinical AIEC strains (LF82, CEA501S or CEA614S) at a MOI of 10 for 3 h
The cells were then washed and incubated with the infection media containing 100 ug/ml gentamicin for 1 h. The cells were washed, lysed and plated on LB
agar plate to determine the bacterial colony-forming units. Results are presented as means + SEM from 3 independent experiments. Different points on the

graph presented replicates from 3 independent experiments. Statistical analyses were performed using one-way Anova test followed by a post-test

Bonferroni correction. **P < 0.01; ***P < 0.001

NDP52 and p62 are required to control
AIEC LF82-induced inflammation

It has been shown that ATEC LF82 bacteria are able to induce
the production of pro-inflammatory cytokines by host cells
( ; ). Thus, we sought to
analyze the role of NDP52 and p62 in the control of AIEC-
induced pro-inflammatory cytokine production. In p62 KO HeLa

cells, a significant increase in the amount of secreted IL-6 and IL-8
was detected at 4h, 10h and 24h after LF82 infection at a MOI of
10 compared to control cells ( , B). Similarly, the
amount of secreted IL-6 and IL-8 was increased in NDP52 KO
HeLa cells compared to control cells after 4h, 10h and 24h of LF82
infection at a MOI of 10 ( , D). Similar results were
obtained under LF82 infection at a MOI of 100 (

). Together, these results showed that p62 and NDP52 are

A LF82-GFP p62 LC3 Merge
B LF82-mCherry NDP52 GFP-LC3 Merge

FIGURE 3

NDP52 and p62 directly colocalize with AIEC LF82 bacteria and the autophagic LC3 protein in Hela cells. (A) Hela cells were infected with AIEC
LF82-GFP at a MOI of 100 for 3 h, washed and incubated with 100 ug/ml gentamicin for 3 h. Immunofluorescent labeling to detect p62 (blue) and
LC3 (red) was performed. (B) HeLa-GFP-LC3 cells were infected with AIEC LF82-mCherry at a MOI of 100 for 3 h, washed and incubated with 100
ug/ml gentamicin for 3 (h). Immunofluorescent labeling to detect NDP52 (magenta) was performed. Observation was performed on a Zeiss LSM 800
Airyscan confocal microscope. Each experiment was repeated 3 times, and 2 replicates (2 coverslips) were prepared for each experiment. For each

coverslip, 20 images were taken. Bars: 2 um
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Depletion of NDP52 or p62 leads to increased AIEC LF82-induced pro-inflammatory cytokine production in Hela cells. p62 KO (A, B) or NDP52 KO (C, D)
Hela cells and their corresponding control cells were infected with AIEC LF82 strain at a MOI of 10 for 3 h. The cells were then washed and incubated

with the infection media containing 100 pug/ml gentamicin for 1, 7 or 21 h, which corresponded to 4, 10 or 24 h post-infection on the graphs respectively.
Cell culture supernatants were collected at 4, 10 and 24 h post-infection, and the amount of secreted IL-6 (A, C) and IL-8 (B, D) were analyzed by ELISA.
Results are presented as means + SEM from 3 independent experiments. Different points on the graph presented replicates from 3 independent experiments.
Statistical analyses were performed using one-way Anova test followed by a post-test Bonferroni correction. *P < 0.05; **P < 0.01; ***P < 0.001;

**xp < 0.0001.

also required to limit AIEC LF82-induced pro-inflammatory
cytokine production.

The CD-associated NDP523!2484la \ariant
does not impact AIEC LF82 intracellular
replication in Hela cells

As the NDp52V#/2#8Ala polymorphism has been associated with
an increased susceptibility to develop CD (Ellinghaus et al.,, 2013),
we investigated its potential impact on host response to AIEC
infection. For this, NDP52 KO HelLa cells were transfected with a
construct that expresses the wild-type NDP52 or the mutated
NDP52V32#84A12 5 otein. Western blot analysis showed that the
level of NDP52 protein in these cells were similar (Figure 5A).

We also examined whether expression of the NDP52"*2#4la

risk
variant modifies expression of p62. As shown in Supplementary

Figure S4, p62 protein level was similar between HeLa cells

Frontiers in Cellular and Infection Microbiology

expressing the wild-type NDP52 and those expressing the
mutated NDP52V22#841 protein,

A flow cytometry experiment was performed to investigate the
impact of the mutated NDP52Y*2*341 protein on the control of
AIEC LF82 infection by host cells. For this, NDP52 KO HeLa cells
were transfected with the GFP plasmid expressing wild-type
NDP52 or the mutated NDP52V*248412 protein, and infected
with the AIEC LF82-mCherry bacteria. Then, the percentage of
mCherry-positive cells (LF82-infected cells) among GFP-positive
cells (transfected cells) was determined by flow cytometry. This
allowed to select only the transfected cells, and to count the
transfected cells that are infected with LF82-mCherry. Our
results showed that 67.3% of the cells expressing wild-type
NDP52-GFP were infected, and 63% of the cells expressing
NDP52V*24841_ GEP were infected (Figure 5B). The gating
strategy was represented in Supplementary Figure 5, and all
control conditions (transfected with empty plasmid, uninfected)
were represented in Supplementary Figure 6.
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The CD-associated NDP52"2

2248412 \ariant does not impact AIEC LF82 intracellular number in Hela cells. (A) Western blot analysis of NDP52

expression in NDP52 KO Hela cells transfected with different quantities (250, 500, 750 or 1000 ng/well) of a construct that expresses wild-type

NDP52 or the mutated NDP52Val248At

2 or the empty plasmid or with different volumes of vehicle (corresponding to the volumes of plasmid added)

Hela cells from ATCC and the corresponding control cells of NDP52 KO cells were used in parallel. (B, C) NDP52 KO Hela cells expressing NDP52-
GFP or NDP52Y2248Aa_GEp were infected with AIEC LF82-mCherry at a MOI of 100 for 3 h. The cells were then washed and incubated with the
infection media containing 100 pug/ml gentamicin for 3 h. (B) The percentage of mCherry-positive cells (LF82-infected cells) among GFP-positive
cells (transfected cells) was determined by flow cytometry. (C) Immunofluorescent labeling to detect LC3 (magenta) was performed. Observation
was performed on a Zeiss LSM 800 Airyscan confocal microscope. Each experiment was repeated 3 times, and 2 replicates (2 coverslips) were
prepared for each experiment. For each coverslip, 20 images were taken. Bars: 2 um. (D) NDP52 KO Hela cells transfected with the construct
expressing wild-type NDP52 or NDP52V24841 nrotein were infected with AIEC LF82 at a MOI of 100 for 3 h. The cells were then washed and
incubated with the infection media containing 100 ug/ml gentamicin for 1, 7 or 21 h, which corresponded to 4, 10 or 24 h post-infection on the
graphs, respectively. The cells were washed, lysed and plated on LB agar plates to determine the bacterial colony-forming units (CFUs). Results are

presented as means + SEM from 3 independent experiments.

This result suggested that expression of the mutated
NDp52 V22484l protein did not seem to impact the percentage of
LF82-infected cells. Furthermore, fluorescent microscopy analysis
showed that the mutated NDP52V*2**A_GEP protein was able to
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bind to the LF82-mCherry bacteria and the autophagic protein LC3
(magenta) as the wild-type NDP52 did (Figure 5C). Finally, we
investigated the impact of the NDP52"*?*54 variant on AIEC LF82
intracellular replication by gentamicin protection assay. No

frontiersin.org


https://doi.org/10.3389/fcimb.2024.1268243
https://www.frontiersin.org/journals/cellular-and-infection-microbiology
https://www.frontiersin.org

Da Silva et al.

significant difference in the AIEC LF82 intracellular number at 4, 10
and 24 h post-infection was observed between HeLa cells expressing
the wild-type NDP52 or the mutated NDP52V#2#412 protein
(Figure 5D). Together, these results suggested that in HeLa cells,
the CD-associated NDP52"*?*41% polymorphism has no impact on
AIEC recognition and targeting to autophagy, thus does not
influence the control of AIEC intracellular replication.

The CD-associated NDP52"32484 yariant
does not impact AIEC-induced NF-xB
activation and pro-inflammatory cytokine
production in Hela cells

To further examine the impact of the CD-associated
NDP52V42484la 50lymorphism on the control of AIEC LF82-
induced inflammation, NDP52 KO HeLa cells were transfected
with the construct expressing the wild-type NDP52 or the mutated
NDP52 V22484l protein, and infected with the AIEC LF82 strain with
a MOI of 10 (Figure 6) or 100 or 200 (Supplementary Figure 7). No
significant difference was observed in the amount of IL-6 and IL-8
cytokines secreted by HeLa cells expressing the wild-type NDP52 and
those expressing the NDP52V324841 protein (Figures 6A, B).
Furthermore, Western blot analysis showed a similar level of
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phospho-IkB in cells expressing the mutated NDP52Y*24841
protein compared to those expressing the wild-type NDP52 under
both uninfected and LF82-infected conditions (Figure 6C). These
results suggested that the CD-associated NDP52Y*2484la

polymorphism has no impact on AIEC-induced inflammation in
HelLa cells.

Discussion and conclusion

Xenophagy is an important mechanism of selective autophagy
allowing the degradation of intracellular pathogens. This specific
elimination is ensured by autophagy receptors which act as a bridge
between the cargo to be degraded and the LC3 molecules on
autophagosome (Lamark and Johansen, 2021). Our group has
shown that xenophagy is a key mechanism of host cells to
eliminate intracellular ATEC bacteria, which have emerged as an
important player in the etiopathogenesis of CD (Larabi et al,
2020a). However, the receptor(s) that recognize AIEC and
targeting the bacteria to autophagy have not been elucidated.

In this study, we demonstrated that NDP52 and p62 act as
autophagy receptors for AIEC in epithelial cells, therefore limiting
AIEC intracellular number. Indeed, we showed that NDP52 and
p62 receptors directly colocalized with intracellular AIEC LF82
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The CD-associated NDP52"224842 yariant does not impact AIEC LF82-induced NF-kB activation and pro-inflammatory cytokine production in Hela cells.
NDP52 KO Hela cells were transfected with a construct that expresses wild-type NDP52 or the mutated NDP52V2248A2 (A—C), and were infected with AIEC
LF82 at a MOI of 10 for 3 h. The cells were then washed and incubated with the infection media containing 100 pg/ml gentamicin for 1, 7 or 21 h (which
corresponded to 4, 10 or 24 h post-infection on the graphs respectively) (A, B) or 3 h (C). (A, B) Cell culture supernatants were collected at 4, 10 and 24 h
post-infection, and the amounts of secreted IL-6 and IL-8 were analyzed by ELISA. Results are presented as means + SEM from 3 independent experiments.
Different points on the graph represented replicates from 3 independent experiments. (C) Western blot analysis for phospho-IkB levels. The immunoblot is

representative of three independent experiments..
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bacteria and with LC3, a key protein for autophagosome formation
(Klionsky et al., 2021). Furthermore, the depletion of NDP52 or p62
in epithelial cells led to an increase in the intracellular number of
AIEC LF82 as well as other clinical AIEC strains. In line with our
results, it has been shown that these two autophagy receptors are
involved in the recognition of other intracellular bacteria, such as
Listeria monocytogenes (Mostowy et al.,, 2011), Shigella flexneri
(Mostowy et al., 2011) and Salmonella enterica serovar
Typhimurium (Thurston et al., 2009; Zheng et al., 2009). It has
been highlighted that the same autophagy receptor can target
different bacteria into different autophagosomes (Sharma et al,
2018). For example, Mostowy and co-workers showed that NDP52
and p62 target Shigella flexneri to autophagosomes in an actin-
septin dependent manner, whereas they target Listeria
monocytogenes to autophagosome via an autophagy pathway
independently of septin or actin (Mostowy et al., 2011).
Additionally, it has been shown that NDP52 and p62 can bind to
distinct micro-domains of bacteria (Cemma et al,, 2011). These
studies reinforce the fact that different pathogens can induce
different pathways of selective autophagy (Sharma et al., 2018),
and thus the elucidation of autophagy receptors for each pathogen
is of importance and needs to be further investigated.

As we have previously shown that AIEC can induce the
production of pro-inflammatory cytokines by host epithelial cells
(Nguyen et al., 2014; Bretin et al., 2016), we further investigated the
role of NDP52 and p62 in controlling AIEC-induced inflammation.
Our results highlighted that the depletion of NDP52 or p62 resulted
in enhanced IL-6 and IL-8 secretion by epithelial cells upon AIEC
infection. This indicates that NDP52 and p62 are required to
control AIEC-induced inflammation.

Interestingly, a whole exome sequencing study identified an
association between increased susceptibility to develop CD and a
common missense variant, Val248Ala (SNP rs2303015), which leads
to the replacement of valine by alanine at the position 248 of NDP52
protein (Ellinghaus et al., 2013). However, the exact implication of the
NDP52V42#4a rigk variant in CD etiopathogenesis remained a
mystery. We hypothesized that this risk variant could lead to a defect
in the control of AIEC intracellular number, leading to AIEC abnormal
replication and enhanced AIEC-induced inflammation, and this could
be a potential mechanism by which the NDP52"“**4% variant may
contribute to CD etiopathogenesis. Our results showed that the
NDP52"2#8418 rigc variant does not appear to impact the control of
AIEC LF82 by autophagy as the mutated NDP52"*2*34% protein still
colocalized with LF82 bacteria and LC3 as did the wild-type NDP52
protein. Furthermore, in HeLa cells, under our experimental

conditions, expression of the mutated NDp52 V22484l

protein did not
influence neither the replication of LF82 bacteria nor the LF82-induced
NF-kB activation and pro-inflammatory cytokine production. These
results suggest that the NDP52V?*41 variant may be implicated in
CD etiopathogenesis via another mechanism, such as regulation of
inflammation, rather than via impacting the autophagy-mediated
control of AIEC colonization.

Indeed, the protein NDP52 has been shown to be able to
reduce inflammation via down-regulating the NF-xB signaling
(Inomata et al., 2012; Ellinghaus et al., 2013). Ellinghaus and

colleagues reported that while the wild-type NDP52 was able to
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decrease NF-xB activation in response to the TLR agonist poly(I:
C) in Hela cells, the CD-associated NDP52 V212484l protein failed
to do so (Ellinghaus et al., 2013). The authors thus proposed that
under physiological state, wild-type NDP52 could selectively
degrade TLR adaptors or other PAMP (Pathogen-associated
molecular pattern) receptors, inhibiting activation of the pro-
inflammatory NF-«B signaling pathway. However, in pathological
state, such as in CD, the NDP52"“*41 risk variant may fail to
recognize polyubiquitinated TLR adaptors, inducing adaptor
stabilization and consequently high NF-xB activity, thereby
causing aggravated inflammation as observed in CD patients
(Ellinghaus et al., 2013). The discrepancy between this work and
our results could be explained by the fact that, contrary to
Ellinghaus and co-authors who used poly(I:C) to induce
activation of the NF-xB pathway, we used an AIEC infection
model. In our AIEC-infected HeLa cell model, the impact of wild-
type NDP52 and mutated NDP52V1248418 srotein on
inflammation was similar. But we could imagine that in specific
pathological condition, the charge of AIEC could be different
compared to our experimental condition, and under these
conditions, NF-xB activation might be markedly increased, and
cannot be down-regulated by the mutated NDP52"Y*2441 protein,
The implication of the NDP52V*?%841¢ risk variant in CD
etiopathogenesis thus needs to be further investigated using
different models of experimentation.

In conclusion, our results demonstrated that NDP52 and p62
are autophagy receptors responsible for the targeting of AIEC to
autophagy pathway, thus controlling AIEC intracellular replication
and AIEC-induced inflammation.

Data availability statement

The original contributions presented in the study are included
in the article/Supplementary Material. Further inquiries can be
directed to the corresponding authors.

Author contributions

AD: Data curation, Formal analysis, Methodology, Writing —
original draft. GD: Formal analysis, Methodology, Writing — review
& editing. AL: Formal analysis, Methodology, Writing - review &
editing. MH: Formal analysis, Writing - review & editing. EB:
Formal analysis, Writing — review & editing. NB: Writing — review
& editing, Methodology, Conceptualization, Funding acquisition,
Supervision. HN: Conceptualization, Funding acquisition,
Methodology, Supervision, Writing - review & editing, Data
curation, Formal analysis, Investigation, Resources, Software,
Validation, Visualization, Writing - original draft.

Funding

The author(s) declare financial support was received for the
research, authorship, and/or publication of this article. This work

frontiersin.org


https://doi.org/10.3389/fcimb.2024.1268243
https://www.frontiersin.org/journals/cellular-and-infection-microbiology
https://www.frontiersin.org

Da Silva et al.

was supported by the “Ministére de ' Enseignement Supérieur et de
la Recherche”, Inserm (Institut national de la santé et de la
recherche meédicale; UMR1071), INRAE (Institut national de
recherche en agriculture, alimentation et environnement; USC
1382), the Agence Nationale de la Recherche of the French
government through the program “Investissements d’Avenir” I-
SITE CAP 20-25 CLERMONT (Projects HAPPYCROHN,
RUNNINGUT and EXOCROHN to HN) and the ANR (French
National Research Agency; project AAPG2021_RESTOGUT to HN
and project AAPG2022_TOPIC to NB and HN).

Acknowledgments

We would like to thank Professor Richard J. Youle (National
Institutes of Health, Bethesda, Maryland USA) for kindly providing
us NDP52 KO and SQSTM1 KO cells. We thank the platforms
CLIC (Clermont-Ferrand Imagerie Confocale) and SC3 (Single cell
& Cell culture facilities) of University of Clermont Auvergne for
assistance with confocal microscopy and flow cytometry analyses,
respectively. We thank Drs. Aurore Roziéres and Christophe Viret
and professor Mathias Faure for their kind help with cell lines and
valuable discussions. We thank Margot Fargeas and Caroline
Chevarin for their help with bacterial strains.

References

Appleyard, R. K. (1954). Segregation of new lysogenic types during growth of a
doubly lysogenic strain derived from escherichia coli K12. Genetics 39, 440-452.
doi: 10.1093/genetics/39.4.440

Bjorkey, G., Lamark, T., Brech, A., Outzen, H., Perander, M., @vervatn, A., et al.
(2005). p62/SQSTM1 forms protein aggregates degraded by autophagy and has a
protective effect on huntingtin-induced cell death. J. Cell Biol. 171, 603-614.
doi: 10.1083/jcb.200507002

Bretin, A., Carriére, J., Dalmasso, G., Bergougnoux, A., B’chir, W., Maurin, A.-C,,
et al. (2016). Activation of the EIF2AK4-EIF2A/elF20-ATF4 pathway triggers
autophagy response to Crohn disease-associated adherent-invasive Escherichia coli
infection. Autophagy 12, 770-783. doi: 10.1080/15548627.2016.1156823

Bretin, A., Lucas, C., Larabi, A., Dalmasso, G., Billard, E., Barnich, N., et al. (2018).
AIEC infection triggers modification of gut microbiota composition in genetically
predisposed mice, contributing to intestinal inflammation. Sci. Rep. 8, 12301.
doi: 10.1038/541598-018-30055-y

Buisson, A., Douadi, C., Ouchchane, L., Goutte, M., Hugot, J.-P., Dubois, A, et al.
(2019). Macrophages inability to mediate adherent-invasive E. coli replication is linked
to autophagy in crohn’s disease patients. Cells 8, 1394. doi: 10.3390/cells8111394

Buisson, A., Sokol, H., Hammoudi, N., Nancey, S., Treton, X., Nachury, M., et al.
(2023). Role of adherent and invasive Escherichia coli in Crohn’s disease: lessons from
the postoperative recurrence model. Gut 72, 39-48. doi: 10.1136/gutjnl-2021-325971

Buisson, A., Vazeille, E., Fumery, M., Pariente, B., Nancey, S., Seksik, P., et al. (2021).
Faster and less invasive tools to identify patients with ileal colonization by adherent-
invasive E. coli in Crohn’s disease. United Eur. Gastroenterol. J. 9, 1007-1018.
doi: 10.1002/ueg2.12161

Carriére, J., Bretin, A., Darfeuille-Michaud, A., Barnich, N., and Nguyen, H. T. T.
(2016). Exosomes released from cells infected with crohn’s disease-associated adherent-
invasive escherichia coli activate host innate immune responses and enhance bacterial
intracellular replication. Inflamm Bowel Dis. 22, 516-528. doi: 10.1097/
MIB.0000000000000635

Carriere, J., Darfeuille-Michaud, A., and Nguyen, H. T. T. (2014). Infectious
etiopathogenesis of Crohn’s disease. World J. Gastroenterol. 20, 12102-12117.
doi: 10.3748/wjg.v20.i34.12102

Cemma, M., Kim, P. K,, and Brumell, J. H. (2011). The ubiquitin-binding adaptor
proteins p62/SQSTMI1 and NDP52 are recruited independently to bacteria-associated
microdomains to target Salmonella to the autophagy pathway. Autophagy 7, 341-345.
doi: 10.4161/auto.7.3.14046

Frontiers in Cellular and Infection Microbiology

12

10.3389/fcimb.2024.1268243

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

The reviewer NR declared a past co-authorship with the author
NB to the handling editor.

Publisher’'s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found online at:
https://www.frontiersin.org/articles/10.3389/fcimb.2024.1268243/
full#supplementary-material

Dalmasso, G., Nguyen, H. T. T., Fais, T., Massier, S., Barnich, N., Delmas, J., et al.
(2019). Crohn’s disease-associated adherent-invasive escherichia coli manipulate host
autophagy by impairing SUMOylation. Cells 8, 35. doi: 10.3390/cells8010035

Dalmasso, G., Nguyen, H. T. T., Fais, T., Massier, S., Chevarin, C., Vazeille, E., et al.
(2021). Yersiniabactin siderophore of crohn’s disease-associated adherent-invasive
escherichia coli is involved in autophagy activation in host cells. Int. J. Mol. Sci. 22,
3512. doi: 10.3390/ijms22073512

Darfeuille-Michaud, A., Boudeau, J., Bulois, P., Neut, C., Glasser, A.-L., Barnich, N.,
etal. (2004). High prevalence of adherent-invasive Escherichia coli associated with ileal
mucosa in Crohn’s disease. Gastroenterology 127, 412-421. doi: 10.1053/
j.gastro.2004.04.061

Darfeuille-Michaud, A., Neut, C., Barnich, N., Lederman, E., Di Martino, P.,
Desreumaux, P., et al. (1998). Presence of adherent Escherichia coli strains in ileal
mucosa of patients with Crohn’s disease. Gastroenterology 115, 1405-1413.
doi: 10.1016/S0016-5085(98)70019-8

Ellinghaus, D., Zhang, H., Zeissig, S., Lipinski, S., Till, A, Jiang, T., et al. (2013).
Association between variants of PRDM1 and NDP52 and crohn’s disease, based on
exome sequencing and functional studies. Gastroenterology 145, 339-347. doi: 10.1053/
j.gastro.2013.04.040

Franco, L. H., Nair, V. R,, Scharn, C. R,, Xavier, R. J., Torrealba, J. R., Shiloh, M. U.,
et al. (2017). The ubiquitin ligase smurfl functions in selective autophagy of
mycobacterium tuberculosis and anti-tuberculous host defense. Cell Host Microbe 21,
59-72. doi: 10.1016/j.chom.2016.11.002

Heo, J.-M., Ordureau, A., Paulo, J. A, Rinehart, J., and Harper, J. W. (2015). The
PINK1-PARKIN mitochondrial ubiquitylation pathway drives a program of OPTN/
NDP52 recruitment and TBK1 activation to promote mitophagy. Mol. Cell 60, 7-20.
doi: 10.1016/j.molcel.2015.08.016

Inomata, M., Niida, S., Shibata, K., and Into, T. (2012). Regulation of Toll-like
receptor signaling by NDP52-mediated selective autophagy is normally inactivated by
A20. Cell. Mol. Life Sci. 69, 963-979. doi: 10.1007/s00018-011-0819-y

Ivanov, S., and Roy, C. R. (2009). NDP52: the missing link between ubiquitinated
bacteria and autophagy. Nat. Immunol. 10, 1137-1139. doi: 10.1038/ni1109-1137

Kirkin, V., Lamark, T., Sou, Y.-S., Bjerkey, G., Nunn, J. L., Bruun, J.-A,, et al. (2009).
A role for NBR1 in autophagosomal degradation of ubiquitinated substrates. Mol. Cell
33, 505-516. doi: 10.1016/j.molcel.2009.01.020

Klionsky, D. J., Abdel-Aziz, A. K., Abdelfatah, S., Abdellatif, M., Abdoli, A., Abel,
S., et al. (2021). Guidelines for the use and interpretation of assays for monitoring

frontiersin.org


https://www.frontiersin.org/articles/10.3389/fcimb.2024.1268243/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fcimb.2024.1268243/full#supplementary-material
https://doi.org/10.1093/genetics/39.4.440
https://doi.org/10.1083/jcb.200507002
https://doi.org/10.1080/15548627.2016.1156823
https://doi.org/10.1038/s41598-018-30055-y
https://doi.org/10.3390/cells8111394
https://doi.org/10.1136/gutjnl-2021-325971
https://doi.org/10.1002/ueg2.12161
https://doi.org/10.1097/MIB.0000000000000635
https://doi.org/10.1097/MIB.0000000000000635
https://doi.org/10.3748/wjg.v20.i34.12102
https://doi.org/10.4161/auto.7.3.14046
https://doi.org/10.3390/cells8010035
https://doi.org/10.3390/ijms22073512
https://doi.org/10.1053/j.gastro.2004.04.061
https://doi.org/10.1053/j.gastro.2004.04.061
https://doi.org/10.1016/S0016-5085(98)70019-8
https://doi.org/10.1053/j.gastro.2013.04.040
https://doi.org/10.1053/j.gastro.2013.04.040
https://doi.org/10.1016/j.chom.2016.11.002
https://doi.org/10.1016/j.molcel.2015.08.016
https://doi.org/10.1007/s00018-011-0819-y
https://doi.org/10.1038/ni1109-1137
https://doi.org/10.1016/j.molcel.2009.01.020
https://doi.org/10.3389/fcimb.2024.1268243
https://www.frontiersin.org/journals/cellular-and-infection-microbiology
https://www.frontiersin.org

Da Silva et al.

autophagy (4th edition)l.
15548627.2020.1797280

Autophagy 17, 1-382. doi: 10.1080/

Lamark, T., and Johansen, T. (2021). Mechanisms of selective autophagy. Annu. Rev.
Cell Dev. Biol. 37, 143-169. doi: 10.1146/annurev-cellbio-120219-035530

Lapaquette, P., Bringer, M.-A,, and Darfeuille-Michaud, A. (2012). Defects in
autophagy favour adherent-invasive Escherichia coli persistence within macrophages
leading to increased pro-inflammatory response. Cell Microbiol. 14, 791-807.
doi: 10.1111/j.1462-5822.2012.01768.x

Lapaquette, P., Glasser, A.-L., Huett, A., Xavier, R. J., and Darfeuille-Michaud, A.
(2010). Crohn’s disease-associated adherent-invasive E. coli are selectively favoured by
impaired autophagy to replicate intracellularly. Cell Microbiol. 12, 99-113.
doi: 10.1111/j.1462-5822.2009.01381.x

Larabi, A., Barnich, N, and Nguyen, H. T. T. (2020a). New insights into the interplay
between autophagy, gut microbiota and inflammatory responses in IBD. Autophagy 16,
38-51. doi: 10.1080/15548627.2019.1635384

Larabi, A., Dalmasso, G., Delmas, J., Barnich, N., and Nguyen, H. T. T. (2020b).
Exosomes transfer miRNAs from cell-to-cell to inhibit autophagy during infection with
Crohn’s disease-associated adherent-invasive E. coli. Gut Microbes 11, 1677-1694.
doi: 10.1080/19490976.2020.1771985

Lazarou, M., Sliter, D. A., Kane, L. A,, Sarraf, S. A., Wang, C., Burman, J. L, et al.
(2015). The ubiquitin kinase PINK1 recruits autophagy receptors to induce mitophagy.
Nature 524, 309-314. doi: 10.1038/nature14893

Mostowy, S., Sancho-Shimizu, V., Hamon, M. A., Simeone, R,, Brosch, R., Johansen, T.,
etal. (2011). p62 and NDP52 proteins target intracytosolic shigella and listeria to different
autophagy pathways. J. Biol. Chem. 286, 26987-26995. doi: 10.1074/jbc.M111.223610

Nguyen, H. T. T., Dalmasso, G., Miiller, S., Carriére, J., Seibold, F., and Darfeuille-
Michaud, A. (2014). Crohn’s disease-associated adherent invasive Escherichia coli
modulate levels of microRNAs in intestinal epithelial cells to reduce autophagy.
Gastroenterology 146, 508-519. doi: 10.1053/j.gastr0.2013.10.021

Nguyen, H. T. T., Lapaquette, P., Bringer, M.-A., and Darfeuille-Michaud, A. (2013).
Autophagy and crohn’s disease. J. Innate Immun. 5, 434-443. doi: 10.1159/000345129

Pankiv, S., Clausen, T. H., Lamark, T., Brech, A., Bruun, J.-A., Outzen, H., et al.
(2007). p62/SQSTMI binds directly to atg8/LC3 to facilitate degradation of

Frontiers in Cellular and Infection Microbiology

13

10.3389/fcimb.2024.1268243

ubiquitinated protein aggregates by autophagy. J. Biol. Chem. 282, 24131-24145.
doi: 10.1074/jbc.M702824200

Sharma, V., Verma, S., Seranova, E., Sarkar, S., and Kumar, D. (2018). Selective
autophagy and xenophagy in infection and disease. Front. Cell Dev. Biol. 6.
doi: 10.3389/fcell.2018.00147

Thurston, T. L. M., Ryzhakov, G., Bloor, S., Von Muhlinen, N., and Randow, F.
(2009). The TBK1 adaptor and autophagy receptor NDP52 restricts the proliferation of
ubiquitin-coated bacteria. Nat. Immunol. 10, 1215-1221. doi: 10.1038/ni.1800

Torres, J., Mehandru, S., Colombel, J.-F., and Peyrin-Biroulet, L. (2017). Crohn’s
disease. Lancet 389, 1741-1755. doi: 10.1016/S0140-6736(16)31711-1

Tumbarello, D. A., Manna, P. T., Allen, M., Bycroft, M., Arden, S. D., Kendrick-
Jones, J., et al. (2015). The autophagy receptor TAX1BP1 and the molecular motor
myosin VI are required for clearance of salmonella typhimurium by autophagy. PloS
Pathog. 11, €1005174. doi: 10.1371/journal.ppat.1005174

Vainshtein, A., and Grumati, P. (2020). Selective autophagy by close encounters of
the ubiquitin kind. Cells 9, 2349. doi: 10.3390/cells9112349

Vazeille, E., Buisson, A., Bringer, M.-A., Goutte, M., Ouchchane, L., Hugot, J.-P.,
et al. (2015). Monocyte-derived macrophages from Crohn’s disease patients are
impaired in the ability to control intracellular adherent-invasive Escherichia coli and
exhibit disordered cytokine secretion profile. J. Crohns Colitis 9, 410-420. doi: 10.1093/
ecco-jcc/jjvo53

Von Muhlinen, N., Thurston, T., Ryzhako, G., Bloor, S., and Randow, F. (2010).
NDP52, a novel autophagy receptor for ubiquitin-decorated cytosolic bacteria.
Autophagy 6, 288-289. doi: 10.4161/auto.6.2.11118

Waters, S., Marchbank, K., Solomon, E., Whitehouse, C., and Gautel, M. (2009).
Interactions with LC3 and polyubiquitin chains link nbrl to autophagic protein
turnover. FEBS Lett. 583, 1846-1852. doi: 10.1016/j.febslet.2009.04.049

Wild, P., Farhan, H., McEwan, D. G., Wagner, S., Rogov, V. V., Brady, N. R,, et al.
(2011). Phosphorylation of the autophagy receptor optineurin restricts salmonella
growth. Science 333, 228-233. doi: 10.1126/science.1205405

Zheng, Y. T., Shahnazari, S., Brech, A., Lamark, T., Johansen, T., and Brumell, J. H.
(2009). The adaptor protein p62/SQSTMI targets invading bacteria to the autophagy
pathway. J. Immunol. 183, 5909-5916. doi: 10.4049/jimmunol.0900441

frontiersin.org


https://doi.org/10.1080/15548627.2020.1797280
https://doi.org/10.1080/15548627.2020.1797280
https://doi.org/10.1146/annurev-cellbio-120219-035530
https://doi.org/10.1111/j.1462-5822.2012.01768.x
https://doi.org/10.1111/j.1462-5822.2009.01381.x
https://doi.org/10.1080/15548627.2019.1635384
https://doi.org/10.1080/19490976.2020.1771985
https://doi.org/10.1038/nature14893
https://doi.org/10.1074/jbc.M111.223610
https://doi.org/10.1053/j.gastro.2013.10.021
https://doi.org/10.1159/000345129
https://doi.org/10.1074/jbc.M702824200
https://doi.org/10.3389/fcell.2018.00147
https://doi.org/10.1038/ni.1800
https://doi.org/10.1016/S0140-6736(16)31711-1
https://doi.org/10.1371/journal.ppat.1005174
https://doi.org/10.3390/cells9112349
https://doi.org/10.1093/ecco-jcc/jjv053
https://doi.org/10.1093/ecco-jcc/jjv053
https://doi.org/10.4161/auto.6.2.11118
https://doi.org/10.1016/j.febslet.2009.04.049
https://doi.org/10.1126/science.1205405
https://doi.org/10.4049/jimmunol.0900441
https://doi.org/10.3389/fcimb.2024.1268243
https://www.frontiersin.org/journals/cellular-and-infection-microbiology
https://www.frontiersin.org

	Identification of autophagy receptors for the Crohn’s disease-associated adherent-invasive Escherichia coli
	Introduction
	Materials and methods
	Bacterial strains
	Cell lines and culture conditions
	Plasmid construction
	Transfection
	Invasion assay
	Immunofluorescence analysis
	Flow cytometry
	Enzyme-linked immunosorbent assay
	Immunoblotting analysis
	Statistical analyses

	Results
	p62 and NDP52 are autophagy receptors involved in the control of AIEC LF82 intracellular replication
	Direct colocalization between p62 or NDP52 with the AIEC LF82 strain and the autophagic protein LC3
	NDP52 and p62 are required to control AIEC LF82-induced inflammation
	The CD-associated NDP52Val248Ala variant does not impact AIEC LF82 intracellular replication in HeLa cells
	The CD-associated NDP52Val248Ala variant does not impact AIEC-induced NF-κB activation and pro-inflammatory cytokine production in HeLa cells

	Discussion and conclusion
	Data availability statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Publisher’s note
	Supplementary material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


