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ABSTRACT

The intestine is home to the largest microbiota community of the human body and strictly regulates
its barrier function. Tight junctions (TJ) are major actors of the intestinal barrier, which is impaired in
inflammatory bowel disease (IBD), along with an unbalanced microbiota composition. With the aim
to identify new actors involved in host-microbiota interplay in IBD, we studied N-acyl homoserine
lactones (AHL), molecules of the bacterial quorum sensing, which also impact the host. We pre-
viously identified in the gut a new and prominent AHL, 3-oxo-C12:2, which is lost in IBD. We
investigated how 3-ox0-C12:2 impacts the intestinal barrier function, in comparison to 3-oxo-C12,
a structurally close AHL produced by the opportunistic pathogen P. aeruginosa. Using Caco-2/TC7
cells as a model of polarized enterocytes, we compared the effects on paracellular permeability and
TJ integrity of these two AHL, separately or combined with pro-inflammatory cytokines, Interferon-y
and Tumor Necrosis Factor-a, known to disrupt the barrier function during IBD. While 3-oxo-C12
increased paracellular permeability and decreased occludin and tricellulin signal at bicellular and
tricellular TJ, respectively, 3-oxo-C12:2 modified neither permeability nor TJ integrity. Whereas
3-0x0-C12 potentiated the hyperpermeability induced by cytokines, 3-oxo0-C12:2 attenuated their
deleterious effects on occludin and tricellulin, and maintained their interaction with their partner
Z0-1. In addition, 3-oxo0-C12:2 limited the cytokine-induced ubiquitination of occludin and tricellu-
lin, suggesting that this AHL prevented their endocytosis. In conclusion, the role of 3-oxo-C12:2 in
maintaining TJ integrity under inflammatory conditions identifies this new AHL as a potential
beneficial actor of host-microbiota interactions in IBD.
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Introduction formed by a network of highly regulated multi-
protein complexes, in which several classes of
transmembrane proteins are connected to
a cortical actomyosin belt through a variety of
scaffolding and signaling proteins, including the
members of Zonula Occludens (ZO) proteins (ZO-
1, 2, and 3). This cytosolic plaque is crucial for TJ

stability and dynamics.>*

Among the multiple actors involved in the intest-
inal barrier function, the intestinal epithelium plays
a unique role as it physically separates the micro-
biota residing in the lumen from systemic tissues
and limits the permeation of potential pro-
inflammatory molecules from the luminal environ-
ment to the lamina propria and circulation. The
intestinal epithelial barrier is achieved by the coop-
eration of three cell-cell junctions forming the api-
cal junctional complex, ie. tight junctions,
adherens junctions and desmosomes, which allow
epithelial cells to be tightly connected.' Tight junc-

T] permeability to water, ions, small or macro-
molecules is controlled by different families of
transmembrane proteins and is modulated by
numerous physiological and environmental factors.
A large repertoire of claudins selectively regulates

tions (T]) are key actors in the barrier function
since they seal the intercellular space and specifi-
cally control the paracellular permeability.” TJs are

anion and cation passage, in a high capacity but
highly selective “pore pathway”.” Besides, a “leak
pathway”, corresponding to the permeation of
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macromolecules, is restricted by occludin at bicel-
lular TJs® and by tricellulin at tricellular TJs.”
Contrary to the pore pathway, the passage of mole-
cules via the leak pathway is very limited in phy-
siological conditions.’

The integrity of the intestinal barrier is compro-
mised in a variety of clinical conditions, including
gastrointestinal disorders (i.e. inflammatory bowel
disease, celiac disease, irritable bowel syndrome,
infectious diarrheas) and extra-digestive patholo-
gies such as type I diabetes, obesity, liver steatosis
and AIDS.® Impairments of both pore and leak
pathways have been described in these diseases
and the increased passage of macromolecules such
as bacterial products from the commensal micro-
biota is thought to be particularly harmful since it
may trigger an excessive activation of the mucosal
immune system.” Increased recruitment of leuco-
cytes (including neutrophils, lymphocytes or
macrophages) in close proximity to the epithelial
lining leads to local accumulation of proinflamma-
tory mediators such as inflammatory cytokines
further exacerbating the epithelial barrier
failure.”'* In inflammatory bowel disease (IBD),
although intestinal barrier dysfunction is poten-
tially both a cause and a consequence, several data
argue for its early implication in the pathogenesis.
An increased intestinal permeability was high-
lighted in healthy first-degree relatives of Crohn’s
disease (CD) patients'"'* and was shown to predict
disease relapse.'™"” Linked with these permeability
modifications, alterations of several T] proteins,
including increase in expression of the pore-
forming claudin-2'*'> and decrease in several bar-
rier-forming claudins,"* as well as decreased levels
of JAM-A,"*'® occludin'®'” and tricellulin'*'® have
been reported in the intestinal mucosa of IBD
patients. Most alterations were reported in active
state of the disease, nonetheless several of them
occurred also in the quiescent sate'>'” or in healthy
relatives,'” highlighting intestinal barrier impair-
ment as a possible early step in the pathogenesis
of IBD>'® and the importance of deciphering the
mechanisms involved in such defects.

Bacteria-host crosstalk plays a central role in
intestinal epithelial homeostasis and is dysregulated
in IBD. In recent years, our knowledge of the impact
of gut-derived metabolites on the host in the context
of IBD has increased considerably. Among the most

studied metabolites, are short-chain fatty acids
(SCFA), bile acids and tryptophan metabolites."
A yet poorly documented aspect of these micro-
biota-host interactions is the crosstalk mediated by
quorum sensing (QS) molecules. QS is a bacterial
communication network that relies on the ability of
bacteria to monitor and respond to population den-
sity via diffusible molecules named autoinducers.
Different QS systems allow bacterial populations to
coordinate gene expression and behavior, and reg-
ulate a variety of physiological processes, including
virulence factor production and biofilm formation.*
Bacterial QS molecules also exert several effects on
eukaryotic cells of the host, in a process named inter-
kingdom signaling.*'

N-Acyl homoserine lactones (AHL), which med-
iate auto-induction (AI)-1 type QS, are the most
studied QS molecules. QS driven by AHLs has been
described in many bacterial ecosystems, but its
study in the gastrointestinal tract has long been
restricted to pathogens.22 In a recent study, we
demonstrated for the first time the presence of 14
different AHLs in the human gut ecosystem and
identified the 3-oxo0-C12:2 AHL as the most con-
served and abundant one in healthy subjects.”’
Importantly, 3-oxo-C12:2 AHL levels were reduced
in IBD patients, more particularly during flare, and
its absence was correlated with dysbiosis,** suggest-
ing a beneficial role of this new molecule in the
intestinal ecosystem and protective properties for
intestinal mucosa.

This newly described 3-oxo-C12:2 AHL is struc-
turally very close to the widely studied 3-oxo-C12
AHL (Figure 1). The latter is produced by
Pseudomonas aeruginosa, an opportunistic pathogen
that is the source of various infections, mostly noso-
comial disease and lung infections in cystic fibrosis,
and is able to cross epithelial barriers.** 3-oxo0-C12
AHL has been shown to disturb a variety of biologi-
cal processes in host cells,” among which perturba-
tion of epithelial junctions. In intestinal epithelial cell
lines, 3-0x0-C12 AHL induced an increased paracel-
lular permeability to ions and macromolecules.”**”
This was accompanied by perturbation of the locali-
zation and phosphorylation of the T] proteins occlu-
din, ZO-1,"*® tricellulin,*® JAM-A, ZO-3,” together
with the adherens junction proteins E-cadherin and
B-catenin.”” 3-oxo-C12:2 AHL has never been stu-
died in this setting.
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Figure 1. Chemical structure of 3-ox0-C12 and 3-0x0-C12:2 N-acyl-homoserine lactones. (a) N-(3-oxododecanoyl)-L-homoserine
lactone (referred as 3-oxo0-C12) is produced by P. aeruginosa. (b) Unsaturated 3-oxo-C12:2 homoserine lactone (referred as 3-oxo-C12:2)
was identified in the human gut microbiota and was synthesized as described in.?

In the perspective of using QS molecules as ecolo-
gical therapeutic approaches for IBD treatment, an in-
depth knowledge of their effects on host is an essential
step. We therefore focused on the epithelial barrier
function, which is compromised during IBD. The aim
of the present study was to investigate the putative
beneficial role of the newly identified 3-oxo-C12:2
AHL on intestinal epithelial barrier, compared to
3-0x0-C12 AHL, thus unraveling differential effects
of these two structurally close AHLs. Focusing on
tight junctions as key actors of the barrier function,
we addressed in particular whether the AHLs could
modulate the effects of pro-inflammatory cytokines
Interferon-y (IFNy) and Tumor Necrosis Factor-a
(TNFa), known to have deleterious consequences on
the intestinal epithelial barrier.’>*' Using Caco-2/TC7
cells as a model of polarized enterocytes, we evaluated
the effects of both AHLs, alone or combined with
IFNy and TNFa, on paracellular permeability and
tight junction integrity. While 3-oxo-C12 AHL dis-
rupted intercellular junctions, increased paracellular
permeability and potentiated the effects of IFNy and
TNFa, we showed that 3-oxo-C12:2 AHL protected
and stabilized tight junctions, through moderating the
increase in occludin and tricellulin ubiquitination
induced by cytokines.

Materials and methods
Cell culture and treatments

We used the Caco-2/TC7 cell line, which is a clonal
population established from human colon carcinoma
Caco-2 cells at late passage.”* This cell line reproduces
to a high degree most of the morphological and func-
tional characteristics of normal human absorptive
enterocytes.”> Caco-2/TC?7 cells form mature intercel-
lular junctions, which make them a good model of

intestinal epithelial barrier.”>** The cells were used
between passages 20 and 32 (starting from cloning)
and were assessed for the absence of mycoplasma
contamination. Caco-2/TC7 cells were cultured in
high-glucose Dulbecco’s modified Eagle’s medium
Glutamax (Thermofisher Scientific) supplemented
with 20% heat-inactivated fetal calf serum (FCS)
(Eurobio Abcys, Courtaboeuf, France), 1% non-
essential amino acids, penicillin (100 IU/ml), and
streptomycin (100 pg/ml) in a 10% CO2/air atmo-
sphere on semi-permeable filters (24 mm Transwell®,
3 um pore size; Costar) for 16-18 days to reach
optimal-differentiated state as described previously.*
From confluency (7 days), cells were switched to
asymmetric conditions, i.e. with medium containing
20% FCS in the basal compartment and serum-free
medium in the apical compartment.

Caco-2/TC7 cells were exposed on their apical
side to either N-(3-oxododecanoyl)-L-homoserine
lactone (150 pM, referred as 3-oxo-Cl12, Sigma
Aldrich) or 3-0x0-Cl12:2 homoserine lactone
(150 pM, referred as 3-oxo-C12:2, synthesized as
previously described®®) for 48 h, in the presence of
the lactonase inhibitor = 2-hydroxyquinoline
(100 pM, Sigma-Aldrich), in order to limit the
hydrolysis of the AHL lactone ring.”**® Similar
concentrations of 3-oxo-C12, which are in the
range of doses found in biofilms,”” were previously
shown to disrupt tight junctions in the parental cell
line Caco-2.°° Both AHLs were dissolved in DMSO
and then diluted in the apical medium with a final
concentration of DMSO as 0.075% for all condi-
tions including untreated control cells. When indi-
cated Interferon-y (IFNy) and Tumor Necrosis
Factor-a (TNFa) (50 ng/mL, R&D systems) were
added in the basal compartment for 48 h. Media
with treatments were daily changed. When speci-
fied, Caco-2/TC7 cells were treated with Dynasore
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(Sigma-Aldrich), which was added to both apical
and basal compartments (75 uM) on the last
4 hours of the experiment.

In some experiments, Caco-2/TC7 enterocytes
were co-cultured with activated THP-1 monocytic
cells.”® THP-1 cells were grown at 37°C in a 5%
CO2/air atmosphere in RPMI-1640 (Thermofisher
Scientific) containing 10% heat-inactivated fetal
calf serum and supplemented with penicillin (100
IU/ml), streptomycin (100 pg/ml) and 0.01% pB-
mercaptoethanol (Sigma-Aldrich). Prior to co-
culture experiments, THP-1 cells were activated
with LPS (10 ng/mL, Sigma-Aldrich) for 18 h.
THP-1 cells were then harvested and centrifuged,
and seeded (10° cells per well) in the basal compart-
ment of Transwell°containing Caco-2/TC7 cells
exposed on their apical side to either 3-oxo-C12
or 3-0x0-C12:2 AHL (150 uM) or DMSO (total
exposure time 48 h). Co-culture was maintained
for 24 h prior to permeability measurements.

Permeability measurements in Caco-2/TC7 cells

To assess paracellular permeability, FITC-labeled
dextran 4 kDa (1 mg/mL; TdB Consultancy AB,
Uppsala, Sweden) or FITC-sulfonic acid 0.4 kDa
(0.2 mg/mL; Thermofisher Scientific) was added to
the apical medium. Samples of basal medium were
collected after 4 h, and fluorescence was deter-
mined with a microplate fluorometer (FLUOstar
Omega; BMG Labtech). Transepithelial electrical
resistance (TEER), which is inversely proportional
to permeability to ions, was measured after treat-
ment using a volt-ohm meter (Millipore,
Guyancourt, France).

Lactate dehydrogenase release

The release of the cytoplasmic enzyme lactate dehy-
drogenase (LDH) in the apical medium was used to
assess treatment cytotoxicity. LDH concentration
was measured using the Cytotoxicity Detection
Kit (Roche, Boulogne-Billancourt, France) accord-
ing to the manufacturer’s instructions. Briefly, api-
cal media were centrifuged 10 min at 250 g to
remove intact extruded cells. 50 pL of reaction
mixture was added to 50 uL of media supernatant
per 96-well. After 10 min at room temperature,
25 pL of stop solution was added. Absorbance at

490 nm was determined with a microplate spectro-
meter (FLUOstar Omega; BMG Labtech). Results
are expressed as absorbance arbitrary units.

Immunofluorescence analysis of junctional proteins
and image analysis

Caco-2/TC7 cells grown on 24 mm Transwell® were
fixed and permeabilized with methanol (5 min, -
20°C). The following primary antibodies were used:
anti-E-cadherin (rat monoclonal antibody ECCD2
M108; Takara Bio Europe; 1:1000), anti-occludin

(rabbit polyclonal antibody, #71-15004
Thermofisher Scientific; 1:200), anti-tricellulin
(rabbit ~ monoclonal  antibody,  #700191;
Thermofisher Scientific; 1:200) and anti-ZO-1
(mouse monoclonal clone 1A12, #33-9100;

Thermofisher Scientific; 1:200). Alexa 488-, Alexa
546- and  Alexa  647-conjugated  anti-
immunoglobulin G were used as secondary antibo-
dies (1:400; Thermofisher Scientific). Nuclei were
stained by 4'-6-diamidino-2-phenylindole (DAPI),
and cells were examined by structured illumination
microscopy using an Axio Imager 2 microscope
equipped with Apotome.2, allowing optical section-
ing (Zeiss, Oberkochen, Germany). Images were
acquired by ZEN 2011° software (Zeiss).
Quantification of fluorescent labeling was per-
formed by measuring the staining area on thre-
sholded images using Fiji software (https://imagej.
net/Fiji/Downloads).

Proximity ligation assay (PLA) and image analysis

Following fixation and permeabilization in metha-
nol (5 min, - 20°C), PLA was performed on cells
using two primary antibodies: anti-ZO-1 or anti-
ubiquitin (mouse monoclonal clone P4D1 anti-
body, #BML-PW0930; Enzo; 1:400) or anti-itch
(mouse monoclonal clone 32/itch antibody,
#611199; BD Transduction Laboratories™; 1:200)
combined with either anti-occludin or anti-
tricellulin. PLA PLUS and MINUS probes for
mouse and rabbit and the Duolink® Orange detec-
tion kit reagents (Sigma-Aldrich) were used
according to manufacturer’s instructions. Nuclei
were stained by DAPI, and cells were examined by
structured illumination microscopy as described
above. Images were acquired by ZEN 2011°
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software. For Occludin/ZO-1 PLA, the high density
and close proximity of spots did not allow to indi-
vidualize and count PLA spots. Thus the average
integrated density of a single PLA spot was calcu-
lated over 10 thresholded images per condition for
each experiment and this representative value (\)
was then used to estimate the number of spots per
image (estimated number of spots = integrated
density of the field/A). In order to quantify scatter-
ing of tricellulin/ZO-1 PLA spots, images were first
analyzed using QuPath software™ for the detection
of spots and transferred to Image].** The ‘Tubeness’
plug-in (https://www.longair.net/edinburgh/ima
gej/tubeness/) was then applied to estimate the
continuity of junctional networks. Data were pre-
sented as the tubeness average size. For occludin/
ubiquitin, tricellulin/ubiquitin, occludin/itch or tri-
cellulin/itch PLA assays, spots were well individua-
lized and the number of spots per field was
calculated using the ‘Analyze Particles’ plug-in on
thresholded images in Fiji software and was then
normalized to respective fluorescence levels (based
on area) of either occludin or tricellulin. All macros
are available upon request.

All data were analyzed as the average from 4 to 5
random fields per biological duplicate or triplicate
from three independent experiments.

Levels of mRNA junctional protein genes by
(RT)-qPCR analysis

Total RNA was extracted from Caco-2/TC7 cells
using TRI Reagent (Molecular Research Center,
Cincinnati, OH, USA) according to the manufac-
turer’s instructions. Reverse Transcription (RT)
was performed with 1 ug RNA using a high-
capacity complementary DNA (cDNA) reverse
transcriptase kit (Applied Biosystem, Thermo
Fisher Scientific). For claudin genes, as CLDN4
(claudin 4) has no intron, RT was performed with
0.5 pg of previously DNAse-treated RNA
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(Invitrogen™ Kit TURBO DNA-free). Semi-
quantitative real-time PCR was performed with
the Mx3000P Stratagene system using SYBR
Green (Agilent, Les Ulis, France) according to the
manufacturer’s procedures. Cyclophilin was used
as the reference gene. After amplification, Ct were
determined and relative gene expression was ana-
lyzed using the 27**“' method. Sequences of the
oligonucleotide primers used are reported in
Table 1.

Determination of protein levels by Wes™ capillary
electrophoresis and ELISA

Caco-2/TC7 cells were scraped into lysis buffer
(20 mM Tris-HCI, pH 7.4, 5 mM EDTA, 0.15 M
NacCl, 1% Triton X-100, 0.5% sodium deoxycho-
late) supplemented with protease inhibitor cock-
tail (Complete Mini; Roche, Boulogne-
Billancourt, France) and phosphatase inhibitor
cocktail (PhosSTOP, Sigma-Aldrich). Protein
concentrations were determined using the BC
Assay (Uptima/Interchim). Wes'™ analyses
(capillary electrophoresis system; ProteinSimple,
San Jose, CA) were performed according to the
manufacturer’s recommendations, and adequate
protein concentrations and antibody dilutions
were determined in preliminary assays in order
to allow optimal quantitative conditions. The
microplates were loaded with 0.8 pg/puL protein
(for occludin, tricellulin and ZO-1 analysis),
0.2 pg/uL protein (for E-cadherin analysis) or
0.5 pg/puL protein (for p-MLC2 and MLC2 ana-
lysis), primary antibodies (as detailed below),
and reagents provided by the manufacturer.
The same primary antibodies targeting tight
junction proteins were used for immunofluores-
cence and Wes™ analyses: anti-occludin (1:25),
anti-tricellulin (1:2000) and anti-ZO-1 (1:200).
For E-cadherin detection, the following antibody
was used: mouse monoclonal clone 36 (#610181;

Table 1. Oligonucleotide primer sequences used for real-time PCR in this study.

TARGET GENE (protein) Forward

Reverse

PPIB (Cyclophilin B) -GCCTTAGCTACAGGAGAGAA-3’ " -TTTCCTCCTGTGCCATCTC-3'
TJP1 (ZO-1) -CAGAGCCTTCTGATCATTCCA-3' " -CATCTCTACTCCGGAGACTGC-3'
OCLN (occludin) -AGGAACCGAGAGCCAGGT-3’ " -GGATGAGCAATGCCCTTTAG-3’
MARVELD2 (tricellulin) -CCGAATGATGTGGCAATCT-3'

CLDN2 (claudin-2)
CLDN4 (claudin-4)
CLDN?7 (claudin-7)

(S BNV, RV, RV, RV, BV, RV,

-ATTGTGACAGCAGTTGGCTT-3’
-CTGTGGCCTCAGGACTCTCT-3'

" -CAGGCTGTCCTGAGGAAGTT-3'
" -AAAATGTACGACTGCGTGCTC-3'

-CTATAGATGTCACACTGGGTGATG-3’
-CAGAGGGGATCAGTCTCCAG-3’
-CACTTCATGCCCATCGTG-3'

L AR BV, BV, RV, BV, IRV, |
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BD Biosciences, Rungis, France, 1:1000). For
Myosin Light Chain detection, the following
antibodies were used: mouse monoclonal anti-
MLC2 (clone 7C9, Novus, #NBP1-28871, 1:50),
rabbit anti-pMLC2 (Ser19) (Cell signaling,
#3671, 1:50). Data were analyzed using
Compass for SW3.1 software (ProteinSimple).
Occludin, tricellulin, ZO-1 levels were deter-
mined by chemiluminescence signal (AUC) and
normalized to E-cadherin levels, after verifica-
tion that E-cadherin levels do not differ between
conditions (p = .84).

Myosin Light Chain Kinase (MLCK) concentra-
tions were determined in total cell lysates by ELISA
according to the manufacturer’s instructions
(CUSABIO # CSB-E09048h).

Statistical analyses

Data are displayed as means * standard error of
the mean (SEM) unless otherwise indicated. The
number of independent experiments and repli-
cates are indicated in the figure legends.
Measurements of permeability (passage of FITC-
dextran 4 kDa) and of cytotoxicity (lactate dehy-
drogenase release) were systemically carried out
as internal controls of the treatment’s effects for
other assays, which explains the larger number
of independent experiments performed for these
two parameters.

Figures were created with Graphpad® Prism 6.0
(Ritme Informatique, Paris, France). Statistical ana-
lyses were performed with Graphpad® Prism 6.
Statistical differences between the means of the
groups were determined by either ordinary one-
way ANOVA, or non-parametric Kruskal-Wallis
test (when data did not pass test for normal dis-
tribution). When ordinary one-way ANOVA or
Kruskal-Wallis test established statistical differ-
ences, comparisons between the following groups
were performed respectively by Holm-Sidak’s or
Dunn’s multiple-comparison post hoc tests:
Control vs. all other conditions; 3-0x0-C12 vs.
3-0x0-C12:2; IFNy+TNFa vs. IFNy+TNFa +
3-0x0-C12; IFNy+TNFa vs. IFNy+TNFa + 3-oxo-
C12:2; IFNy+TNFa + 3-0x0-C12 vs. IFNy+TNFa +
3-0x0-Cl12:2. p < .05 was considered statistically
significant.

Results

Unlike 3-oxo0-C12, 3-ox0-C12:2 AHL does not modify
paracellular permeability

We first studied the effects of 3-oxo-C12:2 AHL
compared to 3-oxo-C12 on paracellular perme-
ability to macromolecules (assessed through the
flux of the fluorescent tracer FITC-Dextran 4kDa)
and to ions (assessed through the TEER, inversely
proportional to the ions flux) in the enterocytic
cell line Caco-2/TC7. In accordance with the
literature,”®*” 3-oxo-C12 AHL induced a 4.8-fold
increase in the macromolecular FITC-Dextran
4kDa (FD4) flux (Figure 2a) and a trend toward
a 10% decrease in TEER (Figure 2b) compared to
untreated control cells. 3-oxo0-C12:2 AHL modi-
fied neither FD4 flux (Figure 2a) nor TEER
(Figure 2b). These observations support our
hypothesis of a beneficial role on the epithelial
barrier. We then investigated whether these AHLs
could modulate an increase in paracellular per-
meability induced upon exposure to the two pro-
inflammatory cytokines Interferon-y and Tumor
Necrosis Factor-a (thereafter referred as IFNy
+TNFa), previously shown to impair the intest-
inal barrier function by disrupting tight
junctions.’® IFNy+TNFa induced a 5-fold
increase in FD4 passage (Figure 2a) but had no
significant effect on TEER (-5%, Figure 2b) com-
pared to control. Strikingly, 3-oxo-C12 AHL sig-
nificantly potentiated the cytokine effects on both
FD4 flux (18-fold increase, Figure 2a) and TEER
(30% decrease, Figure 2b). On the contrary,
3-0x0-C12:2 AHL did not modulate the cytokine-
induced increase in paracellular permeability to
macromolecules (Figure 2a) or to ions (Figure
2b). Similar response profiles were observed for
the smaller size tracer sulfonic acid (0.4kDa,
Supplementary Figure 1A). We then wanted to
determine whether the AHLs modulated epithelial
cell permeability in the presence of endogenous
inflammatory cytokines secreted by immune cells.
To this end, Caco-2/TC7 enterocytes exposed to
each AHL were co-cultured with activated THP-1
monocytic cells (Figure 2c). The co-culture of
Caco-2/TC7 with THP-1 cells induced a modest
increase in paracellular permeability of the
epithelial monolayer (1.5-fold increase, Figure
2c¢). While the addition of 3-oxo-C12 AHL
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Figure 2. Distinct effects of 3-ox0-C12 and 3-0x0-C12:2 AHLs on paracellular permeability in Caco-2/TC7 cells in basal or
inflammatory conditions. (a) Paracellular permeability to macromolecules assessed by the passage from the apical to the basal side
of FITC-Dextran 4kDa (FD4) upon apical exposure to each AHL (150 pM, 48 h) or basal exposure to IFNy+TNFa (50 ng/mL, 48 h).
Treatments were performed individually or in combination as indicated. Results are expressed as percentage of the initial quantity of
tracer (mean + SEM of triplicates from 9 independent experiments, Kruskall-Wallis test ****P < .0001). (b) Paracellular permeability to
ions assessed by the transepithelial electrical resistance (TEER). Treatments were as in (a) (mean + SEM of triplicates from 3
independent experiments, ordinary one-way ANOVA ****P < .0001). (c) Paracellular permeability to macromolecules assessed by
the passage of FD4 from the apical to the basal side of the Caco-2/TC7 cells treated on their apical side with each AHL (150 uM, 48 h)
and co-cultured with activated monocytic THP-1 cells added in the basal compartment for the last 24 h of the experiment (mean = SEM
of triplicates from 2 independent experiments, Kruskall-Wallis test **P < .01). For a,band c, respective Holm-Sidak’s or Dunn’s posttests:
**P < 01, ***P < 0001 vs. control; *P < .05, #P < .01, P < 001, "**P < 0001 vs. indicated conditions. C12 stands for 3-oxo-C12 and

C12:2 stands for 3-oxo-C12:2.

triggered a 30-fold rise in FD4 flux in the co-
culture, 3-ox0-C12:2 AHL did not modify THP-1
effects on FD4 passage.

Thus, our results confirmed the deleterious role
of 3-0x0-C12 AHL on the epithelial barrier func-
tion and further demonstrated that it can synergize
with another detrimental stimulus such as pro-
inflammatory cytokines, whereas 3-oxo-C12:2
remained harmless.

Cell death contributes to intestinal hyperper-
meability under inflammatory conditions, gener-
ating a TJ-independent unrestricted pathway.*'
We assessed cell cytotoxicity through the lactate
dehydrogenase (LDH) release in the presence of
AHLs, combined with IFNy+TNFa or in co-
culture experiments. The treatment with AHLs
alone did not induce significant cytotoxicity in
Caco-2/TC7 cells. The increase of LDH release
observed in the presence of IFNy+TNFa alone
(2.3-fold, Supplementary Figure 1B) was not
further modified when 3-oxo-C12:2 AHL was
added. In combination with 3-oxo-C12, the
increase in LDH release was slightly greater
(3-fold), but without statistic difference.
Interestingly, in Caco-2/TC7 cells co-cultured
with THP-1 monocytes, the only increase in
LDH release was observed upon 3-oxo-C12 treat-
ment (2.3-fold, Supplementary Figure 1 C). Taken

together, these results showed that the effects of
AHLs on permeability were only partially concor-
dant with the cytotoxicity measured in the differ-
ent conditions. This suggested that cell death was
likely to participate in the increase in paracellular
permeability in the presence of IFNy+TNFa, but
that other mechanisms concomitantly contributed
to the differential effects of the two AHLs on the
barrier function.

3-0x0-C12:2 AHL protects tight junctions from IFNy
and TNFa deleterious effects

Tight junctions (T7]) seal the paracellular space and
thus control the flux of molecules or solutes
between adjacent cells. We thus investigated
whether TJ reorganization accompanied the effects
described above on paracellular permeability.
Representative images of immunofluorescence
staining (Figure 3a), and quantification of the fluor-
escence (Figure 3(b,c)), showed that treatment with
3-0x0-C12 AHL alone tended to reduce the signal
of both transmembrane proteins occludin (Figure 3
(a,b)), =19% vs control) and tricellulin (Figure 3(a,
c)), —16% vs control), respectively at bicellular or
tricellular cell contacts. On the contrary, in the
presence of 3-0x0-Cl12:2, occludin or tricellulin
staining remained similar to control (Figure 3(a,b,
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Figure 3. Opposite effects of 3-0x0-C12 and 3-0x0-C12:2 AHLs on tight junction proteins. (a) Representative fields of structured
illumination microscopy images from immunofluorescence of occludin (bicellular contacts), tricellulin (tricellular junctions) and Zonula
Occludens-1 (ZO-1) upon apical exposure of Caco-2/TC7 cells to each AHL (150 pM, 48 h) and/or basal exposure to IFNy+TNFa (50 ng/
mL, 48 h). Scale bar: 20 pm. (b,c,d) Quantification of immunofluorescence staining area of occludin (b, mean + SEM of duplicates from
5 independent experiments, ordinary one-way ANOVA ****P < 0001), tricellulin (c, mean + SEM of duplicates from 4 independent
experiments, ordinary one-way ANOVA ****P < 0001) and Zonula Occludens-1 (ZO-1) (d, mean + SEM of duplicates from 3
independent experiments, Kruskall-Wallis test P = .3). Forband ¢, Holm-Sidak’s post tests: *** P < .001 and **** P < ,0001 vs. control.

C12 stands for 3-oxo-C12; C12:2 stands for 3-oxo-C12:2.

c)), confirming an absence of deleterious effect on
the barrier function.

Upon exposure to IFNy+TNFa, signals at cell-
contacts were significantly decreased compared to
control for occludin (Figure 3(a,b), —44%) and tri-
cellulin (Figure 3(a,c), —50%), and this effect was
maintained to a comparable extent in combination
with 3-0x0-C12 (occludin —56% and tricellulin
—-52%). More importantly, 3-oxo-C12:2 AHL par-
tially prevented the cytokine-induced decrease in
fluorescence for occludin (Figure 3(a,b)), —27% vs.
—44% with cytokines only) as well as for tricellulin
(Figure 3(a,c), —24% vs. —50% with cytokines only).

We then analyzed Zonula Occludens-1 (ZO-1),
which is the main cytoplasmic partner of transmem-
brane TJ proteins. Interestingly, in the presence of

3-ox0-C12 AHL with or without cytokines, only
a slight decrease in ZO-1 staining was observed,
which was much less pronounced than for trans-
membrane TJ proteins (Figure 3a), and modifica-
tions between conditions did not reach statistical
differences (Figure 3d). ZO-1 staining was main-
tained in presence of 3-oxo-C12:2 AHL. In addition,
the transmembrane protein E-Cadherin, forming
adherens junctions, was partially mislocalized (iden-
tified as intracellular puncta) in the presence of
3-0x0-C12 AHL or IFNy+TNFa, individually or in
combination (Supplementary Figure 2). Conversely,
3-0x0-C12:2 AHL preserved E-Cadherin at cell-cell
contacts and abolished cytokine-induced mislocali-
zation (Supplementary Figure 2). Thanks to
E-cadherin staining, which delineates cell contours,



irregular epithelial morphology was observed in the
presence of cytokines as expected, whereas the reg-
ular cobblestone shape of Caco-2/TC7 was main-
tained with 3-oxo-C12:2.

Collectively, these data confirmed in Caco-2/
TC7 intestinal cells previous studies showing
impairment of tight junctions by the 3-oxo0-CI2
AHL alone. We further showed that 3-oxo0-C12
did not modulate the deleterious effects of pro-
inflammatory cytokines on intercellular junctions,
whereas we highlighted for the first time
a protective role of 3-oxo-C12:2 AHL, notably on
the bicellular TJ protein occludin and tricellular TJ
protein tricellulin.

3-0x0-C12:2 AHL maintains TJs protein complexes in
presence of cytokines contrary to 3-oxo-C12 AHL

To better understand at what level of T] regulation
the effects of AHLs occured, we first determined
whether mRNA levels of genes encoding TJ pro-
teins and/or total protein levels were modified in
response to AHLs and cytokines. Our results
showed that upon IFNy+TNFa exposure, mRNA
levels of both occludin and tricellulin tended to be
decreased (OCLN, Figure 4a, MARVELD?2, Figure
4b), as well as their total protein levels (Figure 4(d.f,
g)). This tendency was maintained in combination
with both AHLs without any distinct effects of each
molecule compared to cytokines only (Figure 4(a,b,
d,e,t,g)). It is worth noting that exposure to 3-oxo-
C12:2 alone induced a slight increase in occludin
mRNA levels (Figure 4a, 1.3-fold) and a similar
tendency for tricellulin (Figure 4b, 1.3-fold),
whereas 3-oxo-C12 AHL did not. In addition,
Z0O-1 gene mRNA levels (TJP1, Figure 4c) and
ZO-1 total protein levels (Figure 4(d,h)) remained
unchanged in all conditions. Similarly, E-Cadherin
levels were not modified (Figure 4(d,e)).

Although the pore pathway was less impacted
than the leak pathway in our conditions, the
expression of several claudins was analyzed. The
level of the sealing claudin-7 mRNA was not
significantly modified by pro-inflammatory cyto-
kines, that of the sealing claudin-4 tended to be
increased and the pore-forming claudin-2 was
decreased (Supplementary Figure 3). As with
occludin and tricellulin, the presence of either
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AHL did not significantly modulate cytokine
effects on mRNA levels of claudin genes.

Overall, pro-inflammatory cytokines IFNy
+TNFa tended to downregulate the expression of
TJ proteins involved in the leak pathway, in accor-
dance with the data from immunofluorescence ana-
lyses. The results showed that 3-oxo-C12:2, which
partially prevented the decrease in occludin and
tricellulin signal at cell-contacts caused by cyto-
kines (Figure 3), did not modulate their effects on
mRNA or total protein levels. We thus hypothe-
sized that protective effects exerted by this AHL
could occur through the regulation of TJ stability
at cell-cell contacts.

In order to study TJ protein complexes, we used
the Duolink proximity ligation assay (PLA) to
visualize in situ specific endogenous protein-pro-
tein interactions. We analyzed interactions between
occludin and its cytoplasmic partner ZO-1 on one
hand, and between tricellulin and ZO-1 on the
other hand.

In untreated Caco-2/TC7 cells, PLA spots of
occludin/ZO-1 interaction appeared as fluorescent
punctate labeling at bicellular cell-cell contacts
(Figure 5a, upper panel) thus recapitulating TJ
network. Treatment with 3-oxo-C12 AHL alone
led to a decreased number of PLA spots of occlu-
din/ZO-1 compared to control, while 3-0x0-C12:2
AHL did not seem to affect by itself the interac-
tion between these proteins. In the presence of
cytokines IFNy+TNFa, the density of occludin/
Z0O-1 PLA spots was diminished and this
decrease was maintained in combination with
3-0x0-C12 AHL. When 3-oxo0-C12:2 AHL was
combined with cytokines, the pattern observed
was strikingly different since a very intense net-
work of PLA spots delineating cell-cell contacts
was maintained.

In order to objectify our qualitative observations,
we estimated the number of occludin/ZO-1 PLA
spots (Figure 5b). A strong trend toward reduced
counts of occludin/ZO-1 PLA spots was observed
upon exposure to IFNy+TNFa (-55% vs. control)
or in co-treatment with 3-o0x0-C12 (-46% vs. con-
trol). In accordance with the microscopy observa-
tions, quantification confirmed a significant
preventing effect of 3-oxo-C12:2 AHL against the
cytokine-induced drop of occludin/ZO-1 PLA
spots.
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Figure 4. mRNA and total protein levels of occludin, tricellulin and ZO-1 upon exposure to each AHL in basal or inflammatory
conditions. Caco-2/TC7 cells were treated on their apical side by each AHL (150 pM, 48 h) or on their basal side by IFNy+TNFa (50 ng/mL,
48 h). Treatments were performed individually or in combination as indicated. (a, b, ¢) mRNA levels were determined by (RT)-gPCR for
occludin gene (OCLN) (a, ordinary one-way ANOVA ****p < ,0001), tricellulin gene (MARVELD?2) (b, Kruskall-Wallis test ****P < ,0001) and
Zonula Occludens-1 gene (TJP1) (c, ordinary one-way ANOVA P = .36). Results are expressed as 22" using cyclophylin as the house
keeping gene (mean + SEM of triplicates from 3 independent experiments). (d) Total protein levels of occludin, tricellulin and Zonula
Occludens-1 and E-cadherin were quantified by Wes ™ capillary electrophoresis. Reconstructed images are displayed, based on the area
under the curve from chemiluminescence signal obtained for one experiment (representative of 3 independent experiments). Molecular
weight markers (in kDa) are indicated on the left. (e) Total E-cadherin protein levels (Areas under the curve from chemiluminescence
results, ordinary one-way ANOVA P = .82). (f, g, h) Total protein levels of occludin (f, ordinary one-way ANOVA ***P < .001), tricellulin (g,
ordinary one-way ANOVA **P <.01), and ZO-1 (h, ordinary one-way ANOVA P = .8): areas under the curve from chemiluminescence results
are normalized to respective E-Cadherin levels, which do not differ between conditions (e), and expressed as ratio values normalized to the
control condition (mean *+ SEM of duplicates from 3 independent experiments). For a-c and e-h, respective Holm-Sidak’s or Dunn's
posttests * P < .05 and ** P < .01 vs. control. C12 stands for 3-oxo-C12; C12:2 stands for 3-oxo-C12:2.

Being representative of tricellulin localization  the presence of 3-oxo-C12 AHL alone, PLA spots of
pattern, PLA spots of tricellulin/ZO-1 interaction  tricellulin/ZO-1 were less dense compared to con-
were mostly visualized in untreated cells at tricel-  trol, while treatment with 3-ox0-C12:2 did not
lular cell-cell contacts and more sporadically at  modify the density or localization of tricellulin/
bicellular junctions (Figure 5a, bottom panel). In  ZO-1 PLA spots (Figure 5a). Interestingly, in
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Figure 5. The 3-0x0-C12:2 AHL maintains interaction of occludin and tricellulin with their cytoplasmic partner Zonula
Occludens-1 under inflammatory conditions. Caco-2/TC7 cells were treated as in Figures 2 and 3 and interactions between TJ
proteins were analyzed by Proximity Ligation Assay (PLA) (a) Representative fields of structured illumination microscopy images from
PLA (white spots) between occludin and Zonula Occludens-1 (ZO-1) (top) or between tricellulin and ZO-1 (bottom). Scale bar: 20 um. (b)
Quantification of Occludin/ZO-1 PLA spots (mean + SEM of 2 or 3 replicates from 3 independent experiments, ordinary one-way
ANOVA **P < .01, Holm-Sidak's posttests: #Pp < 01 vs. indicated conditions). (c) Quantification of the tubeness average size of
Tricellulin/ZO-1 PLA spots, as an index of junctional network continuity (mean + SEM of 2 or 3 replicates from 3 independent
experiments, ordinary one-way ANOVA P = .23). C12 stands for 3-oxo0-C12; C12:2 stands for 3-oxo-C12:2.

response to IFNy+TNFa only or in association with
3-0x0-C12, the density of tricellulin/ZO-1 PLA
spots did not seem changed but their spatial dis-
tribution was modified and they appear less orga-
nized and more scattered throughout the cells
compared to control (Figure 5a, lower panel). By
contrast, when 3-0x0-C12:2 AHL was added to
cytokine-treated cells, the density and distribution
of tricellulin/ZO-1 PLA spots were not affected
compared to control, and were preserved from
cytokine-triggered scattering. To objectify the dis-
persal of tricellulin/ZO-1 complexes, we analyzed
the continuity of junctional networks formed by
PLA spots (Figure 5c). Although no statistical dif-
ference arose, the analysis showed that IFNy+TNFa
tended to disperse tricellulin/ZO-1 complexes and
that  3-oxo-C12:2 AHL  prevented  this
disorganization.

Taken together, these data showed that 3-oxo-
C12 AHL disrupted T] complexes, but without
synergistic effects with cytokines. More importantly
3-0x0-C12:2 AHL prevented TJ disruption caused
by pro-inflammatory cytokines by maintaining
interactions between occludin or tricellulin with
their main cytoplasmic partner ZO-1 and the
proper localization of complexes at cell-cell
contacts.

3-0x0-C12:2 AHL limits cytokine-induced
ubiquitination of occludin and tricellulin

To go further, we investigated pathways involved in
TJ stabilization that could be targeted by 3-0xo0-C12
:2 AHL and partake in its protective effects against
cytokine damages. The two well-characterized
pathways mediating TJ disruption in response to
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pro-inflammatory cytokines IFNy and TNFa
involve an enhanced expression of the Myosin
Light Chain Kinase (MLCK)***"*? and Rho-
associated Kinase (ROCK), which both lead to
higher levels of Myosin Light Chain 2 (MLC2)
phosphorylation, actin cytoskeleton reorganization
and thus internalization of transmembrane TJ
proteins.**"* We did not find any modulation of
either MLCK total protein levels or phosphorylated
MLC2/total MLC2 levels (Supplementary Figure 4),
and we thus concluded that these pathways were
unlikely to be involved in the protective effects of
3-0x0-C12:2 on TJs in presence of cytokines.
Ubiquitination is the most common post-
translational modification and the diversity of ubi-
quitin motifs (the ‘ubiquitin code’) allows regula-
tion of a wide range of processes including the fate
of a cell surface transmembrane protein such as its
endocytosis, recycling and degradation.*>*
Occludin and tricellulin both undergo ubiquitina-
tion, which mediates their degradation.***’ Hence,
we postulated that opposite effects of the two AHLs
on TJ integrity could involve pathways regulating
their stability at the cell membrane such as their
ubiquitin-mediated internalization. We thus deter-
mined ubiquitination levels of occludin and tricel-
lulin in Caco-2/TC7 cells, using PLA in order to
obtain information on the location of ubiquitiny-
lated proteins (Figure 6a). In control cells, occlu-
din/ubiquitin or tricellulin/ubiquitin PLA spots
were scarce and mostly visualized at cell-cell con-
tacts, which were visualized by E-Cadherin staining
(Figure 6a, solid line arrows). In addition, a few
intracellular PLA spots (close to the plasma mem-
brane) also appeared in both cases (Figure 6a,
dashed line arrows). The qualitative and quantita-
tive results showed that in the presence of 3-oxo-
C12 alone, but not 3-0x0-C12:2, the number of
PLA spots tended to be increased for occludin/
ubiquitin (Figure 6b, 1.8-fold increase vs. control)
and tricellulin/ubiquitin (Figure 6c, 1.7-fold
increase vs. control). Exposure to IFNy+TNFa
alone led to a 3.2-fold increase in the number of
occludin/ubiquitin PLA spots (Figure 6b) and to
a 3.5-fold increase in the number of tricellulin/
ubiquitin PLA spots (Figure 6¢). In co-treatment
with 3-0x0-C12, this increase was maintained to
a similar extent for tricellulin/ubiquitin PLA spots
(Figure 6¢), and it was slightly higher for occludin/

ubiquitin spots (Figure 6b, 4.2-fold increase vs.
control). Most importantly, when Caco-2/TC7
cells were exposed to both IFNy+TNFa and 3-oxo-
C12:2, the increase in the number of occludin/ubi-
quitin PLA spots was totally suppressed (Figure 6b)
and the increase in the number of tricellulin/ubi-
quitin PLA spots was significantly attenuated
(Figure 6¢).

To reinforce our data, Caco-2/TC7 cells were trea-
ted with 3-0x0-C12:2 or IFNy+TNFa, individually or
in co-treatment with the dynamin inhibitor Dynasore,
which blocks endocytosis. We postulated that block-
ing endocytosis would lead to an accumulation of
ubiquitinylated occludin or tricellulin at cell-cell con-
tacts. Accordingly, occludin/ubiquitin and tricellulin/
ubiquitin PLA spots seemed to be more abundant in
control+Dynasore- or in 3-0xo-C12:2+ Dynasore-
treated cells (Supplementary Figure 5) than observed
without the dynamin inhibitor (Figure 6a). In addi-
tion, the increasing effects of IFNy+TNFa on occlu-
din/ubiquitin and tricellulin/ubiquitin PLA spots
number were recapitulated in the presence of
Dynasore (Supplementary Figure 5). These observa-
tions suggested that under inflammatory conditions,
ubiquitination of either occludin or tricellulin at the
plasma membrane occurred prior to their internaliza-
tion and thus mediates their endocytosis.

As a whole, these data clearly showed that pro-
inflammatory cytokines IFNy and TNFa upregu-
late ubiquitination of the T] transmembrane pro-
teins occludin and tricellulin. Our results
demonstrated that 3-oxo-C12:2 can abolish or
attenuate these deleterious effects of cytokines on
occludin and tricellulin, thus supporting our initial
hypothesis that this new AHL stabilizes transmem-
brane TJ proteins at the plasma membrane.

3-0x0-C12:2 AHL restrains the interaction between
the ubiquitin-ligase itch and occludin or tricellulin

Occludin and tricellulin are both targets of the
ubiquitin-ligase itch,*®* which is known to ubi-
quitinate several cell-surface proteins and to med-
iate their endocytosis.”® Therefore, we sought to
study the interaction between itch and occludin
or tricellulin in response to 3-oxo-C12:2 AHL
alone and in the presence of cytokines, using
PLA since this technique allows to visualize tran-
sient interactions. Microscopy images in
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Figure 6. The 3-0x0-C12:2 AHL protects occludin and tricellulin from ubiquitination induced at the plasma membrane in
presence of pro-inflammatory cytokines. Caco-2/TC7 cells were treated on their apical side by each AHL (150 pM, 48 h) or on their
basal side by IFNy+TNFa (50 ng/mL, 48h). Treatments were performed individually or in combination as indicated. (a-c) Ubiquitination
levels of occludin or tricellulin were determined by Proximity Ligation Assay (PLA). (a) Representative fields of structured illumination
microscopy images of PLA (white spots) between occludin and ubiquitin (top) or between tricellulin and ubiquitin (bottom). Cell-cell
contacts are visualized by E-Cadherin immunofluorescence staining in blue. The solid line arrows show PLA spots localized at the
plasma membrane while dashed line arrows show PLA spots localized within the intracellular space. Scale bar: 20 um. (b)
Quantification of the number of occludin/ubiquitin PLA spots normalized to occludin fluorescence levels. Results are expressed as
ratio values normalized to the control condition (mean + SEM of 2 or 3 replicates from 3 independent experiments, ordinary one-way
ANOVA ****p < 0001). (c) Quantification of the number of tricellulin/ubiquitin PLA spots normalized to tricellulin fluorescence levels
(mean + SEM of 2 or 3 replicates from 3 independent experiments, ordinary one-way ANOVA ****P < 0001). (d-f) Interaction of
occludin and tricellulin with the ubiquitin-ligase itch was determined by PLA. (d) Representative fields of structured illumination

microscopy images from PLA between occludin and itch (top) or between tricellulin and itch (bottom). Cell contacts are visualized by
E-Cadherin shown in blue. Scale bar: 20 um. (e, f) Quantification of the number of occludin/itch PLA spots (e, mean + SEM of 2 or 3
replicates from 3 independent experiments, ordinary one-way ANOVA ***P < .001) or tricellulin/itch PLA spots (f, mean £ SEM of 2 or 3
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untreated cells showed scarce occludin/itch PLA
spots, localized at the cell membrane (Figure 6d,
upper panel). Interestingly, tricellulin/itch PLA
spots were more abundant and were also strictly
localized at cell-cell contacts (Figure 6d, lower
panel). Microscopy analysis and PLA spots quan-
tifications showed that treatment of cells with
3-0x0-C12:2 AHL alone did not significantly
modify PLA spots pattern for occludin/itch
(Figure 6(d,e)) or tricellulin/itch (Figure 6(d.f)),
although we noticed a trend toward a decrease in
their number (respectively —23% and -30% vs.
control). Conversely, exposure to IFNy+TNFa
alone led to an increase in the number of PLA
spots for occludin/itch (Figure 6(d,e), 4-fold
increase vs. control) and tricellulin/itch interac-
tions (Figure 6d,f) , 2.7-fold increase vs. control).
Concomitant treatment with 3-ox0-C12:2 AHL
attenuated the increase in occludin/itch (Figure
6(d,e)) and tricellulin/itch PLA spots (Figure 6
(d,f)) observed with cytokines.

zInterestingly, no modification of itch localiza-
tion or itch signal intensity was noticeable in our
conditions (data not shown). It is noteworthy that
all occludin/itch or tricellulin/itch PLA spots were
localized at the cell membrane, including in con-
ditions in which they were more numerous, thus
suggesting that the interaction between the ubi-
quitin-ligase itch and occludin or tricellulin
occurred at the plasma membrane and likely
prior to internalization of TJ proteins.

Altogether these results suggest that 3-0x0-C12:2
acts on itch-mediated ubiquitination of occludin and
tricellulin at cell-cell contacts, before the engagement
of these TJ proteins in the endocytic pathway.

Discussion

Acyl-homoserine lactones (AHLs) are the most
studied quorum sensing molecules having an
impact on host cells, and as such, deserve to be
extensively studied in the context of the gut ecosys-
tem. We recently identified a never described AHL,

3-0x0-Cl12:2, as the most prominent intestinal
AHL.?® The present study reveals a protective role
of this molecule against tight junction dysregula-
tion under inflammatory conditions, in contrast
with the deleterious effects exerted by the structu-
rally close 3-0x0-C12 AHL produced by the oppor-
tunist pathogen P. aeruginosa.

Several previous studies demonstrated that
3-0x0-C12 AHL, at doses in the range of concen-
trations found in biofilms,”” disrupts epithelial
barriers, in particular through alteration of tight
junction proteins.%_29 On the opposite, our pre-
vious study showed no impact of 3-0x0-C12:2 on
paracellular permeability to macromolecules in
Caco-2/TC7 enterocytic cells.””> While it is well
known that different N-acyl-homoserine lactones
with varying acyl chain length exhibit distinct
properties,”®*">*> our group demonstrated the
importance of acyl chain insaturations on biolo-
gical activities.”’ In the present study, we confirm
contrasting effects of the two structurally close
molecules, and we further show opposite out-
comes when mimicking inflammatory conditions
encountered in IBD. In presence of a mixture of
two pro-inflammatory cytokines IFNy and TNFa,
known to impair tight junction integrity,3’0 or in
co-culture with activated monocytic cells, the
3-0x0-C12 AHL from P. aeruginosa dramatically
amplifies hyperpermeability. It is worth noting
that the synergistic effect of 3-oxo-Cl2 and
proinflammatory cytokines occurs on permeabil-
ity to macromolecules (passage of dextran 4 kDa)
and, to a lesser extent, to smaller molecules (pas-
sage of sulfonic acid 0.4 kDa), but not on perme-
ability to ions (TEER). This is in accordance with
the loss of occludin and tricellulin at tight junc-
tions, since these two proteins are known to
control the leak pathway.®” In full opposition,
the newly described 3-ox0-C12:2 AHL clearly
preserves occludin and tricellulin at tight junc-
tions under inflammatory conditions but without
improving epithelial permeability to either macro-
molecules or ions (Figure 7).

replicates from 3 independent experiments, ordinary one-way ANOVA **P < .01). Numbers of PLA spots are reported to occludin or
tricellulin fluorescence levels and results are expressed as ratio values normalized to the control condition. For b, ¢,eand f, Holm-Sidak’s
post tests: *P < .05, **P < .01, ***P < 001, ****P < 0001 vs. control; *P < .05, **P < .001, ***P < .0001 vs. indicated conditions. C12

stands for 3-oxo-C12; C12:2 stands for 3-oxo-C12:2.
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preventing their endocytosis.

In IBD, ulceration and epithelial apoptosis

contribute to disruption of the

intestinal

barrier.'*> In addition to damaging tight junc-

tions, pro-inflammatory cytokines

such

as

TNFa - through activation of their receptor -

trigger epithelial cell apoptosis and generate
a tight junction-independent unrestricted
pathway.*' As expected, given the cytokine treat-
ment we used, a moderate cytotoxicity evaluated
by LDH release was observed and was likely to
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contribute to the increased permeability to
macromolecules besides tight junction opening.
Remarkably, 3-0x0-C12 or 3-ox0-C12:2 AHLs
had very distinctive effects on cytokine-induced
unrestricted pathway. We hypothesized that the
drastic increase in macromolecule permeability
induced by the combination of cytokines and
3-0x0-C12 was due to increased cell death
since we showed that tight junctions were not
synergistically damaged. Accordingly, 3-oxo-C12
AHL and cytokines both induced apoptosis in
the Caco-2/TC7 monolayer and the aggravating
effect of 3-0x0-C12 on cytokine-induced hyper-
permeability was completely abolished in the
presence of a large spectrum caspase inhibitor
(data not shown). We thus concluded that cell
death was responsible for the synergistic effects
of cytokines and 3-oxo-C12 (Figure 7b), in
accordance with studies showing that this AHL
induces apoptosis in several cell types.”>>*%
Regarding 3-oxo0-C12:2, this AHL did not pre-
vent cytokine-induced hyperpermeability, despite
clear protective effects on TJ integrity and stabi-
lity. Given that this AHL decreased neither cell
toxicity nor apoptosis induced by cytokines (not
shown), we assume that cell death hid beneficial
effects of TJ-protecting 3-oxo-C12:2 AHL on
epithelial permeability (Figure 7c).

We focused our study on two tight junction-
associated MARVEL proteins (TAMPs) known
to control the leak pathway: occludin and tricel-
lulin and their cytoplasmic partner ZO-1.
Although 3-oxo0-C12 AHL did not quantitatively
decrease signal of T] proteins, their junctional
localization was slightly altered by the molecule,
in accordance with previous studies.”**® Both
occludin and tricellulin were diminished at cell-
cell junctions in response to IFNy and TNFa, as
expected. On the contrary, the junctional locali-
zation of ZO-1 was much less affected and ZO-1
protein content remained unchanged unlike the
two transmembrane proteins occludin and tricel-
lulin, whose total levels were decreased upon
cytokine treatment. These results may be
explained by the fact that ZO-1 could be present
at the plasma membrane through its interaction
with many other transmembrane junctional pro-
teins, several of which are probably not - or
less — affected in our conditions. Despite the

apparent lack of perturbation of the whole ZO-
1 pool, our PLA experiments showed that mole-
cular complexes involving occludin and ZO-1
were greatly decreased in response to 3-oxo-
C12 AHL and/or cytokines. Complexes involving
tricellulin and ZO-1 were spatially scattered,
suggesting disorganized tricellular TJ. A striking
effect of 3-oxo-C12:2 AHL was the conservation
of occludin or tricellulin interaction with ZO-1
at the plasma membrane and the correct spatial
distribution of these two different complexes,
supporting a preserved barrier. While little is
known about the functional outcome of tricellu-
lin/ZO-1 complex, the occludin interaction with
Z0O-1 has been shown to regulate occludin traf-
ficking, localization at the plasma membrane and
its barrier function.”®>’

Increased endocytosis is an important
mechanism involved in junction disassembly
during intestinal inflammation.* Internalization
of cell-surface proteins - including transmem-
brane TJ proteins®® - involves several pathways
leading to either their recycling or degradation.
In addition, ubiquitination is a crucial post-
translational modification of transmembrane
proteins regulating their endocytosis, trafficking
and ultimately their cell surface level.***’
Phosphorylation of several T] proteins including
occludin® has been associated with their
ubiquitination.” Here, we show that IFNy and
TNFa increased the proportion of ubiquitinated
molecular complexes involving occludin and tri-
cellulin. The accumulation of such complexes at
the plasma membrane upon endocytosis inhibi-
tion supports our hypothesis that ubiquitination
of occludin and tricellulin occurs at cell-cell
contacts and probably mediates their endocyto-
sis. We further demonstrate for the first time
that these cytokines promote interaction at
cell-cell contacts of both TAMPs with itch, iden-
tifying this E3-ubiquitin ligase as a potential new
actor in the signaling pathways involved in junc-
tion disassembly under inflammatory conditions.
The 3-0x0-C12:2 AHL can modulate these inter-
actions, and we propose that the down-
regulation of itch-mediated occludin and tricel-
lulin ubiquitination stabilizes both proteins
together with their molecular partners at the
cell membrane, a mechanism that could explain



the AHL protective effects on TJ integrity and
stability (Figure 7c). The molecular pathways
through which 3-0x0-C12:2 can modulate the
ubiquitination process remain to be determined.
The identification of eukaryotic AHL interactant
proteins is a challenging objective. Among the
mammalian interactants of the P. aeruginosa-
produced 3-oxo-C12 AHL that have been so far
identified, are the IQ-motif-containing GTPase-
activating protein IQGAP1,®" the peroxisome
proliferator-activated receptors (PPARs),%* as
well as the bitter receptor T2R38.°> In future
studies, the identification of 3-ox0-C12:2 specific
eukaryotic targets will allow to further decipher
its mechanisms of action, a strategy used in
a previous study using biotinylated 3-oxo-C12.°'

We previously demonstrated that 3-oxo-C12:2
AHL is lost in IBD patients, especially during
flare.”> Further studies will be needed to integrate
all the properties of this new AHL in the context of
the gut ecosystem, including its possible impact on
the microbiota composition as well as its anti-
inflammatory activity.”> Our new findings show-
ing that 3-0x0-C12:2 is able to limit tight junction
dismantling in epithelial cells exposed to an
inflammatory environment may have therapeutic
perspectives in dysfunction of the intestinal bar-
rier in IBD.

Abbreviations:
TJ tight junctions;
AHL N-acyl homoserine lactones;
IFNy Interferon-y;
TNFa Tumor Necrosis Factor-a;
Z0-1 Zonula Occludens-1;
SCFA short chain fatty acids;
IBD inflammatory bowel disease;
cD Crohn’s disease;
QS quorum sensing;
FD4 FITC-Dextran 4 kDa;
TEER transepithelial electrical resistance;
LDH lactate dehydrogenase;
PLA Proximity ligation assay;
DAPI 4’ -6-diamidino-2-phenylindole;
MLCK Myosin Light Chain Kinase;
ROCK Rho Associated Kinase;
MLC2 Myosin Light Chain 2;
TAMPs Tight junction Associated MARVEL Proteins;
IQGAP1 1Q-motif-containing GTPase-activating protein;
PPAR peroxisome proliferator-activated receptor
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