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Among numerous molecules found in the gut ecosystem, quorum sensing (QS)
molecules represent an overlooked part that warrants highlighting. QS relies on the
release of small molecules (auto-inducers) by bacteria that accumulate in the environment
depending on bacterial cell density. These molecules not only are sensed by the microbial
community but also interact with host cells and contribute to gut homeostasis. It therefore
appears entirely appropriate to highlight the role of these molecules on the immune
system in dysbiosis-associated inflammatory conditions where the bacterial populations
are imbalanced. Here, we intent to focus on one of the most studied QS molecule family,
namely, the type | auto-inducers represented by N-acyl-homoserine lactones (AHL).
First described in pathogens such as Pseudomonas aeruginosa, these molecules have
also been found in commensals and have been recently described within the complex
microbial communities of the mammalian intestinal tract. In this mini-review, we will
expound on this emergent field of research. We will first recall evidence on AHL structure,
synthesis, receptors, and functions regarding interbacterial communication. Then, we
will discuss their interactions with the host and particularly with agents of the innate and
adaptive gut mucosa immunity. This will reveal how this new set of molecules, driven by
microbial imbalance, can interact with inflammation pathways and could be a potential
target in inflammatory bowel disease (IBD). The discovery of the general impact of these
compounds on the detection of the bacterial quorum and on the dynamic and immune
responses of eukaryotic cells opens up a new field of pathophysiology.

Keywords: quorum sensing, gut microbiota, interkingdom communication, inflammatory bowel disease,
gut inflammation

INTRODUCTION

Dysbiosis in inflammatory bowel disease (IBD) is characterized by a reduction in bacterial
biodiversity. This change in biodiversity is associated with a reduction in the bacterial load
of various bacterial groups and expansion of others (1). Bacteria are capable of exchanging
small signaling molecules depending on the bacterial density, a process called quorum sensing
(QS). QS coordinates gene expression and physiology of bacterial populations. There are several
families of molecule used by microbes to communicate. A universal system relying on type II
auto-inducers (AI-2) can be used by all bacteria (2). Gram-positive bacteria use oligopeptides,
although Gram-negative QS display various molecules (3). Among them, the most studied system
is represented by the type I auto-inducers based on N-Acyl-homoserines lactones (AHL). Beyond
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bacteria-bacteria communication, QS molecules are also
involved in interkingdom interplay between gut bacteria and
host cells. In the early 2000s, researchers investigated the impact
of AHL on plant physiology (4) showing that the presence of
these molecules produced by soil bacteria can induce plant
benefits (5) such as induction of the immune system to resist
pathogens (6, 7). More recently, underlying potential on
health and disease, AHL have been described in mammals’ gut
lumen and lately in humans. It is likely that IBD dysbiosis is a
condition that cannot only modify QS but also be maintained
by QS. Therefore, a better knowledge of this largely overlooked
metabolite component appears important to improve our
understanding of the molecular mechanisms implicated in the
immune gut responses in IBD.

N-Acyl-Homoserine Lactones

Quorum Sensing Molecules for Bacteria

Bacteria are not single cells living independently. They have
“social” interactions called QS. QS was first studied in the 1970s
through the bioluminescence emitted by a marine bacterium,
Vibrio fischeri. These bacteria live in symbiosis with marine
animals. V. fischeri does not emit light at low concentrations in
the water; however, when the bacterial population is growing in
symbiosis with a squid, within a rich environment, the bacteria
emits light (8). This phenomenon is possible, thanks to QS.
However, the term was used for the first time two decades later,
by Fuqua et al. (9).

This system relies on the release, by bacteria, of small
molecules (auto-inducers) that accumulate in the environment
depending on bacterial density and are sensed by the bacteria
community. Once a threshold concentration is reached, this
triggers the expression of certain bacterial genes, encoding
for virulence factors, biofilm formation, etc. (Figure 1). Gram-
negative bacteria use AHL as one of the QS molecules (10).
AHL is a family of molecules composed by a unique lactone
ring, an acyl chain of various lengths, and substitutions at the
acyl C3 position that define the molecular species. The integrity
of the lactone ring is important for AHL immunoactivity (11).
Quorum quenching is the mechanisms by which QS signal
is degraded, and it can occur enzymatically, through acylases
(cleavage of the AHL amid bond, releasing a fatty acid and
homoserine lactone) and lactonases (hydrolysis of the HSL
ring) (12).

AHL Genes Induction

AHL diffuse freely in bacteria and recognize the receptor
LuxR, allowing them to act as a transcription factor. Once
activated, QS induces the expression of a series of bacterial
genes contributing to bacterial virulence and/or adaptation such

Abbreviations: AHL, N-acyl-homoserine lactones; 3-oxo-C12-HSL, N-(3-
oxododecanoyl)-L-homoserine lactone; Al, auto-inducer; C4-HSL, N-butyryl-
homoserine lactone; DCs, dendritic cells; IBD, inflammatory bowel disease; IFNy:
interferon-y; IL-10, interleukine 10; IQGAP1, IQ motif containing GTPase-
activating protein 1; MAPK, mitogen-activated protein kinase; PON, paraoxonase;
PPAR, peroxisome proliferator-activated receptor; PRR, pattern recognition
receptor; QS, quorum sensing; TGFp, transforming growth factor-f; TLR-2, Toll-
like receptor-2; TNFa, tumor necrosis factor-o; UPR, unfolded protein response.
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FIGURE 1 | Quorum sensing signaling in bacteria. Acyl-homomserine lactones
(AHLs) are auto-inducers used by Gram-negative bacteria to communicate.
The enzyme Lux| synthesizes the AHL, and the latter can diffuse freely through
the membrane. Upon reaching a threshold concentration, AHL can bind to its
receptor LuxR. The dimerization of the receptor allows it to act as a
transcription factor on the Lux box. This triggers not only the expression of
target genes involved in the virulence of the bacteria but also the expression of
AHL system LuxI/LuxR.

as toxins, motility, enzymes, secretion systems, iron uptake,
metabolism, and biofilms (Figure 1) (3). AHL also regulate their
own synthase and receptor genes, in a positive retro-control loop.
This system has been mostly described in pathogens, while the
impact of these factors on gut immunity has not been directly
investigated. However, few reports showed that AHL found in gut
ecosystem could benefit host physiology (13). Thus, there is still
a gap in research on AHL derived from commensals and their
impact on host.

Most studies have focused on the impact of auto-inducers
from the opportunistic bacterium Pseudomonas aeruginosa,
N-(3-oxododecanoyl)-L-homoserine lactone (3-oxo-C12-HSL)
and N-butyryl-homoserine lactone (C4-HSL). Signaling works
through the LuxI/LuxR homolog system. LuxI synthesizes the
AHL, the molecule freely diffuses in the environment, and LuxR
detects the auto-inducer, which acts as a transcription factor
(14) (Figure 1). Bacteria can use different ways to communicate:
(i) crosstalk, different species talking to each other; (ii) self-talk,
bacteria from the same species talk with its own auto-inducer
and regulate their gene expression; and (iii) eavesdropping, when
bacteria from one species can intercept the signal of another
species without creating a signal by itself (15). Indeed, some
bacteria express a LuxR homolog without its partner LuxI. LuxR
is then labeled LuxR solo, and the receptor is called SdiA (16).
For instance, Escherichia coli has the SdiA receptor without being
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able to produce an auto-inducer (17). This ability to “listen”
to other bacterial species is essential in complex ecosystem like
the gut microbiota, where hundreds of different bacteria coexist.
However, these ways of communicating bypass the bacterial
world, and those small molecules are part of an interkingdom
signaling, allowing cross-talk between gut microorganisms and
the host.

AHL Interkingdom Signaling

Since eukaryotic and prokaryotic cells have coevolved for
thousands of years, the signals from one have adapted to
the other’s. In this setting, bacterial QS molecules have been
shown to have an effect on eukaryotic cells, a phenomenon
called “interkingdom signaling” (18). To date, most studies
on the effects of AHL on mammal cells have focused not
only on the well-known 3-o0xo-C12-HSL and C4-HSL from
P. aeruginosa but also on N-(3-oxohexanoyl)-L-homoserine
lactone (3-0x0-C6-HSL) from V. fischeri. AHL are amphiphilic
molecules, as lactone ring remains hydrophilic and the acyl
chain is hydrophobic. It has been shown that these properties
allow the 3-ox0-CI2-HSL to diffuse freely through the cell
membrane of eukaryotic cells, similar to bacteria, while long-
chained versions are mostly actively transported (19). AHL are
chemically analogous to many lipid-based hormones such as
the eicosanoid family of lipidic and steroid hormones involved
in hundreds of biological functions in eukaryote. It is also
thought that AHL can enter the host cell, bind to intracellular
receptors, and regulate gene transcription (18). Using labeled
molecules, it has been shown that, depending on cell lines, they
can indeed enter cells and be detected in the nucleus or the
cytoplasm (19, 20).

The AHL perception mechanism in mammalian cells is still
fairly unclear. To date, no mammalian receptor has been clearly
demonstrated; only certain hypotheses have been proposed. It has
been shown that the AHL were not recognized by the classical
pattern recognition receptors (PRRs) from the innate immune
system like other microbial molecules (21). The studies done on
the 3-oxo0-C12-HSL produced by P. aeruginosa have identified
different receptors based on the cell types and methods used.
Proinflammatory effects have been associated with receptors such
as nuclear factor kappa B (NF-kB) or activator protein-2 (AP-2)
(21). Using other cellular models, mitogen-activated protein
kinases (MAPKs) have been proposed as potential receptors (22).
In 2008, Jahoor et al. identified the peroxisome proliferator-
activated (PPAR) receptors PPAR{Y/8 and PPARy as potential
AHL receptors (23). The interaction between 3-oxo-C12-HSL
and PPARY has also been reported by another group, at very low
concentration (1 nM) of AHL (24).

Other candidate mammalian AHL receptors are the
G-protein-coupled receptors and, among these, member 38
of the bitter taste receptor family (T2R38), one of the most
studied bitter taste receptors. It is widely expressed in the
human digestive tract from the tongue to the colon (25). In
the lower gastrointestinal tract, T2R38 is suspected to play
a role in eliciting immune responses to toxic compounds or
pathogens in digestive diseases and metabolic conditions.
Indeed, TAS2R38 polymorphisms have been linked to increased

susceptibility to infections and colorectal cancer (26-28).
Moreover, reports shows that both 3-oxo-C12-HSL and C4-
HSL can activate T2R38 in pulmonary epithelium (28). The
interaction between AHL and this receptor was described in
neutrophils, by immunofluorescence and pull-down assays
(29, 30).

Another potential AHL receptor is the IQ-motif-containing
GTPase-activating protein (IQGAP1) (31). IQGAP1 is a
scaffolding protein, participating in cytoskeleton organization
(32). It has been shown that IQGAP1 plays a role in tight
junction assembly (32), and as 3-oxo-C12-HSL is known to
disrupt junction integrity (10), the interaction between IQGAP1
and AHL seems rational.

Finally, according to the cell type, the receptors and
their localization can be different (33, 34) but mainly
involves inflammatory pathways. Host cells have developed
the abilities to disrupt QS signaling, by degrading them
through the production of paraoxonases (PON), which can
be expressed by intestinal epithelial cells and macrophages
(35). Regulation of this communication between host cells and
bacteria can occur in gut ecosystem. Moreover, it has been
shown that PON1 polymorphisms may confer protection
against the development of IBD (36). Therefore, AHL
interkingdom signaling can be viewed as potent axis of the
gut microbiota-host crosstalk in chronic inflammation and
especially in IBD.

Impact of AHL on Innate Immunity

It has been shown, on cell lines and primary cell cultures,
that AHL, depending on their acyl chain length, double
bounds, and concentrations, may differently affect innate
immune system.

Epithelial cells provide a physical barrier between the host
and the lumen of the intestine, relying on tight junctions.
This prevents the luminal content to harm the host’s integrity.
Epithelial cells contribute to the innate immune response, as
they keep foreign particles from spreading into the host mucosa.
Vikstrom et al. showed, on an intestinal epithelial cell line Caco-
2, that P. aeruginosa 3-oxo-C12-HSL alters intestinal barrier,
disrupting protein junctions integrity (37-40). When exposed to
the AHL, permeability to macromolecules and ions is increased,
and the expression and localization of junction proteins such
as occludin, E-cadherin, and zonula occludens-1 is modified
(37-39). This alteration process not only involves the MAPK,
notably p38 and p42/44, but also needs the phosphorylation of
junction proteins leading to disturbance of junction integrity
(37-39). Alteration of calcium signaling is also part of the
response to 3-0xo-C12-HSL (39, 41). Interestingly, C4-HSL
does not disturb barrier integrity like 3-oxo-CI12-HSL (40).
Moreover, an AHL identified recently in the gut, 3-oxo-C12:2-
HSL, exerts anti-inflammatory effects on Caco-2/TC7 cell line
stimulated by interleukine-1f (IL-1f), as shown on IL-8-reduced
secretion (13).

Some groups identified AHL as chemoattractant to
neutrophils, as it is the case for 3-oxo-CI12-HSL and 3-
0x0-C10-HSL, but not C4-HSL. AHL attract neutrophils in
a dose-dependent fashion, through actin remodeling and
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calcium mobilization (42, 43). Moreover, 3-oxo-C12-HSL exerts
proapoptotic function on neutrophils, by targeting mitochondria
and their calcium balance (43).

Macrophages are one of the most studied cell type regarding
3-0x0-C12-HSL impacts. Overall, the observed effects aim at
decreasing the inflammatory response, allowing the set-up of
a chronic P. aeruginosa infection. The effects are various,
from cell-volume increase through water flux (44), unfold
protein response (UPR) (45) to apoptosis (46) and also
on immune functions. Indeed, P. aeruginosa 3-oxo-C12-HSL
exerts anti-inflammatory responses in macrophages, as was
reported by Glucksam-Galnoy et al. on RAW264.7 murine
macrophages, in a dose-dependent fashion. Notably, a decrease
in tumor necrosis factor-a production and increase in IL-
10 secretion was observed (47). As mentioned earlier, when
macrophages are in a proinflammatory context, 3-oxo-Cl12-
HSL can modulate the NF-kB pathway resulting in a decrease
in the expression of proinflammatory cytokines such as
tumor necrosis factor-a (TNFa), regulated upon activation,
normal T cell expressed, and secreted (RANTES), or monocyte
chemoattractant protein-1 (MCP-1) (48). The involvement of
MAPK p38 has also been reported several times (21, 47,
49) but needs further studies to determine its role in the
signaling. In addition, it has been shown that macrophages in
the presence of 3-oxo0-C12-HSL have a higher phagocytic activity
(49, 50), and those effects are abolished when MAPK p38 is
inhibited (49).

Dendritic cells (DCs) stimulated by lipopolysaccharides and
in the presence of 3-oxo-C12-HSL show a decrease in their
proinflammatory cytokine such as IL-12 and interferon-y (IFNy)
(51-53). However, reports on anti-inflammatory IL-10 are
contradictory. In both studies, the cells were stimulated by
lipopolysaccharides and exposed to the same dose of 3-oxo-
C12-HSL; one team reported an increase in IL-10 secretion by
human DCs (53), while another group did not see any change
in IL-10 production by mouse DCs (52). By modulating DCs
activation through its QS molecules, P. aeruginosa suppress
the adaptive immune response, favoring the establishment of
chronic infection (52, 53). 3-0x0-C12-HSL has also proapoptotic
effects on humans DCs, as is the case for several cell
types (54).

AHL have cell-type-specific impacts, but overall, the
effects tend to be anti-inflammatory. Besides, 3-oxo-Cl2-
HSL effects on apoptosis are dependent on the cell types,
as multiple studies do not report toxicity on differentiated
epithelial cells or fibroblasts (31, 55, 56). The effects
of 3-0x0-C12-HSL on immune cells are compiled in
the TableS1. These pathogen-related AHL also display
multiple disruptions on several cell functions from innate
immune cells.

Impact of AHL on Adaptive Immunity

Once again, most of the knowledge in that field relies on
3-0x0-C12-HSL from P. aeruginosa. It had been first shown
that this AHL could inhibit T-cell proliferation (57). This was
confirmed by later reports showing that the same AHL could
inhibit the proliferation and function (cytokine production)

of both mitogen-stimulated (11, 58) and antigen-stimulated
(59) T lymphocytes and modulate antibody production by
B lymphocytes (57, 58). Overall, AHL from P. aeruginosa
tend to have a less effective antibody-mediated, rather than a
more effective cell-mediated, adaptive immune response to the
bacteria, and could thus facilitate persistence of the pathogen. A
structure—activity relationship study of 3-oxo-C12-HSL indicated
that, like QS activity, immune modulatory activity requires
an intact HSL ring, L-configuration at the chiral center, and
an acyl chain of 11-13 carbons (11). Moreover, 3-oxo-C12-
HSL can rapidly induce apoptosis via mitochondrial pathway
on Jurkat cell line (60) and can inhibit DCs and T-cell
activation and proliferation, and downregulate the expression
of costimulatory molecules on DCs (54, 61, 62). This results
in shifting immune responses away from host-protective Thl
responses to pathogen-protective Th2 responses (62). More
precisely, 3-oxo-C12-HSL is able to promote the induction
of regulatory T cells such as CD44-CD25+Foxp3+ induced
regulatory T cells and to enhance their IL-10 and transforming
growth factor-p (TGFB) production associated with reduced
IFNy and IL-12p70 production (53). At the molecular level,
3-0x0-C12-HSL prevents human DCs maturation by blocking
the upregulation of surface molecules, including CD11c, HLA-
DR, CD40, and CD80, and DCs switched to an interleukin IL-10
(high), IL-12p70 (low) phenotype (53).

In addition, it has been reported that 3-oxo-C12-HSL
increases the expression of Toll-like receptor-2 (TLR2), in a dose-
dependent fashion, in lymphocytes from peripheral blood (63).
Those observations are interesting because it has been shown that
this AHL signaling does not rely on TLR recognition (21).

Taking together, there are limited observations showing T-cell
inhibition and Treg induction by one AHL from a pathogen. It is
crucial to look at the effect of other natural AHL especially those
coming from commensal gut bacteria.

AHL Within Intestinal Communities

Clues on the Presence of AHL in the Gut

The existence of AHL in the gut has been subject to questioning.
An article from 2013 entitled “Are There Acyl-Homoserine
Lactones within Mammalian Intestines?” examine the question
(64). Mammalian pathogens such as P. aeruginosa or Yersinia
enterocolitica are well known for their ability to produce AHL,
but what about commensal bacteria? As mentioned by the
authors, previous studies relied on the use of LuxR-based
biosensors, where the detection limit may be too high to detect
AHL from the gut, and there is thus a need for the development of
new more sensitive tools (64). Moreover, the Human Microbiome
Project, aiming at sequencing and analyzing the microbiome
of several cohorts, gives clues about the presence of AHL in
the intestines. Indeed, the LuxI/LuxR homolog has been found
in three strains from the gastrointestinal tract: Hafnia alvei,
Edwardsiella tarda, and Ralstonia sp. strain 5_7_47FAA (64).
In addition, bacteria like E. coli, Enterobacter, or Klebsiella are
part of the normal gut microbiota and express, as mentioned
above, the receptor SdiA and therefore can sense AHL (17).
One must highlight the fragility of small molecules like AHL.
Indeed, they are pH sensitive and can also be inactivated by the
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FIGURE 2 | Proposed model of modulation of gut mucosa inflammation by N-acyl-homoserine lactone (AHL)-driven quorum sensing and associated cellular
pathways. Inflammatory bowel disease (IBD) is the result of multiple factors. It involves an imbalance of the microbiota (dysbiosis), an alteration of the epithelial barrier,
as well as an uncontrolled inflammation in the gut mucosa, as described on the left panel. As a result of the dysbiosis, the AHL composition is changed compared to a
physiological state. During normobiosis (right panel), when the bacterial communities are balanced, the AHL profile is modulated compared to a disease state. Beyond
reshaping bacterial composition, AHL can modulate the inflammatory state of gut mucosa as well as restore epithelial barrier integrity. The pathways involved in those
effects are listed on the right panel of the figure. We propose a strategy to control gut inflammation by modulating AHL composition using natural or synthetic AHL.

presence of ont only host lactonases like PON but also bacterial
enzymes. Those degradations can decrease the concentration
of the molecules, making it harder for biosensors to reach
the threshold detection (64). Moreover, it is also possible that
auto-inducers are present in the mammalian gut, but with a
yet unknown structure, like aryl-homoserine lactones, with an
aromatic side chain instead of an acyl chain and thus not
detectable by biosensors (64). It is also interesting to note that
AHL have been found in the rumen of cattle by several teams
(65, 66).

Our team investigated the question of AHL in the human
gut, in the context of IBD. By using mass spectrometry, we
were able to detect 14 different AHLs in the feces of IBD
patients and healthy subject, and the distribution of the AHL
were correlated to the disease state (13). Indeed, one of the
AHL was prominent: 3-0x0-C12:2-HSL. This molecule was, until
then, undescribed and carries two insaturations on its acyl
chain. 3-Oxo-C12:2-HSL was highly decreased in fecal samples
of IBD patients in flare (16%) compared to remission patients
(37.5%) and to healthy subjects (64.5%) (13). The absence
of this AHL was correlated with dysbiosis and a decrease in
Firmicutes, considered as beneficial bacteria. In addition, 3-oxo-
C12:2-HSL exerts anti-inflammatory properties on intestinal cell
lines Caco-2/TC7 (13).

Toward the Use of AHL to Modulate Microbiota
Composition and Gut Inflammation

The study of QS molecules is mainly done on single species
bacteria or in vitro cells. As emphasized by Karina Bivar
Xavier, QS is also an interspecies communication network,
and more studies on the impact of QS on multi-communities
ecosystems should be done (67). In vivo studies are crucial
to understanding relationships in an environment as complex
as the intestine. Kumari et al. have developed a whole-cell

sensing systems for the detection of AHL and have shown
that these signaling molecules detected in saliva and stool
may be potential non-invasive biomarkers of gastrointestinal
inflammatory disease (68). To emphasize this point, given
that AHL profile relies on bacterial dynamics, it could be
considered as an indicator of dysbiosis, opening new perspectives
in managing chronical diseases such as IBD. Understanding
the interactions between bacteria in high concentrations and
high diversity can help us decipher what species are most
beneficial to mammalian gut. To note, another QS type of
molecule, AI-2, has been used to modulate gut microbiota
composition and dysbiosis (69). As illustrated in Figure 2,
AHLs remain good candidates in the strategy to use natural
molecules from QS to modulate microbiota composition and
gut inflammation.

CONCLUDING REMARKS

Gut microbiota mutually interacts with coevolved host epithelial
and immune cells in a beneficial reciprocal relationship. QS
signaling of bacteria probably contributes substantially to
establishing symbiotic interactions in some cross-kingdom
interactive dynamics. In IBD, where, host-microbiota
interactions drive inflammatory response, looking at quorum
sensing changes and impact on immunity appears as a
completely novel and original approach. The mechanisms,
including the regulation of synthesis and degradation of
these diffusible signaling molecules are still not completely
understood. However, the discovery of the general importance
of auto-inducer signaling molecules involved in quorum or
efficiency sensing of bacteria and the dynamic and immune
responses by eukaryotes toward them opens up a new field
of pathophysiology.
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