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The gut microbiota is a key modulator of host immunity, in part through the production

of structurally diverse and largely still uncharacterized bacterial lipids and metabolites

with potential immunoregulatory properties. Using a gnotobiotic Oligo-Mouse-

Microbiota (OMM'?) mouse model infected with the Citrobacter rodentium pathogen, KEYWORDS

we investigated metabolomic changes associated with colitis. Untargeted metabolo- ~ Omithine lipids; akkermansia

mics revealed an accumulation of host-derived lipids in the inflamed colon, while muciniphila; citrobacter

several bacterial lipid classes, including sphingolipids, glycerophospholipids, and fatty rodentium; Oligo-Mouse-
. .. S, .. L Microbiota; ulcerative colitis;

acyls were depleted. Among the bacterial lipids, ornithine-containing lipids (OLs) IL-18

produced by Akkermansia muciniphila were significantly reduced during inflammation.

Isolation, structural characterization, and chemical synthesis revealed OL 16:0/15:0 as a

membrane-associated lipid from A. muciniphila. This lipid contains an L-ornithine head

group, with its a-amino group forming an amide bond with 3(R)-hydroxypalmitic acid,

while the 3(R)-hydroxyl position is esterified with pentadecanoic acid. Functional

studies showed that macrophages internalize and partially metabolize OL 16:0/15:0

into N°(3-hydroxypalmitoyl)-L-ornithine and 3(R)-hydroxypalmitic acid. In LPS-

stimulated macrophages, a 1:1 mixture of OL diastereomers (3RS + 3S,S) reduced /6

and /I71b gene expression and decreased IL-6 secretion, without triggering IL-1f release.

Interestingly, this diastereomeric mixture exhibited an opposite effect to the natural

(3R,S)-epimer, which selectively promoted IL-1f secretion in LPS-primed macrophages.

These results uncover a possible stereoselective modulation of IL-1B production by

bacterial OLs. Overall, OL 16:0/15:0 is dynamically regulated during inflammation and

may play a role in the immunomodulation of host-microbiota interactions.

Introduction

The enteric pathogen Citrobacter rodentium serves as a well-established murine model to study infections
caused by human enteropathogenic and enterohemorrhagic Escherichia coli. C. rodentium closely mimics in
mice the infection mechanisms of enteropathogens by colonizing the gut mucosa and inducing hallmark
attaching and effacing lesions." Moreover, this murine infection model has been widely used to investigate the
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pathophysiology of human intestinal diseases, particularly ulcerative colitis (UC), a prevalent form of inflamma-
tory bowel disease (IBD).? Crohn’s disease and UC are two common forms of IBD and are chronic, relapsing
conditions of the gastrointestinal tract characterized by epithelial barrier disruption, dysregulated mucosal
immunity, and complex interactions between gut microbes and the host immune system.” While the etiology
of IBD is multifactorial, including genetic susceptibility, immune dysregulation, and environmental influences,
growing evidence suggests that impaired host sensing of microbial signals, along with alterations in gut microbiota
composition and function, are implicated in disease pathogenesis.*> Among the key mediators of host-microbiota
interaction, microbial-derived lipids and metabolites have emerged as crucial molecular signals. In particular,
recent metabolomics and lipidomics studies have highlighted their role in regulating immune responses and
contributing to inflammation.” This underscores their potential as drivers or modulators of IBD progression.® The
C. rodentium mouse model has been instrumental in elucidating the links between bacterial infections, mucosal
immune responses, and gut inflammation by replicating key pathogenetic triggers of UC,”"" with several
reported studies highlighting the immunometabolic pathways activated during infection.'>"?

In UC, metabolomics analysis has revealed significant molecular shifts, particularly in lipid metabolism.
These lipidomic changes are recognized for their key role in modulating host-microbiome interactions and
immune responses, thereby contributing to UC pathogenesis.'*"” In particular, high-resolution mass
spectrometry-based lipidomics has identified bioactive lipid mediators, such as w-3 fatty acids, which exhibit
immunomodulatory properties in UC."*'* While host-derived lipids have been extensively studied in inflam-
matory diseases,” the role of microbial lipids in immune regulation under disease conditions remains largely
unexplored. Among bacterial lipid mediators, sphingolipids have been shown to influence host lipid metabo-
lism, as their depletion disrupts microbiome-host interactions and induces a compensatory increase in host-
derived sphingolipids.'® In addition, cardiolipins from Muribaculum intestinale and phospholipids from
Akkermansia muciniphila have been implicated in gut homeostasis and immune modulation.*"**

A. muciniphila, a mucin-degrading gut commensal, has emerged as a key microbial species implicated
in maintaining gut homeostasis and modulating inflammatory responses, either directly or through its
structurally unique lipids and microbial metabolites.>* > It has been demonstrated to enhance epithelial
barrier function, regulate mucosal immune function, and influence host metabolism in extraintestinal
compartments.”” In a recent study of experimental colitis, dietary palmitoleic acid was shown to enrich A.
muciniphila abundance and enhance the efficacy of anti-TNF therapy, supporting its role in promoting
gut immune homeostasis.”® Moreover, structural analysis of lipooligosaccharide derived from A. mucini-
phila cell membrane revealed a unique composition that activates both TLR2 and TLR4 signaling, with a
marked bias toward anti-inflammatory TLR2-mediated responses and induction of IL-10 expression.**

In the present study, we investigate lipid alterations associated with gut inflammation by employing a
gnotobiotic mouse model stably colonized with the Oligo-Mouse-Microbiota (OMM'?) synthetic community
and infected with C. rodentium.” This defined OMM'* consortium harbors representatives of the major
bacterial phyla typically found in the murine gastrointestinal tract, Firmicutes, Bacteroidetes, Verrucomicrobia,
Actinobacteria, and Proteobacteria.>® The model establishes a stable and well-characterized microbial commu-
nity, providing a robust tool for studying host-microbe interactions and enabling comprehensive profiling of
host and microbiome lipidomes and metabolomes throughout disease progression. High-throughput LC-MS-
based metabolomics, combined with advanced multivariate statistical analyzes, revealed a significant increase in
host-derived lipids and reduction in microbial lipids within the colon at peak inflammation. Among the altered
lipid classes, ornithine-containing lipids (OLs) from A. muciniphila displayed dynamic regulation. To further
elucidate their role, we isolated, structurally characterized and chemically synthesized OL 16:0/15:0, found in A.
muciniphila cell membrane and outer membrane vesicles (OMV). Functional assays in macrophages revealed
a stereoselective effect on IL-1f secretion.

14,15

Methods

Ethics approval statement

A total of forty OMM'? and six axenic mice (C57BL/6J), 7-9 weeks old, including both males and females,
were obtained from Institut Pasteur (Paris, France). Animals were housed in isocages and maintained on a
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standard diet. Ethical approval was obtained from the Animal Experimentation Committee of Institut
Pasteur, with authorization from the French Ministry of Research (APAFIS#26874-2020081309052574 v1).

Animal experiments

OMM"? mice received by oral gavage 200 uL of C. rodentium suspension (5 x 10’ CFU) in phosphate-
buffered saline (PBS). Mice from two independent experiments were sacrificed at three time points: pre-
infection (day 0, n = 13), day 10 p.i. (n = 10), and day 20 p.i. (n =17) to collect ileal and colonic sections.
Three mice from each group were dedicated to intestinal tissue characterization (fixation in Carnoy
followed by HE staining). Intestinal contents were obtained by gently squeezing the intestine with the back
of a scalpel, weighed, snap-frozen in liquid nitrogen, and stored at —80 °C for further analysis. Before
sacrifice, fecal pellets were collected at different time points to monitor C. rodentium load by plating on
Drigalski agar and to perform Lipocalin-2 assays.

Lipocalin-2 quantification

Fecal lipocalin-2 levels were measured from frozen supernatant of fecal pellets resuspended in PBS, using
an enzyme-linked immunosorbent assay (ELISA) kit (DY1857, R&D Systems, Minneapolis, USA) accord-
ing to the manufacturer's instructions.

Preparation of bacterial and murine intestinal samples

Bacterial cultures (growth conditions detailed in Supplementary Note S1) were harvested at early station-
ary phase. Cells were pelleted by centrifugation at 14,000 x g for 15 min at 4 °C, and supernatants were
collected separately. Pellets were snap-frozen in liquid nitrogen. For LC-MS analysis, bacterial pellets were
washed twice with 1 mL cold sterile PBS and centrifuged to remove residual medium.

Gut contents from OMM'? and germ-free mice, as well as bacterial pellets, were processed using the
same extraction protocol. Samples were resuspended in 1 mL of pre-chilled methanol (MeOH; -20 °C,
LiChrosolv, Supelco, Merck, Darmstadt, Germany), thoroughly mixed, and transferred into sterile ceramic
bead tubes (NucleoSpin® Bead Tubes, Macherey-Nagel, Dueren, Germany). Homogenization was per-
formed using a Precellys® Evolution Homogenizer (Bertin Corp., Rockville, MD, USA) at 4,500 rpm for
three 40-second cycles with 2-second pauses between cycles. Colonic tissue samples from germ-free mice
were also extracted. Tissue preparation followed the same procedure as for colonic contents, with the
addition of a second homogenization step (6,800 rpm for three 60-second cycles, with 3-second pauses) to
ensure complete tissue disruption.

Following homogenization, all samples were centrifuged at 21,000 x g for 10 minutes at 4 °C. The upper
phase (900 pL) was collected into safety reaction tubes (Eppendorf, Hamburg, Germany). A 50 pL aliquot
of the supernatant was evaporated at 40 °C using a SpeedVac concentrator (Savant SPD121P, Fisher
Scientific, Waltham, MA, USA) and reconstituted in 10% acetonitrile (ACN, Merck KGaA, LiChrosolv®,
Darmstadt, Germany) spiked with a mixture of deuterated standards (d4-cholic acid and d4-
glycodeoxycholic acid, 0.01 mg/mL in MeOH). Samples were then prepared for non-targeted LC-MS
analysis.

OMVs isolation and cryo-EM data acquisition

Isolation of A. muciniphila vesicles was performed as previously described.”’ OMVs were purified from
bacterial cultures using sequential centrifugation and filtration steps. Final OMV pellets were resuspended
in sterile PBS and prepared for cryo-EM and LC-MS analyzes. For cryo-EM analysis, OMVs were diluted
in sterile PBS and applied to holey R 1.2/1.3 carbon 200 mesh copper grids (Quantifoil). Grids were treated
by glow discharge (at 4 mA for 30s), blotted and cryo-cooled in liquid ethane using a Vitrobot Mark IV
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system (Thermo Fisher) with the chamber operating at 95% humidity and at 4 °C. The micrographs were
acquired using the EPU software on the Krios G4 equipped with a cold-FEG operated at 300 kV and
equipped with a Falcon IVi camera and a Selectris X energy filter (Thermo Fisher). Micrographs were
captured at 105,000 x magnification.

LC-MS/MS analysis of OMM'? colonic and ileal samples

LC-MS/MS analysis was performed on an ultra-high performance liquid chromatography (UHPLC)
system (ExionLC, AB Sciex LLC, Framingham, MA, USA) coupled to a quadrupole time-of-flight mass
spectrometer (X500 QTOF MS, AB Sciex LLC, Framingham, MA, USA) with a DuoSpray ESI source.
Before each analysis, mass calibration was conducted in both ionization modes using a calibration delivery
system (ESI Positive/Negative Calibration Solution, AB Sciex Germany GmbH, Darmstadt, Germany),
with automatic calibration of the QTOF performed after every tenth injection. The MS/MS data were
acquired in information-dependent acquisition (IDA) mode, with full scan coverage from 65 to 1000 Da in
both positive and negative ESI modes. Chromatographic separation was performed using an ACQUITY
BEH C8 column with gradient elution, as reported previously.’® The autosampler was maintained at 4 °C,
the column was heated to 60 °C, and the injection volume was 5 pL with a flow rate of 0.35 mL/min. A
pooled quality control (QC) sample, consisting of aliquots from all biological samples, was injected every
tenth run. Samples were analyzed in randomized order. Full details of TOF MS and MS/MS parameters are
provided in Supplementary Table SI.

Data processing and feature identification

Non-targeted peak picking was performed using Genedata Expressionist Refiner MS 15.0.7 (Genedata
GmbH, Basel, Switzerland). Raw data files (.wiff2) were processed using a multi-step workflow, including
chemical noise subtraction, gridding, retention time restriction, peak detection, blank peak filtering,
chromatogram isotope clustering, consolidation, and MS/MS peak detection. Features were annotated
by comparing mass-to-charge ratios (m/z, + 0.005 Da) and retention times (RT, + 0.07 min) against an in-
house standard library and by searching the Human Metabolome Database (HMDB) with an m/z and RT
tolerances of 0.005 Dalton and + 0.05 min, respectively. A data matrix was generated, containing features
defined by unique cluster numbers (m/z and RT) with corresponding maximum intensity values for each
sample. Intensities were normalized to sample weight and internal standards using the Analyst module in
Genedata Expressionist. Chromatogram visualization was achieved in MZmine 3.9.0, after converting.wiff2
files to MzML format with ProteoWizard msConvert 3.0.20342. MS/MS spectra were matched to spectral
libraries using MS PepSearch (released 22/02/2019), with libraries downloaded from both the MassBank of
North America (MoNA) and the MSDIAL-TandemMassSpectralAtlas-VS69. Matching was performed
with precursor ion tolerances of 0.01 m/z and MS peak tolerances of 0.05 m/z. Molecular feature
classification and prediction were conducted using the CANOPUS tool in Sirius 5.8.5.”>° Features
were considered annotated if they matched a spectral library with a dot product score greater than 700,
or if they were classified by CANOPUS with a classification probability exceeding 0.7. Targeted peak
picking of .wiff2 data was performed using Sciex OS Analytics 3.0 (AB Sciex LLC, Framingham,
MA, USA).

OL liposome preparation and cryo-EM data acquisition

Liposomes of synthetic OL 16:0/15:0 were prepared following established protocols,”® with slight modifi-
cations. Briefly, stock solutions of OLs (as a diastereomeric mixture and (3R,S)-epimer) were prepared at
1.5 mg/mL in chloroform (CHCI;). Lipid films were formed by subjecting the solutions to three evapora-
tion cycles under nitrogen flow, followed by drying in a SpeedVac system. The resulting films were stored
at —20 °C until further use. On the day of treatment, liposomes were freshly prepared by solubilizing lipid
films in sterile and filtered 10 mM HEPES to achieve a final concentration of 4 mg/mL. The suspension was
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heated at 70 °C for 20 minutes, followed by two sonication cycles (5 seconds each, 5-second intervals) at
35 kHz. This step yielded white liposome suspensions, which were further diluted with filtered HEPES to a
final stock concentration of 1.5 mg/mL. Intermediate OL solutions were prepared for subsequent bone
marrow-derived macrophages (BMDM) experiments.

For cryo-EM analysis, OL samples were applied to holey R 3.5/1 carbon 200-mesh copper grids
(Quantifoil) covered with a homemade 3 nm-thick continuous carbon film. Grids were glow-discharged
(4 mA, 10s), blotted, and cryo-cooled into liquid ethane using a Vitrobot Mark IV (Thermo Fisher)
operated at 95% humidity and 22 °C. Micrographs were acquired using EPU software on a Krios G4
electron microscope equipped with a cold-FEG (operated at 300 kV), a Falcon IVi camera, and a Selectris
X energy filter (Thermo Fisher). Micrographs were captured at a magnification of 105,000 x . In one
experiment, 4 grids were prepared. During screening, 19 example micrographs were acquired at high
magnification.

BMDMs cytokine assays and metabolic profiling of OL 16:0/15:0

Bone marrow cells were harvested from the femurs and tibias of C57BL/6] mice and cultured in 6-well
plates at a density of 3x10° cells per well in 3mL of complete medium, comprising RPMI 1640
supplemented with 10% fetal bovine serum (FBS), 1% penicillin-streptomycin, and 50 pM 2-
mercaptoethanol. To achieve macrophage differentiation, recombinant murine macrophage colony-
stimulating factor (M-CSF; ImmunoTool, #12343115) was added at 20 ng/mL. Cultures were maintained
at 37 °C in a humidified atmosphere containing 5% CO,, with half of the medium replaced on days 3 and
6. On day 7, the medium was fully refreshed, and the M-CSF concentration was reduced to 10 ng/mL. On
day 8, differentiated macrophages were used for OL treatments and cytokine quantification following LPS
stimulation or other follow-up experiments. BMDMs were pre-treated with OL liposome suspensions at
50, 100, and 150 pg/mL, for 1 hour. After pre-treatment, cells were stimulated with LPS (10 ng/mL) for 6
hours. Controls included HEPES buffer (10 mM) + LPS.

Cytokine gene expression and secretion were assessed by qPCR and ELISA (Bio-Techne kits), respec-
tively. Data were analyzed by one-way ANOVA with Dunnett’s post hoc test using GraphPad Prism
v10.2.3 (p*<0.05). ELISA was performed to quantify IL-1p levels in cell culture supernatant using the
Mouse-IL1beta/IL-1F2 DuoSet ELISA from Bio-Techne, following the manufacturer’s instructions.

For metabolic profiling, BMDMs were treated with OL 16:0/15:0 (10 or 25ug/mL), and culture
supernatants were collected at 0, 18, 24, and 48 h. Control samples, consisting of OL solutions in culture
medium without cells, were processed in parallel to assess non-cellular OL degradation. Supernatant
samples were prepared using established extraction protocols and analyzed using a C8 RP method in ESI
(-) for metabolic profiling. Metabolites with >3-fold change (OL vs. control) were considered significant.

Statistical analysis

Univariate and multivariate statistical analyzes were employed to identify features associated with C.
rodentium-induced colitis. Orthogonal Partial Least Squares Discriminant Analysis (OPLS-DA) was
performed to compare OMM'? mice at baseline, 10 d, and 20 d p.i., as well as to compare OMM"?
with axenic mice. Sex was not included as a covariate in the multivariate or univariate statistical models
because no significant sex-dependent effects were observed in the preliminary analyzes. Features with MS/
MS data were filtered based on occurrence (=10%) and scaled to unit variance. OPLS-DA models were
assessed for overfitting using cross-validation ANOVA (CV-ANOVA), with significance set at p* <0.05.
Model fit (R*Y(cum)) and predictive power (Q*(cum)) were calculated for each model. Features with a
variable importance in projection (VIP) score >1 were considered significant. Statistical significance was
further determined using pairwise Welch's t-tests with Benjamini-Hochberg correction (*p <0.05). Only
significant features were classified according to their putative origin as either host- or bacteria-derived
metabolites. Host and bacterial features were classified as significant if they had a VIP score >1 and a fold
change [log,FC| > 2.3. Heatmaps were generated for data visualization following Z-score normalization
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across time points. Statistical analyzes were conducted using SIMCA 13.03 (Umetrics) and RStudio
(version 2023.12.1).

Results

C. rodentium-induced colitis alters colonic lipid profiles

To investigate metabolic changes associated with colitis, we infected OMM'? mice with C. rodentium and
collected ileal and colonic contents at baseline (d0), 10 d (d10), and 20 d (d20) post-infection (p.i.) for LC-
MS-based metabolomics analysis, chemical and functional characterization of key compounds (Figure 1a).
At day 10 p.i., we observed a significant increase in fecal lipocalin-2 level, a biomarker of intestinal
inflammation®” (Figure 1b). This inflammatory peak followed the highest burden of C. rodentium, which
occurred at day 8 (Figure 1c). Accordingly, colonic sections collected at day 10 p.i. displayed marked
epithelial damage characterized by crypt deformation and dense immune cell infiltration, consistent with

a C. rodentium

i Metabolomics
Sample Collection

Lipid o ornithine
£ I l i Isolation [ Ao o OTDQ .
2 &
S— —_ LY e > A’J:l,\”'u\NH‘ ~~_NH3
do  d10  d20 s
Chemical
Synthesis l
. i @@ Functional Assay Liposome \
+— +— +—
greh @ BMDM
ELISA A

b c
*
:
—_ Q]
e + — % o
8 § 1e+08 s I °
o
o N o %
£ ° S ° ° °
3 . 5 Qe
(6] < o
8 S o
= +
£, 2 1e+05 A
3 e
2 ) °°
)] < °
S 3
-
O 1e+02
2
=C0=
do d10 d20 do d0+6h 43 g8 d10 d13 d15 d17  d20
Group Group

Figure 1. Experimental design and inflammatory response in a C. rodentium-induced colitis OMM'? mouse model. (a)
Schematic overview of the experimental workflow, illustrating the main steps of the study. OMM'? mice were orally
gavaged with C. rodentium at day 0 (d0). Colonic and ileal content samples were collected at baseline (d0, n = 10), 10 days
(d10, n=7), and 20 days (d20, n = 14) p.i. for LC-MS-based metabolomic profiling. Lipid isolation, chemical synthesis and
functional assays were performed to further characterize lipids identified from murine samples. (b) Box plots show log-
transformed lipocalin-2 values at d0, d10, and d20, alongside with C. rodentium fecal loads (CFUs/g of feces) over time (c).
Statistical significance for lipocalin-2 levels was assessed using a pairwise Welch t-test with Benjamini-Hochberg
adjustment (*p < 0.05, **p < 0.01, ***p < 0.001).
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acute inflammation. By day 20 p.i., colonic architecture had largely recovered, with restoration of epithelial
and crypt structures and a pronounced reduction in inflammatory cell infiltration (Supplementary
Figure S1).

Consistent with previous metabolomic studies of colitis-associated metabolic shifts,”® our analysis
revealed substantial lipidomic and metabolomic alterations. Orthogonal Partial Least Squares
Discriminant Analysis (OPLS-DA) identified distinct metabolic profiles between control (d0) and infected
mice (d10, d20), with nearly 2,500 metabolite features exhibiting statistically significant changes (Figure 2a,
b). Notably, ileal metabolic patterns remained relatively stable between baseline (d0) and peak inflamma-
tion (d10) (Figure 2a). In contrast, colonic profiles diverged significantly at d10, likely reflecting the
predominant site of infection of C. rodentium in the distal colon, where severe mucosal damage occurs.>
By d20, colonic metabolic profiles had partially reverted toward baseline, indicating the onset of a recovery
phase (Figure 2b).
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Figure 2. Distinct metabolic profiles in C. rodentium-induced colitis. OPLS-DA score plots of ileal (a) and colonic (b)
metabolomic profiles, showing samples clustered into three distinct groups corresponding to different time points: day 0
(dO, blue), day 10 (d10, red), and day 20 (d20, green) post-infection. The distances between points reflect differences in
global metabolomic profiles: samples closer together have more similar profiles, while greater distances indicate larger
metabolic divergence. The clear separation between time points indicates dynamic shifts in metabolic states during
infection. Ellipses represent 95% confidence intervals for each group. (¢, d) OPLS-DA loading plots for ileal (c) and colonic
(d) groups, illustrating the distribution of bacterial-derived (blue), host-derived (purple), and non-defined (gray) statisti-
cally significant features (VIP >1). Circles () mark identified significant features, triangles (/\) represent unknown
significant features, and diamonds (<>) correspond to non-significant features (ns) (VIP <1).
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We compared non-infected germ-free (GF) and OMM' mice to distinguish host- and microbiome-
derived metabolic alterations. This analysis revealed distinct contributions of bacterial and host metabo-
lism to colonic features (Figure 2d; Supplementary Figure S2). Notably, a substantial number of significant
features were identified as lipids (Supplementary Figure S3), reflecting a pronounced lipidomic shift at
peak inflammation, with host-derived lipids enriched and bacterial lipids depleted. These results indicate
that C. rodentium-induced colitis drives metabolic reprogramming, characterized by host lipid accumula-
tion and bacterial lipid depletion, reflecting functional adaptations in both the host and microbiome.*’

Host and microbial lipid abundances define a metabolic feature of C. rodentium-induced colitis

We employed high-resolution LC-MS analysis to investigate host and microbial lipid alterations in the
colon during inflammation. Distinct shifts were observed across multiple host lipid classes, including
phosphatidylcholines (PC), phosphatidylethanolamines (PE), phosphatidylinositols (PI), and phosphati-
dylserines (PS), along with their lysophospholipid counterparts (Figure 3a). Several lipid species were
strongly increased on day 10 p.i., subsequently returning to baseline levels at d20, reflecting the pattern of
fecal lipocalin-2 levels (Figure 1b). These lipids were markedly more abundant in colonic content samples
from GF mice compared to OMM"* mice (Figure 3b) and detected in colonic organ samples from GF mice
(Examples in Supplementary Figure S4), indicating a predominantly host-derived origin.*"**> Among these,
we observed at d10 p.i. higher levels of ether-linked PEs and ester-linked PCs compared to d0 and d20
including PC 40:7 (Figure 3c). These lipid changes may reflect immune activation during C. rodentium
infection, as ether-linked phospholipids have been detected in immune cells such as macrophages.*>**
They may also result from tissue damage and membrane degradation associated with inflammation. On
d10, host-derived lipids showed a marked increase, while bacterial lipids exhibited a strong reduction in
the colon section, followed by a partial recovery on day 20 (Figure 3a,d). Notably, all lipid species showed
similar abundance patterns across conditions (Figure 3d), suggesting a class-wide response.

A comparable trend was observed for ceramide phosphoethanolamine (PE-Cer), N-acyl glycine-serine
(NAGlySer) lipids and OL, indicating that inflammation is associated with consistent shifts in the
abundance of multiple bacterial lipid classes. In murine colonic samples, four predominant OL species
were detected (Supplementary Figure S5).

We aimed to profile lipids by LC-MS derived from OMM'? bacterial communities grown in vitro to
further investigate bacterial lipids associated with inflammation (Supplementary Figure S6a). Furthermore,
targeted lipidomics of bacterial monocultures was performed to assign specific lipid signatures to
individual taxa contributing to the lipidomic shifts observed during colitis (Figure 3d). This analysis
uncovered diverse classes of bacterial lipids, including PEs, fatty amides such as N-acylglycine (NAGly),
NAGlySer, OLs, and sphingolipids, mostly dihydroceramides (Cer) and PE-Cer (Examples in
Supplementary Figure S6b).

Lipidomic profiling of individual microbial strains showed distinct lipid signatures, particularly in
Bacteroides caecimuris and A. muciniphila (Figure 3fg). For example, PE-Cer 33:0;30, specific to
Bacteroides caecimuris, showed a marked decrease at d10 p.i. (Figure 3f). Four OLs, uniquely produced
by A. muciniphila, were significantly reduced at d10 p.i., including OL 31:0 (Figure 3g).

Structural elucidation of OLs isolated from A. muciniphila

Next, we focused on OLs, a lipid class that emerged as one of the most significantly modulated microbial
lipid species in this study (Figure 3d,g). A. muciniphila was identified as the primary producer of these
lipids. We selected OLs based on their taxonomic specificity and strong association with A. muciniphila, a
member of the OMM'? consortium with known immunomodulatory properties,® rather than their
abundance in intestinal content or in the in vitro system.

To characterize the structural diversity of OLs, A. muciniphila was cultured in two media with distinct
nutrient compositions (Supplementary Note S1). High-resolution LC-MS combined with tandem mass
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Figure 3. Host- and microbial-derived lipid alterations during C. rodentium-induced colonic inflammation. (a) Heatmap of
representative host-derived lipid species in the colon showing significant changes across baseline d0, d10, and d20 p.i.
Colors indicate relative abundance changes, with red denoting increased and blue decreased levels. Data represent the
means of normalized maximum intensities. Lipid intensities were normalized to internal standards and sample weight
before averaging within groups, then Z-score transformed and displayed as heatmaps. (b) Abundance of different lipid
species in colonic samples from OMM'? and GF mice, demonstrating their predominantly host-derived origin. (c) Boxplot
of normalized maximum peak intensities for the host-derived lipid species PC 40:7, showing a significant increase at day
10 post-infection (d10 p.i.). (d) Top 25 bacterial lipid species ranked by their bacterial origin, showing temporal changes in
abundance throughout different inflammation stages in colon. (e) Lipid profiles of the 12 individual bacterial strains of the

(Caption on next page)
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OMM'? community. Peak intensities are expressed as percentages, normalized to the most abundant peak (set at 100%).
(f, g) Boxplots showing normalized maximum peak intensities of two bacterial lipid species, PE-Cer 33:0;30 (f) and OL 31:0
(g), across distinct stages of inflammation and in GF samples. Statistical analyzes for panels (b, ¢, f, and g) were conducted
using pairwise Welch's t-test, with p-values adjusted for multiple comparisons using the Benjamini—-Hochberg method to
control the false discovery rate (*p <0.05, **p <0.01, ***p <0.001). Boxplots show the interquartile range (IQR) and
median, with whiskers extending to data points within 1.5 times the IQR from the first and third quartiles.

<
<

spectrometry (MS/MS) identified four predominant OLs: OL 29:0, OL 30:0, OL 31:0, and OL 32:0, with
representative examples of the most abundant species in the A. muciniphila cell membrane (Figure 4a).

Moreover, we annotated a wide range of lipids in the A. muciniphila cell membrane, including
canonical bacterial membrane components mainly PE, glycerophosphoglycerols (PG) and their lysopho-
spholipid derivatives, highlighting the biochemical complexity of the A. muciniphila membrane lipidome
(Examples in Supplementary Figure S7).

Identified OLs were isolated and structurally characterized by high-resolution LC-MS/MS
(Supplementary Figure S8, Supplementary Tables S2 and S3, and Supplementary Note S2). MS/MS
fragmentation patterns confirmed the presence of an ornithine head group, further validated by nuclear
magnetic resonance (NMR) spectroscopy (Figure 4b, Supplementary Figure S9). Detailed tandem MS
analysis showed that OLs contain different fatty acid (FA) compositions, with C14:0 predominantly found
in OL 29:0, while OL 30:0, OL 31:0 and OL 32:0 contained a C15:0 FA chain (Supplementary Figure S10).
Using an optimized LC-MS method (see Supplementary Note S2), we identified OL 15:0/14:0, OL 15:0/
15:0, OL 16:0/15:0, and OL 17:0/15:0 as the most abundant OLs, with representative EICs of OL 30:0 and
OL 31:0, indicating the presence of multiple structural isomers (Figure 4c).To align with established fatty
amide lipid nomenclature and previous studies on OLs,*>*® we designate the amide-linked FA as the first
moiety and the ester-bound FA as the second. Although OLs share structural similarities with fatty acid
esters of hydroxy fatty acids (FAHFA), their annotation follows the opposite convention.*’

To determine whether the FA and hydroxy fatty acid (OH-FA) moieties of OLs were straight-chain or
branched-chain and define the position and stereochemistry of the hydroxy group, we performed
sequential alkaline hydrolysis. The ester bond was first cleaved to release the ester-linked FA, followed
by amide bond hydrolysis, which liberated free L-ornithine and the corresponding OH-FA. Comparative
analysis of hydrolyzed OL fractions and FA standards, including straight-chain, iso-, and anteiso-branched
species, identified ester-linked straight-chain and anteiso-branched C15:0 FAs in OL 16:0/15:0
(Supplementary Figure S1la). Anteiso-branched C15:0 FAs have previously been identified as the pre-
dominant species in phospholipids derived from A. muciniphila cell pellet.”* Amide-linked straight-chain
OH-FAs were identified using authentic OH-FA standards, confirming the presence of both straight-chain
3-hydroxypentadecanoic acid (3-OH-C15:0) and 3-hydroxypalmitic acid (3-OH-C16:0) in OL 15:0/15:0
and OL 16:0/15:0, respectively (Supplementary Figure S11b, ¢, Supplementary Note S2).

We synthesized and characterized an enantiomerically enriched 3(R)-OH-C16:0 standard
(Supplementary Note S3 and S4) to determine the absolute stereochemistry of A. muciniphila-derived
3-OH-FAs in OL 16:0/15:0. Its configuration was confirmed by NMR analysis following derivatization into
a-O-acetyl mandelate diastereomers (Supplementary Figure S12, Supplementary Table S4). Subsequently,
chiral chromatography was performed to compare the synthetic standard with the natural 3-OH-C16:0
obtained from hydrolyzed OL 16:0/15:0 sample, confirming that the straight-chain 3-OH-FA has an (R)
configuration (Figure 4d). Altogether, structural analyzes confirm that isolated OL 16:0/15:0 exclusively
contains an (S)-configured ornithine head group and a 3(R)-configured OH-FA (Figure 4d, Supplementary
Figure S13).

Among all detected OL species, OL 30:0 and OL 31:0 were the most abundant and showed a significant
increase in colonic samples at day 0. OL 30:0 has recently been described for its immunomodulatory effects
and, along with other OL species, has been detected in the healthy human and murine gut.*® However, OL
31:0 has not been structurally or functionally characterized to date. To further investigate this lipid
structure and function, we chemically synthesized OL 16:0/15:0 with straight-chain FAs as a diastereo-
meric mixture, followed by full structural characterization using 'H and '*C NMR spectroscopy (Figure 5a,
Supplementary Note S5). Comparative chromatographic analysis confirmed that the synthetic OL matched
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Figure 4. Structural characterization of OLs from the A. muciniphila cell pellet. (a) Extracted ion chromatograms (EICs) of
two of the most abundant OL species in A. muciniphila, OL 30:0 (m/z 595.5057 £0.001 Dalton) and OL 31:0 (m/z
609.5215 £ 0.001 Dalton), from A. muciniphila cultured in brain heart infusion (BHI) medium or anaerobic rich (AF)
medium. Separation was performed using a reversed-phase (RP) C8 column in electrospray ionization in negative mode
(ESI(-)). (b) MS/MS spectrum of OL 16:0/15:0 acquired in ESI(+), shows key fragment ions with their annotated structures.
(c) EICs of the most abundant OL species: OL 15:0/15:0 (m/z 597.5215+0.001 Dalton) and OL 16:0/15:0 (m/z
611.5361 £ 0.001 Dalton). Separation was achieved using a C18 column in ESI(+) mode. (d) Chiral separation and absolute
configuration assignment of 3-OH-C16:0. Chiral separation and stereochemical assignment of 3-OH-C16:0 were conducted
on hydrolysates from OL 16:0/15:0 fractions and A. muciniphila pellet extracts using a Chiralpak IA-U column. The (R)
configuration of straight-chain 3-OH-C16:0 in biological samples was confirmed by comparison with a synthetic
enantiomerically enriched 3(R)-OH-C16:0 standard (80% (R) and 20% (S) diastereomers, defined by peak area), analyzed
via LC-MS/MS in ESI(-) mode. Branched 3-OH-C16:0 species have been detected in A. muciniphila-derived OL 16:0/15:0,
although their absolute stereochemistry remains undefined.

its natural counterpart, validating the assigned structure (Figure 5b). Additionally, both the (3R,S)-epimer,
identified in A. muciniphila, and the (3S,S)-epimer were obtained by chiral separation (Supplementary
Figure S14) of the protected diastereomeric OL 16:0/15:0 mixture, which consisted of a ~1:1 (3R,S:3S,S)
ratio (Supplementary Table S5), followed by subsequent hydrogenation. All synthetic OL standards and
intermediates were fully characterized by NMR and MS (Supplementary Note S6).
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Figure 5. Characterization of synthetic OL 16:0/15:0 and OL-containing vesicles derived from A. muciniphila. (a) Structural
elucidation of synthetic OL 16:0/15:0 using NMR spectroscopy. The HMBC spectrum (600 MHz, CDCl;/MeOH-d, 9:1)
confirms the amide linkage between the ornithine moiety and the FAHFA. The ester bond is positioned at C3 relative
to the amide, while the 6-primary amine of ornithine remains unmodified. (b) EICs comparing synthetic OL 16:0/15:0 with
natural OLs 16:0/15:0 detected in colon content and those isolated from the A. muciniphila cell pellet. (c) Representative
cryo-electron microscopy (cryo-EM) micrograph of bacterial vesicles (~220 nm in diameter) isolated from A. muciniphila
cultures (Scale bar: 50 nm, magnification: 105,000 x ). (d) EICs display key peaks of distinct OL species, highlighting the
enrichment of OLs in vesicles derived from A. muciniphila.

Due to the established role of bacterial OMVs as lipid delivery systems, we investigated whether OLs
were associated with A. muciniphila OMVs. Cryo-electron microscopy (cryo-EM) data acquisition of
OMVs extracted from A. muciniphila culture revealed vesicular structures ranging from 40 to 300 nm in
diameter (Figure 5c), consistent with previous reports on A. muciniphila OMV.** LC-MS analysis of
vesicle extracts confirmed the presence of OLs, including OL 16:0/15:0, indicating that these lipids are
integral components of A. muciniphila vesicles (Figure 5d). Additionally, other lipid species, previously
identified in A. muciniphila total membrane, were also detected in OMVs extracts (Supplementary
Figure S15).
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Immunomodulatory properties and metabolism of OL 16:0/15:0 in BMDMs

To evaluate the immunomodulatory properties of OL 16:0/15:0, we assessed its impact on IL-1P regulation
in BMDMs. We investigated whether OL 16:0/15:0, tested as both a diastereomeric mixture (3R,S + 3S,S)
and as its naturally occurring (3R,S)-epimer, differentially modulates these pathways.

OLs were formulated as liposomes, mimicking their potential delivery through OMVs (Figure 6a). In
LPS-stimulated BMDMs, treatment with the diastereomeric OL mixture (3R,S + 3S,S) markedly sup-
pressed Il1b gene expression and significantly reduced both Il6 transcription and IL-6 secretion
(Figure 6b, Supplementary Figure S16a, b). However, the synthetic (3R,S)-epimer, found in A. mucini-
phila, selectively induced IL-1f secretion in LPS-primed BMDMs without affecting Il1b transcription
(Figure 6b,c). Notably, OL 16:0/15:0, in either its diastereomeric mixture (3R,S + 3S,S) or (3R,S)-epimer
form, did not trigger IL-1p secretion in unstimulated BMDMs (Figure 6c).

Together, these results support a stereoselective immunoregulatory effect, whereby the (3R,S + 3S,S)
mixture dampens NF-kB-driven cytokine expression, while the (3R,S) epimer acts downstream of priming
to promote IL-1P maturation in LPS-activated macrophages.

To characterize the time-dependent metabolic fate of OL 16:0/15:0, we performed LC-MS-based
lipidomics on BMDM supernatants treated with two different concentrations of OL. Internalized OLs
were partially metabolized, generating N°-(3-hydroxypalmitoyl)-L-ornithine (3-OH-C16:0 Orn) and free
3-OH-C16:0 (Figure 6d). Our findings suggest that 3-OH-C16:0-Orn, a lyso-ornithine lipid (LOL)
previously described in the literature,” potentially produced through enzymatic cleavage of OL 16:0/
15:0 by phospholipase A, (PLA;), a mechanism previously reported for the hydrolysis of bioactive N-acyl
lipids.”" Moreover, 3-OH-C16:0 progressively accumulated in macrophage supernatants, particularly at 48
hours post-treatment, suggesting amide hydrolysis of 3-OH-C16:0 Orn (Figure 6d, Supplementary
Figure S17a). Notably, we observed a significant upregulation of N-acylethanolamine acid amidase
(NAAA) gene expression in BMDMs at 48 hours after OL 16:0/15:0 treatment, which was associated
with an accumulation of 3-OH-C16:0 (Supplementary Figure S17b). To evaluate the functional role of OL-
derived metabolites, we treated BMDMs with synthetic 3-OH-C16:0 and measured the expression of
inducible nitric oxide synthase (iNOS), a well-established inflammatory marker.>> Treatment with 3-OH-
C16:0 significantly reduced INOS expression in LPS-stimulated BMDMs, suggesting a potential anti-
inflammatory activity of this metabolite (Supplementary Figure S17c).

These findings suggest that OL 16:0/15:0 may modulate macrophage activation both directly and
through its metabolic conversion into lipid-derived mediators with immunoregulatory potential.

Discussion

Host-microbiota interactions, a key factor in IBD pathogenesis, are critically shaped by microbial
metabolites that modulate immune responses and maintain intestinal homeostasis.”>>* While short-
chain fatty acids, long-chain fatty acids,* bile acids, and tryptophan metabolites have been extensively
characterized as microbial modulators of host physiology,”> " emerging evidence points to the bacterial
lipid potential as modulators of host immunity.”® Among these, Chen et al.> established the mechanistic
link between microbial lipid metabolism and host immune regulation. They identified A. muciniphila—-
derived palmitoleic acid as a microbiota-dependent long-chain fatty acid that modulates TNF expression
through type I interferon (IFN-I) signaling. Notably, palmitoleic acid levels were significantly reduced
during disease progression, indicating that disease-associated inflammation alters the production of this
immunoregulatory lipid. Their work further revealed that host Ifnarl variants modulate microbial
palmitoleic acid synthesis, thereby shaping inflammatory responses and disease susceptibility.
Consistent with these findings, our study shows that bacterial lipids undergo dynamic remodeling
during colitis and may represent an additional layer of immune regulation. Using a gnotobiotic C.
rodentium-induced colitis model, we observed a marked shift in the intestinal lipidome, characterized
by an increase in host-derived lipids and a concomitant depletion of microbial lipids at the peak of
inflammation. Among the altered bacterial lipids, OLs produced by A. muciniphila were significantly
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Figure 6. Functional analysis and metabolic fate of synthetic OL 16:0/15:0 in BMDM:s. (a) Example of cryo-EM micrograph of
synthetic OL 16:0/15:0 liposome (~430 nm in diameter), illustrating their nanoscale morphology (scale bar: 50 nm, magnification
105,000 X ). (b) /ITb mRNA expression in BMDMs stimulated with LPS (10 ng/mL) and OL 16:0/15:0 diastereomeric (3R,S + 3S,5)
or epimer (3RS) forms. Expression was normalized to Hprt and analyzed via gPCR. Data are presented as mean values of
technical duplicates from two independent experiments. (c) ELISA quantification of IL-1B detected in supernatants, comparing
the diastereomeric (3RS + 35,S) OL mixture and the (3R,S)-epimer effects at different concentrations. qPCR (b) and ELISA (c)
were performed from the same experiments, using supernatants and cell pellets collected from identical BMDM cultures. Data
in both plots represent the mean values + SEM, with statistical significance determined using one-way ANOVA with Dunnett’s
multiple comparisons test (****p < 0.0001). (d) LC-MS analysis of OL 16:0/15:0 (3RS + 3S,S) metabolism in BMDMs. Cells were
treated with OL, and supernatants were collected at 0, 18, 24, and 48 h. Peak areas were normalized to medium spiked with OL
alone. Data represent the mean values from independent biological replicates. Metabolites detected included 3-OH-C16:0-Orn,
corresponding to the lyso-ornithine lipid species and 3-hydroxy-palmitic acid (3-OH-C16:0).
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reduced during inflammation, pointing to a potential role in shaping immune responses in this disease
context.

A. muciniphila, a gut commensal with well-characterized immunoregulatory properties, has been
extensively studied for its role in metabolic homeostasis,”® and has also been shown to enhance the
efficacy of chemotherapy in colorectal cancer.”” Recent work demonstrated that A. muciniphila-derived
lipids mediate anti-inflammatory effects by epigenetically repressing TNF expression.”® Our findings reveal
a distinct class of A. muciniphila lipids, OLs, that modulate immune responses through structurally
dependent and mechanistically diverse pathways. While bacterial OLs have been implicated in immune
modulation in vitro,** their functional roles in host-microbiome interactions and gut inflammation
remain unclear.

The mechanisms underlying the observed depletion of OLs at peak inflammation remain to be
elucidated. Several biological processes could contribute to these observations. One possibility is that
OL biosynthesis by A. muciniphila is downregulated in response to inflammatory stress, leading to
reduced lipid production.®’ However, the genes responsible for OL biosynthesis in A. muciniphila have
not yet been identified, representing a knowledge gap that limits our understanding of how the production
of these lipids is regulated, particularly under inflammatory conditions. Consistent with this concept, Chen
et al.> reported that host IFN-I signaling modulated by Ifnarl genetic variants affects both A. muciniphila
colonization and the microbial synthesis of palmitoleic acid during infection. Their findings provide direct
evidence that cytokine-driven inflammatory pathways can modulate bacterial lipid metabolism and, in
turn, influence the homeostasis of the gut microbial ecosystem.

Alternatively, OLs may be degraded by host- or microbiota-derived enzymes within the inflamed
intestinal environment.”> In addition, OMVs containing OLs may be redistributed or more actively
internalized by host immune cells, such as macrophages, during inflammation.®>"® Such redistribution
could mechanistically link the observed decline in colonic OL levels to the induced IL-1p responses seen
in vitro, as OLs delivered via OMVs may preferentially engage host immune pathways. Notably, OMVs
derived from A. muciniphila have been reported to exert protective effects in colitis models by restoring
intestinal homeostasis, potentially via their bioactive metabolites or lipid content.®” Intestinal inflamma-
tion also increases barrier permeability, facilitating the translocation of microbiota-derived OMVs to
underlying tissues and immune cells.® During inflammation, macrophages are actively recruited®” and
exhibit enhanced phagocytic activity under inflammatory conditions,”® potentially promoting OMV
uptake. Moreover, A. muciniphila-derived OMVs have been shown to cross the intestinal barrier and
interact with both immune and epithelial cells.®””*

Previous studies identified OL species such as OL 16:0/16:0, OL 17:0/15:0, and OL 14:0/14:0, as
bacterial-derived molecules with immunomodulatory properties.”>”> However, their dynamic regulation
during intestinal inflammation and the specific role of OL 16:0/15:0 produced by A. muciniphila have not
been previously investigated. To initiate such investigation, we isolated and structurally characterized OL
16:0/15:0, a lipid selectively modulated during inflammation. We confirmed its structure as a straight-
chain C15:0 FA esterified to (3R)-hydroxypalmitic acid (C16:0), linked via an amide bond to the a-amino
group of L-ornithine. Its presence in biological samples was confirmed by comparing retention time and
fragmentation patterns with custom-synthesized OL and 3-OH-FA epimers, whose configurations were
prior verified using 1D and 2D NMR analyzes.

To assess its immunological role, we evaluated the effect of OL 16:0/15:0 on IL-1p production in
BMDM:s. IL-1 is a key pro-inflammatory cytokine that contributes to pathogen clearance and intestinal
immune homeostasis and acts as a significant mediator of inflammation in IBD. Our results revealed
distinct immunological outcomes depending on OL stereochemistry that, hereafter, we attempted to link
with previously reported data. The diastereomeric mixture (3R,S + 3S,S), formulated into liposomes,
reduced I11b and IL-6 mRNA expression in LPS-stimulated macrophages, consistent with previous studies
reporting that the diastereomeric mixture of OLs can modulate TLR4 signaling.”> This observation aligns
with reduced NF-kB pathway activity.”*”>

In contrast, the enantiopure (3R,S)-epimer, naturally produced by A. muciniphila and formulated
identically, selectively induced the release of mature IL-1f in LPS-primed macrophages without signifi-
cantly affecting I11b transcription. Neither LPS nor OL alone was sufficient to induce IL-1p secretion. This
suggests that the (3R,S) OL does not activate TLR4 signaling independently but instead acts downstream of
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priming, most likely by activating the inflammasome as a secondary signal. Such a mechanism aligns with
the two-signal model of inflammasome activation, in which a priming stimulus (e.g., LPS) induces I/1b and
Nirp3 expression, and a secondary signal (e.g., ATP, nigericin, ROS, Ca**, lysosomal stress, or lipids)
drives inflammasome assembly and IL-1@ maturation.”®” Moreover, direct recognition of pathogen- or
damage-associated molecular patterns (PAMPs/DAMPs), can also promote potassium efflux through
pannexin-1 channels, a well-established trigger of NLRP3 activation. Importantly, several lipid species,
including phospholipids such as platelet-activating factor (PAF) and PAF-like lipids, have been shown to
activate the canonical NLRP3 inflammasome through mechanisms involving both K+ efflux and Ca**
influx, independently of the PAF receptor.*

These findings demonstrate that inflammasome activation can be triggered by diverse molecular signals
and suggest that OL 16:0/15:0 may represent a previously unrecognized lipid-derived stimulus.
Nevertheless, additional specific evidence is required to demonstrate that the observed response to OL
reflects an authentic inflammasome activation.

We must also point out that the (3S,S)-epimer, present only in the synthetic diastereomeric mixture and
not detected in the A. muciniphila cell membrane, may contribute to the transcriptional repression
observed with the mixture. Although not tested individually, its presence could counteract or modulate the
activity of the natural (3R,S)-epimer, thereby reducing I/16 mRNA levels without altering IL-1p secretion.

While bacterial OLs have been implicated in innate immune pathways,”” their stereochemical effects
remain poorly defined. Most previous studies have mainly investigated OLs as stereoisomeric mixtures or
crude lipid fractions,”®”*®!' leaving the immunomodulatory properties of enantiomerically pure OLs
uncharacterized. Kawai et al.”' demonstrated that diastereomeric mixtures of OL 16:0/16:0 and OL
17:0/15:0 activate CD14-dependent TLR4 signaling and induce TNF-« secretion in murine macrophages.
Similarly, Pizzuto et al.” reported that the OL 14:0/14:0 stereoisomeric mixture acts as both a priming and
activating signal for the NLRP3 inflammasome, functioning as a partial TLR4 agonist in BMDM:s.
Interestingly, their findings showed that OL alone induced NF-xB activation but inhibited LPS-induced
TLR4 signaling, revealing a dual role in immune modulation. Our results extend these findings by showing
that enantiopure (3R,S)-OL 16:0/15:0, identified in A. muciniphila, stereoselectively induces IL-1P secre-
tion in LPS-primed macrophages without directly engaging the NF-kB pathway.

These contrasting findings suggest that subtle variations in acyl chain length can impact immune
responses. This may occur through modifications to receptor engagement, membrane interactions, or
intracellular trafficking. However, other variables, including lipid purity (crude mixtures versus defined
compounds), stereochemistry, and experimental context, may contribute to these divergent in vitro
observations. Notably, OL 16:0/15:0 harbors a 3-hydroxy hexadecanoic acid moiety esterified with
pentadecanoic acid. Such residues are hallmark components of lipid A in LPS and are recognized by
innate immune sensors, including TLR4 and the non-canonical inflammasome receptor caspase-4/11.5>%
This structural motif is critical for receptor recognition and the immunostimulatory activity of bacterial
lipids. Thus, the presence of a 3-hydroxy fatty acid in OL 16:0/15:0 may confer immunological properties
distinct from OL species lacking this residue, potentially influencing its interaction with host receptors.

Bacterial lipids can reach host immune cells by several mechanisms, including delivery via OMVs and
passive diffusion as free lipids.*' Once internalized by macrophages, these lipids are likely metabolized,
resulting in the production and release of bioactive lipid-derived metabolites. Our data showed that OL
16:0/15:0 is internalized and metabolized by macrophages, generating ornithine-conjugated and free
hydroxypalmitic acid (3-OH-C16:0-Orn and 3-OH-C16:0), most likely through an initial cleavage by
phospholipase A, (PLA,) followed by amide hydrolysis of 3-OH-C16:0-Orn catalyzed by N-
acylethanolamine acid amidase. Enzymatic hydrolysis of amide bonds is known to involve N-
acylethanolamine acid amidase, a lysosomal enzyme highly expressed in macrophages and B cells,
which regulates fatty acid ethanolamide metabolism and modulates inflammation via peroxisome
proliferator-activated receptor-a (PPAR-).**

The accumulation of these metabolites suggests active lipid processing following uptake. Interestingly,
3-OH-C16:0 Orn is a microbiota-derived lipid previously identified for its immunomodulatory properties
through sphingosine-1-phosphate receptor 4 (S1PR4), a key regulator of macrophage function and
immune homeostasis.”® Treatment with synthetic 3-OH-C16:0 reduced INOS expression in LPS-
stimulated macrophages, suggesting a potential regulatory effect of OL-derived metabolites.
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Conclusion and future directions

These findings, together with recent reports,”>*®”* indicate that A. muciniphila produces a range of
structurally and functionally distinct lipid mediators that engage different immune pathways. Their
abundance, stereochemistry, and structure determine distinct effects on macrophage activation, ranging
from inhibition of NF-kB-dependent transcription to a potential activation of the inflammasome.
Collectively, this emerging evidence underscores the complexity of A. muciniphila-derived lipid signaling
as a context-dependent modulator of host immune responses.

Our data establish OL 16:0/15:0 as a microbiota-derived lipid dynamically regulated during colitis and
as a potential modulator of inflammatory responses in vitro, in a stereochemistry-dependent manner.
These results expand the current understanding of host-microbiota interactions, shifting the focus beyond
small molecules to include microbial lipids as emerging immunomodulatory factors. Importantly, OLs
produced by A. muciniphila have also been detected in human gut samples,*® supporting the potential
relevance of these lipids in human intestinal health and disease. Moreover, given the broad distribution of
OLs among gut-associated Gram-negative bacteria,” future studies should explore whether OLs function
as broad lipid-based signals in immune regulation.

While the in vitro findings in this study provide a mechanistic basis, the functional relevance of OLs
in vivo within the context of intestinal inflammation remains to be clarified. Future work should assess OL
16:0/15:0 in murine colitis models to determine its impact on disease onset and progression. Extending
cytokine profiling will also offer a broader view of its immunomodulatory spectrum. Since OLs are
naturally present in A. muciniphila-derived OMV’s, investigating OMV-mediated delivery could shed light
on their bioavailability and tissue targeting in vivo. Finally, confirming inflammasome involvement will
require targeted approaches, including the use of specific inhibitors.

Altogether, these findings establish the role of the OMM'*-colonized gnotobiotic mouse model for
dissecting microbiome-derived lipid signaling and identify OL 16:0/15:0 as a structurally defined bacterial
lipid dynamically modulated during colitis, with potential implications for the pathogenesis of inflamma-
tory bowel disease.
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