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Lipopolysaccharides (LPSs) from Gram-negative bacteria are traditionally viewed as potent “endotoxins”
recognized by the immune system and capable of triggering robust inflammation. However, increasing
evidence from gut commensals is dismantling this one-dimensional view. The gastrointestinal tract is indeed
the major reservoir of LPSs, owing to the dense Gram-negative community inhabiting the small and large
intestine, with total weight in healthy individuals estimated to exceed one gram. This necessarily means that
the mere presence of LPSs cannot be directly linked to inflammation. Moreover, chronic exposure to low-
potency or atypical LPSs can recalibrate innate immunity, fostering tolerance or, conversely, failing to provide
adequate tonic stimulation and thereby predisposing the system to aberrant activation. Understanding this
delicate balance and the structural and cellular mechanisms that sustain it, is essential to interpret the
immunological impact of the gut LPSs in health and disease. In this Perspective, we highlight recent advances
revealing the remarkable chemical diversity of commensal-derived LPSs and illustrate how subtle variations in
LPS lipid A acylation and phosphorylation, core oligosaccharide architecture, O-antigen composition, and
overall supramolecular organization profoundly rewire receptor usage and downstream immune outcomes.
These insights underscore the enormous, still largely untapped potential of gut LPS chemistry to reveal

unifying structural hallmarks that distinguish inflammatory, tolerogenic, and immunologically “tuned” features.
Received 17th December 2025

Accepted 4th February 2026 Although fragments of this logic are beginning to emerge, a comprehensive framework remains urgently

needed. Decoding the chemical language adopted by LPSs in the gut will be essential to reclassify LPSs not
merely as dangerous molecules, but as a potential source of immunomodulators and as a blueprint for next-
generation tools enabling precision control of host—microbe interactions.
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Introduction

Lipopolysaccharides (LPSs) are major constituents of the outer
leaflet of the Gram-negative bacterial outer membrane and key
mediators of host-microbe interactions. They are widely
regarded as among the microbial molecules with a profound
impact on the host immune system." Owing to this central role,
LPSs hold considerable promise for translational applications
across medicine, immunology, and vaccinology.® An LPS exerts
its action through interaction with pattern-recognition recep-
tors (PRRs) expressed by innate immune cells, thereby
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triggering activation of multiple signal transduction cascades.**
Among these, the best characterized is the pathway initiated by
binding of an LPS molecule to the Toll-Like Receptor 4/Myeloid
Differentiation Protein-2 (TLR4/MD-2) complex, which repre-
sents the “canonical” axis of LPS sensing.“*® Upon binding to
the TLR4/MD-2 complex, LPS drives the formation of an acti-
vated TLR4/MD-2/LPS dimer, which triggers intracellular
signaling, most prominently the NF-kB cascade, by inducing
conformational rearrangements in the Toll/IL-1R (TIR) domains
of TLR4 and culminating in the transcription of pro-
inflammatory cytokines and immune mediators.” Conse-
quently, based largely on studies of pathogens, LPSs have
historically been regarded as potent pro-inflammatory mole-
cules, known as “endotoxins” and considered potential threats
to human health.® Nevertheless, and fortunately, the magnitude
of the inflammatory response they induce is inextricably linked
to their chemical structure.®™ The region of an LPS that
primarily engages the TLR4/MD-2 complex is the lipid A: the
membrane-anchoring glycolipid consisting of a B(1— 6)-linked
diglucosamine backbone substituted with phosphate groups
(typically at position 4’ of the non-reducing glucosamine and at
position 1 of the reducing one) as well as acyl chains of varying
lengths and number (Fig. 1). Beyond lipid A, a smooth-type LPS
(S-LPS) also comprises a heteropolysaccharide composed of the
core oligosaccharide (core OS) and the O-polysaccharide
domain (or O-antigen). In contrast, when the O-antigen is
absent, the molecule is referred to as rough-type LPS (R-LPS) or
lipooligosaccharide (LOS) (Fig. 1)."° Although lipid A represents
the immunodominant and most bioactive portion of an LPS, its
fine structure varies substantially across species, strains, and
even within a single bacterial population." Such variations
profoundly influence TLR4 engagement and ultimately dictate
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O-Antigen Lipid A

S-LPS

Fig. 1 Schematic illustration of the general chemical architecture of
an LPS. The structure shown is conceptual and intended solely for
illustrative purposes. Zigzag lines in the lipid A region denote the fatty
acyl chains, the circled "P" stands for phosphate group.

the strength and quality of the ensuing immune response. The
core OS (for R-LPSs) and the O-antigen (for S-LPSs) are the most
diverse segments of the molecule and major determinants of
antigenic specificity, virulence potential, and the capacity of
Gram-negative bacteria to attach to, colonize, or evade the
host.*»** These structural domains also contribute to the
intrinsic antimicrobial resistance of Gram-negative bacteria by
forming a permeability barrier at the outer membrane, under-
scoring the dual role of LPSs as both immune triggers and
a physical shield."*

Over the years, therefore, it has become increasingly evident
that LPS chemistry and biology are far more complex than
initially assumed. The molecular architecture of an LPS is
highly variable: each of its domains can differ markedly in
chemical composition depending on the bacterial species,
environmental cues, and host-associated factors. These struc-
tural variations not only allow bacteria to adapt and thrive in
specific niches, but also profoundly reshape immune recogni-
tion by engaging a broad spectrum of receptors and signaling
pathways. Consequently, LPS molecules can elicit remarkably
diverse immunological outputs, ranging from robust inflam-
matory responses to weak activation or even complete immu-
nological silence.”"® Despite decades of investigation, the
mechanisms by which different LPS structures trigger, or
suppress, innate immune responses remain only partially
understood. What is becoming increasingly evident, however, is
the existence of a complex interaction network in which a given
LPS engages multiple immune receptors, challenging the clas-
sical view of TLR4 as the sole, or even primary, sensor in all
contexts.*'® This underscores an urgent need to delineate how
an LPS, on the basis of its structural characteristics, engages
alternative signaling pathways that, although still poorly char-
acterized, may play crucial roles in fine-tuning immune
responses.® Identifying the key structural determinants and
related signaling pathways activated is essential for developing
new biomedical strategies with far-reaching implications for
human health. Yet, despite this tremendous biomedical
potential, the structure-function landscape of LPSs still
remains surprisingly underexplored, representing one of the
most pressing and promising frontiers in (glyco)immunology.
One reason for this knowledge gap is that, to date, most studies
have disproportionately focused on the pro-inflammatory
activity of LPSs, often using Escherichia coli LPS as
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a representative model for the entire class. In contrast, far less
attention has been devoted to LPSs from non-pathogenic
bacteria, including those that inhabit our intestines, ie. the
gut microbiota. This microbial community, densely populated
and highly diverse, plays a central role in host physiology,
supporting nutrient digestion, metabolite production, meta-
bolic regulation, and, critically, the development and calibra-
tion of the immune system.”” A continuous bidirectional
dialogue between microbiota and host immunity dictates
whether responses remain tolerogenic or shift toward inflam-
mation. When this equilibrium is perturbed, a state referred to
as dysbiosis, microbiota-immune interactions can skew toward
pathology,"®?° contributing to metabolic disorders such as
obesity and type 2 diabetes,* chronic inflammatory diseases,*
autoimmune conditions,*?* and allergy.?® Within this frame-
work, a central question in (glyco)immunology emerges: how
are commensal and mutualistic bacteria recognized by the
immune system, and how do their LPSs guide the immune
system toward homeostasis rather than inflammation? Indeed,
circulating gut-derived LPSs can be detected in healthy indi-
viduals without triggering overt inflammation,* thus further
highlighting that not all LPSs are created equal. Their chemical
structures and, consequently, the receptors they engage dictate
whether they promote tolerance, immune education, or
pathology. This highlights the need to reevaluate the statement
that circulating LPSs directly cause inflammatory responses.
But then, what is the role of non-inflammatory LPSs? Are they
merely passive molecular bystanders, active modulators of
immune tone, or unrecognized contributors to immune
training and disease susceptibility? And, given their abundance
and capacity to tune immune responses, should certain gut-
derived LPSs be considered potential postbiotics rather than
“endotoxins”?

This Perspective aims to spotlight the chemical and biolog-
ical significance of recently characterized “harmless” LPSs
expressed by gut commensals. We examine how their structural
features underpin unconventional immunomodulatory activi-
ties and summarize what is currently known, and still unre-
solved, about the signaling pathways they engage. Deciphering
these mechanisms and the structural determinants that shape
specific immune outcomes will be crucial for identifying new
therapeutic targets and for developing selective immunomod-
ulators with translational potential.

Beyond the pro-inflammatory
paradigm: the case of Bacteroides spp.
LPSs

A growing body of evidence shows that many commensal and
mutualistic bacteria produce LPS variants whose molecular
architecture is tuned to promote immune tolerance rather than
inflammation.>”” Although a wunified framework for di-
stinguishing pro-inflammatory from “tolerogenic” LPSs is still
lacking, emerging patterns are remarkably consistent: hypo-
acylation and reduced phosphorylation in the lipid A are
commonly found in microbiota-derived lipid A and correlated

© 2026 The Author(s). Published by the Royal Society of Chemistry
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with weakened TLR4 engagement and attenuated signaling.’
This is particularly evident in Bacteroides species (Fig. 2).
Despite the limited number of fully elucidated structures, Bac-
teroides spp. remain one of the most intriguing, and wide-
spread, sources of immunomodulatory LPSs within the human
gut.”® As dominant early colonizers, they contribute to gut
ecological stability through nutrient biosynthesis, metabolic
cooperation, toxin neutralization, and competitive exclusion of
pathogens.”*?* Across the genus, including B. vulgatus, B.
eggerthii, B. dorei, B. fragilis, and B. thetaiotaomicron and others,
LPS lipid A structures consistently depart from the canonical
hexa-acylated blueprint of E. coli (Fig. 2). Missing acyl chains
and, in some cases, reduced phosphorylation impede the
precise “lock-and-key” interactions required to stabilize the
TLR4/MD-2 heterotetramer. Without this stabilization the full
downstream signaling is compromised, resulting in markedly
attenuated or entirely absent pro-inflammatory responses.

The case of B. vulgatus (recently reclassified as Phocaeicola
vulgatus) illustrates this principle with exceptional clarity. Its
LPS lipid A consists of a mixture of tetra- and penta-acylated
species carrying a single phosphate group at position 1 of the
reducing glucosamine (Fig. 2).**** The absence of the 4’ phos-
phate, known to reduce endotoxic activity by up to two orders of
magnitude,® further contributes to the weak agonistic profile of
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this LPS. Notably, no additional negative charge sources are
found in this LPS apart from the phosphate group on the 3-
deoxy-p-manno-oct-2-ulosonic acid (Kdo) unit (the “sugar
marker” of LPS molecules), further contributing to the weak
receptor engagement and subsequent inflammatory signaling
activation. Consistently, experimental studies demonstrated
that B. vulgatus LPS elicits minimal pro-inflammatory cytokine
release in human dendritic cells while promoting elevated anti-
inflammatory IL-10 production, a hallmark of tolerogenic
immune engagement.** This was an unprecedented observation
for an LPS molecule and became even more compelling in light
of in vivo findings showing that, in mouse models of colitis, B.
vulgatus LPS alleviates intestinal inflammation by inducing
a distinct form of LPS tolerance.*® Mechanistically, this effect
appears to operate through the TLR4/MD-2 axis in lamina
propria CD11c¢" cells, pointing to a specialized, tissue-adapted
tolerogenic response driven by this commensal-derived LPS.**
While lipid A provides the primary determinant of attenuated
TLR4 activation, unusual features in the saccharide region of B.
vulgatus LPS add further layers of complexity. Notably, as shown
in Fig. 3, the core OS lacks the heptose residue typically found
directly linked to the Kdo unit. In heptose-deficient LPS, this
position is commonly occupied by an a-mannose residue;
however, in B. vulgatus it is instead replaced by a 6-deoxy-o-
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Fig. 2 Comparison between E. coli and Bacteroides spp. lipid A structures. E. coli lipid A displays the classical TLR4 agonistic architecture,
consisting of a bis-phosphorylated glucosamine disaccharide backbone bearing six acyl chains of 12 and 14 carbon atoms arranged ina 4 + 2
distribution. In contrast, Bacteroides spp. lipid A species are highly heterogeneous and typically feature a single phosphate group and four or five
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in acyl chain length, the structure depicted represents the predominant species for illustrative purposes. The lipid A from B. fragilis is also
decorated by a PEtN and/or hexuronic acid not reported in the figure as their location remains to be defined. Pink color indicates non-stoi-

chiometric substitution of acyl chains.

© 2026 The Author(s). Published by the Royal Society of Chemistry

Chem. Sci., 2026, 17, 3894-3907 | 3897


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5sc09900e

Open Access Article. Published on 04 2026. Downloaded on 17-04-2026 03:48:10.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Chemical Science

mannose, an a-rhamnose. The occurrence of rhamnose at this
position is not an isolated peculiarity, but rather a conserved
feature shared by all Bacteroides LPS structures characterized to
date, with the exception of B. thetaiotaomicron (Fig. 3).*” The
functional significance of this conserved substitution remains
unknown, but its recurrence strongly suggests an evolutionarily
selected role for its glycosyltransferase. However, it is also
tempting to speculate that a-rhamnose may represent an early
structural cue of a core OS configured for non-canonical
receptor engagement. Adding further interest, this rhamnose
residue is itself substituted with another highly unusual sugar
for LPS core regions: B-galactofuranose (Fig. 3). Strikingly, gal-
actofuranose has also been identified in the core OS of B.
eggerthii and B. dorei (now Phocaeicola dorei), whose complete
structural elucidation has only recently been achieved
(Fig. 3).*** As observed for rhamnose, galactofuranose appears
to be a recurring feature of Bacteroides LPS core OSs, again with
the exception of B. thetaiotaomicron, suggesting a non-random
and potentially functional role that warrants further investiga-
tion. One plausible hypothesis is that galactofuranose acts as
a molecular signal that biases host immune recognition toward
a more tolerogenic program, thereby enhancing bacterial
fitness within the intestinal environment.?® In this frame, it has
been shown that the C-type lectin DC-SIGN, expressed on

dendritic cells and regulatory M2 macrophages,* recognizes
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specific epitopes within the B. vulgatus LPS structure, thus
possibly playing a key role in shaping immune responses.
Unlike TLR4, this lectin does not directly activate NF-kB, while it
modulates TLR-dependent signaling and can skew responses
toward IL-10 production, anti-inflammatory programs, and
tissue repair when engaged by particular glycan signatures,***
including those present in B. vulgatus LPS.**** Supporting this
view, an elegant study using synthetic fragments of B. vulgatus
LPS revealed that several core OS residues, not only gal-
actofuranose but also fucose, galactose, and Kdo, contribute to
DC-SIGN recognition.** More recently, an integrated approach
combining chemical synthesis of core OS derivatives, STD
Nuclear Magnetic Resonance (NMR) spectroscopy, and molec-
ular simulations elucidated the structural determinants
underlying this interaction.” The study demonstrated that
fucosylated ligands play a dominant role through a specific
fucose-calcium coordination and a subsequent hydrogen-
bonding network within the DC-SIGN carbohydrate-
recognition domain.”® However, galactofuranose further
modulates the conformation and presentation of the binding
epitope, fine-tuning receptor engagement.*> These insights
highlight a finely tuned glycan-lectin code and reinforce the
need to pinpoint the minimal structural motifs capable of
driving such immunomodulatory effects. Adding another layer
of complexity to an already intricate signaling landscape, B.
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vulgatus LPS has also been shown to activate TLR2 in addition to
modulating TLR4. Using human embryonic kidney (HEK)293
cells engineered to co-express human TLR4 and TLR2, it was
observed that B. vulgatus LPS induces stronger NF-kB activation
than in cells expressing either receptor alone, suggesting
a cooperative or synergistic signaling mechanism.*® As a matter
of fact, the formation of TLR2/TLR4 heterodimers in response
to non-canonical LPS structures has been already proposed by
Francisco et al.*® whose molecular docking analyses of LPS from
the human opportunistic pathogen Ochrobactrum intermedium
predicted a favorable TLR2/TLR4/MD-2 heterodimeric interface,
a configuration subsequently validated experimentally by fluo-
rescence resonance energy transfer in live cells.*® Notably, the
uncommon core OS structure of O. intermedium LPS emerged as
a key contributor to this interaction, further highlighting how
subtle chemical features in LPSs can diversify receptor
engagement and downstream immune signalling.*® However,
whether B. wvulgatus LPS can actually induce TLR2/TLR4
heterodimerization, and through which structural features,
remain unresolved. Of note, other Bacteroides LPSs, such as B.
eggerthii LOS and B. dorei LPS, also show weak inflammatory
profiles and only limited TLR4 activation, even though B.
eggerthii contains minor lipid A species further decorated with
an additional phosphate and an aminoethyl group (Fig. 2).*®
Yet, despite sharing the same dominant lipid A species and
carrying non-canonical core OS signatures, ie. they express
fucose, galactofuranose, and rhamnose, these LPS molecules
appear unable to trigger TLR2 signaling. Though, it should be
noted that functional assays in cellular systems co-expressing
both TLR2 and TLR4 have not yet been performed for these
LPSs, and such studies will be essential to clarify receptor usage
and to unravel the principles governing this intriguing
signaling divergence.

One important member of the Bacteroides genus is B. fragilis,
which constitutes 1-2% of the normal intestinal microflora.*”**
It plays multiple roles within the host, largely due to the
production of diverse bioactive molecules, including a peculiar
LPS and several capsular polysaccharides such as poly-
saccharide A, both of which have drawn considerable attention
for their immunological relevance.***> Beyond the typical hypo-
acylated and mono-phosphorylated lipid A species shared
across Bacteroides spp., Yang and co-workers recently provided
a near-complete characterization of the B. fragilis core OS using
top-down and tandem mass spectrometry (MS), showcasing the
power of this analytical approach.** Their work revealed
a complex core OS architecture extending from Kdo and
comprising polygalactose and deoxy-hexoses, with potential
hexuronic acid residues and 2-aminoethyl phosphate (PEtN)
modifications on the lipid A moiety.*® The immunological
behavior of B. fragilis LPS closely mirrors that of B. vulgatus. In
vitro, it suppresses cytokine production in THP-1 monocytes
and human dendritic cells, displaying markedly reduced
immunostimulatory activity compared to E. coli LPS and, under
certain conditions, even functioning as a TLR4 antagonist.*>**
In collagen antibody-induced arthritis models, B. fragilis LPS
showed a significantly diminished capacity to induce disease
and could even prevent its development when administered at

© 2026 The Author(s). Published by the Royal Society of Chemistry
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higher doses.* Additional evidence in healthy mice and E. coli
LPS-primed mice confirmed these effects: B. fragilis LPS lowered
TNF-a levels, increased IL-10 release, restored regulatory T-cell
populations, without amplifying NF-kB signaling.*>** Never-
theless, the precise molecular epitopes underlying this behavior
remain undefined, highlighting the need for structure to func-
tion studies of this characteristic LPS.

Famous, and perhaps even more intriguing than B. fragilis
and B. vulgatus, is B. thetaiotaomicron, a deeply studied human
gut symbiont capable of producing at least eight distinct
capsular polysaccharides that directly shape host-microbe
crosstalk, although the wunderlying mechanisms remain
incompletely understood. The first structural elucidation of B.
thetaiotaomicron LOS was achieved using a mutant strain in
which all gene clusters encoding the extensive capsular poly-
saccharide layer had been deleted.’”**** This strategy revealed
an unprecedented LOS architecture that diverges radically from
previously characterized core OS structures: two complex
oligosaccharide branches emanating from an o-mannose
linked to Kdo and incorporating uronic acids, PEtN, and an
uncommon non-acetylated glucosamine residue that locally
modulates charge (Fig. 3).*” Such an arrangement generates
a finely tuned electrostatic landscape that might represent
a charge-masking strategy adopted by bacteria to persist in the
colonized host.>® Although this structural characterization
provides a compelling blueprint, it is based on a CPS-deficient
mutant; confirming whether the same LOS is produced in the
wild-type strain will be an important future step, despite the
considerable challenges posed by its dense and heterogeneous
capsule repertoire. Crucially and in contrast to B. vulgatus, B.
eggerthii, and B. dorei, B. thetaiotaomicron lacks galactofuranose
and fucose in its LPS, and does not feature a-rhamnose as the
sugar immediately following Kdo (Fig. 3), likely underscoring
a distinct mechanism underlying its immunomodulatory
behavior, which was associated, also in this case, with an
attenuated TLR4 activation, engaging of TLR2 pathways, while
selectively shaping cytokine profiles.*”

Taken together, the case of Bacteroides spp. LPSs highlights
that, despite architectural diversity, certain structural themes,
such as lipid A hypo-acylation, reduced phosphorylation, and
specific core OS signatures, recur across species and consis-
tently align with attenuated or tolerogenic immune profiles.”
Yet, key comparative experiments are still missing, and the field
lacks a unifying structure-function framework capable of pre-
dicting immunological behavior across Bacteroides spp. LPSs.
This motivates extending the analysis to other Bacteroides to
explore whether other LPSs from this complex and highly
heterogenous genus converge on similar molecular solutions,
or reveal new strategies, to shape the inflammatory landscape.

Location matters? Niche-dependent
chemistry of microbiota-derived LPS

Atypical LPSs are widespread among Gram-negative members
of the gut microbiota characterized thus far, reflecting the
profound selective pressure exerted by the host environment,
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which shapes both bacterial physiology and LPS architecture. A
striking example of this phenomenon is Veillonella parvula,
a bacterium commonly found in the oral cavity and gastroin-
testinal tract. Although generally a commensal, it can become
opportunistic ~ under  conditions of  dysbiosis  or
inflammation.*®*® A recent work revealed that two strains, DSM
2008 (intestinal) and 118(3) (oral), produce chemically distinct
LPS molecules, despite belonging to the same species.”* NMR
and MS analyses uncovered deep structural divergence: DSM
2008 synthesizes an LPS with an unprecedented O-antigen
repeating unit, whereas strain 118(3) produces a LOS charac-
terized by striking heterogeneity in its lipid A. DSM 2008
displays a relatively homogeneous lipid A enriched in hexa-
acylated, mono- and bis-phosphorylated species with linear
acyl chains, features typically associated with strong TLR4
agonists (Fig. 4). In contrast, strain 118(3) exhibits extraordinary
lipid A heterogeneity, ranging from tetra- to hexa-acylated
forms, variable phosphorylation states, and a high abundance
of branched acyl chains (Fig. 4).** Finding two lipid A archi-
tectures so profoundly different within the same species, espe-
cially considering that lipid A is traditionally regarded as the
most conserved region of an LPS molecule, is remarkable and
strongly suggests a major influence of the ecological niche from
which each strain was isolated (intestine vs. oral cavity). In this
frame, bioinformatic and chemical biology approaches will be
pivotal to understanding how such extensive structural
remodeling arises in strain 118(3). As expected, this lipid A
complexity has dramatic consequences for TLR4 activation: the
LOS from the oral strain acts as a very weak TLR4 agonist,
whereas the intestinal DSM 2008 LPS elicits a noticeably
stronger response, though still weaker than E. coli LPS, in line
with the atypical acyl chain lengths (i.e. C13 in place of C14 of E.
coli LPS). Adding yet another layer of complexity, immunolog-
ical assays revealed that despite being a potent TLR4 activator in
reporter cells, the intestinal LPS induces lower TNF-a release in
dendritic cells, behaving overall as a weak inflammatory mole-
cule.® This unexpected behavior was attributed to the presence
of a highly unusual mannitol-containing tetrameric O-antigen
repeating unit, found exclusively in the intestinal strain,
composed of B-p-galactofuranose, f-p-galactopyranose, and o-p-
glucosamine, polymerised through a phosphodiester linkage
between O-6 of mannitol and O-3 of a-p-glucosamine (Fig. 5).
This O-antigen is unprecedented not only for incorporating
galactofuranose and mannitol phosphate, but also for its zwit-
terionic character, arising from the coexistence of a phosphate
group and a free amino function within the repeating unit. Such
zwitterionic motifs have previously been shown to modulate
dendritic cell responses in other gut-derived polysaccharides,
suggesting that the charge distribution of this O-antigen may
directly contribute to its immunomodulatory effect and
warrants further investigation. In parallel, intestinal lectins
such as DC-SIGN, Langerin, and the Mannose Receptor
exhibited markedly stronger binding to the intestinal LPS than
to the oral LOS, supporting the notion that C-type lectins may
cooperate with TLR4 to fine-tune downstream signaling and
steer immune responses toward either activation or tolerance.**
In this context, future experiments using targeted antagonists
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or inhibitors to block C-type lectins and/or TLR4 will be
essential to definitively demonstrate the regulatory contribution
of the DSM 2008 O-antigen. Overall, beyond underscoring the
importance of bacterial niche in shaping LPS chemistry, this
study clearly highlighted that the perception of complex mole-
cules such as V. parvula LPS relies on the activation of multiple,
interdependent pathways that may converge at different nodes
to shape the final immune outcome.

A comparable scenario is observed for Alcaligenes faecalis,
a peculiar Gram-negative commensal known to colonize Peyer's
patches, a major gut-associated lymphoid tissue in the small
intestine.®®> A. faecalis persists within these immunologically
active niches, where it contributes to mucosal homeostasis by
protecting the epithelial surface from pathogen invasion,
regulating dendritic cell activation, and promoting IgA
production through an IL-6-dependent mechanism.* Its ability
to induce IgA secretion enables A. faecalis to persist in Peyer's
patches by evading excessive immune surveillance, thereby
avoiding the pathological inflammation typically associated
with enterobacterial LPSs while still supporting mucosal
monitoring.**** Remarkably, its LPS was shown to enhance IgA
production without eliciting a strong TLR4 response, a rare
combination of features that aligns with the key hallmarks
sought in next-generation vaccine adjuvants.®® Consistent with
this profile, synthetic analogues of its lipid A demonstrated
excellent safety and potent adjuvanticity when co-administered
intranasally or subcutaneously with antigens in murine
models,* enhancing OVA-specific IgG titers and preferentially
skewing the response toward Th17 rather than Th1/Th2
immunity.*” Moreover, when delivered intranasally together
with pneumococcal surface protein A, a universal antigen of
Streptococcus pneumoniae, the lipid A derivative significantly
boosted pneumococcal surface protein A-specific nasal IgA and
a protective Th17 response, conferring resistance against
pneumococcal challenge.® A. faecalis produces both a LOS and
an LPS whose structures are far from canonical.*®* They
comprise a heterogeneous mixture of tetra- to hexa-acylated
lipid A species, in both mono- and bis-phosphorylated forms,
and features 14:0 (3-OH) as the primary and 12:0 (3-OH) and
10:0 as secondary acyl chains (Fig. 4). Even though the hexa-
acylated species contain two phosphates and share several
acyl chain identities with E. coli, multiple structural modifica-
tions likely underpin their distinct immunological behavior.
Among these, (i) the symmetric acyl-chain distribution (3 + 3 in
place of 4 + 2 observed in E. coli lipid A), (ii) the presence of
a shorter secondary chain (10:0 instead of 14:0) positioned
differently relative to E. coli, (iii) the inclusion of a hydroxylated
secondary acyl moiety, and (iv) the coexistence of hypo-acylated,
mono-phosphorylated forms, stand out as particularly relevant
(Fig. 4).% Collectively, these features are predicted to weaken
TLR4 engagement perturbing the alignment of lipid A within
the TLR4/MD-2 pocket, impairing productive dimerization of
the receptor complex and ultimately resulting in a poor
inflammatory response. Moreover, A. faecalis LOS displays
a mono-phosphorylated core OS composed of nine mono-
saccharide units also comprising two N-acetyl p-glucosamine,
two N-acetyl p-galactosamine, one b-glucose, and one b-

© 2026 The Author(s). Published by the Royal Society of Chemistry
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galactose in the outermost region (Fig. 6). This unusual
composition tempting suggests that this specific glycan signa-
ture might be recognized by lectins expressed in Peyer's
patches, potentially contributing to the bacterium ability to
persist within this niche. Notably, the Syk-coupled C-type lectin
receptor Mincle is expressed in Peyer's patches, where its
stimulation by commensal-derived ligands induces IL-6 and IL-
23p19 production, thereby regulating intestinal Th17 cells and
IL-17-secreting Innate Lymphoid Cells.®® This cascade ulti-
mately promotes IgA secretion and supports host-microbiota
mutualism while preventing systemic inflammation. Despite
some discrepancies in the literature, Mincle has been reported
to recognize not only mannose and glucose residues but also
galactose and N-acetyl galactosamine, both of which are present
in the A. faecalis core OS (Fig. 6). This raises the intriguing
possibility that direct engagement of Mincle by the A. faecalis
core region contributes to the striking ability of this bacterium
to colonize Peyer's patches and sustain a mutually beneficial
relationship with the host.

© 2026 The Author(s). Published by the Royal Society of Chemistry

These two examples, A. faecalis and V. parvula, illustrate
a fascinating principle: anatomical niche might be not merely
a background variable, but a powerful evolutionary force that
sculpts LPS chemistry and, in turn, rewires innate immune
recognition. Deciphering this niche-structure-function axis is
essential to identify the molecular rules that distinguish
“beneficial” from “harmful” LPSs, an endeavor that stands at
the frontier of microbiota-driven immunomodulation.

Friends or foes?

Resolving the chemistry of microbiota-derived LPSs might be
essential for explaining why some gut microbes exert beneficial
effects in certain contexts yet appear detrimental in others. Few
cases illustrate this ambiguity as clearly as Segatella copri
(formerly Prevotella copri), a dominant member of non-
Westernized gut communities whose impact on human health
remains highly debated. A recent study revealed that S. copri
produces a heptose-deficient LOS, in which a-mannose replaces
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the canonical heptose as the first sugar linked to Kdo, forming
a core OS essentially composed of glucose and mannose and
featuring an intriguing a-1,2-linked terminal di-mannose at the
non-reducing end (Fig. 6).°° Moreover, its lipid A is extremely
heterogenous, mono-phosphorylated and hypo-acylated (tetra
and penta-acylated forms were identified) with minor species
carrying an additional phosphate on the disaccharide backbone
(Fig. 4). Even within the Prevotella/Segatella lineage, this archi-
tecture stands apart. For example, P. intermedia lipid A is mostly
mono-phosphorylated and penta-acylated, with a relatively
homogeneous profile,” whereas P. denticola displays
a predominantly penta-acylated lipid A decorated with PEtN and
a distinct combination of C17(3-OH), C16(3-OH), and C15:0 acyl
chains (Fig. 4).” Functionally, S. copri LOS behaves as a weak
TLR4 agonist, yet it can dampen E. coli-induced NF-kB activa-
tion and selectively preserve CD14'CD16" monocytes.® This
distinctive immunological signature suggests that S. copri LOS
is not perceived as a danger signal but rather acts as a finely
tuned modulator of host immunity. Its unusual chemical
structure may therefore not elicit a strong alarm response, even
at higher doses, but instead shape an attenuated, yet still
immunologically competent, innate response. In this light,
pinpointing the precise epitopes responsible for this peculiar
behavior becomes essential, especially given the likely contri-
bution of a coordinated crosstalk between TLR4 and mannose-
recognizing lectins such as DC-SIGN and MBL. Deciphering this
phenomenon may ultimately resolve the “Segatella paradox” by
revealing when S. copri acts as a protective symbiont or as
a potential driver of pathology.

A similar ambiguity emerges with Paenalcaligenes hominis,
a bacterium increasingly detected in the gut microbiota of

3902 | Chem. Sci, 2026, 17, 3894-3907

elderly individuals,” and frequently linked to disorders
involving the gut-brain axis.” Lee and colleagues demonstrated
that P. hominis is associated with suppression of brain-derived
neurotrophic factor, mediated by the activation of the TLR4-
NF-kB signaling pathway in microglia, the resident macro-
phages of the central nervous system.” These findings suggest
that bacterial components, particularly LPSs, can translocate
from the gut to the brain, triggering neuroinflammatory
responses and establishing a mechanistic link between gut
dysbiosis and cognitive decline.” How bacteria reach the brain
remains an intriguing and largely unresolved question.
However, it is hypothesized that outer membrane vesicles may
play a key role in this interaction, as they can cross the blood-
brain barrier and deliver immunologically active components
like LPSs. A recent study showed that P. hominis produces an
LPS whose O-antigen, built of rhamnose-glucosamine repeating
units and decorated by nonstoichiometric acetylation (Fig. 5),
adopts a flexible, loosely coiled conformation and forms highly
hydrated aggregates, properties that likely influence receptor
accessibility and immune signalling.”” Moreover, consistent
with its penta-acylated lipid A, P. hominis LPS activates TLR4
only weakly, while eliciting a moderate cytokine response in
dendritic cells and engaging a distinct set of innate immune
lectins, including ficolins and galectin-4.”” These selective
lectin-glycan interactions once again point to non-canonical
recognition pathways and is particularly interesting in the
case of P. hominis as it appears contradictory: while it exhibits
structural features typically associated with low inflammatory
potential, functional studies associate this bacterium to colitis
and neuroinflammation. This data suggested that P. hominis
might therefore exploit the peculiar composition of its LPS to

© 2026 The Author(s). Published by the Royal Society of Chemistry
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sustain chronic low-grade inflammatory states rather than
acute responses.

Among the most emblematic examples of the “beneficial LPS
concept” is Akkermansia muciniphila, a mucin-degrading
symbiont whose presence is consistently linked to improved
metabolic health, enhanced intestinal barrier integrity, and
expansion of regulatory T cells.”® Remarkably, both live and
pasteurized bacterial cells exert comparable, sometimes even
superior, beneficial effects in mice and humans, a property
largely attributed to the heat-stable outer membrane protein
Amuc_1100, known to signal through TLR2.777® Yet A. mucini-
phila, as a Gram-negative member of the Verrucomicrobia, also
produces LPSs, raising the question of how molecules classi-
cally associated with inflammation can coexist within a bacte-
rium universally regarded as beneficial and considered a next-

© 2026 The Author(s). Published by the Royal Society of Chemistry

generation probiotic. Recent structural investigations resolved
this apparent contradiction by demonstrating that A. mucini-
phila strain MucT synthesizes two unusual LOSs, one of which
bearing a strikingly large, non-repetitive core OS including
a distinctive fucosylation pattern (Fig. 6, 0S1 and 0S2), coupled
to an atypical lipid A moiety characterized by the presence of
branched acyl chains and made up of a complex blend of mono-
and bis-phosphorylated, tetra to hexa-acylated lipid A species.”
Strikingly, this LOS engages both TLR4 and TLR2, with the TLR2
arm providing a compensatory, anti-inflammatory counterbal-
ance to the weak canonical TLR4 activation.” The peculiar
chemistry of its lipid A once again appears central to the LOS
attenuated TLR4 agonism, while its extended carbohydrate
region likely contributes to lectin-mediated modulation at the
mucosal interface. A comparable paradigm emerges from

Chem. Sci., 2026, 17, 3894-3907 | 3903
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recent work on Odoribacter splanchnicus, another promising
next-generation probiotic. Its exceptionally short LOS, enriched
in unusual sugars such as p-4-O-(1-carboxyethyl)mannose (p-
Man4Lac) and carrying a Bacteroides-like lipid A, forms supra-
molecular aggregates encased in an extended oligosaccharide
shell (Fig. 6).*° This kind of “structural masking” sterically
shields lipid A from the TLR4/MD-2 complex, thereby damp-
ening receptor activation and favoring immune tolerance,
epithelial preservation, and competition against more inflam-
matory E. coli LPS species.

Together, these examples further underline that within the
gut microbiota, the boundary between “good” and “bad” LPS is
not defined by taxonomy, but by chemistry. Only by dissecting
the fine structural motifs, and the signaling pathways they
engage, we can begin to predict whether an LPS will trigger
inflammation, modulate immune response, or even serve as
a therapeutic tool. In this sense, mapping the chemical logic of
microbiota-derived LPSs is not an academic exercise; it is the
key, instead, to decoding microbial behavior and engineering
the next generation of immunomodulators.

Conclusions

The examples discussed in this Perspective collectively chal-
lenge the traditional view of LPSs as unidimensional pro-
inflammatory triggers sensed exclusively through TLR4.
Instead, gut-derived LPSs emerge as chemically diverse and
functionally nuanced mediators that can span a continuum
from strong agonism to near-immunological silence, and even
active gut mucosal tolerance. This spectrum is not random: it is
encoded in precise structural features of lipid A (acylation
pattern, phosphorylation, charge distribution), in the architec-
ture of the core OS and O-antigen, and in how these motifs are
presented at the supramolecular level. A recurring theme across
all species characterized thus far is that small chemical changes
can produce disproportionately large shifts in immune
outcome. Hypo-acylation and reduced phosphorylation of lipid
A, zwitterionic or charge-masked saccharide regions, rare
sugars such as galactofuranose or p-Man4Lac, and atypical
aggregation states all converge to weaken or rewire canonical
TLR4 signaling. These LPS structures, in fact, frequently engage
a broader receptor repertoire, including TLR2, C-type lectins,
galectins, ficolins, and other soluble or membrane-associated
pattern-recognition molecules. The resulting responses are
not simply “less inflammatory”, but qualitatively distinct, often
favoring IL-10 production, Treg expansion, barrier mainte-
nance, and tissue repair, or sustaining chronic low-grade
inflammation instead of acute responses.*

Another key message is that context matters: anatomical
niche, host age, inflammatory tone, and microbial lifestyle
(symbiont vs. pathobiont vs. opportunist) all shape both LPS
chemistry and its interpretation by the host. The comparison
between oral and intestinal V. parvula and the Peyer's patches-
adapted A. faecalis underscores that LPSs are not static molec-
ular patterns, but an evolvable interface optimized for specific
ecological and immunological landscapes. Understanding this
niche-structure-function axis will be essential for predicting
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when a given LPS behaves as a beneficial signal, a tolerogenic
buffer, or a driver of pathology. In this spirit, we hope that
future work will increasingly focus on LPS heterogeneity not
only across species, but within the same species isolated from
different anatomical sites or even from different individuals.
Such efforts may reveal personalized patterns of LPS chemistry
that mirror, or even shape, individual immune tone. Ultimately,
expanding LPS research into this intra-species and inter-
individual dimension could lay the foundation for a new fron-
tier in precision (glyco)immunology, where bacterial surface
glycans are actionable targets for personalised interventions.

From a translational viewpoint, these insights open a double
opportunity. On one hand, they highlight the potential of
microbiota-derived LPSs as templates for next-generation
immunomodulators, ranging from anti-inflammatory agents
and adjuvants to mucosal vaccine platforms. Second, it high-
lights the need for diagnostic tools capable of distinguishing
“good” from “bad” LPSs in complex samples, moving beyond
crude LPS measurements toward molecularly resolved profiling
of LPS mixtures. In this context, analytical advances are indis-
pensable. While wet organic chemistry conjugated with NMR
spectroscopy remain foundational for defining saccharide
chemistry, high-resolution MS, still underused beyond lipid A,
has the potential to transform LPS structural biology. Modern
MS allows simultaneous interrogation of lipid and carbohydrate
moieties with high accuracy, often requiring minimal material.
When combined with ion mobility, MS can resolve isobaric
species based on size, shape, and charge, generating drift-time
maps that disentangle heterogeneous mixtures. Given the
remarkable diversity of LPS structures even within single
species, ion mobility-assisted MS is poised to become a central
tool for deconvoluting this complexity. It also remains crucial to
develop multiomic approaches capable of profiling lipid A and
extended LPS structures in human-derived samples (i.e. stool,
saliva, blood) and linking them to functional outputs.* Further
validation in physiologically relevant in vivo systems is required,
considering host physiology, microbial-microbial interactions,
and environmental cues. While germ-free and TLR-knockout
mice have provided valuable insights, their limitations are
well known: several LPS chemotypes that are silent or antago-
nistic in mice remain stimulatory in humans due to species-
specific differences in MD-2.%%%

Moreover, large portions of the Gram-negative gut micro-
biota remain chemically unexplored. Parabacteroides species (P.
distasonis, P. goldsteinii, P. johnsonii, P. merdae), reduced in
obesity, metabolic syndrome, and IBD, still lack any structural
definition of their LPSs.*® The same holds for other abundant
Bacteroides members, despite mounting functional evidence of
immunoregulatory potential. Together, these blind spots reveal
a simple truth: most immunologically relevant LPS structures in
the gut microbiota remain undiscovered. Mapping this hidden
chemical space will be essential to resolve conflicting pheno-
types, identify novel immunomodulatory archetypes, and refine
the notion of what makes an LPS “beneficial” or “pathogenic”.

Looking ahead, what the field still lacks, and what now
appears within reach, is a unifying structure-function frame-
work for gut commensal LPSs: experimentally grounded rules

© 2026 The Author(s). Published by the Royal Society of Chemistry
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linking discrete chemical motifs to reproducible immunolog-
ical outputs across receptors, cell types, and anatomical sites.
Building such a framework will require systematic comparisons
across multiple gut Gram-negative species, integrating analyt-
ical chemistry, synthetic glycoengineering, biophysics, and
immunology. Yet the potential payoff is enormous: (i) the ability
to classify microbiota-derived LPSs as inflammatory, tolero-
genic, or “tuned”; (ii) to predict their behavior in vivo; and
ultimately (iii) to engineer synthetic LPS mimetics that recali-
brate host immunity with unprecedented precision. In this
sense, deciphering the chemical logic of gut-derived LPSs is far
more than an exercise in structural curiosity. It is the necessary
step to transform LPSs from just feared “endotoxins” into
designable immunological tools that will help us understand,
and eventually control, the thin line that separates microbial
harm from microbial benefit.
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