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Abstract:

Outer membrane vesicles (OMVs) from Gram-negative
bacteria exhibit selective enrichment for small RNAs
(sRNAs), including tRNA fragments, as opposed to
randomly reflecting cellular RNA pools. Building on
well-established RNase-detergent controls and ddRT-
PCR quantification, we summarise delivery stoichiometry
(=1% of vesicle RNA reaching recipient cytoplasm) and
propose reporting standards (vesicles per cell, RNA copies
per vesicle, delivery per cell). Functionally, OMV RNAs
signal via two main routes: cytosolic Argonaute-dependent
silencing and endosomal TLR7/8 sensing in both
pathogenic and commensal bacterial species. We highlight
evidence that OMVs can travel along the gut-brain axis and
activate astrocytic NF-kB, thereby exacerbating amyloid-
associated pathology, and we outline the experimental
controls needed to attribute these effects specifically to
RNA cargo. Finally, we consider how these principles
could guide the engineering of probiotic-derived OMVs
to tune immune tone within a quantitative mechanistic
framework. This review identifies key methodological gaps
and puts forth quantitative frameworks for studying RNA
delivery.
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1. Introduction

Outer membrane vesicles (OMVs) are nanoscale
blebs that naturally bud from the outer membrane

not only involved in intra-species communication
but they also play roles in inter-kingdom exchang-
es and pathogenicity. To date, released products,
such as small molecules,\n DNA\n ,

of Gram-negative bacteria, carrying lipids, proteins,
and nucleic acids [1]. Unlike bulk cellular RNA, the
RNA repertoire of OMVs is markedly enriched in
short RNA species, indicating selective sorting rather
than random carryover [2,3secreted biomolecules are

peptides, and proteins, have been well studied in
bacteria. However, the bacterial extracellular\n
RNA\n
comprehensively characterized. Here, we have an-

complement has so far not been
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alyzed, using a combination of physical characterization
and high-throughput sequencing, the extracellular\n
RNA\n complement of both outer membrane ves-
icle (\n OMV\n ]. Early causal evidence
came from Pseudomonas aeruginosa, where an OMV-
borne tRNA fragment (sSRNA52320) reduced epithelial
IL-8/KC signaling and neutrophil recruitment [4]. RNase
protection with detergent controls establishes that much of
the RNA is encapsulated within vesicles, while imaging
and ddRT-PCR provide a quantitative anchor: only ~1%
of vesicle RNA is delivered to target cells under typical
in-vitro conditions [5].

Functionally, OMV RNAs act in two ways. First, they en-
ter the cytosol and regulate host mRNAs at the post-tran-
scriptional level, ultimately inducing gene silencing. Sec-
ond, they stimulate endosomal receptors such as TLR7/8,
which reprogram innate immune signaling pathways[1,3].
These activities occur in both pathogens and commen-
sals: Bacteroides OMVs can trigger TLR2/4/7 and NOD1
signaling in epithelia [1]. OMVs also circulate beyond
the gut, reach the brain parenchyma, and exacerbate am-
yloid-linked pathology with astrocyte NF-kB activation,
outlining a plausible route from intestinal microbes to
neuroinflammation [6,7]. However, quantitative standards
for RNA delivery remain underdeveloped, leaving uncer-
tainties in comparing studies and interpreting biological
significance across systems. We aim to explore the mecha-
nisms of SRNA packaging in OMVs, their delivery to host
cells, and their functional impact on host gene expression
and immune signalling. It will also discuss the potential
implications of these findings for understanding the gut—
brain axis and for developing therapeutic strategies target-
ing microbial RNA communication. Understanding these
processes is significant because it links microbial vesicle
biology with host immune modulation and neuroinflam-
mation. Clarifying how bacterial SRNAs are selectively
packaged and functionally delivered may help design
probiotic-based or vesicle-based interventions to maintain
immune balance and protect against neurodegenerative
diseases. This review synthesises selective packaging,
delivery stoichiometry, and these two lanes of action, and
argues for quantitative standards to enable translational
strategies on the gut—brain axis.

2. Selective Packaging of sSRNAs

Multiple transcriptomic analyses have demonstrated that
RNAs encapsulated within OMVs are not randomly de-

rived from the cytoplasmic transcriptome. They exhibit a
distinct size distribution, typically ranging from 15 to 40
nucleotides in length [3,8bacterial RNAs comparable in
size to eukaryotic miRNAs (18-22 nucleotides]. Among
these, transfer RNA fragments (tRFs) and defined small
regulatory RNAs are consistently enriched, while full-
length messenger RNAs form only a minor proportion of
the total vesicular RNA content [5]. Such skewed distri-
butions persist even after stringent removal of external
contaminants using RNase protection and density-gradient
purification, suggesting that these RNAs are selectively
incorporated into vesicles rather than randomly adsorbed
onto their surface.

Environmental factors appear to play an active role in
shaping OMV RNA composition. In Salmonella enteri-
ca, for example, culture under Salmonella Pathogenicity
Island (SPI)-inducing conditions dramatically alters the
small RNA profile of OMVs, implying that RNA packag-
ing is linked to bacterial physiological state and virulence
regulation [4]. Pathogenic bacteria such as Salmonella
enterica tend to reshape the RNA composition of their
vesicles when exposed to virulence-related stress. By con-
trast, commensal species like Bacteroides fragilis maintain
more stable RNA packaging. These B. fragilis OMVs can
transfer nucleic acids to intestinal epithelial cells, activat-
ing pattern-recognition receptors including TLR4, TLR7
and NODI1. At the same time, polysaccharide A within the
vesicles engages TLR2 on dendritic cells and promotes
anti-inflammatory responses [1,9]. These examples point
to two main regulatory patterns: stress-induced packaging
in pathogens and steady-state packaging in commensals.
This distinction suggests that selective RNA export is a
general feature of bacteria, not limited to pathogens.
Several non-exclusive mechanisms have been proposed to
explain how certain RNAs are preferentially loaded into
OMVs. One hypothesis emphasises the role of RNA-bind-
ing proteins (RBPs) that recognise specific sequence or
structural motifs and co-segregate with their bound RNAs
into vesicle-forming membrane microdomains[3]. Anoth-
er model suggests that tRNA processing produces stable
fragments that accumulate within OMVs[2secreted bio-
molecules are not only involved in intra-species communi-
cation but they also play roles in inter-kingdom exchanges
and pathogenicity. To date, released products, such as
DNA\n , peptides, and
proteins, have been well studied in bacteria. However, the
bacterial extracellular\n RNA\n comple-
ment has so far not been comprehensively characterized.

small molecules,\n



Here, we have analyzed, using a combination of physical
characterization and high-throughput sequencing, the ex-
RNA\n complement of both
outer membrane vesicle (\n OMV\n ]. A
third explanation is that vesicles bud from specific lipid—
protein regions, where certain ribonucleoprotein complex-

tracellular\n

es become enclosed during formation. Finally, OMVs may
serve as a form of RNA quality control, enabling bacteria
to export misfolded or potentially deleterious RNAs—
an apparent waste-disposal mechanism that inadvertently
facilitates intercellular signaling[10].

Collectively, these findings suggest that selective packag-
ing may involve RNA-protein interactions and lipid-RNA
affinities that become accentuated under SPI-like or other
stress-induced conditions, coordinating RNA export with
bacterial physiology. Current evidence therefore supports
the view that OMV RNA cargo reflects active and regulat-
ed selection rather than stochastic inclusion. Reproducible
enrichment across species and environments suggests that
OMYV RNA profiles are not the product of random debris.
To investigate the mechanism, it will be important to pair
crosslinking—immunoprecipitation of bacterial RNA-bind-
ing proteins with well-characterised OMV fractionation
and single-vesicle RNA quantification assays. These ap-
proaches can show which RBPs are responsible for RNA
loading, what sequence or structural features they recog-
nise, and how many RNA molecules each vesicle typical-
ly carries. Defining these details will make it possible to
separate true regulatory secretion from waste export and
to understand how bacterial vesicles shape host responses,
including communication along the gut-brain axis.

3. Delivery and Functional Impact

3.1 Entry and quantification

The internalization of bacterial OMV-derived RNA into
host cells has been visualized using lipid-labeled vesicles
and metabolically labeled RNA, such as 5-ethynyluridine
(5-EU). These approaches have revealed that vesicular
RNA can localize to both the cytoplasm and, in certain
cases, the nucleus of epithelial cells [4,8bacterial RNAs
comparable in size to eukaryotic miRNAs (18-22 nucleo-
tides]. To distinguish truly internalised RNA from materi-
al adhering to the cell surface, researchers have applied a
nuclease-detergent logic test: treatment with RNase alone
leaves vesicle-encapsulated RNA intact, whereas combin-
ing RNase with a detergent that disrupts the membrane
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abolishes the RNA signal [11]. This simple but rigorous
control ensures that detected RNA reflects bona fide deliv-
ery rather than surface adsorption.

Quantification of delivery efficiency has improved with
the use of digital droplet RT-PCR (ddRT-PCR) combined
with spike-in standards, which allows absolute counting
of RNA copies[12]. According to MISEV2023, quanti-
tative standards for RNA delivery and OMV purity as-
sessment have recently been proposed, which can serve
as methodological benchmarks for OMV studies[13].
Studies converge on an estimate that roughly one percent
of total OMV RNA ultimately reaches the recipient cy-
toplasm—a small fraction in physical terms, but one that
can have considerable biological impact if the transferred
molecules are functionally potent and directed to specific
pathways [4]. Quantitative comparability can be improved
by reporting vesicles per cell, RNA copies per vesicle,
and the estimated delivery per cell [13]. Establishing this
standardized stoichiometric framework would facilitate
the development of meaningful dose-response models and
enhance reproducibility in the expanding field of microbi-
al RNA communication.

3.2 Two-lane model: silencing versus sensing

The functional impact of delivered bacterial RNA appears
to follow two principal “lanes”. The first is the silencing
lane, in which vesicular RNA enters the host cytoplasm
and directly modulates gene expression through Argo-
naute (AGO)-dependent pathways. A well-characterised
example involves a Pseudomonas aeruginosa transfer
RNA fragment, tRF 52320, which downregulates the
epithelial chemokine interleukin-8 (IL-8, also known as
KC in mice) via targeting MAPK-associated transcripts
[4]. Reporter assays demonstrate sequence-specific target
repression, while rescue experiments with synthetic mim-
ics and Argonaute pull-downs detecting bacterial RNA
fragments collectively support this mode of action [2se-
creted biomolecules are not only involved in intra-species
communication but they also play roles in inter-kingdom
exchanges and pathogenicity. To date, released products,
such as small molecules,\n DNA\n , pep-
tides, and proteins, have been well studied in bacteria.
However, the bacterial extracellular\n RNA\n
complement has so far not been comprehensively charac-
terized. Here, we have analyzed, using a combination of
physical characterization and high-throughput sequencing,
the extracellular\n RNA\n complement of
both outer membrane vesicle (\n OMV\n ].
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The minimal experimental dataset to validate this mech-
anism should include evidence of intracellular RNA de-
livery, quantifiable target repression, and complementary
loss- and gain-of-function tests using RNA-depleted and
RNA-supplemented OM Vs, respectively.

The second, functional sensing lane, entails the recogni-
tion of vesicular RNA by endosomal pattern-recognition
receptors. In macrophages, RNA packaged within OMVs
from oral pathogens such as Aggregatibacter actinomyce-
temcomitans activates TLRS, leading to NF-«xB signalling
and the release of TNF-a [14]. Human TLRS selectively
recognises uridine-rich bacterial RNA motifs, which ac-
counts for its responsiveness to OMV-derived transcripts
[15]. Commensal Bacteroides fragilis likewise produces
OMVs that engage several innate immune receptors—
including TLR2, TLR4, and TLR7—and deliver peptido-
glycan that triggers the cytosolic sensor NODI1, indicating
coordinated signaling between endosomal and cytosolic
pathways. Evidence supporting this sensing mechanism
typically derives from experiments utilizing receptor-spe-
cific antagonists, genetic knockout models of adaptor
proteins, or inhibitors of endosomal acidification—all
of which attenuate cytokine induction. To rigorously
confirm RNA dependence, signals must be shown to be
RNase-sensitive but resistant to protease or lipase treat-
ment. This excludes contributions from non-RNA compo-
nents (e.g., proteins or lipids), thereby establishing RNA
as the primary driver of the observed biological response.
Importantly, these two lanes are not mutually exclusive. A
single OMV population can deliver distinct RNA cargos
that act through both routes—some RNAs are sensed by
endosomal TLRs to initiate innate immune signalling,
while others escape into the cytosol to participate in
AGO-mediated post-transcriptional regulation. To distin-
guish the relative contributions of these pathways, exper-
iments that monitor endosomal and cytosolic responses
separately are required. This objective can be accom-
plished using receptor-knockout models in combination
with Argonaute perturbation or compartment-specific
reporters. Clarifying these parallel mechanisms will help
establish when OMV RNAs primarily function as immu-
nostimulatory “danger signals” versus when they serve as
fine-tuning regulators of host gene expression programs.

4. Gut-Brain Axis and Systemic Impli-
cations

Recent biodistribution studies have shown that OMVs

derived from the gut microbiota can enter the systemic
circulation, thereby reaching distant organs, including the
brain. Helicobacter pylori OMVs have been detected in
the brain parenchyma of amyloid-prone mouse models.
Their accumulation accelerates amyloid-f accumulation
and cognitive decline [6]. In vivo studies also report that
OMVs activate NF-«B signalling in astrocytes and lead
to neuronal injury, which suggests that microbial vesicles
directly contribute to neuroinflammatory processes [7].
These findings support that OMVs function as messengers
carrying pro-inflammatory cues from the gut to the central
nervous system. However, the extent to which OMVs en-
ter systemic circulation and cross the blood-brain barrier
remains debated, highlighting the need for in vivo imag-
ing and quantitative tracing assays.

Although the pathological effects of OMVs are gaining
growing recognition, the specific molecular cargo re-
sponsible for OMV-mediated neurotoxicity has yet to be
definitively identified. While lipopolysaccharides (LPS)
and outer-membrane proteins have been implicated as
potential contributors, vesicle-associated RNA has been
proposed as a candidate mediator of microbial commu-
nication with host tissues [11]. However, contamination
from LPS or co-purified protein factors represents a prom-
inent confounder in the interpretation of vesicle-induced
immune activation. To rigorously attribute causality to the
RNA fraction rather than to proteins or LPS, a set of tar-
geted experiments is required. First, selective degradation
of intraluminal RNA via RNase treatment—either with or
without mild detergent—can establish whether the integ-
rity of intraluminal RNA is indispensable for the observed
neuroinflammatory effects. Second, the use of RNA-de-
ficient OMVs—either generated from bacterial strains
expressing periplasmic RNases or produced through con-
trolled vesicle permeabilisation—would clarify whether
RNA-free vesicles lose their ability to induce neuroin-
flammation. Third, reintroduction of purified RNAs into
RNA-depleted vesicles could test sufficiency by rescuing
the phenotype. Finally, cell-type-specific assays such as
Argonaute immunoprecipitation (AGO-IP) or Toll-like
receptor (TLR) reporter systems in microglia or astrocytes
could help identify which recognition pathways are acti-
vated [14].

These system-level observations give rise to several
testable hypotheses about how OMV-borne RNA might
influence the brain. One possibility is that particular
sRNA or tRFs act as pathogen-associated molecular
patterns (PAMPs) that bind to TLR7 or TLR8 on glial



cells, thereby inducing the secretion of cytokines such as
TNF-o and IL-6 [15]. A plausible scenario is that a subset
of these RNAs escapes endosomal degradation, enters
the cytoplasm, and directly disrupts the neuronal or glial
gene expression via post-transcriptional gene silencing
(PTGS) mechanisms [8bacterial RNAs comparable in size
to eukaryotic miRNAs (18-22 nucleotides]. A third, more
chronic outcome could be that repeated or long-term ex-
posure to OMV-RNA fine-tunes neuroimmune set-points,
ultimately increasing susceptibility to neurodegenerative
diseases such as Alzheimer’s or Parkinson’s [9].

To determine whether RNA is the primary driver of these
effects, future work will need to test both its necessity and
sufficiency using controlled dosing and receptor-knockout
models. Such studies could help separate the contribu-
tions of TLR-mediated immune signalling from those of
cytosolic RNA-silencing pathways, thereby clarifying the
mechanisms by which bacterial vesicles interact with neu-
ral and glial cells. A more comprehensive understanding
of these mechanisms could shed light on how long-term
perturbations in the gut microbiota modulate neuroim-
mune balance, and could ultimately guide new therapeutic
strategies targeting microbe-derived vesicles in neurode-
generative disease.

5. Future Directions and Applications

A key challenge in advancing OMVs for therapeutic or
diagnostic applications is the absence of standardized
methods for their quantitative analysis. Variations in puri-
fication and characterization protocols across laboratories
frequently lead to inconsistent measurements of RNA con-
tent, biological activity, and delivery efficiency. Establish-
ing reproducible pharmacological baselines is therefore an
important next step for the field. Currently, OMV-based
RNA therapies remain conceptual and at the preclinical
stage, with no clinical trials yet reported. Recent advanc-
es in purification have improved the reliability of OMV
studies. Combining density-gradient ultracentrifugation or
size-exclusion chromatography with viability and integri-
ty assessments has improved the reliability of OMV puri-
fication. These approaches help to reduce contamination
from cell debris and free nucleic acids, resulting in cleaner
and more consistent vesicle preparations [3]. In addition,
controlled nuclease and detergent treatments can be used
to distinguish RNA species enclosed within OMVs from
those loosely associated with their surface, enabling a
more accurate characterisation of vesicle-protected RNA
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transcripts [4]. Complementary use of digital-droplet RT-
PCR with spike-in standards facilitates absolute quantifi-
cation of RNA delivery—expressed as copies per recipient
cell—thereby enabling the evaluation of OMV dosing to
be evaluated with pharmacological precision [5].

Recent studies have focused on engineering OMVs as
controllable platforms for microbial-host communica-
tion and immune modulation. Probiotic-derived OMVs
enriched with anti-inflammatory small RNAs have been
shown to attenuate Toll-like receptor signalling in intes-
tinal and neural tissues [1,4]. Another strategy involves
constructing RNA decoy vesicles that bind TLR7/8-rec-
ognising motifs, thereby reducing neuroinflammatory ac-
tivity while preserving normal immune function [6,7]. To-
gether, these studies suggest that OMVs hold the potential
to function both as targeted delivery tools and as regulato-
ry components that aid in stabilising immune responses in
mucosal and neural tissues.

Future progress will likely depend on the integration of
multi-omics profiling with computational modeling ap-
proaches to guide OMV design. Lipidomic and transcrip-
tomic analyses offer a means to identify the molecular
factors that modulate vesicle stability, targeting, and RNA
packaging, while proteomic studies provide insight into
host-receptor interactions that regulate tissue distribution.
Integrating these datasets with machine learning could
enable the prediction of OMV behaviour in different bio-
logical contexts, supporting more systematic optimisation
of their pharmacokinetic properties and tissue-targeting
capabilities. In the long term, such approaches may allow
the rational development of OMVs with defined RNA car-
gos and controllable immune activity, moving them closer
to clinical application as reliable biological therapeutics.
The establishment of standardised RNA isolation and
quantification pipelines is critical to advancing reproduc-
ible translational progress.

6. Conclusion

In summary, recent advances have transformed the study
of bacterial OMVs from descriptive transcript profiling
toward the definition of causal roles for vesicle-associ-
ated small RNAs in modulating host responses. A robust
conceptual framework now distinguishes two primary
modes of action—cytosolic gene silencing and endosomal
immune sensing—collectively explaining observations
across both pathogenic and commensal species. To move
the field forward, rigorous methodological standards
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are imperative—including standardized RNase and de-
tergent controls, receptor or Argonaute knockouts, and
quantitative benchmarks such as vesicle dose, RNA copy
number, and delivery efficiency. Within the gut-brain
axis, bacterial OMVs have been demonstrated to elicit
neuroinflammatory responses, supporting a potential link
between microbial RNAs and neurodegenerative disease
mechanisms. However, the precise requirement and suf-
ficiency of these RNAs to drive such pathological effects
remain unresolved. Clarifying this causality represents a
pivotal priority for future research. A deeper understand-
ing may ultimately facilitate the design of therapeutic
OMV-derived small RNAs that suppress inflammation or
the development of strategies to block vesicular RNAs
that drive disease pathogenesis. Establishing standardised
RNA quantification pipelines is therefore fundamental to
advancing OMV-based therapeutic applications.
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