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Abstract
Bacterial extracellular vesicles (BEVs) have emerged as pivotal mediators between
bacteria and host. In addition to being crucial players in host homeostasis, they have
recently been implicated in disease pathologies such as cancer. Hence, the study of
BEVs represents an intriguing and rapidly evolving fieldwith substantial translational
potential. In this review,we briefly introduce the fundamentals of BEVcharacteristics,
cargo and biogenesis. We emphatically summarize the current relationship between
BEVs across various cancer types, illustrating their role in tumorigenesis, treatment
responses and patient survival. We further discuss the inherent advantages of BEVs,
such as stability, abundance and specific cargo profiles, that make them attractive
candidates for non-invasive diagnostic and prognostic approaches. The review also
explores the potential of BEVs as a strategy for cancer therapy, considering their abil-
ity to deliver therapeutic agents, modulate the tumourmicroenvironment (TME) and
elicit immunomodulatory responses. Understanding the clinical significance of BEVs
may lead to the development of better-targeted and personalized treatment strate-
gies. This comprehensive review evaluates the current progress surrounding BEVs
and poses questions to encourage further research in this emerging field to harness
the benefits of BEVs for their full potential in clinical applications against cancer.
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 INTRODUCTION

In 2022, Hanahan expanded the hallmarks of cancer to include 14 distinct characteristics, one of which is the ‘polymorphic
microbiome’. This addition highlights the growing understanding of the microbiome’s role in regulating polymorphism within
tumours and its potential significance in cancer research (Hanahan, 2022). The human body contains a vast number of bacteria,
outnumbering host cells by a ratio of almost 3:1, with 38 trillion bacteria and 4500 species (Almeida et al., 2021; Sender et al.,
2016). While the majority (around 97%) reside in the colon, the rest can be found in the proximal intestine, skin and lung tissue
(Garrett, 2015). These bacteria contribute a significant number of genes to the host genome expanding human genetic diversity
(Gilbert et al., 2018). The structure of the bacterial community is influenced by various factors, such as age, race, sex, geographical
location, dietary habits and lifestyle. Dysbiosis, or an imbalance in the microbiota, can lead to several pathologies, highlighting
the importance of the microbiome beyond genetic factors alone (Tang et al., 2019). The individualized rate of change in normal
microbiota composition suggests a potential clinical feature, although the sources of this variation and its impact on humanhealth
are not yet well understood (Gilbert et al., 2018). Currently, it is known that approximately 20% of human cancers are associated
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with themicrobiome (Garrett, 2015). Among these ‘oncomicrobes’, only one bacteriumhas been identified as a human carcinogen,
indicating that there is still much to be discovered in this field (Garrett, 2015). It is likely that there are many more bacteria with
direct and indirect carcinogenic effects that have not yet been thoroughly studied and identified based on current laboratory
and epidemiological evidence (for a comprehensive review of microbiome and human cancer, please refer to Sepich-Poore et al.
(2021)).
The relationship between the host and gutmicrobiome is multifaceted, necessitating the exchange of substances and signalling

pathways for various functions such as immune regulation, stress response and cell proliferation or apoptosis (Hughes & Speran-
dio, 2008; Koeppen et al., 2016). However, microbiota faces physical and chemical barriers when accessing the epithelial barrier,
relying on factors like proteins, metabolites and extracellular vesicles (EVs) to communicate with the host (Koeppen et al., 2016;
Kuehn & Kesty, 2005). Recent evidence suggests that intercellular communication is primarily mediated by EVs released by both
the gut microbiota and host intestinal cells (Diaz-Garrido et al., 2021). Bacterial extracellular vesicles (BEVs), a specific type
of nanoscale lipid bilayer vesicles secreted by bacteria, play a crucial role in mediating interactions between the host and the
environment due to their unique composition of bioactive proteins, nucleic acids, lipids and metabolites. While BEVs have been
extensively studied inmicrobial communities for nutrient transfer, transportation of virulence factors and toxins, horizontal gene
transfer, and regulation of host immunity, their potential implications in cancer have been largely overlooked (Kulp & Kuehn,
2010; Riley et al., 2013; Wei et al., 2022; Zhang et al., 2020). However, BEVs may be the effector linking the immune system, bac-
teria and cancer through dysbiosis, alteration of metabolite/cellular signalling and immunomodulation. The aim of this review
is to introduce BEVs and comprehensively discuss their roles in modulating tumour development across various cancer types, as
well as their subsequent clinical significance. Throughout this review, the term BEV will be used to refer to all bacterial-derived
vesicles indiscriminately.

 FUNDAMENTALS OF BEVS

Pioneers have already delved into research on the biogenesis, structure and cargo of BEVs, laying the groundwork for future
studies. In the following, we will provide a concise overview for newcomers and those with some experience in the field.

. Biogenesis and structure of BEVs

BEV components normally consist of membrane proteins, lipopolysaccharides (LPS) or lipoteichoic acid (LTA), peptidoglycans
(PG), enzymes related to vesicle formation and cargos. The unique architecture of BEVs of gram-positive and gram-negative bac-
teria gives rise to distinct subtypes, which determine their biological function. Excellent summaries of the biogenesis mechanism
and taxonomy of BEVs, whichwere classified into sixmain categories, were previously done by other groups (for a comprehensive
review on this topic, please refer to Toyofuku et al. (2015, 2019, 2023)).

The membrane of gram-negative bacteria consists of an inner membrane (IM) and outer membrane (OM), with a PG layer
in the periplasmic space between them (Bos et al., 2007; Kulp & Kuehn, 2010). The OM is composed of two leaflets, an outer
one consisting of LPS, and the inner one primarily made up of phospholipids (Kulp & Kuehn, 2010). Conversely, both leaflets of
the IM consist solely of phospholipids. Gram-negative bacteria are known to produce two main types of BEVs: outer membrane
vesicles (OMVs) and outer-inner membrane vesicles (OIMVs).
OMVs are spherical structures with a diameter ranging from 20 to 250 nm (Figure 1). They are primarily composed of OM and

periplasmic proteins while lacking IM and cytoplasmic components (Toyofuku et al., 2019). On the other hand, OIMVs contain
both outer and IM components, including proteins from the periplasmic space. Various mechanisms have been proposed to
explain the production of OMVs. One of the earliest models suggested that the bulging or blebbing of the OM is due to the loss of
OM and PG cross-linking (Schwechheimer & Kuehn, 2015). Subsequently, the intercalationmodel was proposed, which suggests
that the aggregation of embedded membrane proteins, such as outer membrane protein A (OmpA), Pseudomonas quinolone
signals, unsaturated branched-chain fatty acids, or Lipid A, drives membrane budding and pinching (Elhenawy et al., 2016;
Florez et al., 2017; Naradasu et al., 2021; Song et al., 2008). The misfolded protein theory also supports a similar idea, where the
aggregation of such proteins in the periplasmic space triggersmembrane blebbing as ameans to relieve stress by eliminating them
(McBroom & Kuehn, 2007; Song et al., 2008). OIMVs, on the other hand, are formed through autolysin-mediated weakening or
inaccurate synthesis of the PG layer. The IM protrudes into the periplasm and pinches off from the cell surface along with the
surrounding OM, forming a vesicle (Aktar et al., 2021; Hayashi et al., 2002; Pérez-Cruz et al., 2013). Both OMVs and OIMVs can
further be classified as explosive OMVs/OIMVs (EOMVs/EOIMVs) if they are produced through a burst-like process (Aktar
et al., 2021; Kulp & Kuehn, 2010; Turnbull et al., 2016). Genetic, phototoxic or antibody-induced stress can lead to endolysin-
mediated degradation of the PG layer, resulting in explosive cell lysis and the generation of EOIMVs and EOMVs (Toyofuku
et al., 2023). The irregular shape of these vesicles, stemming from their haphazard release, can cause the inclusion of both OM
and IM components, explaining why they may contain cytoplasmic content or DNA (Toyofuku et al., 2023).
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F IGURE  Biogenesis and types of BEVs. Gram-negative BEVs have two main pathways of formation, namely, blebbing and explosive cell lysis. Blebbing
results in the formation of OMV and OIMV, respectively. When the curvature of the membrane changes due to various reasons, the outer membrane protrudes
and then falls off, forming OMV. Therefore, OMV contains outer membrane proteins and periplasmic contents but does not include substances from the inner
membrane and cytoplasm. On the other hand, OIMV is another blebbing mechanism where the inner membrane protrudes into the periplasm after the
weakening of PG layer by autolysins, followed by detachment along with the outer membrane. Therefore, OIMV can contain substances from both the inner
membrane and cytoplasm. Explosive cell lysis is triggered by endolysins causing cell protrusion and explosion to form EOMVs. In addition, self-assembly of
the inner membrane with cytoplasmic contents can lead to irregular vesicles within the outer membrane which then form EOIMV. Gram-positive bacteria also
have two pathways for vesicle formation: Blebbing caused by loosening of PG layer allows small vesicles formed by cytoplasmic membrane protrusions to pass
through thick PG layers to form CMVs; additionally, endolysins also can induce bubbling cell death resulting in ECMVs which differ from CMVs. BEVs,
bacteria extracellular vesicles; CMVs, cytoplasmic membrane-derived vesicles; ECMVs, explosive cytoplasmic membrane vesicles; EOIMV, explosive
outer-inner membrane vesicle; EOMVs, explosive outer membrane vesicles; OIMV, outer-inner membrane vesicle; OMV, outer membrane vesicles; PG,
peptidoglycan.

In comparison to gram-negative bacteria, the presence of a thick PG layer surrounding the cytoplasmic membrane creates
an obstacle for gram-positive BEVs release. Nevertheless, the study of gram-positive BEVs, known as cytoplasmic membrane-
derived vesicles (CMVs), has gained considerable attention in recent years (Brown et al., 2015; Cao & Lin, 2021; Lee et al., 2009).
Three non-exclusive hypotheses have been proposed to explain their production (Brown et al., 2015). The first hypothesis suggests
that CMVs are released from the cytoplasm and traverse the cell wall under turgor pressure, with the rate of release regulated
by pore size and cell wall thickness (Brown et al., 2015). The second model proposes that cell wall-modifying enzymes loosen
the membrane to facilitate CMVs release (Lee et al., 2009). Finally, the third hypothesis suggests that CMVs undergo dynamic
deformation to squeeze through small poreswhenCMVsprecursors generate a push force against a loosenedPGwall or degraded
cell wall (Jeong et al., 2022). This mechanism is believed to instigate PG encapsulation during CMVs release (Toyofuku et al.,
2023). Under stress conditions, gram-positive bacteria can produce explosive CMVs (ECMVs) through a phenomenon coined
‘bubbling cell death’. Unlike their gram-negative counterparts, due to the presence of a thick PG layer outside the cytoplasmic
membrane, they can form intracellular MVs and ghost cells without complete membrane hydrolysis (Andreoni et al., 2019; da
Silva Barreira et al., 2022).

. Cargo composition of BEVs

The composition of cargo within BEVs serves as a unique identifier of their origin and provides valuable insights into their
function and formation. Several factors such as growth conditions, biogenesis routes and membrane composition give rise to
such heterogeneity.
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Nucleic acids, particularly DNA, have been extensively studied as cargo within BEVs. It has been observed that DNA can
be carried or embedded on the surface of BEVs, playing a role in biofilm stabilisation, bacterial motility and modulation of
pathogenesis or host colonisation (Gloag et al., 2013; Whitchurch et al., 2002). Horizontal gene transfer between the microbiome
and host has also been reported, including in tumour tissues, which is believed to contribute to genetic defects and tumour
progression (Deatherage & Cookson, 2012). Similarly, various types of RNA, such as mRNA, tRNA, small non-coding RNA and
rRNA, are carried by BEVs. There is sufficient evidence pointing to their involvement in downstream cellular dysregulation
(Dauros-Singorenko et al., 2018; Fan et al., 2023; Koeppen et al., 2016; Liu, Liu, et al., 2021; Zhang et al., 2020).
BEVs are also known to carry a diverse range of proteins, including enzymes, toxins and virulence factors. These proteins

play crucial roles in inter-microbial communication, modulation of host immune responses, and pathogenicity, and can impact
various cellular processes such as cell proliferation, resistance, quorum sensing, nucleotide repair and cytokine secretion (Hussein
et al., 2023; Wei et al., 2022). Similar to DNA, proteins can be found along the BEVmembrane or encapsulated within the vesicle
(Won et al., 2023). Other macromolecules, such as metabolites and lipids, can also play a role in BEV-mediated signalling and
communication. Although the collective knowledge of lipids is limited, specific enrichment of certain lipid species in OMVs
compared to theOM suggests that formation occurs atmembrane-specific regions (Naradasu et al., 2021). Interestingly, BEVs can
carry an array of metabolites, such as amino acids, nucleotides, sugars and organic acids. The complete expression of metabolic
pathways withinOMVs suggests their ability to function as a self-sustaining biological system. Both protein andmetabolite cargo
are predicted to play a substantial role in BEV-mediated functions (Faddetta et al., 2022; Zakharzhevskaya et al., 2017).

 CANCER ASSOCIATEDWITH BEVS

Maintaining microbial homeostasis is crucial for preserving the physiological equilibrium of the human ecosystem. Commensal
bacteria occupy binding sites, establish colonization resistance, and impede the growth of pathogens. However, environmental
changes or imbalances can disrupt this balance, resulting in the overgrowth of opportunistic pathogens amidst the deple-
tion of commensal bacteria. In disease conditions, the influence of each microbial niche on cancer promotion is mediated by
community-level interactions facilitated by altered configurations of microbial communities, interaction between individual
bacteria, or through secretion and modulation of metabolites (Cullin et al., 2021). Analysis of 1500 samples revealed that seven
different tumour types had a specific microbial composition, with the microbiome of breast cancer exhibiting higher α- and
β-diversity than the others (Nejman et al., 2020). Certain bacteria with metabolic properties associated with specific cancers
were found enriched in lung tumours of current smokers due to their ability to degrade chemicals in tobacco (Nejman et al.,
2020). Significant differences in multiple bacterial taxa were observed between melanoma patients who responded positively or
negatively to immune checkpoint inhibitors (Nejman et al., 2020).
The relationship between tumour-associated microbiota and tumorigenesis involves several primary mechanisms. These

include promoting tumorigenesis by increasing mutagenesis, regulating oncogenes or tumour suppressor genes, and regulating
immune activity within the tumourmicroenvironment (TME) (Kim et al., 2017; Sepich-Poore et al., 2021;Won et al., 2023;Wong-
Rolle et al., 2021). BEVs possess virulence factors that allow them to penetrate the epithelial barrier resulting in inflammation in
the submucosa. Prolonged bacterial occupation increases BEV exposure of the mucosa leading to chronic inflammation, a noto-
rious start to the pro-oncogenic environment. Components of BEVs act as microbial-associated molecular patterns (MAMPs),
interacting with toll-like receptors (TLRs), NOD-like receptors (NLRs), AIM2 and so forth to kickstart a pro-inflammatory
immune response (Bielaszewska et al., 2018; Chen, Lei, et al., 2023; Han et al., 2019). For example, Fusobacterium nucleatum-
EVs induced F4/80+ iNOS+M1-like macrophages and upregulated cytokines such as TNF-α, IL-6, IL-1β and iNOS, while also
driving barrier leakage via receptor-interacting serine/threonine-protein kinase 1 (RIPK1), a regulator participating in chronic
NF-κB activation (Liu, Liang, et al., 2021; Wong et al., 2020). However, certain BEVs can also induce cellular apoptosis, inhibit
cell proliferation, downregulate angiogenesis, mobilize immune cells and trigger anti-tumour responses (Aly et al., 2021; Kim
et al., 2017; Won et al., 2023). Understanding the strain-specific role of bacteria in tumorigenesis is primordial to leveraging
anti-tumour benefits and circumventing pro-tumour signalling.
BEVs can exert this widespread influence on the body’s remote organs and tissues through both the lymphatic and circulatory

systems. Kinetic analysis confirmed that intraperitoneal injection of BEVs in mice can spread to the liver, lungs, spleen, kidneys,
pancreas and small intestine (Jang et al., 2015). To mimic the physical condition, oral administration of BEVs showed that they
reach the lamina propria blood vessels through dynamin-dependent endocytosis by the intestinal epithelium and primarily accu-
mulate in the liver (Jones et al., 2020; Schaack et al., 2024). This suggests that BEVs may not only play a role in the formation of
local TME but also the establishment of premetastatic niches in distant organs (Amieva et al., 2003; Shimoda et al., 2016; Turkina
et al., 2015; Zoaiter et al., 2021). However, comprehensive reviews exploring the specific role of BEVs in various types of cancers
are lacking. Therefore, the aim of this section is to delve into the role of BEVs in colon, stomach, liver, oral and other commonly
associated tumours (Table 1).
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TABLE  The role of bacterial-derived extracellular vesicles in human cancers.

Bacteria Cancer Cargo Function Signalling References

Helicobacter pylori Gastric cancers VacA 1. Induce intracellular
vacuoles, accompanied by
altered iron metabolism and
glutathione loss
2. Induce inflammatory
responses

1. N.D.
2. N.D.

(Chitcholtan et al., 2008;
Choi et al., 2017)

CagA 1. Induce inflammatory
responses

1. N.D. (Choi et al., 2017)

N.D. 1. Induce the burst of
anti-inflammatory cytokines
2. Impede human T cell
responses
3. Induce Th2 and M2-biased
immune responses

1. N.D.
2. COX-2
3. N.D.

(Ahmed et al., 2021;
Hock et al., 2017; Liu
et al., 2019b)

sRNA
(sR-2509025,
sR-989262)

Reduce IL-8 cytokine secretion N.D. (Zhang et al., 2020)

OSM Promote the development of
gastric cancer

JAK/STAT (Zoaiter et al., 2021)

Liver cancer N.D. Induce expression of hepatic
fibrosis markers

N.D. (Bolori et al., 2023)

Fusobacterium
nucleatum

Colorectal cancer N.D. 1. Promote colon cancer
development

2. Destroy intestinal epithelial
barrier by reducing ZO-1
and Claudin-1

3. Induce the burst of
pro-inflammatory
cytokines4. Regulate of
immune response

1. 1.N.D.
2. FADD-RIPK1-

caspase3;
mir-574-5p/CARD3

3. mir-574-5p/CARD3
4. Siglec-7

(Engevik et al., 2021,
Lamprinaki et al., 2021,
Lin et al., 2021, Liu et al.,
2021, Wei et al., 2023, Wu
et al., 2023)

Breast cancer N.D. Promotes the proliferation,
migration, and invasion

TLR4 (Li, Sun et al., 2023)

FomA Trigger innate immunity of
intestinal epithelial cells

Tlr2-dependent NF-κB
pathway

(Martin-Gallausiaux
et al., 2020)

Oral cancer N.D. Alter expression levels of
EMT-related proteins

N.D. (Chen et al., 2023a)

Escherichia coli Colorectal cancer N.D. 1. Increase ROS production
causing oxidative stress and
mitophag

2. Protect intestinal epithelial
barrier

1. Akt/mTOR
2. ZO-1, occludin,

claudin

(Alvarez et al., 2019,
Marzoog et al., 2023,
Tyrer et al., 2014)

Liver cancer N.D. 1. Induce inflammatory
responses

2. Increase liver
inflammation, worsened
fibrosis and suppressed
albumin production

3. Modulate gut-liver
metabolism

1. Clec4e
2. N.D.
3. N.D.

(Natsui et al., 2023, Shi
et al., 2023)

Breast/Leukaemia
cancer

N.D. Induce a broad inflammatory
response

N.D. (Firth et al., 2023)

Neuroblastoma N.D. 1. Possess apoptosis
2. Reduce migration

1. P53, Bcl-2, Bax
2. N.D.

(Jin et al., 2022, Tang
et al., 2018)

Bacteroides fragilis Colorectal cancer Virulence
factors

1. Promote colon cancer
development

N.D. (Zakharzhevskaya et al.,
2017)

N.D. 2. Increase NPC1L1 gene
expression

N.D. (Ahmadi Badi et al.,
2020, Badi et al., 2020)

(Continues)
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TABLE  (Continued)

Bacteria Cancer Cargo Function Signalling References

Bacteroides
thetaiotaomicron

Colorectal cancer N.D. Increase NPC1L1 gene
expression

N.D. (Ahmadi Badi et al.,
2020, Badi et al., 2020)

Lacticaseibacillus
paracase

Colorectal cancer N.D. 1. Reduce the production of
pro-inflammatory factors
and increase the
anti-inflammatory
cytokines

2. Inhibit cancer development

1. COX-2, iNOS,
NF-κB.

2. PDK1/AKT/Bcl-2

(An & Ha,
2022; Choi et al., 2020;
Shi et al., 2021)

Limosilactobacillus
johnsoni and
Limosilactobacillus
mucosae

Colorectal cancer N.D. Improve intestinal barrier
function

ZO-1 and occludin (Li, Feng, et al., 2023)

Lacticaseibacillus
rhamnosus GG

Colorectal cancer N.D. 1. Inhibit cancer development
2. Reduce various

pro-inflammatory factors
3. Enhance the efficacy of

anti-PD-1 immunotherapy

1. N.D.
2. TLR4/NF-κB/NLRP3
3. N.D.

(Pang et al., 2022)

Liver cancer N.D. Promote apoptosis of hepatic
cancer cells

N.D. (Behzadi et al., 2017)

Limosilactobacillus
reuteri

Colorectal cancer N.D. Protect the integrity of
intestinal barrier

N.D. (Pang et al., 2022)

Lentilactobacillus
buchneri

Colorectal cancer and
Gastric cancers

N.D. 1. Increase the apoptosis rate
in CRC and gastric cancer

2. Reduce the migration

1. Bax, caspase-9 genes
2. N.D.

(Abedi et al., 2024)

Lactobacillus
plantarum

Colorectal cancer N.D. Reduce the chemical resistance
of 5-FU

p53-p21 glycolysis (An & Han, 2022)

Lactobacillus
crispatus

Gastric cancers N.D. Reverse the inflammatory
environment

N.D. (Fakharian et al., 2024)

Porphyromonas
gingivalis

Oral cancer sRNA45033 Target CBX5 to regulates
apoptosis through the
methylation of p53 DNA

p53/Bcl-2 (Fan et al., 2023)

sRNA23392 Promote the invasion and
migration of Cancer cells by
targeting DSC2

N.D. (Liu et al., 2021a)

PG Induce PD-L1 expression NOD1-RIP2 (Groeger et al., 2020)

Clostridioides difficile Liver cancer N.D. Induce mitochondrial
dysfunction and increased
intracellular ROS

N.D. (Caballano-Infantes
et al., 2023)

Akkermansia
muciniphila

Prostate cancer N.D. Inhibit the development and
metastasis of cancer

N.D. (Luo et al., 2021)

Colorectal cancer N.D. 1. Increase the expression of
tight junction protein
occludin

2. Improvement of intestinal
barrier integrity

3. Regulate the
pro-inflammatory cytokine

4. Enhance the efficacy of
anti-PD-1 immunotherapy

N.D. (Chelakkot et al., 2018,
Kang et al., 2013, Wang
et al., 2023)

Amuc_2172 Promote CTL-related immune
response

Hsp70 (Jiang, Xu, et al., 2023)

Bifidobacterium
longum

Breast cancer N.D. Induce apoptosis Bax/Bcl-2 (Jiang, Wang, et al., 2023)

(Continues)
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TABLE  (Continued)

Bacteria Cancer Cargo Function Signalling References

Staphylococcus aureus Breast cancer N.D. Enhance tamoxifen efficacy AKT -ERK (An, Kwon, et al., 2022)

Bacillus licheniformis Breast/lung cancer N.D. Inhibited cell viability and
proliferation by increasing
ROS and decreasing
glutathione

p53, p21, caspase-9/3,
Bax, Bcl-2

(Gurunathan et al., 2023)

Abbreviations: 5-FU, 5-flu-orouracil; CagA; cytotoxin-associated gene A; CBX5, chromobox 5; Clec4e, C-type lectin domain family 4 member E; COX-2, cyclo-oxygenase-2; CTL,
cytotoxic T lymphocyte;DSC2,Desmocollin-2; EMT, epithelial-mesenchymal transition; LPS, lipopolysaccharide;MET,mesenchymal-epithelial transition factor;N.D., not determined;
NO, nitric oxide; NPC1L1, niemann-Pick C1-Like 1; OSM, Oncostatin M; PD-L1, Programmed death-ligand 1; PG, peptidoglycan; RIP2, receptor-interacting serine/threonine-protein
kinase 2; ROS, reactive oxygen species; Siglec-7, sialic acid-binding immunoglobulin-like lectins-7; TLR4, toll-like receptor 4; VacA, vacuolar cytotoxin A.

. Colorectal cancer

Colorectal cancer (CRC) is currently the thirdmost prevalent cancer and the second leading cause of cancermortality worldwide
(Sung et al., 2021). The colon harbours the most diverse types of bacteria in the body, with quantities reaching approximately
1013–1014 (Sender et al., 2016). A study on the shotgunmetagenome of 526 faecal samples fromfive countries has shown consistent
enrichment of a pro-tumorigenic ‘core microbiome,’ including Bacteroides fragilis, F. nucleatum, Porphyromonas asaccharolytica,
Parvimonas micra, Prevotella intermedia, Alistipes finegoldii and Thermanaerovibrio acidaminovorans (Dai et al., 2018).

F. nucleatum, a key member of the ‘core microbiome’ in CRC, has been strongly associated with the pathogenesis of CRC in
the past decade as shown in numerous studies (Castellarin et al., 2012; Kostic et al., 2012, 2013; McCoy et al., 2013). Proteomic
analysis of BEVs from F. nucleatum (FnEVs) revealed the presence of virulence factors, including FadA, MORN2, and YadA-like
domain proteins, each withmultiple exposed epitope sites (Liu, Hsieh, et al., 2019; Zhang et al., 2023).MORNdomain-containing
proteins and other virulence factors are significantly upregulated under acidic conditions (Zhang et al., 2023). FnEVs have been
found to promote mitochondrial fusion and cell invasion of CRC cells, and improve the ability of superoxide dismutase enzyme
(SOD) and reduce reactive oxygen species (ROS) levels, thus showing the protective effect of CRC cells (Lin et al., 2021; Wu et al.,
2023). Furthermore, transcriptome profiling revealed that FnEVs-treated cells exhibited increased expression of CRC-related
oncogenes (ID2, CCNA1, EGR2, WNT4, RIPK4, PDK4, IL-11 and MAPK4), along with decreased expression of p53 (Wu et al.,
2023). Additionally, a novel oncogene, CCL2, was identified (Wu et al., 2023).
CRC induced by inflammatory bowel disease represents a quintessentialmodel of inflammation-induced carcinogenesis (Shah

& Itzkowitz, 2022). Chronic inflammation generates a significant amount of ROS and reactive nitrogen species, which can cause
mutations and double-strand DNA breaks (Shah & Itzkowitz, 2022). Additionally, elevated levels of pro-inflammatory cytokines
are observed, which promote cancer cell proliferation and survival (Shah & Itzkowitz, 2022). Subsequent studies explored the
mechanistic functions of FnEVs in shaping the chronic inflammatory environment and promoting intestinal mucosal barrier
damage. Engevik et al. confirmed that FnEVs can stimulate the production of interleukin (IL)-8 and tumour necrosis factor
(TNF) through activation of the TLR4-MyD88 signalling pathway in colonic epithelial cells (Engevik et al., 2021). This effect was
diminished by pharmacological inhibition of TLR4 (Engevik et al., 2021). FnEVs have even been reported to interact with sialic
acid-binding immunoglobulin-like lectins-7 (Siglec-7) on innate immune cells (Lamprinaki et al., 2021). Siglec-7 has been found
to increase PD-L1 and promote monocyte polarization towards a tumour-associated macrophage phenotype. Lamprinaki et al.
found that FnEVs induce the expression of TNF-α in dendritic cells and upregulate IL-10 in macrophages (Lamprinaki et al.,
2021). For certain antibiotic-resistant CRC patients, employing glycan intervention targeting FnEVs and Siglec-7 could serve as
adjunctive therapy for CRC. Further studies confirmed that FnEVs upregulate IL-1β, IL-6 and TNF-α, while downregulating
IL-10 and intercellular tight junction proteins ZO-1 and occludin in colonic epithelial cells via miR-574-5p/CARD3-dependent
autophagy activation (Wei et al., 2023). Indeed, FnEVs significantly promote epithelial barrier dysfunctions and oxidative stress
damage via FADD-RIPK1-caspase-3 axis-mediated apoptosis inmacrophage/CRC cell co-cultures (Liu, Liang, et al., 2021). How-
ever, Liu et al. found that FnEVs decreased the level of IL-10 in macrophages, which contrasts with the findings of Lamprinaki’s
study. This discrepancymay be due to differences in the doses of FnEVs used in treating the cells. Further experiments are needed
to confirm these controversial results. Chen and colleagues recently achieved selective eradication of F. nucleatum at tumour sites
by designing a nanomedicine that mimics F. nucleatum and is fused with Colistin-loaded liposomes (Chen, Zhao, et al., 2023).
Furthermore, this anti-F. nucleatum therapy was able to restore the efficacy of anti-PD-1 therapy in F. nucleatum-infected mice.
Therefore, appropriately combined anti-F. nucleatum therapy is necessary for CRC patients with high F. nucleatum levels (Yu
et al., 2017).

Compared with the oncogenic role of F. nucleatum, the strains of Escherichia coli exhibit a wide spectrum of roles, encom-
passing both probiotics and pathogens. For example, EcEVs derived from probiotic strains E. coli were found to enhance the
expression of ZO-1, occludin and claudin in colonic epithelial cells that were infected with enteropathogenic E. coli O127:H6,
thus reversing the cellular barrier damage (Alvarez et al., 2019). EcEVs from the laboratory strain also induce apoptosis in CRC
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by decreasing the Bcl-2/Bax ratio (Jiang et al., 2024). Recent research found that EcEVs from standard strain upregulate ROS and
induce mitophagy via the Akt/mTOR pathways in CRC cells, resulting in the selective killing of CRC cells (Marzoog et al., 2023).

Interestingly, studies have demonstrated that EVs secreted by probiotics can have tumour-suppressive effects. For example,
BEVs derived from Limosilactobacillus johnsoni and Limosilactobacillus mucosae have been shown to effectively mitigate LPS-
induced damage to the intestinal barrier by upregulating the expression levels of ZO-1 and occludin, and reverse intestinal
inflammatory damage (Li, Feng, et al., 2023). BEVs derived from Limosilactobacillus reuteri also have the ability to decrease
barrier leakage caused by enterotoxigenic E. coli (Pang et al., 2022). Lacticaseibacillus paracasei-EVs (LpEVs) regulate intesti-
nal inflammation by reducing pro-inflammatory cytokines IL-1α, IL-1β, IL-2 and TNF-α, while increasing anti-inflammatory
cytokines IL-10 and TGF-β. This is followed by the downregulation of inflammatory-associated proteins cyclo-oxygenase-2
(COX-2), iNOS, and NF-κB to maintain intestinal homeostasis. Another study demonstrated that LpEVs suppress the prolif-
eration, mobility and survival of CRC cells both in vitro and in vivo by mediating the PDK1/AKT/Bcl-2 axis (Shi et al., 2021).
BEVs derived from Lacticaseibacillus rhamnosus GG (LGG-EVs) have been shown to effectively suppress the proliferation of
CRC cells (Keyhani et al., 2022). LGG-EVs also downregulated various pro-inflammatory factors (TNF-α, IL-1β, IL-6, IL-2) by
inhibiting the TLR4/NF-κB/NLRP3 pathway (Tong et al., 2021). Additionally, oral administration of LGG-EVs synergistically
enhanced the efficacy of anti-PD-1 immunotherapy in CRC (Lu et al., 2023). The underlying mechanisms included an increased
CD8+T/CD4+T cell ratio inmesenteric lymph nodes and enhanced proportions ofMHC II+ dendritic cells, CD4+T cells, and
CD8+ T cells within TME (Lu et al., 2023). Lentilactobacillus buchneri-derived EVs (LbEVs) significantly increased the apop-
tosis rate in CRC and gastric cancer (GC) by enhancing the expression of BAX, CASP and CASP9 genes. LbEVs induced a cell
cycle arrest and reduced the migration of these two cancer cells (Abedi et al., 2024). BEV derived from Lactobacillus plantarum
overcame 5-FU resistance by downregulating PDK2 expression in the p53-p21 glycolysis signal (An &Han, 2022). These findings
suggest that probiotics from the Lactobacillaceae family have demonstrated anti-tumour effects in CRC. It is worth exploring
whether these probiotics could exhibit synergistic effects during cancer treatment, particularly for drug-resistant patients.
Certain commensal bacteria also have specialized roles. For example, Akkermansia muciniphila-derived BEVs (AmEVs) have

been shown to decrease gut permeability in LPS-induced Caco-2 cells by increasing the expression of tight junction protein,
occludin (Chelakkot et al., 2018). The bioactive compoundAmuc_2172 within AmEVswas found to reshape the TME by enhanc-
ing HSP70 secretion and promoting cytotoxic T lymphocyte (CTL)-mediated immune responses during tumorigenesis (Jiang,
Xu, et al., 2023). AmEVs have also been shown to alleviate the production of pro-inflammatory cytokines such as IL-6, IFN-γ and
C-reactive protein in colonic epithelial cells, while increasing the levels of anti-inflammatory cytokines such as IL-10, IL-13 and
angiotensin-converting enzyme 2 (Kang et al., 2013, Wang et al., 2023). Oral administration of AmEVs protected against dextran
sulphate sodium-induced colitis by enhancing the expression of tight junctions ZO-1 and occludin (Kang et al., 2013, Wang et al.,
2023). The combination of AmEVs and anti-programmed death-ligand 1 (PD-L1) optimized the therapy against CRC (Wang
et al., 2023). These findings suggest their potential as therapeutic candidates for CRC treatment.

. Gastric cancer (GC)

GC is a significant global health concern, ranking fifth in terms of incidence and fourth in terms of mortality worldwide (Sung
et al., 2021). Chronic infection with Helicobacter pylori, which affects at least 50% of the global population (Hooi et al., 2017), is
considered the main contributor to GC development.
Many studies have explored the functional impact of HpEVs on GC. In particular, two major virulence factors of H. pylori,

cytotoxin-associated gene A (CagA) and vacuolar cytotoxin A (VacA), have been identified within HpEVs. VacA within HpEVs
has been shown to induce intracellular vacuoles, along with altered iron metabolism and loss of glutathione, potentially promot-
ing gastric carcinogenesis (Chitcholtan et al., 2008). HpEVs-CagA and -VacA can stimulate the production of TNF-α, IL-6 and
IL-1β by macrophages, as well as IL-8 by gastric epithelial cells (Choi et al., 2017). HpEVs also upregulate oncostatin M (OSM),
an IL-6 family cytokine, and its type II receptor OSMRβ in GC cells (Zoaiter et al., 2021). Interestingly, OSM expression is upreg-
ulated in early GC, potentially influenced by HpEVs originating from H. pylori infection (Shi et al., 2019). Overall, GC patients
exhibit higher levels of HpEVs compared to healthy individuals. Both gastric juices and serum HpEVs can induce inflammatory
cytokines, and prolonged stimulation may potentially induce malignant features.
However, the coevolution of bacteria and host may result in the induction of an anti-inflammatory response to evade the host’s

immune attack. HpEVs strongly induce secretion of IL-10 and IL-6 by peripheral blood mononuclear cells (PBMCs), leading to
T cell apoptosis (Winter et al., 2014) Furthermore, the addition of HpEVs to PBMCs significantly suppressed T cell proliferation
via COX-2-expression in monocytes, leading to increased production of PGE2 and IL-10 (Hock et al., 2017). Ahmed et al. con-
firmed that HpEVs promoted a Th2 immune response by inducing high levels of IL-10 and IL-4 production, and stimulated the
M2 phenotype by increasing the ratio of CD206/CD86 in macrophages (Ahmed et al., 2021). Indeed, orally administered HpEVs
predominantly induce a Th2-biased immune response (Liu, Li, et al., 2019). In addition to proteins, HpEVs enriched with cer-
tain small noncoding RNAs (sR-2509025 and sR-989262) have been shown to reduce the secretion of IL-8 by GC cells (Zhang
et al., 2020). Overall, under the dual influence of long-term inflammation stimulation and evasion from immune cell attacks,
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the stomach gradually trends towards malignancy. Recent study showed that Lactobacillus crispatus-derived EV can reverse the
inflammatory environment in gastric cells infected with H. pylori, demonstrating their potential anti-cancer effects (Fakharian
et al., 2024).

. Liver cancer

Liver cancer, specifically hepatocellular carcinoma (HCC), accounts for more than 90% of the total burden and ranks as the
sixth most prevalent malignancy worldwide (Sung et al., 2021). However, most current studies on BEVs in liver cancer focus on
non-alcoholic fatty liver disease, which has emerged as a significant contributor to HCC incidence in the past decade, along with
chronic hepatitis B virus infection. The gut-liver axis, formed by a natural anatomical connection, the hepatic portal vein, allows
the translocation of gut microbiota and their derived EVs/components into the liver microenvironment (Bertocchi et al., 2021;
Fizanne et al., 2023). Analysis of faeces-derived EVs (fEVs) in patients with non-alcoholic steatohepatitis (fEVs-NS) has revealed
a reduction in the expression of occludin and ZO-1 through a pathway dependent on non-muscular myosin light chain kinase
(Fizanne et al., 2023). Additionally, fEVs-NS were found to enhance endothelial cell permeability via the TL4-LPS pathway and
induce the secretion of multiple chemokine/cytokine molecules in endothelial cells (Fizanne et al., 2023). fEVs-NS also induced
the secretion of pro-fibrotic and pro-inflammatory proteins in hepatic stellate cells by activating cGAS/STING (Fizanne et al.,
2023; Luo et al., 2022).
Considering the colon and liver are connected, there are ongoing studies investigating the impact of EcEVs on the liver. Con-

ditions such as leaky gut syndrome enhance gut permeability, as more EcEVs enter the liver, inflammation is observed through
upregulation of C-type lectin domain family 4 member E (Clec4e), worsening fibrosis and the reduced albumin production
(Natsui et al., 2023). However, oral gavage of a probiotic strain producing EcEVs showed simultaneous improvements in the
metabolism of the intestinal and hepatic systems, leading to a reduction in mouse body weight and blood glucose levels (Shi
et al., 2023).
In another study, treatment of hepatic stellate cells with HpEVs increased the level of α-SMA and induced the expression of

hepatic fibrosis markers, leading to liver fibrosis (Bolori et al., 2023). Clostridioides difficile-derived EVs could decrease mito-
chondrial membrane potential and increase intracellular ROS production in HepG2 cells and impact their metabolic activity
(Caballano-Infantes et al., 2023). LGG-EVs have been shown to promote apoptosis of HepG2 cells, similar to their effects in CRC
cells (Behzadi et al., 2017).

. Oral cancer

Oral cancer, predominantly squamous cell carcinomas, including cancers of the lip and oral cavity, currently ranks as the 18th
most common malignant neoplasm worldwide (Sung et al., 2021). While the oral microbiome exhibits the second highest level
of alpha diversity after the gut, until recently, no correlation between cancer development and oral microbiota-derived EVs
had been reported. It has been established that persistent periodontitis is a risk factor for oral cancer. Recent research indicates
that individuals with periodontitis show higher levels of LPS-positive BEVs in their saliva compared to the healthy populations
(Han et al., 2021). Current studies regarding the association between BEVs and oral cancer primarily focus on the periodon-
tal pathogen Porphyromonas gingivalis. PgEVs have been found to promote apoptosis and inflammatory cytokine secretion
in human periodontal ligament cells through sRNA45033, which targets chromobox 5 (CBX5); CBX5 regulates cell apoptosis
through p53/Bcl-2 axis (Fan et al., 2023). PG of PgEVs have also been shown to activate cytosolic receptors, inducing PD-L1
expression in a receptor-interacting serine/threonine-protein kinase 2 (RIP2)-dependent fashion in human oral carcinoma cells,
contributing to immunosuppressive functions (Groeger et al., 2020). However, this study did not specifically characterize BEVs.
Another study revealed that sRNA23392 within PgEVs promoted the invasion andmigration of oral squamous cell carcinoma by
targeting desmocollin-2 (DSC2), a member of the desmosomal cadherin family associated with highly aggressive tumours and
poor survival when suppressed (Liu, Liu et al., 2021). Overall, PgEVs have a negative effect on oral health, promoting tumour
progression and metastasis. Recent investigations show FnEVs mediate cancer progression in several ways such as promoting
autophagy (Chen, Gao, et al., 2023), upregulating Vimentin andN-cadherin while downregulating E-cadherin (Chen, Gao, et al.,
2023).

. Other cancers

Studies have investigated the relationship between microbiota and various cancers, including pancreatic cancer, prostate cancer,
breast cancer, neuroblastoma, skin cancer and lung cancer.
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In pancreatic cancer, 16s rRNA gene sequencing of EVs isolated from paired tumour and normal tissues revealed that Tepidi-
monas was more abundant in tumours (Jeong et al., 2020). Additionally, larger tumours were associated with lower levels of
Leuconostoc and Sutterella, while lymph node metastasis was found to be associated with increased Comamonas and Turicibac-
ter in tumour tissues. Abundancy of Streptococcus and Akkermansia decreased in the case of tumour recurrence (Jeong et al.,
2020). Notably, supernatant from Tepidimonas fonticaldi could stimulate cell proliferation and migration and enhance EMT and
tricarboxylic acid cycle-related metabolites (Jeong et al., 2020). Interestingly, gut dysbiosis-derived microbial DNA-containing
EVs deliver microbial DNAs into beta cells, resulting in elevated inflammation and impaired insulin release by activating the
cGAS/STING pathway (Gao et al., 2022). This phenomenon could be blunted through the removal of microbial DNA-containing
EVs by Vsig4+ macrophages (Gao et al., 2022). Given the challenge of detecting pancreatic cancer, a promising approach is to
employ a non-invasive strategy that analyses alterations in gut microbiota, depicted in BEVs, as a means to discover potential
diagnostic markers.
Prostate cancer is one of the most prevalent malignancies among men and presents significant treatment challenges. In male

mice, intravenous injection of AmEVs reduced the tumour burden of prostate cancer in vivo with no obvious toxicity to normal
tissues. This was achieved by an increase in the proportion of GZMB+ and IFN-γ+ lymphocytes in CD8+ T cells and causing
recruitment of tumour-killing M1 macrophages to suppress the proliferation and invasion of prostate cancer cells (Luo et al.,
2021). AmEVs may be a promising treatment to improve the therapeutic efficacy of refractory prostate cancer.
Breast cancer has the highest proportion of new cancer cases worldwide (Siegel et al., 2023). FnEVs exhibited their car-

cinogenic potential in breast cancer by promoting proliferation, migration and invasion through the activation of TLR4 (Li,
Sun, et al., 2023). Another study showed that Bifidobacterium-derived BEVs induced apoptosis in triple-negative breast can-
cer (TNBC) cells by increasing the expression of Bax and decreasing the expression of Bcl-2, both in vivo and in vitro (Jiang,
Wang, et al., 2023). Compared to healthy controls, breast cancer patients exhibit a significant reduction in Staphylococcus
aureus. Additionally, S. aureus-derived BEVs enhance the efficacy of tamoxifen against breast cancer by increasing TNF-α
and decreasing cyclin E2 (An, Kwon, et al., 2022). The combination treatment with tamoxifen and S. aureus EVs resulted
in downregulated expression of p-AKT and p-ERK and upregulated TNF-α in ER-positive breast cancer cells compared to
treatment with tamoxifen alone (An, Kwon, et al., 2022). Furthermore, S. aureus EVs reduced the expression of Cyclin E2,
which is positively correlated with tamoxifen resistance (An, Kwon, et al., 2022). Additionally, attenuated EcEVs induced
a broad inflammatory response with cytolytic Vγ9Vδ2 T cells that combat both breast and leukaemia cancer cells (Firth
et al., 2023). The study, however, did not report any common features of BEVs (such as TEM, NTA, etc.). Overall, in TNBC,
BEVs derived from S. aureus, E. coli and Bifidobacterium exhibit an anti-tumour effect and could be utilized as adjunctive
therapy.
In neuroblastoma, EcEVs have been found to have an anti-tumour effect both in vivo and in vitro. This effect is achieved by

phosphorylating p53 to downregulate Bcl-2 and upregulate Bax, thereby promoting apoptosis (Jin et al., 2022). Another study
discovered that EcEVs can reduce the migratory ability of neuroblastoma cells, with the inhibition rate of migration showing a
dose-dependent relationship (Tang et al., 2018).

The skin acts as the body’s natural barrier to the external environment and serves as a habitat for various bacteria. Numerous
studies have explored the connection between BEVs and inflammatory skin diseases (Cros et al., 2023; Kim et al., 2018; Zhou et al.,
2023). However, there is currently no research evidence establishing a link between BEVs and skin-related cancers. Nevertheless,
researchers have attempted to utilize engineered BEVs for the treatment of melanoma to prevent metastasis (Cheng et al., 2021).

Similarly, the lungs are directly exposed to the external air. Despite the purifying action of airway cilia, microorganisms can
still reach the lungs. Lung immune dysregulation and pathological damage have been associated with BEVs in dust (Kim et al.,
2015; Meganathan et al., 2020). Analysis of circulating microbial EVs using 16s rRNA sequencing revealed a significant increase
in species richness in lung cancer patients compared to the healthy population (McDowell et al., 2022). One study found that
BEVs derived from Bacillus licheniformis (BlEVs) inhibit proliferation and promote apoptosis in lung cancer and breast cancer
cells (Gurunathan et al., 2023). BlEVs increased ROS and decreased glutathione, thereby showing their cytotoxicity in lung and
breast cancer (Gurunathan et al., 2023). Co-administration with doxorubicin (DOX) enhances therapeutic efficacy (Gurunathan
et al., 2023).

. Methodology used in cancer studies

The lack of a standardized workflow for BEV research has led to variations in quality and inconsistent reporting in research
papers, especially for those isolated from tissue and faecal samples. While EV isolation from single bacterial strains has been
improved, the functional studies donewith in vitromonocultures do not reflect the heterogeneity or lowerworking concentration
of BEVs from the gut microbiome in vivo. Herein, we aim to explore the strengths and weaknesses of the current research
status (for a summary of the methodology used for isolating BEVs, please refer to Tables 2–6, which were organized according
to the subdivisions of Section 3). For pre-processing, due to the diversity of bacterial culture (such as temperature, humidity,
oxygen levels, culture composition, agitation conditions and growth phases), researchers should provide detailed reports on
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TABLE  Methodology of functional reported papers on colorectal cancer.

First author Year Bacteria/sample Method specifics
Particle
analysis Microscopy

Protein
analysis

Antibody
specifics

Lin, LT 2021 Fusobacterium
nucleatum

3000 × g for 15 min
35,000 × g for 60 min
200,000 × g for 60 min
0.22-μm filter

Y Y N NA

Wu, X 2023 F. nucleatum 3000 × g for 10 min
0.45-μm filter
centrifuge for 20h
10,000 × g for 1 h
12,000 × g for 2 min
exosome purification filter
3000 × g for 10 min

Y Y Y N, protein
profile

Engevik, MA 2021 F. nucleatum 7000× g for 10min
mixed with 120 g of ammonium
sulfate
10,000× g for 20min
10,000-molecular-weight cutoff
dialysis tubing
292,700× g for 3 h (70 Ti rotor;
Beckman Coulter Inc.)
38,400× g for 3 h

Y Y N NA

Wei, S 2023 F. nucleatum 2500 × g for 10 min
0.22-μm filter
100,000 × g for 70 min
Two wash steps

Y Y N NA

Liu, L 2021 F. nucleatum 10,000 × g for 20 min
0.22-μm filter
100 kDa ultrafiltration
60,000 × g for 30 min
Two wash steps
0.22-μm filter
150,000 × g for 2 h using a sucrose
density× gradient
Detoxi-Gel Endotoxin Removing
Column

Y Y N NA

Lamprinaki, D 2021 F. nucleatum 8500 × g for 15 min
0.22-μm filter
100,000 molecular weight cut-off
filter unit density gradient
ultra-centrifugation
135,000 × g for 16h
200,500 × g for 2 h at 4◦C using a
Type 45 Ti rotor (Beckman
Coulter)
0.22-μm filter

Y N Y (GC-MS) LPS,
Siglec-7

Martin-
Gallausiaux,
C

2020 F. nucleatum 4700 × g for 20 min
10,000 × g for 20 min
0.22-μm filter
100-kDA cutoff (Amicon)
centrifugal filter units
4000 × g
Iodixanol × gradient (Optiprep,
Sigma) using Beckman
ultracentrifuge with a swinging
bucket rotor (SW40 Ti) during
16 h at 100,000 × g

Y Y Y N protein
profile

Marzoog, TR 2023 Escherichia coli 0.22-μm filter
100,000 rpm for 5h

Y Y Y OmpA

(Continues)
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TABLE  (Continued)

First author Year Bacteria/sample Method specifics
Particle
analysis Microscopy

Protein
analysis

Antibody
specifics

Ahmadi Badi, S 2020 Bacteroides fragilis and
Bacteroides
thetaiotaomicron

2900 × g for 1 h
20,000 × g for 60 min
20,000 × g for 120 min ×2
0.22-μm filter

N Y (SEM) Y N protein
profile

Choi, JH 2020 Lacticaseibacillus
paracasei

10,000× g for 20min
0.22-μm bottle-top filter
100-kDa Pellicon 2 Cassette filter
membrane
0.22-μm bottle-top filter
150,000× g for 3 h

Y Y N N

Shi, Y 2021 L. paracasei 4500 × g for 15min
0.45-μm filter
120,000 × g for 1 h

Y Y N N

Keyhani, G 2022 Lactobacillus rhamnosus 10,000 × g for 10 min
0.22 μm filter
100,000 × g for 60 min

N Y (Low
reliability)

N N

Tong, L 2021 L. rhamnosus 8000 × g for 30 min
0.22-μm PVDF filter
Centricon Plus-70 Centrifugal
Filter Units
100,000 × g for 2 h
100,000 × g for 60 min

Y Y Y TSG101

Li, J 2023 Limosilactobacillus
johnsoni and
Limosilactobacillus
mucosae

8000 × g for 30 min
20,000 × g for 45 min
0.22-μm filter
120,000 × g for 2 h with an SW 32
Ti rotor ×2

Y Y N N

Pang, Y 2022 Limosilactobacillus
reuteri

5000 × g for 10min
10,000 × g for 10min
0.45-μm pore filter
Amicon 100 kDa MWCO
(molecular weight cutoff) filter
118,000 × g at 4◦C for 3 h ×2

Y Y Y (Dot-blot
assay)

LTA

Alvarez, CS 2019 E. coli 10,000 × g, 4 ◦C, 20min
0.22-μm filter
Centricon® Plus-70 filter device
150,000 × g,1 h

N N N NA

Chelakkot, C 2018 Akkermansia
muciniphila

10,000 × g for 20min
0.45-μm vacuum filter
0.22-μm bottle-top filter
150,000 × g for 2 h

Y Y Y N, protein
profile

Jiang, Y 2023 A. muciniphila bottomup optiprep density
gradient centrifugation

N Y N NA

Kang, CS 2013 A. muciniphila 200,000 × g for 2 h Y Y N NA

Wang, X 2023 A. muciniphila 15,000 × g for 30 min
0.45-μm filter
170,000 × g for 60 min
0.45-μm filter

Y N N NA

Montanari, M 2022 Campylobacter jejuni 1000 × g for 15 min
12,000 × g for 20 min
18,000−20,000 × g for 20 min
0.22-μm filter
110,000 × g for 70 min

Y N N NA

Abedi, A 2024 Lentilactobacillus
buchneri

13,000 rpm for 10 min
0.22-μm-pore size filter
100,000 × g for 1 h

N Y Y N, protein
profile

Abbreviations: NA, not available; Omp, outer membrane protein; SEM, scanning electron microscopy; Siglec-7, sialic acid-binding immunoglobulin-like lectins-7.
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TABLE  Methodology of functional reported papers on gastric cancer.

First author Year Bacteria/sample Method specifics
Particle
analysis Microscopy

Protein
analysis

Antibody
specifics

Chitcholtan, K 2008 Helicobacter pylori 10,000 × g, 15 min ×2
100,000 × g for 2 h ×2

N N N N

Choi, H I 2017 H. pylori 10,000 × g for 20min
Tan × gential flow filtration system
(EMDMillipore, Billerica, MA, USA)
with a 100-kDa hollow-fibre membrane
filter
0.22-μm filter
150,000× g for 3 h
Density gradient ultracentrifugation at
100,000× g for 2 h

Y Y Y VacA CagA

Hock, B. D. 2017 H. pylori 12,000 × g for 15 min ×2
200,000 × g for 2 h ×3

N N N NA

Winter, J. 2014 H. pylori 6000 × g for 10 min
0.45-μm filter
0.20-μm syringe filters
Precipitated at room temperature using
40% (wt/vol) ammonium sulphate for
1 h
10,000 × g for 15 min
100,000 × g for 2 h

N Y Y VacA

Ahmed, A. A. Q. 2021 H. pylori 5000 ×g for 20 min × 2
0.45-μm filter
0.22-μm filter OMV binding resin
Amicon ultra centrifugal filter device
with a 3 K MWCO

Y Y Y N proteins
profile

Liu, Q. 2019 H. pylori 4500 × g for 1 h
0.45-μm Steritop bottle-top filter
20,000 × g for 2 h
OptiPrep density gradient
100,000 × g for 24 h

N Y Y N proteins
profile

Fakharian, F. 2024 Lactobacillus crispatus 10,000 × g for 20 min
0.22-μm filter
150,000 × g for 5 h at 4◦C

Y Y Y N Protein
profile

Abbreviations: CagA; cytotoxin-associated gene A; NA, not available; SEM, scanning electron microscopy; UreA, urease subunit A; VacA, vacuolar cytotoxin A.

their culture methods (Welsh et al., 2024). For separation, many studies have used a combination of ultracentrifugation with
0.22 μm filtration or direct ultrafiltration. Additionally, it is important to consider that different separation methods may enrich
specific subtypes of BEVs or aggregate non-BEV materials, such as pili, flagella, phage, proteins, lipoproteins and nucleoprotein
complexes (Welsh et al., 2024). For characterization, the majority of functional studies have reported both microscopic and
particle analyses of BEVs. However, a small portion of studies have only shown one of these aspects, which compromises the
credibility of the findings. Although there is currently no universally recognized specific protein marker for BEVs, some studies
have attempted to use LTA (for gram-positive bacteria), LPS (for gram-negative bacteria) and OmpA as indicative proteins for
BEVs. In the realm of H. pylori research, prevalent markers of HpEVs include VacA, CagA and urease subunit A (UreA), and
some studies have reported one or more of these marker proteins. Additionally, certain studies have shown the protein profile of
BEVs.

 CLINICAL APPLICATIONS OF BEV

Bacteria are present throughout the body, and their BEVs can accurately reflect subtle changes in their state. This makes BEVs
a promising tool for diagnosing and monitoring cancer prognosis in various body parts, as they preserve the original bacteria
microecology during extraction. There were a few high-quality review papers that provided comprehensive summaries (Aytar
Çelik et al., 2022; Hosseini-Giv et al., 2022; Li, Zhu, et al., 2023; Xie et al., 2022). In the following section, we expand on existing
research by presenting novel findings and outlining the challenges encountered in clinical translation.
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TABLE  Methodology of functional reported papers on liver cancer.

First author Year Bacteria/sample Method specifics
Particle
analysis Microscopy

Protein
analysis

Antibody
specifics

Shi, J 2023 Escherichia coli 5000 × g for 30min
10,000 × g for 30min
0.45-μm filter
0.22-μm filter
150,000 × g for 3 h

Y Y Y OmpA OmpC

Caballano-
Infantes,
E.

2023 Clostridioides
difficile

EV original size exclusion columns of
70 nm
Vivaspin® 20 100 kDa

N Y N NA

Natsui, K 2023 E. coli 2000 × g for 30min
10,000 × g at 4◦C for 30min
0.2-μm filter
100,000 × g at 4◦C for 3 h
100,000 × g at 4◦C for 2 h

Y Y Y OmpA
OmpC

Bolori, S 2023 Helicobacter
pylori

10,000 × g, 20min
0.45-μm cellulose filter
200,000 × g for 3 h

Y Y (SEM) N NA

Behzadi, E 2017 Lactobacillus
rhamnosus

2000 × g for 10 min
10,000 × g for 30 min
0.22-μm filter
Centricon Plus-70
TL-100 rotor was utilized for an
ultracentrifugation achievement at
100,000 × g within 60 min

N Y (Low
reliability)

N NA

Abbreviations: NA, not available; Omp, outer membrane protein; SEM, scanning electron microscopy.

TABLE  Methodology of functional reported papers on oral cancer.

First author Year Bacteria/sample Method specifics
Particle
analysis Microscopy

Protein
analysis

Antibody
specifics

Groeger, S 2020 Porphyromonas
gingivalis

10,000 × g for 10min
0.4-μm filter
0.2-μm filter
100,000 × g for 60min
0.22-μm Ultrafree spin filters
100,000 × g for 60min

N N N NA

Liu, D 2021 P. gingivalis 5000 × g for 20 min
ExoBacteria OMV isolation kit

Y Y N NA

Fan, R 2023 P. gingivalis 8000 × g for 15 min
0.22-μm-pore syringe filter
100,000 × g for 2 h

Y Y Y N, protein profile

Chen, G 2023 Fusobacterium
nucleatum

0.22-μm filter
5000 × g for 30 min
100,000 × g for 120 min
0.22-μm filter
Density gradient ultracentrifugation
using 45 Ti rotor
100,000 × g for 2 h

Y Y N NA

Abbreviation: NA, not available.

. Diagnosis and prognosis

Several studies have explored the use of BEVs as potential non-invasive, sensitive and specific biomarkers for cancer diagno-
sis and prognosis. A study comparing the BEVs derived from 227 faecal samples of CRC patients and healthy subjects found a
significant reduction in microbial evenness and diversity in the CRC group (Park, Kim, et al., 2021). At the genus level, Cateni-
bacterium, Erysipelotrichaceae, Faecalibacterium, Ruminococcus 2, Blautia, [Eubacterium] hallii group, [Ruminococcus] torques
group, Oribacterium, Dorea and Collinsella were enriched in CRC group (Park, Kim, et al., 2021). Interestingly, Ruminococ-
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TABLE  Methodology of functional reported papers on other cancers.

First author Year Bacteria/sample Method specifics
Particle
analysis Microscopy

Protein
analysis

Antibody
specifics

Luo, ZW 2021 Akkermansia
muciniphila

6000 × g for 30 min
0.45-μm filter
Amicon Ultra-15 Centrifugal Filter
OptiPrep solution (60% w/v iodixanol;
Sigma–Aldrich) at 100,000 × g for 18 h
0.22-μm filter

Y Y N NA

Li, G 2023 Fusobacterium
nucleatum

200,000 × g for 60 min
0.22-μm syringe filter

Y Y N NA

Jiang, Y 2023 Bifdobacterium 5000 × g for 20 min
0.45-μm filter
0.22-μm filter
100 KDa filter ultrafiltration
3900 × g for 20 min
160,000 × g for 2 h

Y Y N NA

An, J 2022 Staphylococcus aureus A top-bottom vacuum filter (Corning, NY, USA)
with a pore size of 0.45 μm
A bottle top vacuum 0.22-μm filter
150,000 × g for 3 h on a type 45 Ti rotor

Y Y N NA

Firth, J 2023 Escherichia coli 235,000 × g for 2 h with 45 Ti rotor N N N NA

Jin, L 2022 E. coli 6000 × g for 20 min
Sterile membrane filters (0.45-μm pore size × 2
2500 × g/min, 10 min with 100-kDa Centrifugal
Filter Unit
110,000 × g for 70 min
0.45-μm filter

Y Y N NA

Tang, B 2018 E. coli 10,000 × g for 10 min
0.45-μm filter
38,400 × g for 1 h
38,000 × g for 1–2 h
0.45-μm filter

Y Y N NA

Gurunathan,
S

2023 Bacillus licheniformis 10,000 × g for 10 min
0.45- and 0.22 μm filters
100,000 × g for 3 h, 100 kDa filter

Y Y (TEM &
SEM)

N NA

Abbreviations: NA, not available; SEM, scanning electron microscopy; TEM, transmission electron microscopy.

cus 2-derived EVs exhibited a significant decrease in distal CRC cases compared to proximal CRC (Park, Kim, et al., 2021).
Furthermore, Alistipes-derived EVs have been proposed as novel biomarkers for CRC diagnosis and prognosis. Another study
combined data on metabolites (leucine and oxalic acid) and bacterial genera (Collinsella and Solanum melongena) from fae-
cal microbe-derived EVs of CRC patients and healthy controls to construct an optimal model, achieving an AUC of 1 (Kim,
Yang, et al., 2020). However, a sequencing analysis of 16S rRNA in urinary BEVs from CRC patients and healthy individuals
yielded different findings, with no apparent disparity in the composition of gut microbiome between early- and late-stage CRC
patients, but late-stage CRC exhibiting even higher α-diversity compared to early-stage cases (Yoon et al., 2023). In another
study, a potential diagnostic model for distinguishing between GC and a healthy population was developed. The biomarkers,
including Peptoniphilus, Diaphorobacter, Neisseria, Staphylococcus, Bifidobacterium, Corynebacterium , Actinomyces, Acineto-
bacter and Sphingomonas, based on urine-derived BEVs achieved an AUC of 0.823, surpassing the performance of models based
on circulating BEVs and faecal BEVs (Park, Kang, et al., 2021). Macro-genomic analysis of circulating BEVs from HCC and
healthy controls revealed that a model based on the five genera (Pseudomonas, Streptococcus, Staphylococcus, Bifidobacterium
and Trabulsiella) achieved an AUC of 0.879 (Cho et al., 2019). Furthermore, by utilizing blood-derived biomarker-enriched
BEVs, compositional differences in the microbiota between pancreatic cancer patients and healthy controls were identified,
leading to the discovery of potential biomarkers (Kim et al., 2021). The selected markers of the optimal model at the phylum
level were Verrucomicrobia and Actinomycetes, with an AUC of 0.966; 10 species were selected as markers at the genus level,
with an AUC of 1. Serum BEVs were also sequenced in cases of benign ovarian tumours and ovarian cancer, which showed a
higher abundance of Acinetobacter in ovarian cancer (Kim, Kang, et al., 2020). When combined with age and serum CA-125
levels, the under area of AUC reached 0.846. It is worth noting that the methods used above are overly simplistic. All researchers
claimed they harvested BEVs after centrifugation at 10,000 × g for 30 min (Table 7). However, free DNA may still remain in
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TABLE  BEV isolated from biological samples in this review.

First author Year Disease Source Method specifics Characterization

Park, J 2021 Colorectal cancer Faeces 10,000 × g for 10 min at 4◦C
0.22-μm filter
Boiled for 40min at 100 ◦C
13,000 rpm for 30 min at 4◦C
DNA isolation kit (DNeasy PowerSoil Kit, QIAGEN,
Germany)

None

Kim DJ 2020 Colorectal cancer Faeces 10,000 × g for 10 min at 4◦C
0.22-μm filter
Boiled for 40min at 100 ◦C
13,000 rpm for 30 min at 4◦C
DNA isolation kit (DNeasy PowerSoil Kit, QIAGEN,
Germany)

None

Yoon H 2023 Colorectal cancer Urine 10,000 × g for 10 min at 4◦C
0.22-μm filter
Boiled for 40min at 100 ◦C
13,000 rpm for 30 min at 4◦C
DNA isolation kit (DNeasy PowerSoil Kit, QIAGEN,
Germany)

None

Park, JY 2021 Gastric cancer Urine, serum,
faeces

10,000 × g for 10 min at 4◦C
0.22-μm filter
Boiled for 40min at 100 ◦C
13,000 rpm for 30 min at 4◦C
DNA isolation kit (DNeasy PowerSoil Kit, QIAGEN,
Germany)

None

Cho EJ 2019 Hepatocellular
carcinoma

Serum 2000 × g for 15min at 4 ◦C
proteinase K at 56 ◦C for 30min
Boiled for 40min at 100 ◦C
10,000 × g for 30 min at 4◦C
DNA isolation kit (DNeasy Blood & Tissue Kit,
QIAGEN, Germany)

None

Kim JR 2021 Pancreatic cancer Serum 2000 × g for 15min at 4 ◦C
Proteinase K at 56 ◦C for 30min
Boiled for 40min at 100 ◦C
10,000 × g for 30 min at 4◦C
DNA isolation kit (DNeasy Blood & Tissue Kit,
QIAGEN, Germany)

None

Kim SL 2020 Ovarian cancer Serum 3000 rpm for 15 min at 4◦C
10,000 × g for 1 min at 4◦C
0.22-um filter
Boiled for 40min at 100 ◦C
13,000 rpm for 30 min at 4◦C
DNA isolation kit (PowerSoil DNA Isolation Kit, MO
BIO, Carlsbad, CA, USA)

None

Fizanne, L 2023 Non-alcoholic fatty
diseases
non-alcoholic
steatohepatitis

Faeces, blood 700 × g for 15 min
3600 × g for 15 min
7800 × g for 15 min
10,000 × g for 30 min
0.45-μm filter
0.22-μm filter
150,000 × g for 2 h

TEM; NTA;
WB (LTA)

Abbreviations: LTA, lipoteichoic acid; NTA, nanoparticle tracking analysis; TEM, transmission electron microscopy; WB, western blot.

the supernatant. Therefore, subsequent researchers should use more appropriate methods to isolate and characterize BEVs to
ensure accuracy and reliability. In summary, these results suggest that BEVs have great potential as biomarkers for cancer diag-
nosis and prognosis, but their efficiency and cost-effectiveness compared to other models need to be demonstrated in clinical
practice.
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F IGURE  Multiple applications of BEV in cancer therapy. BEVs exhibit potent immunotherapeutic potential by modulating the immune
microenvironment of tumours through induction of M1 polarization, augmentation of NK cell activity, and maturation of immature DCs to facilitate T cell
differentiation into CTLs. The combination of BEV with photothermal therapy enables the activation of photosensitizers by external laser irradiation, thereby
promoting tumour cell death. BEV also can serve as a carrier for various chemotherapy drugs to enhance their efficacy. When combined with gene therapy,
BEV penetrates tumour cells and regulates the expression of crucial proteins to induce tumour cell death. Incorporating viral factors can be used to create
tumour vaccines. The synergistic integration of these therapeutic modalities often yields optimal treatment outcomes. BEVs, bacterial extracellular vesicles;
CTLs, cytotoxic T lymphocyte; DCs, dendritic cells.

. Cancer therapy

Researchers are exploring the use of bioengineered BEVs as drug delivery systems and immunotherapy agents for cancer treat-
ment. Various technologies are being used to assemble or load chemotherapy drugs, photosensitizers, biotoxins and other
therapeutic agents into targeted BEVs (Figure 2) (Feng et al., 2022; Li, Wu, et al., 2023; Qing et al., 2020; Ren et al., 2023,
Zanella et al., 2021). Additionally, genetically engineered bacteria can curate specific cargo within BEVs. Compared to other
nanomaterials, BEVs possess several advantages, including potent immune-stimulating effects, non-replicating nature, ease of
modification, cargo protection, targeted delivery to tumours through the permeation and retention effect, and enhanced safety.
However, there are also drawbacks, such as uncontrollable composition, the presence of residual bacterial toxins, susceptibility
to immune clearance, and a lack of standardized large-scale production methods.
BEVs act as immune adjuvants by utilizing their pathogen-associated molecular patterns to activate anti-cancer immunity

through binding with host pattern recognition receptors. Nano-vaccines based on BEV tumour antigens are currently being
studied in cancer therapy (Wang et al., 2019). Kim et al. demonstrated that BEVs derived from both gram-negative (E. coli) and
gram-positive (S. aureus and L. acidophilus) exhibit potential anti-tumour effects via an active IFN-γ response. This response
endures multiple tumour challenges, establishing long-term anti-tumour immunity (Kim et al., 2017). Moreover, Carvalho and
colleagues found that the intranasal route exhibited higher levels of IgA and IgG compared to oral gavage (Carvalho et al., 2019).
Thismay be due to the upper respiratory tract providing a relativelymilder environment, which facilitates the uptake of OMVs by
host cells and makes themmore accessible to the abundant immune cells in the submucosa. Indeed, studies used detoxified syn-
thetic BEVs as an immunoadjuvant targeted to tumours (Carvalho et al., 2019; Park, Svennerholm, et al., 2021). Park et al. revealed
that synthetic bacterial vesicles slowed downmelanoma growth by inducing Th1-type polarization, with the strongest inhibitory
effect observed when combined with anti-PD-L1 treatment (Park, Svennerholm, et al., 2021). The BEVs were modified by insert-
ing the OM domain of PD1, allowing them, to specifically bind to PD-L1 on tumour cells and protect T cells from the PD1/PD-L1
immunosuppressivemechanism (Li et al., 2020). BEVs can also be used for in situ vaccination optimization (Caproni et al., 2023).
Salmonella Typhimurium-derived BEVs (StEVs) act as an immunoadjuvant to increase the infiltration of CD49b-expressing NKs
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(Aly et al., 2021). Genetic modification of StEVs’ flagella components significantly enhances the anti-cancer immune response
(Felgner et al., 2020). Surface engineering techniques have been employed to attach CD47 onto the BEVmembrane, reducing its
immunogenicity. Moreover, CD47-BEVs remodelled the TME through induction of M1 polarization and blockade of immuno-
suppressive pathways, even showing long-term immune memory when challenged by tumours again (Feng et al., 2022). BEVs
derived from Neisseria meningitidis combined with ganglioside NAcGM3 also promote M1 polarization (Khan et al., 2022). Gut
dysbiosis can hijack and alter the immune microenvironment, such as inducing T cell exhaustion, immunosuppression, thereby,
increasing tumour susceptibility (Behary et al., 2021; Fan et al., 2021; Levy et al., 2017). However, immune checkpoint therapy
often faces challenges of resistance and lack of durability. Therefore, BEV can serve as an essential immune adjuvant to overcome
this dilemma.
Biological engineering systems often utilize BEVs as drug carriers to combine drugs with the immune capabilities of BEVs for

more effective drug delivery and targeted therapy. For example, StEVs incorporate a tumour-targeting ligand Arg-Gly-Asp while
loading Tegafur, resulting in enhanced susceptibility of cancer cells to CTLs and efficient eradication of cancer cells (Chen et al.,
2020). Attenuated Klebsiella pneumoniae-derived BEVs loaded with DOX show high uptake efficiency by small cell lung cancer
cells and exhibit a potent inhibitory effect on tumour growth (Kuerban et al., 2020). EcEVs loaded with perhexiline effectively
shift the phenotypes of the TME fromM2 toM1 (Jiang, Fu, et al., 2023). LoadingMSN-5-FUwithin EcEVs significantly decreases
the cumulative drug release rate, thereby prolonging the duration of drug action andmitigating toxic side effects in the treatment
of oral squamous cell carcinoma (Huang et al., 2022).
Incorporating viral factors into BEVs can be employed to create tailored tumour vaccines for specific malignancies. For exam-

ple, the tumoral antigen human papillomavirus type 16 early protein E7 has been successfully incorporated into EcEVs to prepare
a potent tumour vaccine (Wang et al., 2017). BEV-based vaccines also facilitate dendritic cell maturation, inducing the differen-
tiation in CTLs (Wang et al., 2017). Encapsulating autophagy-inducing virus AD within BEVs effectively triggers autophagy at
the tumour site and promotes an immunologically favourable TME (Ban et al., 2023). FnEVs encapsulated with HSV-1 oncolytic
viruses enhanced ZBP1-mediated PANoptosis in tumour cells (Wang et al., 2024). Additionally, FnEVs improved the efficacy of
anti-PD-L1 therapy and established long-term immune memory (Wang et al., 2024).
The non-replicative nature of BEVs is advantageous in the context of gene therapy. Loading siRNA into BEVs is a viable

approach for modulating gene expression in tumour cells. Genetically engineered BEVs loaded with siRNA targeting kinesin
spindle protein effectively silenced the human epidermal growth factor receptor 2, resulting in significant regression of tumour
growth (Gujrati et al., 2014). EcEVs have also been engineered to carry pre-microRNAs that can be internalized by cancer cells
and suppress the expression of the oncogene CXCR4 (Cui et al., 2022). Furthermore, surface expression of PD1 on BEVs and
encapsulation of miRNA-34a within BEVs synergistically activate immune responses and enhance the therapeutic efficacy of
immune checkpoint blockade (Cui et al., 2023).
Combining BEVs with photothermal therapy (PTT) has been shown to enhance tumour antigen recognition and overcome

the immunosuppressive microenvironment (Li et al., 2022; Zhang et al., 2022; Zhuang et al., 2021, 2022). In breast cancer, BEVs
loaded with photosensitizers and DOX can be phagocytosed by macrophages, inducing cancer cells pyroptosis (Li, Wu, et al.,
2023). Additionally, BEVs loaded with photosensitizers and coated with PD-L1 antibody can activate DCs and CD8+ T cells
(Zhang et al., 2022). Furthermore, EcEVs combined with PTT and αvβ3 integrin peptide targeting ligand show potential for
complete eradication of melanoma (Gu et al., 2020; Peng et al., 2020). Modification of EcEVs enables targeted delivery of Fe3O4-
MnO2 to the tumour site, where they undergo reactive decomposition and exert a photothermal therapeutic effect (Liu et al.,
2023). These ions induce immunogenic cell death and regulate the hypoxic environment of the tumour by supplying oxygen (Liu
et al., 2023). Another promising approach involves the use of siRNA-OMVs incorporating photothermal-sensitive liposomes
and anti-PD-1 therapy, which exhibit a pronounced tumour inhibitory effect (Zhai et al., 2021).
In summary, BEVs exhibit high manoeuvrability and multifaceted anticancer properties, allowing for their integration with

various treatment modalities and offering alternative options for patients with refractory cancers and resistance. As mentioned
earlier, BEVs can typically be combined with various therapeutic approaches to achieve optimal results. The immunotherapeutic
potential of BEVs sets them apart from other EVs, making them promising candidates for clinical translation.

 FUTURE PERSPECTIVES

The field of BEV involvement in pathologies, particularly cancer, is rapidly advancing with new evidence. This suggests a promis-
ing avenue for understanding the disease and potentially improving diagnostics, therapeutics and treatment outcomes. However,
further research is necessary to address key questions and fill knowledge gaps in order to refine the science.
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. BEV cargo

The advancement of multi-omics technology has revealed that BEVs are more than just carriers of harmful substances – they
act as ‘trojan horses’ with a diverse cargo profile and complex purposes. While their involvement in processes like virulence
factor transfer and colonization facilitation is evident, their direct relation to carcinogenesis is still underdeveloped. To better
understand this, it is necessary to investigate cargo sorting mechanisms and assembly.
Despite emerging evidence, there is currently no universally accepted model for the biogenesis of prokaryotic EVs. The exist-

ing knowledge on packaging, sorting and biogenesis remains controversial. Additionally, the exact mechanism of interaction
with host processes and the disruptions caused need to be characterized to identify therapeutic targets. The idea that specific
enzymes dissolve host cell membranes, for example, has been disputed in existing literature. Furthermore, the precise alteration
of the genetic and proteomic landscape in recipient cells for tumorigenesis is not well understood. For instance, the validation
of how BEV-derived RBA silences genes in human cells is still lacking. It is unclear whether it functions as an RNAi system or
utilizes ribosomes to enable bacterial gene translation. Additionally, the roles of proximal or internally localized nucleic acids
and whether both populations play unique roles in host-genome immunogenicity interference system need to be explored. The
study of RNA secretory mechanisms for BEVs packaging is also imperative. In terms of DNA, the causal relationship must be
supplemented with quantification of the efficiency of genetic transfer, especially in the context of BEV vaccine or treatment devel-
opment.Meanwhile, the investigation ofmembrane proteins, which are notoriously difficult to study, is crucial for understanding
downstream signalling effects.
The lack of consensus on sample preparation compounds the difficulty of distinguishing cargo from structural proteins, and the

current use of LPS and LTA for probing membrane proteins via western blot has been highly controversial. Similar challenges
are faced in studying lipids, as extraction methods may introduce population or isomer bias, making it difficult to preserve
native bilayer membrane lipids and separate them from lipid cargo. Understanding lipid composition is crucial for studying how
it mediates host-microbial interactions during pathogenesis versus commensalism. Overall, the effects of growth conditions,
strains, and other permutations should also be studied to gain a holistic view ofmetabolites, nucleic acids and all macromolecular
cargo. Standardizing preparation methods for fairer comparison across studies and conducting a comprehensive meta-analysis
of BEV cargo populations is key. The ability to selectively package or engineer specific contents into BEVs holds great potential
as targeted delivery platforms for various diseases.

. BEV research methodology

We can employ 16s rRNA sequencing to differentiate the types of bacteria. Whole-genome shotgun metagenomic sequencing
could offer more precise identification down to the species level, along with their functional characteristics. However, completely
eradicating contamination from the environment and reagents remains a challenge, so it is important to include blank controls to
assess external contamination. Additionally, the genetic material loaded in BEVsmay not be sufficient for sequencing. To address
this issue, a strategy based on Raman spectroscopy and deep learning algorithms has been introduced to provide molecular
information for identifying bacterial strains (Qin et al., 2022). Combining this approach with a single-particle automated Raman
trapping system allows for analysis at the individual particle level, improving diagnostics and disease monitoring (Penders et al.,
2021).
Isolation and purification of BEVs are critical steps in relevant studies. Various methodologies have been reported, estab-

lishing a standard, straightforward and cost-effective method for isolating and purifying BEVs would greatly benefit the field.
Researchers have attempted to develop a method based on orthogonal size and density for isolating BEVs from stool and blood
plasma (Tulkens, De Wever, et al., 2020). Particularly for diagnostic purposes, it is important to isolate BEVs from eukaryotic
EVs. Wu and his colleagues were among the first to focus on optimizing BEVs isolation from faecal samples of mice and humans
(Wu et al., 2019). Recently, Erttmann and Gekara described BEVs isolation protocols from mouse blood and colon, but there is
a lack of diverse published methods to compare with when establishing an industry gold-standard (Erttmann & Gekara, 2023).
Some studies have utilized immunomagnetic isolation techniques using antibody-labelled magnetic beads capable of selectively
capturing EV surface markers (Koliha et al., 2016). By applying a magnetic field, captured EVs can be separated from other
substances (Oksvold et al., 2015). There is promising potential to utilize specific bacterial markers (e.g., LTA, LPS, flagellin) for
isolating BEVs from eukaryotic EVs (Schaack et al., 2022). Establishing a unanimous definition of BEV markers would signifi-
cantly advance research in this area. Currently, most articles rely on NTA for particle analysis and TEM for particle morphology.
However, there are no established protein markers that reliably indicate BEV quality. To bridge this gap, some researchers have
explored using LPS, LTA and flagellin as potential markers for BEVs (Li, Hsu, et al., 2023; Piroli et al., 2023). Certain BEVs, such
as EcEVs, prefer using OmpA as a marker protein, while HpEVs favour VacA. Implementing a standard reporting system for
BEV research would be valuable in avoiding misinterpretation of findings and ensuring the repeatability and reproducibility of
studies (Watson et al., 2021). Following the guidelines of the EV-TRACK knowledgebase, we compiled methodology tables of
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current functional BEV research in the field of cancer (Tables 2–6). It is recommended that any researcher wishing to conduct
studies on BEVs should refer to the guidelines provided by MISEV2023 (Welsh et al., 2024).

Another significant challenge in studying the functional role of BEVs in inter-kingdomcommunication lies in the physiological
relevance of experimental methods. In laboratory settings, BEVs are often produced in large volumes and concentrated before
undergoing functional characterization. However, the amount of BEVs used in these studies may not be physiologically relevant
to the levels present in the human circulatory system. Moreover, the composition of BEVs produced in culture media can differ
significantly from those produced in vivo. Therefore, it is essential to carefully report, examine and interpret these findings to
ensure accurate information and conclusions.

. BEV in homeostasis and pathology

In recent years, research on gut microbiota has shifted from a focus on resident bacteria within the gut to a consideration of
BEVs that can enter the systemic circulation in the human body (Bittel et al., 2021; Jones et al., 2020; Park et al., 2017; Poore
et al., 2020; Stentz et al., 2018; Tulkens, De Wever, et al., 2020, Tulkens, Vergauwen, et al., 2020). These BEVs have demonstrated
significant potential for various multifunctional applications, particularly in the field of cancer-related diagnosis and treatment.
However, despite their immense potential value, a key challenge faced by BEVs is the limited amount of relevant research available
(Castillo-Romero et al., 2023). The evidence of BEVs crossing the altered epithelial barrier has brought them into the spotlight
as distant mediators of inter-kingdom communication and potential biomarkers for monitoring human diseases. While there is
a consensus that these BEVs likely originate from gut bacteria, further studies are required to ascertain the contributions from
microbial niches in different organ sites. Moreover, further investigation is necessary to determine the precise mechanisms by
which BEVs enter the circulatory system, whether they are involved in compromising the gut epithelial barrier for this purpose,
or if it is a consequence of gut dysbiosis. The direction of causation and further positive feedback loops during disease onset
should further be investigated.

. BEV related therapeutics

Indeed, BEVs offer intrinsic advantages. The pharmacokinetic profile of BEVs demonstrates a peak at 3 h post-administration,
followed by a gradual declinewithin 12 h, indicating their effectiveness asmediators of long-distance communication in vivo (Jang
et al., 2015). Furthermore, engineered OMVs can be designed for oral administration, improving patient compliance (Yue et al.,
2022). Additionally, faecal microbiota transplantation (FMT) shows promise as a potential therapeutic approach for targeting
gut microbiota-associated cancer. Clinical trials have demonstrated its efficacy in overcoming resistance to anti-PD-1 treatment
in melanoma (Baruch et al., 2021; Davar et al., 2021). It is conceivable that by administering BEVs derived from a healthy host,
‘good’ bacteria or engineered strains, similar or even better efficacy could be achieved in individuals receiving FMT treatments.
Moreover, the utilization of natural or engineered BEVs for targeted delivery to antigen-presenting cells is considered a hot
research topic in the development of cancer vaccines.
Rigorous evaluation and the establishment of regulatory guidelines will be essential to establish the necessary standards for

clinical translation. As our understanding deepens and breakthroughs emerge, BEVs have the potential to revolutionize the field
of medicine and significantly impact patient care.
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