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Abstract

Shedding of microbial extracellular vesicles constitutes a universal mechanism for inter-kingdom and intra-kingdom
communication that is conserved among prokaryotic and eukaryotic microbes. In this review we delineate fundamental
aspects of bacterial extracellular vesicles (BEVs) including their biogenesis, cargo composition, and interactions with host
cells. We critically examine the evidence that BEVs from the host gut microbiome can enter the circulatory system to
disseminate to distant organs and tissues. The potential involvement of BEVs in carcinogenesis is evaluated and future
research ideas explored. We further discuss the potential of BEVs in microbiome-based liquid biopsies for cancer

diagnostics and bioengineering strategies for cancer therapy.

Introduction

Extracellular vesicles (EVs) are released by all three
domains of life—eukaryotes, bacteria, and archaca—and
represent a universal, evolutionarily conserved mechanism
for intercellular communication [1]. Our growing appre-
ciation of the functional significance of the human micro-
biota in health and disease has triggered a marked interest in
microbial-derived EVs and their functional role in intra-
kingdom and inter-kingdom communication, transfer of
nutrients within microbial communities, delivery of viru-
lence factors and toxins, horizontal gene transfer, and
modulation of host immunity [2-9].

In recent years, the advent of next generation sequencing
technologies combined with large scale initiatives like the
NIH-funded Human Microbiome Project and the EU-
funded Metagenomics of the Human Intestinal Tract con-
sortium has expanded our understanding of the human
microbiome and helped shape an evolving view of the
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human body as a “supraorganism” that harbors trillions of
bacterial and human cells in ~1:1 ratio [2, 10-12]. These
large consortia have revealed staggering microbial gene
diversity in the human microbiome as well as tremendous
inter-individual variability in the microbial species inha-
biting the human body [2, 13]. Interestingly, while the
Human Genome Project has revealed a total number of
~20,000 genes for the human genome [14], currently
accepted estimations from analyzing the bacterial commu-
nities in the gut have yielded more than 2000,000 bacterial
genes vastly outnumbering the number of genes contributed
by the human genome [2, 10]. A healthy human host is
inhabited by more than 1000 microbial species [2]. Most of
those belong to a few dominant taxonomic groups, or phyla
(Actinobacteria, Bacteroidetes, Firmicutes, Proteobacteria,
Cyanobacteria, Fusobacteria) that gives some level of
consistency across individuals at the higher taxonomic
levels; however, the relative proportions of those phyla, as
well as the individual microbial species and genes can vary
dramatically across individuals, even in the case of mono-
zygotic twins [15, 16]. Individual humans may be 99.9%
identical to one another in terms of their host genome (with
~0.1% of the variation being mostly SNPs and small indels)
but completely different (up to 90%) in their microbiome—
the collective genome of one’s microbial communities [17].

The relationship of these complex microbial commu-
nities (bacteria, fungi, viruses, and archaea) with their
human host can be either symbiotic (mutually beneficial),
commensal (neutral co-existence), or potentially pathogenic
[18]. Accumulating evidence has revealed microbe—host
interactions can critically influence host health by
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manipulating host immune responses, nutrient metabolism,
maintenance of the intestinal barrier, and protection from
pathogen colonization [9, 19-21]. Similarly, disruption of
the gut microbiome (a term known as microbial dysbiosis)
has been critically implicated in a range of human diseases
including cancer, mental health, and cardiovascular and
immune disorders [22-24].

The intersectionality of microbiome research and EVs
owing to advancements in both fields has emerged as pro-
mising research endeavor. The increasing appreciation that
microbiota-derived EV can enter the systemic circulation
and be detected in human body fluids is likely to stimulate
completely new areas of investigation in microbiome
research, biomarkers and liquid biopsies, BEV-based ther-
apeutics, onco-immunology, as well as fundamental
microbial EV biology.

Bacterial extracellular vesicles (BEVs):
biogenesis and cargo composition

Bacterial cells communicate with their host and other bac-
teria through direct contacts and secretion of soluble pro-
ducts, such as metabolites (e.g., short-chain fatty acids),
lipoglycans, quorum sensing peptides, nucleic acids, pro-
teins, and membrane vesicles, also known as bacterial
extracellular vesicles (BEVs) [25, 26].

Both pathogenic and commensal bacteria secrete BEVs—
spherical membrane-enveloped particles ranging in size from
20400 nm that disseminate part of the biological content of
the parent bacterium into the extracellular milieu [6, 8].
Detailed proteomic and biochemical analyses have shown that
BEVs carry diverse cargo including membrane-bound and
periplasmic proteins, enzymes (such as autolysins) and toxins,
polysaccharides, nucleic acids (DNA and RNA), and pepti-
doglycan [6, 27]. However, there does not appear to be a
single mechanism modulating BEV export, nor universal
markers for BEV cargo [28]. Several lines of evidence sug-
gest that BEVs are heterogeneous in their structure, size,
density, and molecular cargo composition, and this hetero-
geneity stems from the different biogenesis routes, the unique
membrane envelope structure of the parental bacterium they
originate from as well as the genetic background of the pro-
ducing strain and the growth conditions [8].

Mounting evidence shows BEVs can follow different
formation routes, which can lead to distinct BEV subtypes
with different molecular cargo and thus potentially different
biological function [8, 29]. Gram-negative bacteria follow
two main pathways for vesicle formation. The first forma-
tion route involves blebbing of the outer membrane of the
bacterial envelope, generating outer-membrane vesicles
(OMVs); and the second pathway entails explosive cell
lysis forming outer-inner membrane vesicles (OIMVs) and
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explosive outer-membrane vesicles (EOMVs) [8, 26].
Gram-positive bacteria produce cytoplasmic membrane
vesicles (CMVs) through endolysin-triggered bubbling cell
death [8, 29]. Generally, OMVs are the archetypal BEVs
and most heavily studied. The membrane blebbing process
giving rise to OMVs generally occurs through a disruption
of crosslinks between the outer membrane and the under-
lying peptidoglycan cell wall layer. Regardless of their
biogenesis route, we collectively refer to all those vesicle
subtypes as BEVs.

Furthermore, Gram-negative and Gram-positive bacteria
have a distinctly different cell envelope architecture, which
is reflected in the membrane composition of the BEVs they
produce [8, 29]. The cell wall of Gram-negative bacteria
consists of a thin layer of peptidoglycan (a polymer-like
mesh made of sugars and amino acids) in the periplasmic
space between two membrane bilayers; the inner (or cyto-
plasmic) and outer membrane. The outer membrane con-
tains lipopolysaccharides (LPS; also known as endotoxin)
on its outer leaflet and various membrane-bound proteins
and channels such as porins that facilitate non-vesicle-
mediated transport. In contrast, Gram-positive bacteria
completely lack an outer membrane but have a much thicker
peptidoglycan cell wall, which is linked to the underlying
cytoplasmic membrane via lipoteichoic acids (LTA) [8, 29].

Mirroring this envelope architecture, Gram-negative
BEVs consist of an outer membrane with an interior leaf-
let of phospholipids and an exterior leaflet of LPS, which is
known to engage Toll-like receptor 4 (TLR4) [8, 26]. Gram-
negative BEVs are typically enriched in various outer-
membrane proteins, such as ompA and encapsulate
periplasmic luminal components. However, the presence of
cytoplasmic cargo (DNA, RNA, virulence factors) is
debated and likely contingent on the specific biogenesis
route of the three different Gram-negative BEV subtypes
(OMV, OIMVs, and EOMVs). Previous reports that have
found nucleic acids and cytoplasmic proteins in OMVs
might not have been bona fidle OMVs, formed through
controlled blebbing of the outer membrane as this
mechanism does not give direct access to cytoplasmic
cargo. Instead, it is the biogenesis mechanism of the double
bilayered OIMV and/or the single bilayered-EOMV sub-
types that enables direct access to and encapsulation of
cytoplasmic cargo. Indeed, endolysin-mediated degradation
of the peptidoglycan cell wall (a key process in explosive
cell lysis) results in cell envelope fragments that can re-
circularize and enclose released chromosomal and plasmid
DNA and other nucleic acids or cytoplasmic components.
Gram-positive BEV, also known as CMVs as previously
mentioned contain both membrane and cytoplasmic com-
ponents and show LTA on their surface that can engage the
Toll-like receptor 2 (TLR2) [26, 29]. A number of other
environmental factors can also affect the rate of vesicle
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production and even bias toward certain biogenesis routes.
Some of these include media composition, temperature,
growth phase, iron and oxygen availability, exposure to
antibiotics, and genotoxic stress [8, 28].

The localization of chromosomal DNA in BEVs from
various Gram-negative pathogenic bacteria (Pseudomonas
aeruoginosa, Porphyromonas gingivalis, Salmonella Typhi-
murim) is mostly surface-associated (or extraluminal) with
smaller amounts located in the intraluminal space [30].
Sequencing of the intraluminal BEV DNA has been found to
be enriched in specific regions of the bacterial chromosome
involved in virulence, stress response, antibiotic resistance,
and metabolism. It remains speculative at this point, whether
surface-associated versus intraluminal BEV DNA serves dif-
ferent functions. It is not unreasonable to assume a potential
role for external DNA in biofilm formation versus a role for
internal BEV DNA in intercellular communication and hor-
izontal gene transfer of antibiotic resistance or virulence genes
[30]. In addition to potentially modulating the innate immune
response via or more cytosolic DNA sensors, the possibility
that pathogenic BEV-derived DNA can be transferred and
detected in the nucleus of non-phagocytic cells (e.g. epithelial
cells) [30], raises the intriguing possibility that bacterial
genetic material could be transferred to human somatic cells
and integrated into the host genome. Integration of bacterial
DNA sequences has been in fact detected more frequently in
human cancer cells versus normal cells, especially in gastro-
intestinal (GI)-related tumors with close proximity to the gut
microbiome, suggesting a potential role of bacterial DNA in
carcinogenesis [31].

Interactions between BEVs and host cells

BEVs contain numerous microbe-associated or pathogen-
associated molecular patterns (MAMPs/PAMPs) including
LPS, lipoproteins, peptidoglycan, and bacterial nucleic
acids. The MAMP content of BEVs enables them to engage
with host pattern recognition receptors (PRR) in immune
cells as well as nonimmune cells (e.g., epithelial cells at
mucosal surfaces) to promote host pathology, immune tol-
erance, or confer protective immunity [31].

The diverse immunomodulatory effects of BEVs depend
largely on the specific parental bacterium and its relationship
with the host. For instance, BEVs from pathogenic bacteria
have the potential to exacerbate infection by dampening
immune responses [32, 33], or trigger an overexaggerated
immune reaction resulting in sepsis [5, 34]. In contrast, BEVs
from symbiotic or commensal bacterial species in the GI tract
promote maturation and immunological tolerance to confer
protection from colitis or sepsis [35, 36].

Depending on the localization of PRRs and the specific
route of BEV uptake, the recognition of BEV-associated

MAMPs/PAMP can occur in various host cellular compart-
ments, including the plasma membrane, endosomes, and
cytoplasm [37] (Fig. 1). Cell surface members of the TLR
family, namely TLR2 and TLR4, recognize extraluminal
BEYV ligands such as LPS and LTA molecules, peptidoglycan,
and lipoarabinomannan [38—42]. The cytosolic receptors
nucleotide-binding oligomerization domain-containing pro-
tein 1 (NOD1) and 2 (NOD?2) are directly involved in sensing
peptidoglycans (key component of bacterial cell wall) present
in BEVs secreted from pathogenic or commensal bacteria
[43-46]. NOD1/2 are key components of innate immunity
and critical in host defense against bacterial infections and
modulation of inflammatory responses. More recently NOD1/
2 have been involved in maintaining intestinal homeostasis
and microbiota balance [47, 48].

Intraluminal BEV nucleic acids can be detected via
DNA-sensing and RNA-sensing receptors. Following
endocytosis, BEV RNA cargo can be sensed through
endosomal TLRs including TLR3, TLR7, TLRS8, and
TLR13. Similarly, RNAs delivered into the cytoplasm fol-
lowing fusion of BEVs with the host cell plasma membrane
can activate cytosolic RNA sensors such as RIG-I-like
receptors [5]. In a similar way, BEV DNA cargo can be
sensed through the endosomal TLRY or the cytosolic DNA-
sensing cyclic GMP-AMP synthase—stimulator of inter-
feron genes pathway, although direct evidence for the latter
is lacking [40, 49, 50]. Various routes of BEV endocytosis
have been described in host cells including macro-
pinocytosis, lipid-raft-dependent and lipid-raft-independent
endocytosis, as well as dynamin-, caveolin-, and clarithin-
dependent entry [6]. The utilization of different paths of
uptake may reflect the size heterogeneity of BEVs and the
size selectivity of each route of endocytosis.

In general, PRR activation triggers the activation of kinases
and transcription factors, that lead to the production of cyto-
kines and chemokines resulting in the recruitment of immune
cells and upregulation of co-stimulatory molecules commonly
involved in adaptive immunity. TLRs for instance, signal via
the adapter proteins myeloid differentiation primary response
88 or TIR-domain-containing adapter-inducing interferon-p,
leading to downstream activation and nuclear translocation of
transcription factors including nuclear factor kappa-light-
chain-enhancer of activated B cells, interferon-regulatory
factor, and activator protein-1 to induce production of pro-
inflammatory cytokines and type I interferons [5, 51].

Microbiota-derived BEVs can enter the
systemic circulation and disseminate to
distant organs

There exists a growing consensus that BEVs from the
resident microbiota can enter the systemic -circulation

SPRINGER NATURE
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Fig. 1 Pattern recognition receptors (PRRs) activated by bacterial
extracellular vesicles (BEVs). BEVs carry diverse microbe-associated
molecular patterns (MAMPs) including LPS, LTA, peptidoglycan
fragments, toxins, bacterial DNA and RNA that may activate extra-
cellular or intracellular PRRs depending on the route of uptake and the
nature of the bacterial ligand. Members of the Toll-like receptor (TLR)
family, nucleotide-binding oligomerization domain (NOD)-like

[26, 52-57]. BEVs released by bacteria in the gut lumen can
cross the epithelial barrier to gain access into the underlying
submucosa enabling them to interact with various resident
immune cell populations (dendritic cells, neutrophils and
macrophages) as well as potentially disseminate more
widely around the body via the systemic or lymphatic cir-
culation to reach distant tissues and organs or even the brain
(Fig. 2).

The presence of systemic circulating BEVs was recently
reported by Tulkens et al. in the plasma of patients with
altered intestinal barrier function [52]. Of note, a number of
communicable and noncommunicable diseases as well as
lifestyle factors can trigger gut microbial dysbiosis thereby
altering intestinal permeability, including obesity, diabetes,
antibiotic use, diet and caloric restriction, or sleep depri-
vation. In the aforementioned study, patients with HIV,
inflammatory bowel disease, or intestinal mucositis were
found to have elevated circulating LPS-positive BEVs
relative to healthy controls. The level of circulating BEVs
correlated positively, but modestly, with the plasma levels
of zonulin—a biomarker of epithelial barrier integrity—that
phosphorylates ZO-1 proteins in epithelial and endothelial
cells leading to tight junction disassembly. While these
BEVs are likely to be originating by gut bacteria, the
authors did not fully prove it leaving the possibility of
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receptors, retinoic-acid-inducible gene-1 (RIG-I) receptors, and var-
ious cytosolic DNA sensors including cyclic GMP-AMP synthase
(cGAS), interferon-y-inducible protein 16 (IFI16), and absent in
melanoma (AIM2). Adapted by permission from Springer Nature Ltd:
Nat. Rev. Dis. Primers. Arroyo and Jalan. Acute-on-chronic liver
failure in cirrhosis [87]. Copyright (2016) conveyed through Copyright
Clearance Center, Inc.

contributions from microbial niches in other body sites.
Simulating compromised tight junction integrity using an
in vitro colitis model (Caco-2 epithelial monolayer chal-
lenged with DSS) also resulted in paracellular translocation
of BEVs. The same group by Tulkens et al. most recently
reported a detailed protocol for recovering BEVs with high
specificity from human body fluids, including blood plasma
and stool through the sequential implementation of size-
exclusion chromatography and density-gradient ultra-
centrifugation [26]. The underlying physical property that
distinguishes BEVs from host-derived eukaryotic EVs
(EEVs) in blood plasma is their differential buoyant density.
When run on a density gradient, EEVs float typically at
1.083-1.111 g/mLL. while BEVs are slightly heavier at
1.133-1.201 g/mL. This allows for label-free isolation of
BEVs from EEVs, although subsequent biochemical char-
acterization is typically needed. This was the first study that
provided a preliminary characterization of BEVs in human
body fluids with ompA and LPS being the markers for BEV
identification. However, a low yield of BEV in blood
plasma (~10° BEV/mL) was typically noted. Interestingly,
plasma contained BEVs from both Gram-negative (TLR4
reporter assay) and Gram-positive bacteria (TLR2 reporter
assay) and immunogold electron microscopy also identified
the presence of both single-bilayered and double-bilayered



Emerging role of bacterial extracellular vesicles in cancer

6955

Fig. 2 Bacterial extracellular Healthy Gut Microbiota Gut Microbial Dysbiosis
vesicles (BEVs) in the gut
lumen can gain access to the ,«-o“‘g Antibiotics
systemic blood circulation. s ¥ \3 Diet .
Q Impaired immunity

Microbial dysbiosis can lead to
disruption of tight junctions in
the luminal epithelium leading
to passive paracellular transport
of BEVs into the underlying
submucosa, where BEVs can
interact with resident immune
cells or enter the circulatory
system/portal vein and
lymphatics (via trans-endothelial
migration) for systemic
dissemination. Active
transcytosis through an intact
gut luminal epithelium during
steady state is thought to result
in a smaller number of BEVs
escaping to the submucosal
compartment with subsequent
blood-borne dissemination.

N e
Gut Lumen Q
-
"
[ ]

o
Tight junction

Submucosa

Macrophage

®

Transcellular Transport

Inflammation
Cancer

(e]
BEV~ ,

Paracellular Transport

v v

‘ ii’i\,, \
"\ S—
\ CoJc o Jto o)
Dendritic Cell Lymphatic Vessel o ®
o [ ]

BEVs, the latter being indicative of OIMVs, which typically
contain cytoplasmic cargo and nucleic acids. The presence
of chromosomal DNA in circulating OIMVs was not pur-
sued further and 16s rRNA sequencing data are lacking.
Implementation of rigorous experimental controls is
imperative for samples with low microbial biomass that are
inherently prone to misinterpretation due to contaminating
molecules from commonly used laboratory reagents in
DNA extraction kits and library preparation [58, 59].
While these studies leave the impression that entry of
BEVs in the circulatory system occurs only under certain
conditions of compromised gut epithelial barrier integrity,
this phenomenon may be common even in the steady state
of healthy individuals. Indeed, a recent study looked into
the biodistribution of fluorescently labeled BEVs (derived
from the major human gut commensal bacteria Bacteroides
thetaiotaomicron) following oral administration in mice
under normal healthy conditions [53]. While the majority of
the labeled BEVs remained in the lumen of the GI tract, a
small population could enter the circulatory or lymphatic
systems via the GI tract. Some of the BEVs were found to
accumulate in the liver, suggesting that they can transmi-
grate through the intestinal epithelium and enter the hepa-
tobiliary system through the portal vein. A portion of the
BEVs could also be detected in the heart and lungs sug-
gesting BEVs can cross several host cellular barriers
including epithelial barrier and the lymphatic-vascular
endothelium to enter the bloodstream and disseminate

systemically. Even if the gut epithelial barrier is not com-
promised leading to increased paracellular transport, BEVs
could use other mechanisms to enter the circulatory system,
such as active trans-cellular migration across the intestinal
epithelium [60]. In fact, active trans-cellular migration
across epithelial monolayers has been observed for eukar-
yotic exosomes (e.g., endocytosis, MVB formation, and
exocytosis across the other side of the layer) and has even
been suggested as a possible mechanism for breaching the
blood-brain barrier [61]. Luminal antigens and BEVs may
also be captured by dendritic cells (from the underlying
lamina propria) and transported through the intestinal epi-
thelium or via the assistance of mucus-secreting goblet cells
[56, 62-64]. In addition, intestinal M-cells (specialized
epithelial cells of the mucosa-associated lymphoid tissue)
could be involved in the translocation of luminal BEVs to
the submucosa and systemic circulation [65]. Macrophages
infected with pathogenic bacteria are known to release
exosomes with BEV-associated components that can elicit
pro-inflammatory responses. The uptake, intracellular traf-
ficking, and processing of BEV cargo by the intestinal
epithelium needs to be further investigated to examine the
possibility of de novo secretion of host epithelial-cell-
derived exosomes carrying luminal BEV-associated cargo;
this would represent a mechanism of transferring luminal
antigens and BEVs directly to antigen-presenting cells in
the submucosa. Circumstantial evidence for this exist from
a study in which exosomes recovered from the basolateral
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compartment of BEV-treated epithelial cells were found to
encapsulate BEV antigens as well as from a co-culture
model in which exposure of dendritic cells to conditioned
media from BEV-stimulated epithelial cells resulted in
polarization to a mixed Ty2-type and Tyl7-type response
[6, 66-68].

A case for the existence of blood-derived BEVs has also
been reported in a transgenic mouse model of Alzheimer’s
disease [55]. Metagenomic sequencing of the blood-derived
BEV DNA revealed taxonomical diversity that reflected the
diversity of the intestinal microbiota as well as a distinct
BEV-associated microbial landscape relative to wild-type
controls. Blood-derived BEVs could represent an alter-
native to fecal sampling for profiling the gut microbiome
and evaluating pathogenic variations in the intestinal
microbiota (dysbiosis) in the context of neurodegenerative
diseases. A few studies have also reported the presence of
bacterial nucleic acids in the brain [69]. In view of the
presence of BEVs in the bloodstream and their ability to
cross boundary epithelial layers, it is interesting to speculate
that a fraction of the circulating BEVs might gain access to
the brain through the blood-brain barrier or alternatively be
produced by brain-resident bacteria.

The gut microbiome is highly dynamic and impacted by
a plethora of environmental factors such as diet, exercise,
sleep habits, and medications. The presence of BEVs in
systemic circulation through their translocation from GI
tract or other microbial niches has challenged our notion
that blood is a sterile compartment and has put BEVs in the
spotlight as long-range “hormonal-like” mediators of inter-
kingdom communication. Future investigations are expec-
ted to delve deeper into the cross-talk between the resident
microbiota and distant organs mediated by systemically
circulating BEVs, as this would further expand our under-
standing of how the human microbiome can regulate tissue
and organ homeostasis in health and disease.

Microbial dysbiosis and BEVs: implications
for oncogenesis, cancer diagnosis, and
therapy

Microbial dysbiosis is a major contributing factor in onco-
genesis and tumor progression for a number of GI-tract-
related malignancies, including gastric, colorectal, liver, and
pancreatic cancer, and might even influence the treatment
response to chemotherapy and immunotherapy [33, 70-79].
The mechanisms by which bacteria affect carcinogenesis
and tumor progression are largely unknown. Some of the
tumor-promoting mechanisms could be direct such as by
inducing genomic instability or indirect by generating a pro-
inflammatory tumor microenvironment (TME) and sup-
pression of immunosurveillance [72, 73]. Although BEVs
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have been implicated in the pathogenesis of inflammatory
disease [6, 80], their role in cancer remains unknown. It is
also uncertain whether the tumor-promoting or tumor-
inhibiting effects of the inter-kingdom cross-talk between
the intestinal or intra-tumoral bacteria and the host cells in
the TME is mediated through secreted microbial metabo-
lites such as SCFAs or BEVs.

It is a tantalizing possibility that the gut microbiome may
be implicated in all carcinomas including those that are
ostensibly remote from the GI lumen (or its drainage)
through the immunomodulatory action of systemically cir-
culating BEVs on recipient cells in distant organs, or even
participating in the formation of pre-metastastic niches.
Some indirect preliminary evidence toward this direction
came out from a seminal retrospective pan-cancer exam-
ination of whole-genome sequencing datasets in the TCGA
(33 cancer types from 10,000 treatment-naive patients
totaling 17,000 samples) for microbial reads that found
unique microbial signatures in tissue and blood that could
discriminate between and within most major types of can-
cer, including tumors distally from the GI tract [57]. The
authors used various computational approaches, including
independently trained machine learning models to filter,
normalize, and classify microbial sequences. After stringent
filtering approaches to remove potential contamination that
discarded up to 92.3% of total sequencing reads, a total of
0.9% of the total reads could be mapped to sequences of
microbial origin and resolved to a particular genus. The
TCGA-derived blood-borne microbial DNA (mbDNA)
signatures could discriminate within and between most
cancer types even in low-grade tumor stages and in cancers
lacking genomic alterations. Apart from the retrospective
bioinformatic analysis, the group further validated the
mbDNA models while benchmarking against plasma-based
cell-free tumor DNA (ctDNA) assays in a separate cohort,
which included a group of healthy controls and a group of
individuals with advanced-stage cancer, including prostate
cancer, lung cancer, and melanoma. Remarkably, plasma-
based cell-free mbDNA retained strong generalizable dis-
crimination between healthy controls and grouped patients
with cancer with specificity and sensitivity exceeding 90%
while also retaining high discriminatory capacity in pair-
wise comparisons between the three individual types of
cancer and their respective healthy controls, except for
melanoma.

This study raises the possibility of using microbial-based
liquid biopsies for early detection of certain cancers and
tumors lacking known mutational drivers. Such a
microbiome-based oncology diagnostic tool might provide
distinct advantages over regular ctDNA assays in predicting
and stratifying patients based on differential survival and
treatment response. This is because oncogenesis can pro-
ceed at variable rates in hosts with similar cancer mutational
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landscapes but with host microbial factors playing a much
bigger role. In fact, pancreatic tumors from long-term sur-
vivors have a high quantity and quality of neoantigens [81],
that exhibit homology to infectious disease-derived pep-
tides, suggesting a neoantigen molecular mimicry with
microbial epitopes, and demonstrating host microbial fac-
tors can be predictive of patient outcomes. This was cor-
roborated with a recent study showing that the tumor
microbiome in PDAC patients is predictive of long versus
short-term survival irrespective of the genomic composition
of the tumor [74].

It remains undetermined whether the observed microbial
nucleic acids in the blood came from live or lysed bacteria
or BEVs. The presence of live bacteria in blood is
improbable as it would likely cause some degree of bac-
teremia but conclusive data could be made available
through culturomics, rather than metagenomics, to identify
the existence of otherwise hard-to-culture live blood-borne
bacteria. The most likely scenario, given the results
obtained from the plasma-derived, cell-free DNA validation
cohort as well as the accumulating evidence arguing for the
presence of DNA-containing circulating BEVs, that at least
a significant portion of those nucleic acids is associated with
BEVs. More work will be needed to determine whether this
is the case, and whether the DN A-containing microbial EVs
are driving cancer or are merely passengers.

To date there is no mechanistic study investigating how
BEVs can impact oncogenesis and tumor progression, and
their role is likely to be nuanced and context-dependent.
Previous studies of BEVs in infectious diseases could pro-
vide hints for their putative role in cancer. For instance,
microbial dysbiosis in cancer could trigger the systemic
release of microbiota-derived BEVs that could act as tumor-
promoting entities by invoking tolerogenic immune repro-
gramming of the TME. This could be achieved through
different routes by BEVs driving suppressive cellular
monocytic differentiation in a TLR-dependent manner, to
indirectly elicit T-cell anergy [73]. The distal action of
systemic gut-derived circulating BEVs might also be the
missing link between conditions associated with persistent
disturbances in gut microbiota and metastatic dissemination
of pre-established tumors. BEV-associated MAMPs could
interact with host cells in distant organs to initiate pro-
inflammatory signaling and trigger alterations in the mye-
loid landscape to foster pre-metastatic niches for future
colonization.

From a therapeutic standpoint one could speculate that
systemic administration of commensal healthy host-derived
BEVs directly to tumor-bearing hosts could represent a
superior alternative to fecal microbiota transplantation that
is currently being pursued in clinical trials [82]. BEVs
possess several intrinsic properties that have made them
appealing candidates for vaccine development against

infectious pathogens. BEVs exhibit high stability to a wide
range of temperatures and treatments and are non-
replicative in nature and thus safe, and carry many of the
same immunogenic surface- and membrane-associated
components of their parental bacterium [6]. Depending on
the originating species, BEVs can stimulate both humoral
and cell-mediated immunity and together with their nano-
particulate nature, provide them with their own adjuvanti-
city, as they are able to enhance T-cell response to antigens.
For instance, the clinically approved OMV-based 4CMenB
vaccine containing three highly immunogenic proteins
confers broad protective antibody responses against differ-
ent Neisseria meningitidis (N. menigitidis) serogroup B
isolates [83]. Notably, the same OMV-based vaccine that
protects against N. meningitidis also confers a level of
cross-protection against Neisseria gonorrhoeae likely due
to the genetic and antigenic similarity shared between the
two pathogens [84, 85]. The endotoxicity of BEVs can be
easily manipulated through genetic engineering techniques.
One could speculate that BEVs from certain commensal
bacteria may have therapeutic value. In the future, we
expect to see surging interest in the potential of BEVs as
cancer immunotherapeutic agents to elicit durable antitumor
immune responses or alternatively as personalized or uni-
versal cancer vaccines. The potential of BEVs in cancer
immunotherapy was highlighted by a recent report showing
that systemic intravenous administration of Gram-negative
BEVs from the genetically modified Escherichia Coli
(E. coli) msbB~/~ strain (endotoxin-free) has a selective
tropism for tumor tissue (potentially through the EPR
effect) and a remarkably capability of inducing long-term
antitumor immune responses through the production of
cytokines CXCL10 and interferon-y that can fully eradicate
established tumors without notable adverse effects [86].
Similar antitumor effects were also observed for the Gram-
positive BEVs derived from Lactobacillus Acidophilus (L.
Acidophilus) and Staphylococcus Aureus (S. Aureus).
There is also an enormous potential in using genetic
engineering techniques to modify bacteria and subsequently
purify recombinant BEVs for use as cancer vaccines. BEV-
based cancer vaccines decorated with multiple heterologous
tumor antigens on their surface and/or immunostimulatory
bacterial DNA (CpG motifs) for targeted delivery to
antigen-presenting cells hold immense potential for eliciting
a strong durable antitumor immune response potentially in
conjunction to CTLA-4 and anti-PD1 immunotherapies.
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