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Impact statement

The number of commensal bacteria in the
body surpasses the number of actual
human cells. Thus, various interactions
between microbes and human cells con-
stitute an inevitable phenomenon. Recent
evidence has led to bacterial extracellular
RNAs (exRNAs) being proposed as good
candidates for microbe-host inter-
kingdom communication tools as they can
modulate the expression of host genes.
However, research findings on the rele-
vance of interactions between extracellular
RNA and human diseases are still in their
infancy. Nevertheless, substantial data
suggest that microbial exRNAs are impli-
cated in various human diseases both at
local and distant sites. By exploring various
scenarios for the involvement of microbial
exRNAs in human diseases, we may better
understand the role of exRNAs as
“communication signals” for diseases and
thereby develop novel therapeutic strate-
gies by using them and their carrier extra-
cellular vesicles.

Abstract

Extracellular RNAs (exBRNAs) are released by extracellular vesicles, small membranous
nanoparticles secreted by all cell types. When transported into cells, exRNAs can modulate
gene expression or cellular responses in the target cells since many small RNAs have reg-
ulatory functions. Indeed, it is widely acknowledged that endogenous exRNAs in the human
body are related to various diseases. However, microbial exRNAs have been less studied,
and their connection to host diseases has just begun to be explored. In this review, | will
discuss analytical methods for exRNAs and the potential use of exRNAs as disease bio-
markers. | also consider current progress in understanding the regulation of host mecha-
nisms by microbial exRNAs as inter-kingdom communication, efforts to utilize extracellular
vesicles as therapeutic vehicles loaded with engineered RNA cargos, and a putative con-
nection between microbial exRNA-based regulation of host responses and human diseases
such as Alzheimer’s. This overview aims to present novel insights into pathogenesis with
regard to the function of microbial exRNAs as “disease-relevant travelers.”
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Introduction

Extracellular vesicles (EVs) are a group of nano-sized mem-
branous vesicles (typically 40-1000nm) that are released
from both prokaryotic and eukaryotic cells into the extra-
cellular environment."? EV, the current generic term of
choice, refers collectively to numerous types of vesicles
such as exosomes, ectosomes, apoptotic bodies, bacterial
outer membrane vesicles (OMVs); EVs have various cells
of origin and show a range of functions.** EVs can transfer
numerous types of cargo, including proteins, lipids, DNA,
and RNA to distant cells. EVs can internalize in proximal
cells via various routes, such as endocytosis, lipid rafts,
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and/or membrane fusion.>® Among various EV cargos,
RNAs have gained special attention because RNAs in
EVs (extracellular RNAs; exRNAs) are mostly composed
of mRNAs, microRNAs (miRNAs), or other small RNAs
(sSRNAs) that are usually transported by EVs to other cells
without losing their biological activities.” In particular, the
biogenesis of sSRNAs, which possess regulatory functions,
is differentially induced under physiological or environ-
mental stressful conditions such as changes of temperature,
osmotic, and redox contions.*® Interestingly, such condi-
tions have also been observed in the context of the produc-
tion of EVs.'? It is thus probable that the release of miRNAs,
sRNAs, and misfolded proteins produced under stressful
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conditions via EVs may alleviate the effects of harmful
stress in microbial cells."

Recently, considerable effort has been devoted to under-
standing how certain exRNAs are sorted into EVs and how
they function in target cells. It seems that selective loading
of exRNAs into eukaryotic EVs (i.e. exosomes) is accom-
plished through special mechanisms. Sequencing motifs
present in sRNAs are thought to control sSRNA sorting
into exosomes in a process mediated by specific enzymes
including SYNCRIP (synaptotagmin-binding cytoplasmic
RNA-interacting protein; also known as hnRNP-Q or
NSAP1) and hnRNPA2B1 (heterogeneous nuclear ribonu-
cleoprotein A2B1); other sorting-involved enzymes contin-
ue to be identified.>'>'® These findings support the idea
that specific motifs of SRNAs (or miRNAs) and their inter-
acting proteins ensure that the exosomes carry only a spe-
cific subset of RNAs as their cargo, suggesting that EV
sRNAs may function as specialized intercellular messenger
molecules. Although sorting mechanisms of bacterial
RNAs into EVs have not been well studied, exRNAs orig-
inating from microbes can bind to host RNA-induced
silencing complex (RISC), implying that microbial
exRNAs may behave as host gene regulators.””

It is widely known that endogenous exRNAs can be
used as prognostic biomarkers for disease states and pro-
gression.’* However, host gene regulation via microbial
EVs and exRNAs has just started to attract wide scrutiny.?
It is well known that endotoxins, exotoxins, and bacterial
metabolites released by human commensal microbes par-
ticipate in systemic diseases by inducing a variety of host
immune responses.w'16 Indeed, the number of commensal
bacteria is estimated to be higher than the number of
human cells,"”” and the residential microbes and their
byproducts inevitably influence the human body.

Over the past several years, my group has continuously
reported miRNA-sized bacterial and EV sRNAs from var-
ious human-resident bacteria.'®*" These findings have
given us a view of microbial miRNA involvement in host
gene regulation or inhibition. Although the field is still in its
infancy, this review aims to introduce recent studies on
microbial exRNAs and suggest their possible relevance to
human systemic diseases.

Purification and analysis of microbial exRNAs

The highest levels of bacterial EVs are produced at the late
growth stages of bacteria, when debris such as membrane
components and cytosolic proteins from dead cells are most
abundant.??> To avoid contamination, it is thus critical to
separate intact bacteria and their components during isola-
tion of OMVs, usually by ultracentrifugation or precipita-
tion. Additional purification techniques currently used are
density gradient centrifugation, gel filtration, and commer-
cial kits.""* The International Society for Extracellular
Vesicles (ISEV) provides guidelines for the isolation of
EVs, essentially suggested standard methods for research-
ers.* After RNase treatment to remove free RNAs that
might originate from dead cells, subsequent steps to extract
RNA from EVs are necessary for RNA sequencing (RNA-
seq) or other experiments requiring complete exclusion of

free RNA effects. Among various RNA species, SRNAs are
the most common in EVs,?* and small RNA-enrichment
purification methods can be used for small regulatory
sRNAs.?

Bacterial exRNAs can be sequenced using RNA-seq
techniques by first isolating the RNA molecules from
EVs.” To understand exRNA functions in host-pathogen
interactions, dual RNA-seq in OMV-infected host cells or
tissues has been introduced. This RNA-seq technique
allows simultaneous profiling of RNAs of host and bacte-
rial origins from an infected cell.”

This technique allows analysis of intracellular bacteria
such as Mycobacterium tuberculosis and Haemophilus inuenza
after they have infected their host cells in humans.?*?° In
addition, some exRNAs have been revealed to have immu-
nological effects after infection of human macrophage-like
cells with periodontopathogenic EVs carrying these
exRNAs.” These studies shed light on the microbe-host
interactome at a transcriptional level.’** In addition,
exRNAs with regulatory functions similar to those of
miRNAs in the host cells need to be incorporated into
host gene regulatory machinery, such as RISC. Thus, RIP-
seq (RNA-immunoprecipitation-sequencing) is a very
useful technique for identifying regulatory exRNAs.*!

Future microenvironmental microbiome research into
the effects of total microbial EVs on host tissues should
utilize multi-RNA-seq in conjunction with massive bioin-
formatics analysis; this will likely shed light on communi-
cation mechanisms between microbes and host.** In
addition, the development of new approaches, including
nano-flow cytometry, which has been used to analyze EVs
from cancer cells,® is expected to aid in characterizing
these highly heterogeneous microbial EVs.

Microbial exRNAs as disease biomarkers

The finding that endogenous exRNAs function as commu-
nication molecules has led to interest in exRNAs as a source
of disease biomarkers and therapeutic agents.>* The first
phase of the NIH-supported Extracellular RNA
Communication Consortium (ERCC1), launched in 2013
to accelerate the study of exRNA biology, focuses on
exRNA/EV biogenesis and function as well as the discov-
ery of exRNA disease-biomarkers.*> While most ERCC1
studies have investigated endogenous circulating
miRNAs,>>* microbial exRNAs and their pathogenic
roles are poorly understood. However, we now have cred-
ible evidence that microbial exRNAs also circulate in the
human body, RNA-seq analysis having shown that high
levels of bacterial RNA fragments exist in human bio-
fluids,®” although the link between microbial exRNAs and
any human disease has not been completely proven.
Interestingly, small RNA-seq and bioinformatic analysis
of human saliva revealed high abundance of bacterial
exRNAs.**% Since identification of biomarkers in saliva is
relatively easy compared to other invasive approaches, bac-
terial exRNAs in saliva hold considerable promise for the
development of various infectious disease biomarkers. To
this end, host salivary exRNA biomarkers were first iden-
tified from gingivitis patients; nonetheless, the role of



bacterial salivary exRNAs in this disease has not been elu-
cidated.*® Therefore, exRNAs of oral pathogens could be
good candidates for disease biomarkers. Streptococcus san-
guinis, recognized as a primary agent of early dental caries,
contains a number of unique sRNAs in its EVs.'8 Similarly,
oral periodontal pathogens responsible for peritonitis,
including Aggregatibacter actinomycetemcomitans,
Porphyromonas  gingivalis, and Treponema denticola, have
also been found to contain small miRNA-sized exRNAs
in their EVs."

Other than oral pathogens, a study of fungi that cause
paracoccidioidomycosis has revealed the presence of differ-
ential levels of SRNA classes in the EVs of fungal isolates,
which the authors suspected were responsible for the var-
iable virulence among fungi.41 Moreover, EVs released
from human parasitic nematodes harbor miRNAs that are
well conserved between the parasite and host. These EVs
can be spontaneously internalized by human macrophages,
allowing the cargo miRNAs to modulate host gene
expression.*?

Novel disease biomarkers or therapeutic strategies can
be developed by utilizing these exRNA microbial patho-
gens in the context of their associated diseases.

Microbial exRNAs, host gene regulation, and
immune responses

The recent realization that exRNAs enable inter-kingdom
or inter-species communication arose when they were
found to modulate gene regulation in multiple cell types
and diverse species (discussed later in this section; for
detailed species and host tissues, see reviews*”*?). Even
though the precise mechanisms have not been elucidated,
EVs from both Gram-positive'®** and Gram-negative bac-
teria®®*® as well as internal exRNAs have been observed to
invade host cells, suggesting their possible function as com-
munication molecules that influence host cell functions.
These findings are not limited to bacteria, fungal exRNAs
having also been observed to be exported via EVs.***°

A few years back, indications emerged of host gene reg-
ulation mechanisms of sRNAs in intracellular bacteria.
Salmonella enterica sSRNA was shown to regulate a host
gene involved in the signal transduction pathway and
Mycobacterium marinum sRNAs were shown to bind the
host RISC that can regulate host genes.”””! Therefore,
microbial exRNAs may plausibly be assumed to have sim-
ilar mechanisms.

Koeppen et al.”® have shown that Pseudomonas aeruginosa
EVs have abundant RNA that can downregulate the EV-
induced proinflammatory cytokine IL-8 secretion after
being transferred into human epithelial cells. This indicates
that the small exRNA inhibits innate immune responses by
targeting the mitogen-activated protein kinase (MAPK)
pathways, which lie upstream of IL-8.°* This exRNA
might thus protect pathogens from human defense mech-
anisms and enhance pathogen penetration into host.

Similarly, my group has reported that three highly
expressed assorted exogenous exRNAs of periodontopath-
ogens decrease the secretion of certain cytokines (IL-5, IL-
13, and IL-15) in a T cell line in vitro,"” suggesting that
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periodontal exRNAs may assist in evading host adaptive
immune responses.

Microbial exRNAs may thus function in RNA inhibition
(RNAi) even in host cells, particularly with respect to
immune-related genes. In order to do so as miRNAs in
host cells, exRNAs need to be loaded onto host RISC,
thus regulating host target transcripts.”® The exRNAs of
the oral bacterium A. actinomycetemcomitans can be internal-
ized by human macrophages, exRNAs of A. actinomycetem-
comitans EV-origin having been identified by RIP-seq
analysis.23 Similarly, small RNAs originating from the
intracellular bacterial pathogen M. marinum show charac-
teristics of eukaryotic miRNAs that are able to bind to RISC
and repress a target mRNA.""

Although we do not know the exact mechanisms under-
lying the selective loading of microbial exRNAs into EVs or
whether such loading is a random event, it has been
reported that EVs of Borrelia burgdorferi, a causative bacte-
rium of Lyme disease, contain more enriched RNA tran-
scripts from plasmids than bacterial cells, suggesting
these specially packaged plasmid-encoded exRNA in EVs
might be involved in the development and pathogenicity of
the disease.” Moreover, growth stage of bacteria could also
affect the composition and selection of cargo into EVs.>*
Furthermore, microbial sSRNAs seem related to EV genera-
tion. Enterobacterial SRNA, MicA showed promoted pro-
duction of bacterial EVs and MicA-induced EVs activated
cytokines (IFN-y and IL-17) in T cells, although it is not clear
whether the effect is driven by exRNAs.*

These studies indicate that host gene regulation by small
RNAs originating from microbes is a novel pathogenic
mechanism, and that the transfer of microbial exRNAs to
host cells represents an additional example of microbe-host
interaction.

Engineering of microbial EVs to deliver
therapeutic exRNA cargos

The ability of EVs to transfer cargo also makes it possible to
deliver therapeutic molecules, including RNAs, into target
cells. Engineering endogenous EVs as carriers of therapeu-
tic RNA cargos to avoid immune rejection or RNase degra-
dation in the host patient would constitute a new modality
for RNA therapeutics.'*® Eukaryotic exosome-mediated
transfer of miRNA or miRNA inhibitors has been tested
for use in regulating target cells.”’”® However, safety con-
cerns arise since bacterial EVs contain high levels of endo-
toxins (or lipopolysaccharides; LPS) and other pathogenic
materials that can induce various immune responses by the
host™; these challenges may limit the therapeutic applica-
tion of such EVs.

A tumor therapy study used siRNA (small interfering
RNA)-loaded Escherichia coli EVs derived from an
endotoxin-reduced mutant strain expressing a cancer-
specific targeting ligand.®® Injection of the siRNA-
containing EVs significantly reduced tumor size in the
mouse model by successfully targeting the kinesin spindle
protein (KSP) gene, which is related to tumor prolifera-
tion.®” My group just recently reported that EVs from bac-
teria can cross the blood-brain barrier (BBB), implying that
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bacterial EVs can even be applied to brain diseases, includ-
ing brain tumors and neuroinflammatory disorders.”
Nonetheless, challenges remain regarding issues such as
efficient and specific delivery into target tissues or cells as
well as evading degradation in the circulation.”

exRNAs in periodontal pathogens and
Alzheimer’s disease

Although systemic invasive activities of EVs across various
types of human cells and tissues have been shown, it was
until recently unclear whether bacterial EVs could cross the
BBB. It remains debatable whether oral microbes can cross
the BBB and colonize in the brain. However, P. gingivalis
has recently been identified in the brain of Alzheimer’s
patients.® Moreover, Candida albicans (oral commensal
yeast) has been detected in a mouse brain that accumulated
amyloid beta upon intravenous injection of yeast cells.®®
These findings strongly suggest the relevance of oral
microbes in Alzheimer’s disease. Since we now have evi-
dence that microbial EVs can cross the BBB along with
cargos including RNA,” many bacterial EVs and their
cargo materials may easily reach the brain when there is a
wound or bleeding, such as in periodontitis, which is char-
acterized by the degradation of soft connective tissue and
alveolar bone, ultimately resulting in bleeding and tooth
loss.®®> The possible role of periodontal pathogens in
Alzheimer’s disease has recently been asserted.®*®®
Among the main bacteria implicated in the pathology of
periodontal disease, A. actinomycetemcomitans (mentioned
earlier in this review) exRNAs of EV (rather than LPS or
protein cargos) upregulate the proinflammatory cytokine

[Blood stream]

Figure 1. Graphic representation of the involvement of human commensal microbial exRNAs in systemic diseases. Extracellular RNAs (exRNAs) secreted from
regional human commensal bacteria via extracellular vesicles (EVs) can circulate through the bloodstream and reach distant organs, even crossing the blood-brain

barrier, then get taken up by target cells. Imported exRNAs, along with EVs, may induce immune response or regulate host gene expression, acting on behalf of
microbes to induce host signaling biomolecules. (A color version of this figure is available in the online journal.)

9'\

TNF-u in the mouse brain.*® The function of pathogenic
exRNAs is thus not limited to regional effects but can
reach any site in the whole body, even the brain, and
induce various inflammatory diseases such as Alzheimer’s.

Conclusion and perspectives

Microbe-to-human communication via functional exRNAs
loaded in EVs can be a novel pathogenic mechanism. The
ability of EVs to circulate through the bloodstream and
reach any place in the human body implies that EVs and
their components are relevant to human diseases (Figure 1).
Among EV components, small regulatory RNAs or
exRNAs have drawn interest in terms of their host effects
given the increased awareness of their regulatory functions
in the cell. This paper thus aims to introduce relatively new
biological findings that might deepen our understanding of
microbial exRNAs and extend our knowledge of disease
pathogenesis.

In this review, mostly negative effects of microbial
exRNAs on human body are postulated. However, as
microbes in the human body always interact with host
cells for the body’s physiological homeostasis, positive
effects of microbial exRNAs should not be ruled out.
Many questions, such as how many EVs and exRNAs are
secreted in the human body and how many exRNAs
become functional in target cells after integration remain
unanswered. Additionally, the potential effects of inter-
microbial communication through exRNAs and the way
in which exRNAs influence the total microbiome flora
should be further explored.



Overall, expanded knowledge of exRNAs in inter-
kingdom communication will enable us to elucidate new
pathogenic determinants and mechanisms, thus enabling
the development of novel therapeutic solutions.
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