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Exosomes are small membrane vesicles of 30–150 nm, members of the extracellular

vesicle family and secreted by various cell types. Different studies describe specific

microRNA (miRNA) with altered expression in serum and/or plasma of patients suffering

from diabetes or metabolic syndrome. Diabetic cardiomyocyte-derived exosomes loaded

with miRNAs like miR-320-3p (or 320a) have been shown regulating angiogenesis on

endothelial cell cultures. Insufficient myocardial angiogenesis is the major manifestation

of diabetes-caused ischemic cardiovascular disease. Studies on transfer of functional

microRNAs between mouse dendritic cells via exosomes have shown that somemiRNAs

(miR-320-3p, 29b-3p, 7a-5p) are distributed in immature and mature exosomes. Among

these miRNAs, miR-320-3p is better known in epigenetics for silencing polr3d gene by

binding to its promoter in Human Embryonic Kidney-293 cells. Moreover, quantitative

and stoichiometric analysis of the microRNA content of exosomes highlights the lack

of reliable natural source of such particles loaded with miRNA opening the need for

tailoring exosomes or nanoparticles delivering efficiently miRNA intimately linked to

immunity, metabolism and epigenetics in target cells. However, loading of extracellular

mature miRNA into recipient cells comes with a cost by at least impeding dynamic

localization of miRNAs in nucleoli or inefficient miRNA delivery due to rapid recycling

by exonucleases. All these works are calling for the design of new biomimetic vehicles

and in vivo assessment of miRNA functionality when delivered by natural or biomimetic

nanoparticles in order to control metabolic diseases from infancy to adulthood.
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INTRODUCTION

Exosomes are nano-vesicles naturally released from living cells, mediating cell-to-cell
communication, possibly by delivering RNA cargo (1). Some exosomes deliver functional mature
mRNA during inflammation from hematopoietic system to brain (2). Furthermore, human
trophoblast BeWo cell line in culture express and secrete placenta-specific miRNAs (miR-517a)
in exosomes suggesting their secretion into maternal circulation (3). Stevanato et al. (4) have
quantified by real-time PCR a highly shuttled exosomal miRNA subtype (hsa-miR-1246) in tumoral
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exosomes, despite a negative report that raised concern about
the value of these extracellular vesicles (EVs) as shuttle of
exogenous miRNAs (5). Exosomes or biomimetic nanovesicles
would be useful in preventative or curative strategies of type-
2 diabetes (T2D) and related metabolic syndrome. Diabetes
mellitus is a group of metabolic diseases characterized by high
blood glucose either due to lack of (type 1) or resistance to
(type 2) insulin. MiRNAs are intimately linked to immunity and
metabolism: several studies describe specific miRNA with altered
expression in serum and/or plasma of patients with metabolic
syndrome and diabetes. Among 59 independent studies (6), 158
miRNAs are dysregulated in seven different major sample types
(adipose, islet, skeletal muscle, whole blood, PBMC, plasma,
and serum). For instance, members of the miR-29 family (7),
miR-320-3p (or 320a) (8), and miR-7a (9) are notably involved
in the regulation of insulin secretion and/or insulin signaling
pathways.

This minireview will present current knowledge on loading
and unloading of miRNA in exosomes, focusing on proofs
obtained with miR-320-3p-loaded exosomes in diabetic context,
and on designing biomimetic nanoparticles to transfer efficiently
miRNAs.

LOADING MIRNA INTO EXOSOMES

MiRNAs are short sequences of non-coding RNAs that have
emerged as genomic regulators of critical physiological and
cellular functions (10). Inside cells, the miRNA precursor is
transcribed into a primary pri-miRNA, processed by Rnase-
III Drosha. Afterwards this pre-miRNA is transported to the
cytoplasm and trimmed by Dicer. The mature miRNA is
integrated into a RNA-Induced Silencing Complex comprising
Argonaute and, to facilitate the translational repression of target
mRNA, the glycine-tryptophan protein of 182 kDa [GW182,
also TNRC6A-C in mammals; (11)]. In a monocyte cell line
(12), MonoMac-6, some miRNAs like miR-16-5p or let-7a
are associated with secreted vesicles (exosomes) that derive
from endo-lysosomal compartments called multivesicular bodies
(MVBs). In Oli-neu cells, a mouse oligodendroglial cell line
that contains a large number of MVBs, the miRNA-Proteolipid
protein cargo is segregated into distinct subdomains on the
endosomal membrane. The transfer of exosome-associated
domains into the lumen of the endosome does not depend on
the function of the Endosomal Sorting Complexes Required for
Transport machinery, but required the sphingolipid ceramide
(13). Localization of miRNAs into exosomes has been related
with sequence motifs present in mature miRNAs allowing
specific binding by sumoylated protein heterogeneous nuclear
ribonucleoprotein A2B1 [hnRNPA2B1; (14)]. Some importation
sequences are harbored by miRNAs targeting them as cell
resident or exosomal miRNA [GGAG or CCCU; (14)]. However,
Chevillet et al. have explored exosome sources of human origin
from plasma, seminal fluid, dendritic cells, mast cells, and
ovarian cancer cells (5). Overall, they found 0.8% of total
exosomes with one copy of miRNA (from 11.1% for miR-
720 in seminal fluid down to 0.002% for miR-126 in healthy

donor plasma). These results are consistent with a small fraction
of exosomes carrying a low concentration of miRNAs, or
with the existence of few exosomes in the population highly
enriched in specific miRNA. These low-occupancy models need
much lower concentrations of miRNA delivery than traditional
RNA-induced silencing complex targeting mRNA. It is worth
noticing that both low-occupancy models are compatible with
recently proposed non-conventional activities of miRNAs. These
include the elicitation of cellular responses through binding
of Toll-like receptors along with potential effects of small
RNAs on DNA transcription and/or epigenetic states. In other
words, the mature miRNA can be harbored at the surface of
EVs moving the debate from efficient delivery of miRNA in
cytoplasm to participation of miRNA to molecular complexes
binding target cell-receptors. In biological fluids, miRNAs are
mostly present as single-strand mature forms associated or not
with proteins of the RISC like Argonaute-2. Proof associating
miRNAs with exosome fraction in ultracentrifugation have
been obtained on cell supernatants. MiRNAs are found both
within and outside of the 16.5 and 120K centrifugation pellets
which contain most of the known cell-derived vesicles (15).
Likewise, microRNAs in peripheral blood microvesicles have
been isolated from healthy volunteers (16). Currently, three
isolation techniques are used to purify exosome populations:
differential centrifugation coupled with ultracentrifugation,
epithelial cell adhesion molecule immunoaffinity pull-down, and
OptiPrep TM density gradient separation. Mateescu et al. have
extensively discussed the difficulties isolating EVs-RNA with
potential co-purification with lipoprotein complexes containing
miRNA, as well as, distinguishing internal from external miRNA
in EVs (17). Moreover, the classification of EVs with nanometric
size is still in the making (18) indicating that some very small
exosomes (<50 nm corresponding to 10% of total exosomes)
can be detected. In the field of Nanolipidoparticles such a
low size (<25 nm) is not impeding small RNA loading and
proper delivery (19). However, in complex biological fluids like
plasma or milk, the risk of misinterpretation is high with a
lot of High Density Lipoprotein able to transfer miRNA (20,
21) or of macromolecular complexes shuttling miRNA (22).
Consequently, miRNA may be exposed to nanoparticle surface
either artificial or natural, entering cell as passenger of molecular
complexes (Figures 1A–D). Direct entry of double-strand-small
RNA is mediated by SID-1 receptors (28), but receptors for
single-strand-small RNA are still unknown.

UNLOADING OF EXOSOMAL MIRNA
CARGO IN TARGET CELL

Wiklander et al. have studied biodistribution of EVs isolated
from dendritic cells in mice after systemic delivery (29).
These EVs labeled by 1,1-dioctadecyl-3,3,3,3-tetramethy-
lindotricarbocyanine iodide generally distribute with highest
accumulation in the liver, followed by spleen, gastrointestinal-
tract and lungs. Results obtained with inoculations of different
EVs sources (muscle, bone marrow, or oligodendrocytes)
and in cross-species (human, rat, or mouse) show that EVs
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FIGURE 1 | Sources of exosomes and design of biomimetic vehicles. Purposes of inoculation routes are (1) minimizing invasiveness, (2) targeting cell-specific (i. e.,

gut or beta pancreatic cells) or tissue-specific delivery (i. e., brain). (A) Engineered cells for producing exosomes. (B) Nanoliposomes produced from living cells. (C)

Lipid nanoparticles & Niosomes (Diameter between 10–100 nm, made with non-ionic surfactants including alkyl esters, ethers, and amides.). Most applications are

targeting T lymphocytes or dendritic cells. Beside these attempts to mimic more or less closely natural exosomes, amphiphilic lipids made of aminoglycosides rings

(D) are also used to deliver nucleic acid in target cells, the main application being vaccination. Mechanism of cytosol delivery has been studied under electron

microscopy (23). Moreover, oral inoculation opens the possibility to target digestive epithelial cells (24). Note that blood-brain barrier at the plexus choroid can relay

signal received from circulating exosomes by producing de novo exosomes liberated in brain area (25). A cellular target could be pancreatic beta-cells, the cell surface

proteome has been described (26) opening the way to specifically address biodesigned nanoparticles loaded with miRNAs. Patients undergoing bariatric surgery are

frequently recovering from type-2 diabetes, strongly suggesting that gastrointestinal epithelium is crucial in such pathology and opening the way for treating metabolic

diseases by oral delivery of drugs (27).

may retained the same repertoire of surface receptors and
extracellular binding proteins than their parental cells for these
three species (29).

The exosome membrane is enriched in lipid-rafts, containing
cholesterol, sphyngomyelin, glanglioside GM3, and externalized
phosphatidylserine, promoting cellular entry. The membrane
fusion process involves also CD9 and CD81, both constitutive
tetraspanins of the exosome membrane. The characteristics of
exosome entry in target cell are reminiscent of effective viral
infection rather than synthetic delivery vehicles. Exosomes are
seen to surf on filipodia at the surface of target cells (30). At
the base of filopodia, exosomes sort into endosomal trafficking
circuits that are targeted to scan the endoplasmic reticulum as a
possible site of cargo release. A directed transport of exosomes
to the endoplasmic reticulum membrane would therefore allow

for an efficient entry of exosomal miRNA cargo into the RNAi
translation machinery (30). EV-derived miRNAs could act as a
general stabilizer of transcription to compensate effects of cellular
stress (31). A report of oligodendrocyte-derived EVs increasing
resistance of neurons against different types of stress in vitro
could be a reflection of this function (32). Nevertheless, loading
of exogenous mature miRNAs into recipient cells comes with a
cost by impeding dynamic localization of miRNAs in nucleoli.
As shown by in situ hybridization in human Hela cells, miRNAs
accumulate in different cellular organelles/compartment (33).
For example, miR-320-3p is 3 to 4 times less detected in nucleoli
than in cytoplasm (by comparisonmiR-29a is 4 to 5 less detected),
suggesting a minor accumulation, compared to miR-29b which is
14 to 15 less detected in nucleoli than in cytoplasm (like miR-29c,
11 to 12 less detected).
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Among foods, milk is considered highly loaded with
nanoparticles, some putatively like exosomes, able to transfer
nucleic acids (34). In human breast milk, proteomic analysis
has shown a wide diversity of molecular composition with
633 new proteins associated with EVs (35). Direct contact
of human milk exosomes labeled with Alexa-Fluor-488 with
Human Intestinal Epithelial Cells at 30min and 2 h, showed that
around 10% of them have been localized in the nucleus (36).
These results suggest that dynamic profile of exosomes loaded
with miRNA can vary in response to altered pH and agressive
enzymatic environment in the infant gut, although human milk
exosomal RNA are believed sheltered inside Evs from external
nucleases. The most promising miRNA is miR-22-3p, targeting
transcription factor 7, and regulating gluoconeogenesis (37)
which makes it a putative therapeutic target to treat insulin
resistance and T2D.

DETECTION OF MIRNA IN EXOSOMES
ASSOCIATED WITH TYPE-2 DIABETES

This minireview focusses on proofs obtained with miR-320-3p-
loaded exosomes in diabetic context (Table 1). Along with its
interaction with insulin/glycemia pathways, this miRNA is also
known to play a crucial role in epigenetics (41) and is not
associated with T1D nor Gestational Diabetes Mellitus (46).

Early in the course of diabetes, high glucose levels in
the bloodstream can lead to endothelial dysfunction and
microvascular rarefaction. Insufficient myocardial angiogenesis
is the major manifestation of diabetes-caused ischemic
cardiovascular disease. Given that diabetic hearts exhibit
insufficient angiogenesis, it is significant to test whether diabetic
cardiomyocyte-derived exosomes possess any capacity in
angiogenesis regulation. Wang et al. have shown that under
T2D, significantly higher fluxes of exosomes loaded miR-320-3p
have been detected in cardiac cell culture (38). Montecalvo
et al. have found that only 5 miRNAs are associated with
immature exosomes, 139 miRNAs are associated both with
immature and mature exosomes, and 58 are only associated
with mature exosomes (39). Whereas, immature dendritic
cells down-regulate T-cell responses, mature dendritic cells
promote activation, proliferation, and differentiation of effector
T cells. Exosomes released by dendritic cells with synchronized
maturation were purified from supernatants of Bone Marrow
dendritic Cell cultures, either maturation resistant (treated with
vitamin D3) or fully mature (LPS-treated). Mature exosomes
expressed more CD86 and CD54 and exhibited superior T-cell
allostimulatory ability than immature exosomes. The miR-320-
3p, along with miR-29a to c, are found both in immature and
mature exosomes of Bone Marrow Dendritic Cell cultures.
Those exosomes fuse with dendritic cell membranes and transfer
their content into the cytoplasm to regulate key dendritic cell
functions (39). Live dendritic cells release a large range of EVs,
which are partially separated by their pelleting properties [crude
separation by filtration and ultracentrifugation; (20)], conditions
similar to Montecalvo et al. (39). EVs are heterogeneous and
their typology is not related to miRNA loading or any biological

functions. Beyond cultured cells like in exosomes of MC/9 mast
cells (1), mature hsa-miR-320-3p has been also detected in breast
milk exosomes by RNA sequencing (47) and q-PCR (48) as well
as in gastric fluid of preterm infants (49).

Moreover, in peripheral blood microvesicles, among 104
miRNAs in EVs, miR-320-3p is highly expressed in microvesicles
of plasma (2.637-fold more than in blood cells), as well as, in
platelets of healthy human [by comparison miR-29a is 40.31-fold
more expressed in blood cells; (16)]. MiR-320-3p has also
been associated with the regulation of Glucose-Induced Gene
expression in diabetes (8). Likewise, hsa-miR-320-3p is patented
as diabetes biomarker (50) and its properties as therapeutic
molecules for T2D are partly evaluated. Table 1 shows
known miR-320-3p molecular targets and its association with
exosomes.

The non-genetic transfer of phenotypic information is
considered to involve epigenetic means. Among these, we
found DNAmethylation, histone modifications, trans-acting and
non-nuclear factors like small RNA. The miR-320-3p induces
transcriptomic silencing of polr3d in human embryonic kidney
293 cells (41). The polr3d is a gene involved in tumorigenesis
(51), coding for the subunit-17 of pol-III (also BN51) associated
with cell cycle control (52).

Moreover, some importation sequences are harbored by
miRNAs, targeting them as cell resident or exosomal miRNA
(14). The miR-320-3p shows a weak Exo-motif as GGCG at the
3
′

end, instead of the canonical GGAG or CCCU motifs. In line
with this observation, hsa-miR-320-3p is not highly released in
exosomes produced by MCF-7 breast cancer cells (53).

However, the main problem related to the use of miR-320-
3p in therapy is its multiple targets (Table 1). The miR-320-3p

has a strong seeding site in 3
′

-UTR of hsp20 mRNA in mouse
(45), but not in human, and in polr3d promoter for rodents and
human (41). This multiple targeting property, shared by many
miRNAs, is impeding progress in designing exosome-loaded
miRNA therapy. Diabetes treatment that is successful in rodents
is using antagomiRs of miR-103/107 (54).

Perspectives: Transferring miRNA With
Natural or Biomimetic Nanoparticles
The easiest way to obtain miRNA-loaded exosomes would be
from a natural source either cultured cells engineered to produce
miRNA packaged in exosomes or a natural product containing
high amount of homogeneously loaded exosomes. Sutaria et al.
(55) have used HEK293/HEK293T cells to produce pre-miR-
199a in high amount of EVs but with inefficient miRNA mimic
delivery (Figure 1A). The maximum amount of pre-miR-199a,
recovered by ultracentrifugation, is detected at 3 h with levels
decreasing at the 6 and 12 h time points (55). These last data
seem limiting the use of natural EVs as cargo for miRNA
probably because exogenous miRNA are rapidly recycled by
XRN1 exonuclease (56). However, the sorting circuit of exosomes
has been measured as a stop-and-go movement with peak
velocities reaching 8 µm/s in human primary fibroblasts using
HEK293 CD63-emGFP exosomes (30). This highly efficient
delivery is susceptible to work even under the low occupation
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TABLE 1 | Known molecular targets of miR-320-3p and relation with exosomes in rodent models.

Experimental model Molecular target Exosome source and purification References

Cardiomyocyte cultures of Goto-Kakizaki (GK) rats

(10–11 weeks of age, male) in parallel to Wistar rats

IGF-I (proangiogenic factor) Lower level of exosomes loaded with

miR-320-3p than cardiomyocytes of

GK rat

(38)

Mouse BDM culture transfert in Dendritic Cells Ets2 (a transcription factor required for endothelial

cell survival)

Hsp20

In immature and mature exosomes

Proof: Importantly, exosome-shuttle

miRNAs are functional, because they

repress target mRNAs of acceptor

Dendritic Cells

(39)

KKAy diabetic mice Diabetic mice treated with JTXK granule show

significant up-regulation of miR-320-3p (2.06-fold)

and dow-regulation of miR-320-5p (0.47-fold)

N/A (40)

HEK-293 Induced enrichment of Ago-1 and EZH2 at the

Pol-R-3D locus leading to heterochromatinization

and transcriptional gene silencing

N/A (41)

Human Umbilical Vein Endothelial Cells (HUVECs) Endothelin 1 (ET-1) N/A (8)

Vascular Endothelial Growth Factor (VEGF)

Fibronectin (FN)

Rat under Chronic Mild Stress Potential involvement in SERT regulation in

Mesocortical

Circuit and Its Interplay with Serotonin Transporter

Define Resilient Rats in the

Chronic Mild Stress

N/A (42)

The miR-320 family contains 5 members in human (a, b, c, d, e) all from 3p. Nomenclature is somewhat confusing. The hsa-miR-320-3p is used here because of sequence identity

in rat (MIMAT0000903) and mouse (MIMAT0000666). In human it is mainly known as 320a (5
′

-AAAAGCUGGGUUGAGAGGGCGA-3
′

; MIMAT0000510). The 18 nucleosides in 5
′

are

identical to all family and constitute e form; the 3
′

end of b is “GCAA,” of c “GU” and of d “A.” This miRNA does not harbor hexanucleotide element putatively facilitating addressing to

nucleus (43). In addition, miR-320-5p has been reported only in diabetic mouse pancreatic tissue (40), no report in human. In rat, miR-320-3p is involved in embryo implantation (44)

and in mouse is targeting heat-shock protein-20 (also hspb6) in cardiac ischemia/reperfusion injury (45).

model (5). Origin of cell line and clonality may be parameters
to consider for future improvements. Embryonic Stem cells
are also engineered for enhanced cell proliferation (57) or
biofunctionalized liposome-like nanovesicles targeting tumor
cells (58). Another possible source of miRNA packaged exosomes
is breast milk. If deriving an exosome population from bovine
milk has been reported (59), there is no system to obtain an
exosome population homogeneously loaded with a single or a
cocktail of miRNAs. In addition, it is a current hotly debated
issue whether food-derived extracellular miRNAs could cross the
gut wall and influence consumer’s physiology (34, 36, 60, 61).
Milk exosomes loaded with miRNA are able to fuse in vitro with
human intestinal cell plasma membrane (36) but the delivered
miRNAs are diverse and functionality is difficult to prove. An
additional difficulty is that the recovery of EVs is influenced by
sample collection and vesicle isolation procedure. Fresh samples
have to be immediately centrifuged to remove exfoliated cells
(62). This is a limitation calling for improved cryopreservation
process.

The alternative is nano-sized particles designed with a
minimal composition mimicking more or less closely the
properties of natural nanoparticles but retaining the desired
function, the capacity to deliver bioactive miRNAs. Single-
strand-RNAs below 30 bases mimicking mature miRNA
are simply by-passing the molecular machinery of duplex
pre-miRNA (63). Consequently, biodesigning of nanoparticles
mimicking EVs can be reduced to tailoring the envelope and

loading with single-strand-RNA. As a general rule documented in
vitro (64), we need delivering at least 100 molecules in cytoplasm,
for bioactivity. These authors found a 5 to 7-fold lower amount
of miR-16-5p compared to miR-21-5p with different cellular
localization and half-live over 72 h.

Synthetic exosome biomimetic particles are often produced
in two-steps. Lipids are dried as film, then hydrated by
aqueous medium loaded with the compounds to be encapsulated
(65). Man-made exosomes have been produced by mechanical
extrusion of living monocytes or macrophages (66) or by
coating liposome with cell surface proteins [(67); Figure 1B]
and a Ni2+-(N-5-amino-1-carboxypentyl)-iminodiacetic acid–
containing liposomal system tagged with APO2L/TRAIL (68).
The incorporation of certain ligands induces apoptosis and
downregulates T cell activation in autoimmune diseases,
such as antigen-induced arthritis (68). Another technological
implementation is to produce highly immunogenic dendritic-
cell derived exosomes (69). These nanovesicles have also been
evaluated for the treatment of hematological tumor cells [(70);
Figure 1C]. Future research promoting exosomes as biovehicles
have to clarify apparent contradiction of an exosome production
depending on physiopathology status of the patient (2) with
identity of surface properties across species (29).

Microfluidic fabrication of cell-derived nanovesicles as
endogenous RNA carriers (71) and generation of nanovesicles
with sliced cellular membrane fragments for exogenous material
delivery have been designed (72). A method based on

Frontiers in Immunology | www.frontiersin.org 5 November 2018 | Volume 9 | Article 2711

https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles


Beuzelin and Kaeffer Exosomes and miRNA-Loaded Biomimetic Nanovehicles

microemulsification and micelle assembly was described for
encapsulating Bovine Serum Albumin as an artificial exosome
mimicking antigen presentation to dendritic cells (73). To
encapsulate nucleic acid, cationic lipids display the best
efficiency, even if they are more immunogenic than their
uncharged counterparts (73). Current research is testing
vesicles formulated with non-ionic surfactants called niosomes
(Figure 1C). Niosomes constitute an original attempt in the
development of man-made exosomes. The main advantages
of niosomes are a wide array of starting compounds, low
cost, improved physical and chemical stability, and higher
biocompatibility (65).

Cationic lipids are the most commonly used synthetic delivery
vectors. However, a clear need still exists for better delivery
of miRNA molecules to improve their biological activity and
especially after oral in vivo delivery. A novel class of amphiphilic
lipids made of aminoglycosides rings know to interact with
A form nucleic acids is very efficient to deliver nucleic acid
structures inside cells (Figure 1D). The copolymers enhance the
cellular uptake of DNA through a facilitated plasma membrane
transport where nucleic acids are entrapped in lamellar structure
(74, 75). Under our hands, the vector can be used to deliver
synthetic miRNA to digestive cells (24). These works are calling
for in vivo assessment of miRNA functionality when delivered by
natural or biomimetic nanoparticles in order to control metabolic
diseases from infancy to adulthood. Indeed, improper nutritional
handling of preterm babies is a general health problem in the
World (76) leading to the onset of a metabolic syndrome through
nutritional programming. Epidemiological analysis (77) suggest

that human milk is better than artificial infant formula by
allowing appropriate nutritional programming and protecting
the baby against diseases of civilization in later life (T2D, obesity,
hypertension).

In conclusion, recovery from TD2 of patients undergoing
bariatric surgery strongly suggests that gastrointestinal
epithelium is crucial, opening the way for treating metabolic
diseases by oral delivery of drugs (27). In vivo delivery of miRNA
embedded in biomimetic nanovehicles to gut epithelial cells
can pave the way to design new supplementation for breast-fed
baby to correct diet-induced nutritional programing leading to
diabetes (78).
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