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Abstract

Exosomes, membranous nanovesicles, naturally carry bio-macromolecules and play pivotal roles

in both physiological intercellular crosstalk and disease pathogenesis. Here, we showed that B

cell-derived exosomes can function as vehicles to deliver exogenous miRNA-155 mimic or

inhibitor into hepatocytes or macrophages, respectively. Stimulation of B cells significantly

increased exosome production. Unlike in parental cells, baseline level of miRNA-155 was very

low in exosomes derived from stimulated B cells. Exosomes loaded with a miRNA-155 mimic

significantly increased miRNA-155 levels in primary mouse hepatocytes and the liver of

miRNA-155 knockout mice. Treatment of RAW macrophages with miRNA-155 inhibitor loaded

exosomes resulted in statistically significant reduction in LPS-induced TNFα production and

partially prevented LPS-induced decrease in SOCS1 mRNA levels. Furthermore, exosome-

mediated miRNA-155 inhibitor delivery resulted in functionally more efficient inhibition and less

cellular toxicity compared to conventional transfection methods. Similar approaches could be

useful in modification of target biomolecules in vitro and in vivo.
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BACKGROUND

Extracellular vesicles (EVs) are heterogeneous membranous vesicles (40–5000nm diameter)

that originate from different cells and are released into biofluids and the intercellular

microenvironment. The smallest subpopulation (40–150nm), termed exosomes, derives from
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inward budding of the inner endosomal membrane followed by fusion of multivesicular

bodies (MVBs) with the plasma membrane.1–3 Exosomes are enriched in proteins of the

tetraspanin family such as CD63, CD9 and CD81,3 and play pivotal roles in both

physiological crosstalk between cells and disease pathogenesis. Exosomes are subject of

intensive research and exert their biological or pathophysiological functions by delivering

diverse bio-macromolecules including different types of RNAs (mRNAs and noncoding

regulatory RNAs), cytoplasmic proteins, membranous proteins, and lipids.4–6 Exosomes are

involved in various pathologic conditions including tumorigenesis, establishing pre-

metastatic tumor niche, stimulating pathologic angiogenesis, promoting tumor immune

escape by modulating T cell activities, and facilitating spread of HIV.7–11

Exosomes as natural nano-sized membranous vesicles are one of the new frontiers of

nanomedical research. Given their nanoscale size, potential ability to express targeting

ligands and deliver bio-macromolecules, and their excellent biocompatibility, exosomes are

emerging as attractive biological nanovesicle platforms for loading and carrying bio-

macromolecules for nanomedicine applications.12–13 Exosomes are naturally adapted for

transport and intercellular delivery of proteins and nucleic acids and can also deliver

pharmaceutical proteins and nucleic acids such as mRNA, miRNA and siRNA.14–16

Exosomes express several characteristics of suitable nano-vehicles as they are small,

relatively homogenous, and stable.12–14 Moreover, exosomes provide benefit of mediating

gene delivery without inducing adverse immune reactions and pro-inflammatory

responses,14 which is in contrast with many frequently used gene therapy methods including

viral vectors, liposomes, and lipid nanoparticles that activate the host immune system,

induce toxicity, and trigger inflammatory responses.14,17–19

Monocytes, macrophages, and dendritic cells represent pivotal cell types in innate immunity

and participate in disease pathology. The inflammatory process is a key factor in progression

and pathogenesis of different diseases including liver disease,20 rheumatoid arthritis,21

atherosclerosis,22 cancer,23 and in infections including tuberculosis,24 human

immunodeficiency virus (HIV), and leishmaniasis.25,26 Inflammation produces cytokines

such as tumor necrosis factor (TNFα), which are the key drivers of both disease progression

and pathogenesis. Due to the mechanistic role of monocytes and macrophages in

inflammation, targeted drug delivery to these cells to modulate their pro-inflammatory

activation has been an active line of research in recent years. However, these cells revealed

to be difficult targets,27, 28 particularly where intracellular delivery of an active

macromolecule was necessary for gene therapy.27, 29 Thus, introducing new delivery

systems for targeting macrophages is of great interest and could potentially introduce new

treatment paradigms for a range of diseases.

Consistent with the role of macrophages in inflammation, our group and others previously

showed that miRNA-155 exerts a positive regulation on the release of TNFα through

enhancing its translation upon lipopolysaccharide (LPS) stimulation.20 Given the potential

role of miRNA-155 in LPS-induced TNFα production and the importance of macrophage

inflammatory activation in different diseases including alcoholic liver disease, multiple

sclerosis, inflammatory bowel disease, we hypothesized that it might be useful to harness

exosomes as vehicles to deliver a miRNA-155 inhibitor.
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In this study, we evaluated whether exosomes (murine B cell (M12.4) derived) could deliver

exogenous miRNA-155 inhibitor or miRNA-155 mimic. Here, we optimized loading and

isolation conditions for B cell-derived exosomes to deliver miRNA-155 mimic and

miRNA-155 inhibitor to primary mouse hepatocytes and RAW 264.7 macrophages,

respectively. Our results suggest that exosomes derived from B cells can be harnessed in

gene therapy to introduce exogenous miRNA-155 inhibitor to RAW 264.7 cells and

functionally decrease TNFα production. In vivo, miRNA-155 loaded exosomes successfully

delivered exogenous miRNA-155 mimic to the liver and isolated hepatocytes in miRNA-155

knockout mice.

METHODS

Cell culture and exosome isolation

Murine B cells (M12.4) were cultured in RPMI medium plus 10% exosome-depleted FBS

(Exo-FBS™) (Mountain View, CA, USA), and 1% penicillin/streptomycin (Gibco®, NY,

USA). After 12 hours, the cells were exposed to CD40 (5 μg/ml) (PeproTech. Rocky Hill,

New Jersey, USA) and IL-4 (50 ng/ml) (PeproTech. Rocky Hill, New Jersey, USA). Three

days later, the culture media was harvested and exosomes were isolated. RAW 264.7

macrophages were cultured in Dulbecco’s modified medium (Invitrogen) containing 10%

FBS at 37 °C in a 5% CO2 atmosphere and used for exosome production and co-culture

experiments.

For exosome isolation from different sources (non stimulated B cells, stimulated B cells and

RAW macrophages), supernatants were centrifuged at 1500g for 5 minutes to remove cells

and 10000 × g for 20 minutes to deplete residual cellular debris. Afterward, samples were

serially filtered through 0.8μm, 0.44μm and 0.2μm. The filtered supernatant was used to

precipitate exosomes with Exoquick-TC™ (according to the manufacturer’s guidelines) or

immunomagnetic isolation for exosomal marker, CD63. For CD63 isolation, supernatants

were condensed using Amicon® Ultra-15 Centrifugal Filter Devices and exosomes were

positively selected using anti-CD63 immunomagnetic capturing with a primary anti-CD63

(BioLegend, Tokyo, Japan) followed by corresponding secondary antibody coupled to

magnetic beads (Miltenyi Biotec). The MidiMACS™ Separator was used with LD columns.

After isolation, exosomes were re-suspended in PBS. Immunomagnetic beads selection

method was used for characterization and optimization of the procedure. For cell culture

studies, Exoquick-TC™ isolation method was used.

Characterization of exosomes

The size, concentration, morphology, and surface marker (CD63) of isolated exosomes were

identified by Nanoparticle Tracking Analysis (NTA), transmission electron microscopy

(TEM) and western blot as described in supplementary method section.

RNA Isolation, mRNA and miRNA analysis

Cells were lysed in QIAzol Lysis reagent (Qiagen, Maryland, USA) and total RNA was

extracted using Direct-zol™ RNA MiniPrep isolation kit (Zymo Research Corp, Irvine, CA).

SOCS1 and 18S mRNA levels were analyzed using real-time quantitative PCR (qPCR). We
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used TaqMan miRNA Assays (Applied Biosystems, Foster City, CA) for detection of

miRNA-155 expression according to manufacturer’s protocol, as described previously.20

Detailed protocols are described in supplementary method section.

Optimizing loading conditions of exosomes with miRNA-155 mimic

To standardize loading conditions of exosomes to achieve successful outcome and

reproducible results, we optimized loading conditions for B cell derived exosomes.15 Re-

suspended exosomes were diluted in Gene Pulser®electroporation buffer (Bio-Rad

Laboratories, Berkeley, CA) in 1:1 ratio. miRNA-155 mimic or negative control 1 for

miRNA mimic (Ambion, Grand Island, NY) at final amount of 150 pmol were added to

0.25μg/μl, 0.5μg/μl, 1μg/μl, and 1.5μg/μl of exosome sample. The mixtures were transferred

into cold 0.2 cm electroporation cuvettes and electroporated at various voltages (0.130kV to

0.200kV) at 100 μF. After optimization of the voltage, effect of different capacitance was

assessed. A Gene pulser II System (Bio-Rad Laboratories, Berkeley, CA) was used for

electroporation. The exosomes were treated with one unit of RNase H to eliminate free

floating miRNA-155 mimic outside the exosomes and re-isolated using Exoquick-TC™. The

relative amount of encapsulated miRNA-155 was determined using TaqMan miRNA Assays

as described previously.

Efficiency of different isolation methods in recovery of loaded exosomes

To identify the most efficient isolation method to re-isolate exosomes after electroporation

procedure, we compared CD63 immunomagnetic isolation, ultracentrifugation, and

Exoquick-TC™. First, exosome were isolated using CD63 immunomagnetic beads as

described previously. Then, miRNA-155 mimic (150 pmol) was electroporated into 0.5μg/μl

of exosomes. The RNase H treatment was done for 1 hour to eliminate free floating

unloaded miRNA-155 mimic and exosomes re-isolated with different isolation methods

including immunomagnetic isolation, Exoquick-TC™, and ultracentrifugation.

Immunomagnetic isolation and Exoquick-TC™ methods are performed as described

previously. Ultracentrifugation was done at 100,000 × g for 90 minutes using fixed angle 75

Ti rotor (Beckman Coulter, Miami, FL, USA), at 4°C. The experiments were done in

triplicate and the amount of recovered miRNA-155 was quantified by qPCR.

Assessing efficiency of miRNA-155 mimic encapsulation into the exosomes using an
exogenous control

In order to evaluate the fraction of loaded exosomes with miRNA-155 mimic, B cell derived

exosomes were isolated and loaded using the optimal conditions (like voltage and

concentrations), as determined in the previous section. After loading, exosomes were re-

pelleted using Exoquick-TC™ reagent. To eliminate the presence of miRNA-155 mimic

aggregates outside of the exosomes, the exosome pellet was treated with one unit of RNase

H. Afterward, the total RNA was extracted and 2μl of exogenous cel-miRNA-39 was spiked

to the samples as an exogenous control to calculate loading efficiency. The fraction of

miRNA-155 mimic that was loaded into the exosomes was calculated using the following

formula:
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Where f (miRNA-LE (loading efficiency)) is fraction of miRNA which was loaded into the

exosomes; Vc is volume of added exogenous control; Cc is concentration of exogenous

control; MWc is molecular weight of exogenous control; Vs is volume of electroporated

miRNA sample; Cs is concentration of sample; MWs is molecular weight of sample (loaded

miRNA-155 mimic); REs is relative expression of sample (miRNA-155 mimic) and REc is

relative expression of control (cel- miRNA-39). Using this formula, our “optimal” loading

conditions resulted in efficient loading of 55.06% of miRNA-155 mimic into the exosomes.

Enzyme-linked Immunosorbent Assay (ELISA) and Lactate Dehydrogenase (LDH)
cytotoxicity assay

The amount of TNFα in cell-free supernatants of RAW 264.7 cells was measured by Mouse

TNFα ELISA kit (BD Biosciences, San Diego, CA, USA). The LDH cytotoxicity assay was

done based on the manufacturer’s recommendation. Detailed procedures are described in

supplementary method section.

Co-culture experiments and transfections

The exosomes were loaded with miRNA-155 mimic or negative control 1 for miRNA mimic

(Ambion, Grand Island, NY) and co-cultured with primary mouse hepatocytes for 6 hours

followed by washing and media replacement. The amount of miRNA-155 was assessed after

24 hours. snoRNA202 was used as internal control for qPCR analysis.

For miRNA-155 inhibition experiments, RAW macrophages were seeded 1 day before

treatment and different treatment conditions and controls including miRNA-155 inhibitor

(Ambion, Grand Island, NY) loaded exosomes, control inhibitor (Ambion, Grand Island,

NY) loaded exosomes, miRNA-155 inhibitor with FuGENE® HD (Promega, Madison, WI),

and miRNA-155 inhibitor with HiPerFect (Qiagen, Hilden, Germany), were applied for 24

hours. The same starting amount of miRNA-155 inhibitor (300 pmol) used for loading the

exosomes and chemical transfection methods. FuGENE® HD and HiPerFect were applied

following manufacturer’s recommendations (detailed procedure is available at

supplementary method section). Afterward, cells were washed and treated with 100ng/ml

LPS for 6 hours. Relative expression of miRNA-155 and SOCS1 expression were measured

by qPCR and TNFα protein levels were measured in supernatants by ELISA as described in

the previous sections.

In vivo delivery of miRNA-155 mimic loaded exosomes to miRNA-155 knockout mice

Detailed procedure of animal studies and in vivo delivery of miRNA-155 mimic loaded

exosomes to miRNA-155 knockout mice are described in supplementary method section.

Statistical Analysis

Based on data distribution, Kruskal-Wallis nonparametric test or one-way analyses of

variance (ANOVA) were performed to make comparisons between different groups.
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Student’s t test or Mann-Whitney U test were done for comparing two groups. Data are

presented as mean ± standard deviation (SD). P values less than 0.05 was considered as

significant.

RESULTS

Characterization of B cell derived exosomes

Exosomes derived from B (M12.4) and macrophages (RAW 264.7) cell lines were isolated

as described in the method section. The average size of exosomes for stimulated B cell line

(with IL-4/CD40), non-stimulated B cell line, and RAW macrophages were 98 nm, 108 nm

and 102 nm, respectively, as measured by Nanoparticle Tracking Analysis (NTA)

(NanoSight), which were all in the range of exosome size described earlier.1 Figure 1A

shows the size versus concentration (particles/ml) of exosomes derived from stimulated B

cells. The identity of isolated exosomes was confirmed by the presence of exosomal marker,

CD63 (Figure 1B). We further examined the B cell exosome with electron microscopy and

confirmed the size range of less than 150 nm (Figure 1C). As previously described by

Saunderson et al., activation of B cells with IL-4/CD40 enhances the release of exosomes.30

Consistent with this report, NTA (Nanosight) showed that after stimulation of B cells with

IL-4/CD40, the number of exosomes increased more than 200 fold compared to non-

stimulated B cells (Figure 2A).

An ideal vehicle for miRNA-155 inhibitor/mimic delivery should have minimal miRNA-155

baseline level; thus, we compared miRNA-155 baseline expression in B cells and B cell-

derived exosomes. Exosomes derived from naive (non-stimulated B cells) had significantly

lower miRNA-155 levels compared to the parental cells (Figure 2B). We found that while

stimulated B cells intracellularly expressed high levels of miRNA-155, exosomes derived

from stimulated B cells had the lowest miRNA-155 level compared to stimulated B cells

(p<0.001), non-stimulated B cells (p<0.001), and exosomes derived from non-stimulated B

cells (p<0.05) (Figure 2B). The relative expression of miRNA-155 was similar between

RAW cells and RAW cell-derived exosomes (Figure 2B). These observations, first,

suggested that miRNA levels can be different between the parent cells and their exosomes

depending on the cell type and, second, that stimulated B cell-derived exosomes have very

low levels of miRNA-155.

Optimization of B cell exosome loading using miRNA-155 mimic model

Since utilizing exosomes as delivery vehicles should be tailored for specific exosome,

specific cargo, and cell type,15 we optimized the loading efficiency for murine B cell

(M12.4) derived exosomes to use them as miRNA-155 mimic or miRNA-155 inhibitor

delivery vesicles. Our results showed that stimulated B cell-derived exosomes were almost

devoid of endogenous miRNA-155 and they can be used as vehicles for delivery of

exogenous miRNA-155 nucleotides.

To optimize electroporation loading, B cell-derived exosomes were isolated with CD63

immunomagnetic beads and electroporated in the presence of miRNA-155 mimics (150

pmol) and 1mM EDTA at various voltages (0.130 to 0.200kV) (Figure 3A). We used EDTA
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in the process because EDTA prevents interactions of aluminium ions with buffer

components and macromolecules in the electroporation cuvette.31 Next, exosomes were

treated with RNase H to eliminate unloaded miRNA-155 mimic outside the exosomes and

re-pelleted using Exoquick™. The amount of miRNA-155 packaged into the exosomes was

quantified by TaqMan qPCR. Five different voltages with constant capacitance (100μf) were

evaluated for delivery of miRNA-155 mimic. Voltages between 0.14 kV to 0.200 kV

showed significantly more efficiency compared to a lower voltage (0.130) (p<0.05) (Figure

3A). In contrast, variation of capacitance (0–400 μF) did not affect the efficiency of

electroporation (data not shown).

To identify the most efficient exosome-to-miRNA ratio for loading of B cell-derived

exosomes, we used different exosome concentrations (0.25 to 3μg/ml), based on exosomal

protein concentration, and electroporated them with the same amount of miRNA-155 mimic.

We found that the exosomal density of 0.5μg/ml to 1 μg/ml resulted in efficient

encapsulation of miRNA-155 mimic. With an increase in exosome concentration to the

3μg/ml, the loading efficiency of miRNA-155 mimic into the exosomes was decreased

significantly (p<0.001) (Figure 3B).

Recovery of exosomes after miRNA-155 loading

Equal number of isolated exosomes were electroporated with the same amount of

miRNA-155 mimic and efficiency of three different methods for re-isolation of the

exosomes including ultracentrifugation, immunomagnetic isolation method and Exoquick™

were compared (Figure 3C&3D). We found that Exoquick™ had the best isolation efficiency

compared to CD63 immunomagnetic isolation method (p<0.05) and ultracentrifugation

(p<0.05). The CD63 immunomagnetic selection method was superior compared to

ultracentrifugation for isolation of exosomes (p<0.05) (Figure 3D). With the most optimized

loading conditions, about 55 % of the initial miRNA-155 mimic was loaded into the

exosomes.

Efficient delivery of exogenous miRNA-155 mimic to primary mouse hepatocytes

To assess the functional ability of exosomal delivery of miRNA-155 mimic, we loaded B

cell-derived exosomes with miRNA-155 mimic using optimal loading conditions. Then

exosomes were co-cultured with primary mouse hepatocytes for 6 hours, followed by

washing off extra exosomes and replacement of medium. The readout after 24 hours showed

that exosomes were able to successfully deliver miRNA-155 mimic to primary mouse

hepatocytes, indicated by the approximately 700 fold increase in intracellular miRNA-155

levels (Figure 4A).

In vivo delivery of exogenous miRNA-155 mimic to miRNA-155 knockout mice

Next, we tested ability of exosomes to mediate miRNA-155 mimic delivery in vivo.

Intravenous administration (IV) of miRNA-155 loaded exosomes into miRNA-155 knockout

mice resulted in successful delivery of miRNA-155 mimic to the liver (Figure 4B).

Furthermore, a statistically significant increase in the levels of miRNA-155 was detected in

the isolated hepatocytes of miRNA-155 knockout mice, 10 minutes after IV injection with
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exosomes containing miRNA-155 mimic and not control mimic (p<0.05) (Figure 4C). These

results suggest in vivo delivery of miRNA-155 by exosomes to the liver.

Efficient delivery of exogenous miRNA-155 inhibitor to RAW macrophages via exosomes

Although nucleic acid-based treatment, especially siRNA treatment, has introduced a

promising therapeutic method, only few studies evaluated exosome-mediated delivery of

siRNA and miRNA inhibitors/mimics to the cells. miRNA inhibitors are synthetic miRNA

target analogs, which are fully complementary, chemically modified oligonucleotides, and

are capable of inhibiting miRNAs function.32 The main problem with delivery of RNA

inhibitors is their negative charge which jeopardizes their penetration to the hydrophobic

cellular membrane even in the presence of a transfection reagent.33 Our group previously

reported the LPS-induced miRNA-155 overexpression in RAW 264.7 macrophages, resulted

in TNFα production.20

Here, using the optimized conditions of exosome loading, we investigated whether B cells-

derived exosomes can act as carriers to deliver a miRNA-155 inhibitor to RAW 264.7

macrophages and exert functional modulation of miRNA-155 target genes. Thus, the

miRNA-155 inhibitor was electroporated into B cell-derived exosomes using the optimized

loading conditions. We used various control groups including non-specific control inhibitor

(electroporated and non electroporated), miRNA-155 inhibitor with and without transfection

reagents (FuGENE® HD and HiPerFect), and control inhibitor loaded exosomes (Figure

5A). B cell-derived exosomes showed functional delivery of the miRNA-155 inhibitor

indicated by a statistically significant decrease in LPS-induced miRNA-155 levels and

subsequent statistically significant increase in SOCS1 levels in cells treated with exosomes

loaded with the miRNA-155 inhibitor and not with the control miRNA inhibitor (p<0.05)

(Figure 5A & 5B). Additionally, exosome-mediated miRNA-155 inhibition resulted in a

significant decrease in LPS-induced TNFα protein levels compared to transfection reagents

(FuGENE® HD and HiPerFect) and control inhibitor (p<0.05) (Figure 5C).

Exosomes-based delivery has minimal cytotoxicity

The level of dead cells did not increase with exosome-mediated inhibition of miRNA-155,

while by using traditional transfection reagents (FuGENE® HD and HiPerFect) the lactate

dehydrogenase (LDH) levels and the percentage of cytotoxicity were significantly increased,

36 hours after co-culture (p<0.05) (Figure 6).

DISCUSSION

In this report, exogenous miRNA-155 mimic and miRNA-155 inhibitor were successfully

introduced into murine B cell-derived exosomes (membranous nanovesicles) and was shown

that loaded exosomes can deliver miRNA-155 mimic and miRNA-155 inhibitor to primary

mouse hepatocytes and RAW 264.7 macrophages, respectively. B cell exosomes effectively

delivered miRNA-155 inhibitor into the RAW 264.7 cells, causing inhibition of

miRNA-155, and functionally led to a statistically significant decrease of TNFα protein

levels. SOCS1 is reported to be an evolutionary conserved target of miRNA-155 and its

expression is inversely correlated with miRNA-155 level. 34, 35 Consistently, after
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successful delivery of miRNA-155 inhibitor to RAW 264.7 cells, the mRNA level of

SOCS1 was increased. In comparison with transfection reagents (FuGENE® HD and

HiPerFect), using the same amount of miRNA-155 inhibitor, miRNA-155 loaded exosomes

mediated more efficient inhibition of miRNA-155, reflected by a statistically significant

decrease in TNFα protein levels.

It was previously shown that exosomes can naturally transfer a variety of biologically active

cargos such as mRNA, miRNA, mitochondrial DNA, genomic DNA, and proteins. 36–39

However, the efficiency of exosome mediated delivery has not yet been systemically

assessed, and it may vary based on the recipient cell type, special cargo and exosome

source.19 Especially, recent evidence showed that different exosomes have different ability

to naturally pack and deliver special subsets of cellular RNA and proteins which might be

non-identical to the parental cells.36,37 Thus, we first characterized and optimized loading

conditions for B cell-derived exosomes to use them as vehicles to deliver miRNA-155

inhibitor. The experimental design of exosome-based miRNA inhibitor/mimic delivery is

shown in Supplementary Figure 1.

B cells differentiation results in production of exosomes that are enriched in CD63, CD9,

CD19, CD22, Tsg101, and MHC-II.30,40–43 CD40 and IL-4 synergistically stimulate

proliferation and exosome release in B cells.30,43,44 It has been shown that B cells

stimulated with CD40 and IL-4 maintained their B cell associated phenotypic traits such as

maintaining the expression of CD40 and MHC-II and remaining responsive to IL-4

stimulation.30,41,43 Our result showed that B cell-derived exosomes are ideal candidates to

deliver miRNA-155 inhibitor, since upon stimulation with IL-4 and CD40 large quantities of

exosomes were generated and they were almost devoid of miRNA-155. Moreover, B cell-

derived exosomes appeared to be more efficient vehicles for miRNA-155 inhibitor delivery

compared to the conventional transfection reagents. Additional advantage of the exosome-

based delivery is lack of cytotoxicity and cell death compared to the transfection reagents.

Regarding the prominent role of miRNA-155 in the signaling pathways of monocytes and

macrophages,20,45 miRNA-155 mimic and miRNA-155 inhibitor were chosen as the

exogenous bio-macromolecules in this study. miRNA inhibitors are synthetic miRNA

analogs, which are fully complementary, chemically modified oligonucleotides, and are

capable of inhibiting target miRNAs functions.32 The functional model of inhibiting

miRNA-155 that we introduced in this study could be applied to other disease models such

as cancers, neurological disorders, multiple sclerosis, and autoimmune disorders where

miRNA-155 over expression induces pathological conditions.20,46

We optimized electroporation conditions in terms of voltage, capacitance, exosome

concentration, and re-isolation method for effective miRNA-155 loading and recovery of B

cell exosomes. Using optimal conditions, 55% of miRNA-155 mimic were loaded

successfully into the exosomes. To make sure that this amount of miRNA is indeed the

fraction of miRNA which is loaded inside the exosomes and not the outside miRNA-155

aggregates, we treated the suspension of exosomes after loading with RNase H to eliminate

free floating miRNA-155 mimic. Moreover, we applied EDTA to the electroporation buffer

to prevent precipitation of miRNA-155 mimic in the electroporation procedure.32 As low
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efficiency of exosome isolation methods is one of the major limiting factors in fostering

exosome-mediated drug delivery;47 we compared the efficiency of three different isolation

methods in terms of recovery of miRNA-155 loaded exosomes. The result of our study

showed that both immunomagnetic selection method and polymer based isolation method

(Exoquick™) have better efficiency in recovery of exosomes compared to

ultracentrifugation. Exoquick™ precipitation method resulted in more recovery of exosomes

compared to the other methods.

The promising efficiency of exosome loading was confirmed by co-culturing miRNA-155

mimic loaded exosomes with primary mouse hepatocytes. The level of miRNA-155 was

increased more than 700 fold in the primary mouse hepatocytes co-cultured with

miRNA-155 loaded exosome compared to the control mimic. Furthermore, our in vivo study

using miRNA-155 knockout mice showed that exosomes mediated successful delivery of

miRNA-155 to the liver and to primary mouse hepatocytes at 10 minutes after IV injection.

Altogether, these results provide convincing evidence that the exogenous miRNA-155

mimic was effectively introduced into the exosomes and exosomes can mediate miRNA-155

delivery to primary mouse hepatocytes in vivo and in vitro.

Recent advances in understanding biological processes have broadened the scope of

therapeutic options to RNA-based therapeutics. These therapeutic approaches range from

introducing specific RNA, using RNA interfaces (RNAi) such as siRNA to silence gene

expression, or to introduce miRNA inhibitors and miRNA mimics. However, most forms of

RNA are inherently unstable and prone to RNase effect, potentially immunogenic, and

negatively charged. This negative charge jeopardizes their effective delivery to the

hydrophobic cellular membrane even in the presence of transfection reagents.33,48 Viral and

non-viral vectors are already broadly used for delivery of RNA/DNA molecules into target

cells both in vitro and in vivo. However, the present vectors have not been completely

successful in clinical trials, as they induce immunogenicity and show cytotoxicity,

particularly in repeated administrations.19 Our results indicate that co-culturing of exosomes

(alone) with RAW macrophages did not induce TNFα production. Moreover, in contrast

with chemical transfection methods, exosome-based delivery showed no cytotoxicity.

Exosome-based drug delivery confers a number of advantages over other vector or

liposome-based delivery methods. First, exosomes act as natural membranous nanocarriers

of bio-macromolecules between cells and they can easily transpass the plasma membrane

and mediate effective RNA delivery. Second, exosomes can be isolated from the recipient’s

own body fluids or cell culture and be used for loading the biological drug; indeed, in our

experiment, B cells seemed to be a generous viable source of exosomes for this purpose.

Autologous exosomes, which are non-immunogenic, would be a perfect source of

personalized drug vehicles. Third, non-toxicity of exosomes compared to transfection

reagents is another key advantage.

In summary, our results provide evidence for exosome-based delivery of RNA-based

therapeutics in vitro and in vivo. Interestingly, in our study, the B cell-derived exosomes

mediated effective delivery of miRNA-155 inhibitor and caused post-transcriptional gene

knockdown (TNFα) in the recipient cells. miRNA-155 mimic loaded exosomes significantly
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increased miRNA-155 levels in primary mouse hepatocytes and the liver of miRNA-155

knockout mice. Although in this study we focused on the exosome-mediated delivery of

miRNA-155 mimic to the liver and primary hepatocytes, it would be interesting to assess the

bio-distribution of exosome-mediated delivery in other organs. In vivo findings of this study

mechanistically showed that exosomes can mediate successful delivery of miRNA-155

mimic to the liver and hepatocytes as early as 10 minutes after IV injection. The in vivo

study was performed at a short time point based on the reported peak of bio-distribution of

exosomes, miRNAs, and RNA interfaces in pharmacokinetics studies.49, 50 Further

investigations at various time points to elucidate kinetics of exosome-based delivery in vivo

could be subject of future studies. Our results mechanistically demonstrated that B cell-

derived exosomes could be used as efficient vehicles in RNA-based therapeutic strategies

and provide proof of concept for using exosomes as efficient delivery nano-vehicles with

minimal cytotoxicity. This identifies exosomes as novel frontiers in expanding

nanomedicine applications.
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Figure 1. Charachterization of exosomes
(A) Average size of stimulated B cell-derived exosomes was 98nm with the mode of 84nm.

3D graph represents particle size versus intensity versus concentration (particles/ml) of

stimulated B cell-derived exosomes. (B) Isolated exosomes from murine B cells (M12.4)

and RAW 264.7 cells expressed exosomal marker, CD63. (C) TEM image of B cell

exosomes showed the diameter of less than 150 nm.
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Figure 2. Stimulation of B cell exosomes and characterization of miRNA-155 profile
(A) The exosome production was increased in B cells upon stimulation with IL-4 and CD40.

The number of exosomes was quantified using NanoSight. (B) Baseline levels of

miRNA-155 in different groups including RAW macrophages, non-stimulated B cells,

stimulated B cells with IL-4 &CD 40, and pertinent exosomes are shown. Although a

considerable amount of miRNA-155 was present in the parental B cells, they were not sorted

into the exosomes (p<0.05). Exosomes derived from stimulated B cells showed statistically

significant lower levels of miRNA-155 compared to other experimental groups (p<0.001).

The results represent three independent experiments. (*indicates p < 0.05 versus parental

cells)
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Figure 3. Optimization of loading of miRNA-155 mimic to the exosomes
(A) miRNA-155 mimic was introduced to the exosomes using various voltages (0.130 to

0.200kV). Exosomes+ miRNA-155 mimic without exertion of electric pulse served as the

negative control. After electroporation, the exosomes were re-pelleted using Exoquick-TC™

and the effect of voltage variation on electroporation efficiency was determined by detection

of relative amount miRNA-155 mimic encapsulated into the exosomes using qPCR.

Voltages between 0.14 kV to 0.200 kV showed significantly more efficiency in comparison

with a lower voltage (0.130kV) (p<0.05). (*indicates p < 0.05 versus the lowest voltage,

0.13kV). (B) Different amount of exosomes containing 0.25μg/μl, 0.5μg/μl, 1μg/μl, 1.5μg/μl,

and 3 μg/μl exosomal proteins were electroporated in similar conditions. The exosomal

protein concentrations of 0.5 μg/μl to 1μg/μl were the most efficient concentrations for

loading. The efficiency of loading significantly decreased when the concentrations of

exosomal protein were more than 1μg/μl (p<0.001). (*indicates p < 0.05 versus the lowest

concentration, 0.25μg/μl). (C) Schematic experimental design for evaluating effect of

different isolation method in exosome recovery. (D) The same amount of miRNA-155

mimic was loaded into the exosoms via electroporation and re-isolated with different

methods (Ultracentrifugation, Exoquick-TC™ and CD63 immunomagnetic beads).

Exoquick-TC™ showed more efficiency compared to ultracentrifugation and CD63

immunomagnetic isolation (p<0.05). CD63 immunomagnetic isolation method was

significantly more efficient compared to ultracentrifugation (p<0.05). The results represent

three independent experiments. (*indicates p < 0.05 versus ultracentrifugation)
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Figure 4. Delivery of miRNA-155 mimic to the primary mouse hepatocytes and liver of
miRNA-155 knockout mice
B cell-derived exosomes were loaded with miRNA-155 using optimal loading conditions.

(A)The exosomes were co-cultured with primary mouse hepatocytes for 6 hours followed by

washing and media replacement. The amount of miRNA-155 was assessed after 24 hours.

Exosomes were able to successfully deliver miRNA-155 mimic to primary mouse

hepatocytes (p<0.001). (B&C) miRNA-155 mimic or control mimic loaded exosomes were

injected intravenously to the miRNA-155 knockout mice (n=4). The levels of miRNA-155

in the liver and hepatocytes were significantly increased in the miRNA-155 loaded

exosomes and not in the control mimic loaded exosomes (p<0.05), 10 minutes after

injection. snoRNA202 was used as internal control for qPCR analysis.
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Figure 5. Delivery of miRNA-155 inhibitor to RAW 264.7 cells via exosomes
Cells were seeded 1 day before treatment and different treatment conditions and controls

were applied for 24 hours. Afterward, cells were treated with 100ng/ml LPS for 6 hours.

Relative expression of miRNA-155 and SOCS1 expression were measured by qPCR. TNFα

protein levels were measured in supernatants by ELISA. (A) Relative expression of

miRNA-155 is shown in different conditions versus LPS stimulated RAW 264.7 cells.

miRNA-155 inhibitor loaded exosomes effectively inhibited miRNA-155 expression
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compared to control inhibitor loaded exosomes (p<0.05). (B) SOCS1 mRNA levels were

significantly increased after exosome-mediated inhibition of miRNA-155 (p<0.05) (C)

miRNA-155 loaded exosomes significantly diminished TNFα protein levels compared to

control inhibitor loaded exosomes and transfection reagents (FuGENE® HD and

HiPerFect), after LPS treatment. The results represent three independent experiments.

(*indicates p<0.05 versus medium+LPS treated RAW 264.7 cells).
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Figure 6. Evaluating cytotoxicty of exosome-based miRNA-155 inhibitor delivery and
transfection reagants
After 36 hours of co-culture, miRNA-155 loaded exosomes showed minimal toxicity, while

miRNA-155 inhibitor + FuGENE HD, and miRNA-155 inhibitor + HiPerFect showed

significant cytotoxicity (p<0.05). Results are representative of three independent

experiments. (*indicates p < 0.05 versus non treated RAW 264.7 macrophages).

Momen-Heravi et al. Page 20

Nanomedicine. Author manuscript; available in PMC 2015 October 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript


