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Abstract

microRNAs play important roles in physiologic and pathologic regulation, but their delivery

for use in therapeutic applications is challenging. Extracellular vesicles {EVs), which are

being explored as drug delivery vehicles, are stable in circulation and contain miRNAs.

However, using EVs to deliver miRNAS has been limited by the difficulty of loading miRNAs

into EVs. Here we describe a method to produce miRNA enriched EVs in large quantities.

We show that overexpressing a miRNA precursor in cells enormously increases the specific

miRNA content in EVs. Growing cells in bioreactors can generate large quantities of
miRNA-enriched EVs that can be concentrated by tangential flow filtration. The EVs thus

produced can enter into cells in vitro and can increase circulating miRNA levels in vivo in

animal models. These miRNA-enriched EVs may be useful in various in vitro and in vivo

applications.

lmpact statement

This manuscript describes a method for producing miRNA-enriched extracellular vesicles in

large quantities. lt enables in vlvo delivery of specific miRNA for therapeutic applications.
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lntroduction

Extracellular vesicles (EVs) are heterogeneous membranous vesicles released by various

cells through different pathways. EVs include microvesicles, which originate from outward

membrane budding, and exosomes, which originate from inward budding of multivesicular

bodies and subsequent fusion of the multivesicular body membranes with the plasma

membrane (1). Exosomes play important roles in intercellular crosstalk and disease

pathogenesis, and are believed to function by delivering RNAS, proteins, and lipids (2).

There are currently many efforts exploring the usage of extracellular vesicles, especially

exosomes, as drug delivery vehicles (3).

MicroRNAs (miRNAs) are small (18-22 nucleotides in length) RNAs that regulate gene

expression through bindin8 to the 3'untranslated regions of the targeted mRNAs to

suppress translation or degrade target mRNAs (4). A miRNA can regulate the expression of

enormous numbers of genes (5). EVs contain RNA species such as microRNAs, and may

mediate intercellular RNA transfer and communication (6). Although miRNAs play pjvotal

roles in physiologic and pathologic conditions (7-9), their therapeutic application has been

hampered by challenges associated with their delivery, since they are unstable and cannot

enter cells without a vehicle.

EVs are being actively pursued as a method for miRNA delivery. The most common

strate8y being used is to isolate EVs and then load miRNA into them in vitro by

electroporation (10-13) or liposomes (14). Another strategy is to transfect synthetic miRNA

into cells followed by purifying exosomes from these cells (15, 16). Mesenchymal stem

cells treated w'th miRNA expressing plasmids (17) or lentivirus (18) have been used to
prepare miRNA-enriched EVs to deliver miRNAs to other cells. Although these strategies

are incompatible with larBe-scale preparation of miRNA-enriched EVs, they show that
increasing the expression of a specific miRNA tn cells also increased the concentration of

that miRNA in EVs secreted by the cells.
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Here we describe a method enabling large'scale preparation of EVs enriched with a

specific miRNA, addressing the challenges associated with miRNA delivery in regenerative

medicine and other therapeutic applications.

Materials and Methods

Plasmids

Lentiviral vectors expressing unmodified hsa-mir-133a (RmiR6037-M R03), hsa-mir-202

(H miR0166-M R03), and non-targeting control (CmiR0001-MR03) were purchased from

Genecopoeia, lnc, For expression of miRNAS modified with an exosome sorting motif, the

mir'133a and mir-202 precursor sequences were synthesized and inserted into the

XMlRXpress cloning lentivector with Xmotif (System Biosciences, Cat# XMIRXP-Vect)

according to the manufacturer's protocol. Specifically, to enhance miR-133a-3p expression

in the exosome, the annealed product of oligos Mir-133a-Top

(gaTccACAATGCTTTGCTAGAGCTGGTAAAATGGAACCAAATCGCCTCTTCAATGGATTTGGTCCCC

TTCAACCAGCTGTAGCTATGCATTGAc; human Mir-133a precursor sequence are in capital,

sequences in lowercase are added for subcloning) and Mir-133a-Bot

(cTaggTcAATGcATAGcTAcAGcTGGTTGAAGGGGACCAAAICCATTGAAGAGGCGATTTGGTTcC

ATTTTACCAGCTCTAGCAAAGCATTGTg) were inserted into the pre-linearized XMIRXP-Vect

by ligation with T4 DNA ligase, To enhanc€ miR-202-5p expression in the exosome, the

a n nea led p rod uct of oligos Mir-202-Top (gatcc

AAGAGGTATAGCG CATGGGAAGATGGAGCTGGATCTG GTCTAGTTCCTTTTTCCTATG CATATACT

TCTTTGc; human Mir-202 precursor sequence were in capital and the two underlined

blocks were switched in position according to the manufacturer's protocol, the sequences

in lowercase were added for subcloning) and Mir-202-Bot (ctagB

CAAAGAAGTATATG CAIAG GAAAAAGGAACTAGACCAGATCCAGCTCCATCTTCCCAT6 CG CTATA

CCTCTTg) were inserted into the pre-linearized XMIRXP-Vect by ligation with T4 DNA

ligase. A non-targeting control vector was also purchased from System giosciences. The

resulting plasmid DNA was used to produce lentiviral vectors.
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Making stable cell lines overexpressing mir-202 and mir-133a

To make the lentiviral vectors for expression of miR-133a and miR-202,5x1'06 HEK293T

cells were seeded in 10-cm dishes in DMEM medium 24 hours before transfection. Then

the lentiviral target vectors described above (RmiR5037-MR03, HmiR0155-MR03, non-

targeting control CmiR0001-MR03 from Genecopoeia, and vectors constructed based on

the XMlRXpress cloning lentivector) were co-transfected with psPAX2 and pMD2.G DNA (9,

6 and 3 Ug respectively) into the cells mediated by 54 pl Fugene 6 (Promega Corp.

Madison, Wl) according to the instructions of the manufacturer. To make HEK293 cell lines

overexpressing mir-133a, mir-2023, and non-targeting controls, the viral vector-containing

supernatant was mixed with pre-warmed f tesh l0% FBS containing DMEM medium at 1:1,

and 2 ml of the mixture was added to 2.5x10s HEK293 cells in a well of 6-well plates. To

enhance transduction, polybrene was added at a final concentration of 6 Vg/m|.24 hours

after transduction, the cells were incubated in DMEM medium containing 70% FBS and 2

pg/ml puromycin for 7 days to kill the cells without viral DNA integration. The puromycin-

resistant cells were called HEK293 mir-133a, HEK293-mir-202, HEK293-mir-NT, HEK293-

mir-133a-EXO, H EK293-mir-202-EXO and H E K293-m ir-NT-EXO. Cells with "-EXO" labeling

indicate cells expressing miRNA modified to enhance miRNA exosome sorting.

High-density cell culture in hollow fiber bioreactor for EV collection

The hollow fiber bioreactor (FiberCell Systems lnc, New Market, MD), equipped with a

cartridge with the molecular cut-off of 20 KD (#C2011), was used to culture cells at high

density for EV collection. The cartridge was primed sequentially by PBS, serum-free

DMEM, and DMEN (high glucose) with 10% FBS and 1% penicillin/streptomycin, each for

24 h. Then 2x108 miRNA-overexpressing HEK293 cells were seeded into the cartridge. The

glucose level of the medium was monitored every day to evaluate cell growth rate, and the

medium was changed once the glucose level decreased to half of the original level. When

the glucose level dropped to 50% within a day (normally one week after cell seeding), the

medium was changed to DMEM (high glucose) with 10% CDM-HD (a FBS replacement).

Afterward, EV-containing medium was collected from the cartridge every day for about 30

days.
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Small scale EV isolation

The ExoQuick kit (SYstem Biosciences) was used to isolate exosomes from mouse serum or

tissue culture supernatnt. Briefly, L00;rl serum was mixed with 150 Ul PBS and 63 Ul

ExoQuick reagent, and incubated at 4 "C for 30 minutes. Then the mixture was centrifuged

at 15OO x I for 30 minutes, and the resulting pellet contained the EVs.

U lt race ntrifugatio n was used to isolate EVs from tissue culture medium following our

published procedures (19). Briefly, the cell culture medium was centrifuged at 1000 x g for

30 minutes at 4"C to remove cell debris. The supernatant was centrifuged at 120000 x g for

70 minutes at 4"C. The pellet was washed once with PBS and centrifuged again under the

same conditions. The resulting pellet contained the EVs.

Large-scale EV isolation with the tangential flow filtration system

The culture medium from the hollow fiber bioreactor was spun at 4 "C at 1000 x g for 30

minutes to remove larger particles and cell debris. The supernatant was then filtered with

a 0.85 um filter (ThermoFisher Scientific, #450-0080) and concentrated and purified with

the KR2i TFF system (Spectrum Labs), using the conce ntration-d iafiltration concentration

mode. Typically,500 ml to 1000 ml supernatant from the hollow fiber bioreactor was

concentrated to about 100 ml, diafiltrated with 500 ml to 1000 ml PBS, and finally

concentrated to about 8 ml to 4 ml. The hollow fiber filter modules were made from

modified polyethersulfone, with a molecular weight cut-off of 500 kD. The flow rate was

80 ml/min and the pressure limit was 8 psi for the filter module D02-E500-o5 N lused to

concentrate supernatant from large volumes to about 8 ml), The flow rate was 10 ml/min

and the pressure limit was 5 psi for filter module C02-E500-05-N (used to concentrate

supernatant from about 10 ml to about 3-4 ml).

mircoRNA purification and detection

microRNA was isolated from cells or EVs with the miRNeasy Mini Kit (Qiagen, # 2L7004l

according to the manufacturer's instructions. Typically, 50 pl of serum or culture medium

from the hollow fiber bioreactor or 5 Ul of concentrated EV samples were used for miRNA

isolation. 5-10 ng of total RNA was used for reverse transcription with the TaqMan
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Advanced miRNA cDNA Synthesis Kit (ThermoFisher Scientific, # 428007) accordinB to the

manufacturer's instructions. TaqMan advanced miRNA assays for hsa-miR-202-5p, hsa-

miR-133-3p and hsa-miR-16-5p were used together with TaqMan Fast Advanced Master

Mix (ThermoFisher Scientific, # 4444557\ to detect miRNA expression by quantitative PCR.

The thermal cycle conditions were 95 'C for 20 seconds, followed by 40 cycles of 95 "C for

15 seconds and 60 'C for 30 seconds.

Nanoparticle tracking analysis of EVs

Hydrodynamic diameters and concentrations of EVs were measured using the Nanosight

NS500 instrument (Malvern lnstruments, UK) using the instrument's software (version

NTA3.2). The instrument was primed using phosphate buffered saline (PBS), pH 7.4 and

the temperature was maintained at 25 'C. Accurate particle trackin8 was verified using 50

nm and 100 nm polystyrene nanoparticle standards (Malvern lnstruments) prior to
examining samples. Purified samples containing EVs were serial diluted 10-40,000 fold in

PBS. The linear range for quantification of EV concentration in each sample fell between

10-40,000 fold dilutions. Therefore, all samples were diluted 20,000-fold in PBS. Five

independent measurements (60 sec each) were obtained for each sample in triplicate.

Data are reported as the mean (multiplied by dilution factor for concentration

determination) of these measurements 1 standard error of the mean.

Transmission electron microscopy

Transmission electron microscopy was performed at the Cellular lmaging Shared Resource

of Wake Forest Baptist Health Center (Winston-Salem, NC). For negative staining, plain

carbon grids were soaked in 20 |r'l of EV samples and stained with phosphotungstic acid.

The samples were dried and observed under a FEI Tecnai G2 30 electron microscope (FEl,

Hillsboro, OR).

Exosome labeling and uptake into HEK293T cells

An aliquot of frozen EV was resuspended in 1ml of PBS and labeled with the PKH26

Fluorescent Cell l-inker Kits (Sigma-Aldrich) accordjng to the manufacturer's instructjons.
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Briefly, 2X PKH26-dye solution (4 pl PKH26 dye into 1 ml of Diluent C) was prepared and

mixed with 400 pg of EV solution for a final dye concentration of 2 x 10 6 M. The samples

were mixed gently for 5 min. Staining was stopped by adding 2 ml of !% BSA to capture

excess PKH26 dye. The labeled EVs were transferred into a 100-kDa Vivaspin filter
(Sartorius), spun at 4,000 x g, and then washed with PBS twice. For EV uptake

experiments, HEK293 and NlH3T3 cells were plated in 8 well chamber

slides (1x 104 cells/well) using growth medium. After 24 h, fresh DMEM media with 10%

exosome-free FBS (200 pl) containing labeled EVs was added to each well and incubated

for 1.5 h at 4 "C (negative control) or 37 "C. After incubation, the slides were washed twice

with PBS (500 Ul) and fixed with 4'"/o paraformaldehyde solution for 20 min at room

temperature. The slides were washed twice with PBS (500 Ul) and mounted with mounting

medium with DAPI (Vector Laboratories). The cells were visualized using an Axioskop

microscope (Carl Zeiss). lmageJ was used for quantification of EV absorption signal. First

the mean density of a whole image was obtained. Then the minimal and maximal densities

of individual cells in that image were measured. These values were normalized by the

mean density of the whole image to obtain the relative densities.

Delivery of miRNA-enriched EV to mice by intraperitoneal injection

Female BL6/C57 mice (20 months old, NIA) were used in these experiments. An EV

suspension (50-400 pg protein) was delivered to mice by intraperitoneal injection and

blood was collected 4 h, 8 h, 12 h and 24 h after injection, EV was purified from the serum

by Exoquick (System Biosciences, ExoQ20A-1) and miRNA isolation and detection were
performed as described above.

Statistical analysis

GraphPad Prism software was used for statistical analyses. T,tests were used to compare

the averages of two groups. ln cases of more than two groups or one factor, ANOVA was

performed followed by Tukey or Bonferroni post hoc tests. P<0.05 was regarded as

statistically significant.
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Results

Overexpressing miRNA in cells increased its Ev compartment

To develop a strategy to prepare large quantities of EVs enriched with a specific miRNA,

we prepared HEK293 cell lines stably expressing human Mir-133a and Mi1202 precursors

by the human cytomegalovirus (cMV) promoter {H EK293-mir-133a, HEK293-mir-202).

We chose these miRNAS because they have relatively narrow tissue expression profiles

Imir-133a in muscle (20) and mi1202 in reproductive organs (21.)1, and because miR-133a-

3p and miR-202-5p are detectable in body fluids \22, 23), suggesting that they have

intrinsic characteristics enabling their secretion through EVs. Recently it was reported that

some sequence motifs helped the sorting of miRNAS into exosomes (24, 25). Thus in

addition to cell lines expressing unmodified miRNA precursors (HE K293-m ir-133a, HEK293-

mir-212), we also made cell lines expressinB Mir-133a and Mir-202 precursors from the

XMlRxpress lentivectors driven by H1 promoters, aiming to enhance the sorting of miR

133a-3p and miR-202-5p into exosomes (H EK293-mir-133a-EXO, H EK293-mir-202-EXO).

ln one of the experiments, quantitative RT PCR showed that in HEK293-m ir-133a-EXO cells,

cellular mir-133a-5p and mir-133a-3p expression increased by 2394- and 2367 -fold

respectively, suggesting that both mature miRNAS could be increased by overexpressing a

miRNA precursor. ln subsequent experiments, we focused on one mature miRNA from

each precursor, which were miR-133a-5p and miR-202-3p. Stable expression of the Mir-
1.33a precursor significantly increased miR-133a-5p expression in cells and the EVs, but had

little effect on miR 202 3p expression (Table 1). Similarly, stable expression of the mir-202

precursor significantly increased miR-202-3p expression in cells and EVs, but had little
effect on miR-133a-5p expression (Iable 2). The increase of miR-133a-5p expression is

about 10 fold of that of miR-202-3p even though expression was controlled by the same

promoter. This could be related to intrinsic features of the two miRNAs, such as the
processing eff iciency and stability.

Adding sequence motif to increase miRNA exosomal secretion greatly helped the exosomal

secretion of mir-202-5p (>10 fold different EV/cellular values in Table 2) but did not show
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evident effect on mir-133a-3p (similar EV/cellular values in Table 1). However, since the

cellular and EV expression of the miRNAs from CMV promoter controlled unmodified

precursors (HEK293-mir-133a and HEK293-mir-202) were much higher than the H1

controlled modified precursors (HEK293 mir-133a-EXO and H EK293-m ir -IO2-EXO\,

HEK293-mir-133a and HEK293-mir'202 cells were used in subsequent experiments.

Use of a hollow fiber Bioreactor for large-scale preparation of miRNA-enriched EVs

The hollow fiber bioreactor system allows high-density culture of EV-producing cells, and

the 20 kD cut-off of the fiber allows nutrients and waste products to pass through but

retains EVs {40-1000 nm in diameter, molecular weight >500 kD). We grew the HEK293,

mir-133a, HEK293-mir 202 and HEK293-mir-NT cells in the system for over 30 days, and

collected 50 ml of EV enriched supernatant every 1or 2 days. We discontinued the

cultures only because we collected enouBh supernatant. Compared to supernatants of

conventional 2D cultures, expression of miR'133a-3p and miR-202-5p in the supernatants

collected from the bioreactors contained 4-3 fold more miR-133a-3p or miR-202-5p in EVs.

We did not compare the copy numbers of miRNA molecules per EV particle. However, we

posit that higher EV particle concentrations in the supernatant could be one of the

mechanisms of the increased miRNA yields. Thus the bioreactor can be used to prepare

miRNA-en riched EVs continuously.

To examine whether the levels of EV miRNA production will decrease during the continued

high density culture, we compared miR-133a-3p levels in EVs of the supernatant collected

on day 1, 5, 10, 15, 20, 25 and 30. ln a pe.iod of 30 days, the relative expression of miR-

133a'3p was 1,, 1,.7, 1.4, 1.5, 1.5 and 1.6 after normalizing by endogenous miR-16-3p, an

abundant miRNA in EVs. Thus the miRNA expression was stable for the duration examined.

Concentrating miRNA-enriched EVs with a tantential flow filtration system

lnitially, we used the traditional method of ultracentrifugation to concentrate miRNA-

enriched EVs, but these proved very difficult to be resuspended even when using serum-

free medium. Thus, we used the tangential flow filtration system to concentrate EVs

collected from the bioreactor. With this method, we could concentrate the supernatants
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by 200 fold without forming precipitates. Compared with EV preparations from cells

expressing a non-targeting control, miR-133a-3p enriched EV had about 10,000 times more

miR-133a-3p, and the miR-202-5p contained EV had over 7,000 times more miR 202-5p.

Next, we compared the contents of miR-133a-3p, miR-202-5p and miR-16-3p in the EV

samples before and after the concentration process. miR-16-3p is abundant in EVs of many

cells and is used as an endogenous control. For miR-133a-3p, miR-2O2 5p and miR-16-3p,

the values of miRNA concentration factor/EV concentration factor were 0.910.2 (n=3),

1.410.14 (n=2) and 0.8i0.16 (n=3) respectively. Thus, after processing, concentrations of

all examined miRNAs increased in direct proportion to the overall increase in

concentration of the EVs. Most miRNAs were recovered durinB concentration of the EVs,

indicatinB that most were associated with membrane structures or large protein

complexes over 500 kD. Thus, tangential flow filtration could effectively concentrate EVs

without a significant loss of the specific miRNA,loaded EV population.

After 200-fold concentration, protein content in the EV preparations was about 80 mg/ml.

Particle concentrations were 2.2x1oir I 1.0x1012, 6.9x1012 t 4.1x1011, and 8.4x1012 I
2.4xLort lml, and sizes were 138 t 1,.77, 15O.8 ! 12.2 and 142.7 ! 4.4 nm for control EVs,

miR-202-5p-enriched EVs, and miR 133a-3p enriched EVs, respectively (Fit.1). Control EVs,

miR-202-5p-enriched EVs, and miR-133a-3p enriched EVs had similar morphology on

electron microscopy {Fig.1). The sizes of individual EVs were heterogeneous in electron

microscopy for all three types of EVs, consistent with the nanoparticle tracking analysis

data. We did not attempt to quantitatively compare the size of EVs from electron

microscopy due to the EV heterogeneity. miR-133a-3p content in miR-133a-3p-enriched

EVs was 37000 fold of that in mouse plasma, and that of miR-202-5p was 7x1Os fold of
miR-202-5p in mouse plasma.

Systemic delivery of miRNA-enriched EVs increased circulatinB miRNA levels

We tested whether the EV preparations can enter HEK293 cells (the cell line from which

the EVs were prepared) and NlH3T3 cells (a ceil line from a different species). Cells kept at

4 "C or 37 "C were incubated with PKH26-labeled EVs for 1.5 hours before they were
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processed for fluorescence and observation Much more fluorescence was observed in

cells incubated at 37'C than those at 4"C lFi$.z, A, C), demonstrating that EVs entered into

the cells. we compared the density of fluorescence siBnals by lmageJ. Since the si8nals

appeared as tiny bright granules, we measured the manimaland maximal densities in each

cell. The averaBe minimal densitv of cells incubated at 37'C was not different from that at

4'C (Fig.z, B, D), indictinB similar level of background. Howevet the average maximal

density of cells incubated at 37"C was significantly higher than that at 4"C. This difference

was caused by the absorption of EVs at 37'C.

We then examined whether intraperitoneal injections of the miRNA-enriched EVs could

increase circulating miRNA in mice. Significantly higher concentrations of circulating

miR133a-3p were detected when 200 Fg EV proteins (5 pl of miR133a-3p enriched EVs)

were iniected (Fic.3A). We estimated by qRT-PCR that the content of miR133a-3p in 1 ml

of our miR-133a-3p enriched EVs eq ua led to that in 37543 ml of mouse blood. Thus, 5 gl of

our EV samples would contain the miR-133a-3p content of 5 x 37543 pl (=188 ml) in mouse

blood, which is about 75 fold of total blood miR-133a-3p content of an adult mouse

(assuming 2.5 ml total blood for an adult mouse) (26)-

We then examined the duration of the EV-delivered miR-133a-3p in mouse circulation. We

detected increased miR133a-3p at 4 hours and 8 hours, but not 12 or 24 hours after

injection when 200 Ug of miR-133a-3p enriched EVs was injected (Fig.3B). This observation

is consistent with earlier observations that EVs have a relatively short half-life in animal

circulation (27, 28). Nevertheless, injectinB miRNA-enriched EVs increased circulating

miRNA for at least 8 hours.

Discussion

This work describes a method for large-scale production of EVs enriched with a specific

miRNA. Currently miRNAs are commonly introduced into cells by complexing with

liposomes, which limits lheir in vivo applications. Exosomes and extracellular vesicles are

receiving increasing interest as drug delivery vehicles, but their use to deliver miRNAs is

hampered by difficulties associated with loading miRNAs into exosomes/EVs. Loading
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miRNAs into isolated EVs ln vitro by electroporation (10-13) or liposomes (14) is inefficient

and incompatible with large-scale preparation. Transfecting synthetic miRNA into cultured

cells and then purifying exosom€s from these cells (15, 16) faces similar challenges.

Mesenchymal stem cells treated with miRNA expressing plasmids (17) or lentivirus (18)

have been used to prepare miRNA-enriched EVs, but again are inadequate for large-scale

preparation of miRNA-enriched EVs.

Here we generated cells that stably overexpress miR-133a-3p or miR-2o2-5p and showed

that EVs isolated from these cells contained hundreds or thousands fold more respective

miRNA than EVs from control cells. We used a system adding sequence motifs to precursor

MiTRNA sequences to enhance miRNA exosomal secretion (24, 25). fhis modification

indeed increased the ratio of EV mir-202-5p versus cellular mir-202-5p. However, since

both the cellular and EV miRNAs were much lower than those of the unmodified system,

we used the unmodified system for subsequent experiments. Greatly reduced total miRNA

expression from the modified system could result from the H1 promoter, or the

modification of the precursor sequences which interferes with the processing of the

mature miRNA. Using the same promoter for the two expression systems may help to
distinguish the two possibilities.

lmportantly, these cells can be grown in bioreactors at high density to further increase the

miRNA content in EVs, and the EVs can be efficiently concentrated without forming

insoluble precipitates, a problem often encountered when preparing exosomes/EVs by

u lt racentrifu8atio n. The procedure enabled us to produce large quantities of miRNA

enriched EVs for in vitro and in vivo experiments. Currently it is possible to make large

quantities of extracellular vesicles from a specific cell source. However, it is difficult to
obtain large quantities of extracellular vesicles enriched with a specific miRNA- The novelty

of the method described here is the ability to produce larBe quantities of specific miRNA-

enriched extracellular vesicles, which makes the in vivo delivery of therapeutic miRNA

through EVs possible.

We showed that the EVs produced following this procedure increased concentrations of
circulating miRNAs for at least 8 hours. Several studies have suggested that circulating
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exosomal miRNAs might play important roles in regulating physiologic and pathologic

processes (7 9). Now the ability to make large quantities of EVs enriched with a specific

miRNA makes it possible to further study the roles of exosomal miRNAs. ln addition, being

able to deliver large quantities of miRNA in vivo by exosomes makes it possible to explore

therapeutic applications of specific miRNAs.

One shortcoming of the present method is the requirement of continued proliferation of

the cells for cloning and subsequent large scale production. This requirement prevents us

from using most primary cells and some adult stem cells for this purpose. Another

shortcoming is that the basal contents of the EVs are uncontrollable and are determined

by the cells used for overexpression. ln addition, both the 3p and 5p are overexpressed

from the precursor and currently it is difficult to enrich only one of them. The last issue

may not be a problem in some situations since this is the way that endogenous miRNAs are

expressed, but will be a problem when the functions of 3p and 5p of a specific miRNA are

to be studied.

Conclusion

Using high-density bioreactors to culture cells engineered to overexpress a specific miRNA,

we generated miRNA-enriched EVs at large quantities. These miRNA-enriched EVs may be

useful for miRNA delivery in l, vitro and in yivo applications.
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Table 1. miR-133a-3p expression in cells and EVs after Mir-133a overexpression

"n" indicates number of experiments. AII expression levels are expressed as fold of cells

expressing non-tarBeting controls. For cellular expression, mean J SEM is listed. For EV

expression, only the mean is listed due to the low replicate numbers. CMV =

cytomegalovirus; EXO = exosome.

H EK293-mir-133a

(CMV, unmodified)

H E K293-m ir- 13 3 a-EXO

{H 1, modified)

Cellular miR-133a-3 p 89987 ! L5779 ln=71 1695 t 336 (n-7)

EV miR-133a-3p 70s91 (n=2) 1545.958 (n=2)

EVlCellular o.78 0.97

EV miR-202-5p s (n=1) 0.3 (n=l)
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Table 2. miR-2O2-5p expression in cells and EVs after Mir-202 overexpression

"n" indicates number of experiments. All expression levels are expressed as fold of cells

expressing non-targeting controls. For cellular expression, mean I SEM is listed. For EV

expression, only the mean is listed due to the low replication numbers. CMV =

cytome8alovirus; FXO = exosome.

H E K293-mir 202

(CMV, unmodified)

H E K2 93- m ir202- ExO

(H 1, modified)

Cellula r miR-202-5p 7681 t 1409 (n=7) 197 t 35 (n=7)

EV miR-202-5p 108 (n=2) 36 (n=2)

EVlCellu la r o.014 0.18

EV miR-133a 3p 1 (n=1) 6 (n=2)
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Fig.1. Size and morphological analyses of concentrated EVs. A. Concentrated EVs from

non-targeting control cells. B. Concentrated EVs from Mir-202 overexpressed cells. C.

Concentrated EVs from Mir-133a overexpressed cells- For A-C, the samples were diluted

20000 fold for nanoparticle tracking analysis. The left images were nanoparticle tracking

analysis of EVs. The right images were electronic microscopy images. The EVs were stained

by phosphotungstic acid for electron microscopy analysis.

HYnrdydFi. Dbm.ra {^m)

miR-202-5p-enriched

hYdlolY mi onn..ll,m)

miR-133a-3p-enriched

4drdaa, oqm.i.,lnml



Page 25 of 26

25

E

o

E

a

9-;

U?

e9

Si:

;e
A4

-e35o

l!

.-. 5 a. til'

Fig.2. Fluorescence microscopy analysis of EV uptake by cells at different temperature. A'

lmages of HEK293 cells incubated at different temperatures. B' Quantification of minimal

and maximal densities of HEK293 cells. Each point indicates one cell. C. lmages of NlH3T3

cells incubated at different temperatures. O. Quantification of minimal and maximal

densities of NlH3T3 cells. miR133a-3p-enriched EVs were labeled by PKH26 and visualized

with excitation of 550 nm. The nuclei were stained by DAPI. The experiments were

performed twice. ln each experiment, cells on four cover-slips (placed in 24-well plates)

were treated under a condition. Shown are representative images. *** indicates p<0.0001

when compared with other groups (Tukey's Multiple Comparison Test following ANOVA).
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Fig.3. Detection of miR-133a-3p after intraperitoneal iniection into mice. A. Determining

the amount of miR-133a-3p enriched EV needed to increase circulating miR 133a-3p.

Blood was collected 4 hours after injection. ** and *** indicate p<0.01 and p<0 0001

compared with the group injected with EVs from non-targeting (NT) control cells (Tukey's

Multiple Comparison Test following ANoVA).8. Examine the duration of injected miR

133a-3p enriched EV in circulation. The amount of EV injected per mouse was 200 ug

protein. *'* indicates p<O.OOO1 compared with the Broup injected with EVs from non-

targeting (NT) control cells (Bonferroni posttests following ANOVA).
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