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ABSTRACT

Hepatitis C virus (HCV) is a significant global public health problem, causing more than 350,000 deaths
every year. Although the development of direct-acting antivirals has improved the sustained virological
response rate inHCVpatients, novel anti-HCVagentswithhigherefficacy aswell asbetter toleranceand
cheaper production costs are still urgently needed. Cell-based therapy, especially its unique and strong
paracrine ability to transfer information to other cells via extracellular vesicles such as exosomes, has
becomeone of themost popular therapeuticmethods in recent years. In our study, exosomes secreted
from umbilical mesenchymal stem cells (uMSCs), which are widely used in regenerative medicine,
inhibited HCV infection in vitro, especially viral replication, with low cell toxicity. Our analysis revealed
that microRNAs (miRNAs) from uMSC-derived exosomes (uMSC-Exo) had their unique expression pro-
files, and these functional miRNAs, mainly represented by let-7f, miR-145, miR-199a, and miR-221 re-
leased from uMSC-Exo, largely contributed to the suppression of HCV RNA replication. These four
miRNAs possessed binding sites in HCV RNA as demonstrated by the target prediction algorithm. In ad-
dition, uMSC-Exo therapy showed synergistic effect when combined with U.S. Food and Drug
Administration-approved interferon-a or telaprevir, enhancing their anti-HCV ability and thus improv-
ing the clinical significance of these regenerative substances for future application as optimal adjuvants
of anti-HCV therapy. STEM CELLS TRANSLATIONAL MEDICINE 2016;5:1190–1203

SIGNIFICANCE

This work reported, for the first time, the identification of stem cell-derived exosomes of anti-
viral activity. Umbilical mesenchymal stem cell-secreted exosomes inhibited hepatitis C virus
infection through transporting a mixture of microRNAs complementing the viral genomes to
the host cells. This finding provides insights and prospects for physiologically secreted sub-
stances for antiviral therapy.

INTRODUCTION

Hepatitis C virus (HCV) infects approximately 3%of
the world population [1]. It is one of the major

causes of chronic liver diseases, such as steatosis,

cirrhosis, and hepatocellular carcinoma. Despite

that, it is still difficult to develop effective vaccines

against HCV. The traditional standard of care for

HCV infection consists of pegylated interferon

(IFN)-a and ribavirin. The recent advanced direct-

acting antivirals, such as the protease inhibitor

simeprevir and the nucleotide analog sofosbuvir,

have optimized the therapeutic effect by increas-

ing the sustained virological response (SVR) rate

(the frequency of treated patients who achieve

SVR) in HCV patients [2, 3]; however, there are still

some unsolved problems, such as virus resistance,

concomitant adverse reactions, and undeniably
high medical expenses, related to their use in HCV
treatment [4].

Mesenchymal stem cells (MSCs) are promising
progenitor cells that harbor valuable therapeutic
orbiological capacities [5,6].Studieshaverevealed
many functions mediated by this type of cell, such
as reducing inflammation,modulating immune re-
sponses,promoting tissueregeneration,and inhib-
iting tumor progression [7–9]. In addition, MSC
treatment has been the focus of more than 560
clinical trials that supply exogenous or activate en-
dogenous MSCs [10] and has become the most
effective source of cell-based therapy [11, 12]. Hu-
man umbilical cord MSCs (uMSCs) are a kind of
MSC derived from umbilical cord through a nonin-
vasive procedure, allowing robust in vitro culture

aDepartment of
Microbiology, Shanghai Key
Laboratory of Medical
Biodefense, dResearch Center
of Developmental Biology,
Second Military Medical
University, Shanghai,
People’s Republic of China;
bDepartment of Spinal
Surgery, ChangzhengHospital
Affiliated to Second Military
Medical University, Shanghai,
People’s Republic of China;
cDepartment of Plastic and
Reconstruction, Changhai
Hospital Affiliated to Second
Military Medical University,
Shanghai, People’s Republic
of China

*Contributed equally.

Correspondence: Zhongtian Qi,
Ph.D., M.D., Department of
Microbiology, Second Military
Medical University, 800th
Xiangyin Road, Shanghai 200433,
People’s Republic of China.
Telephone: (86)21-81870988;
E-Mail: qizt@smmu.edu.cn

Received November 15, 2015;
accepted for publication April 7,
2016; published Online First on
August 5, 2016.

©AlphaMed Press
1066-5099/2016/$20.00/0

http://dx.doi.org/
10.5966/sctm.2015-0348

STEM CELLS TRANSLATIONAL MEDICINE 2016;5:1190–1203 www.StemCellsTM.com ©AlphaMed Press 2016

TISSUE-SPECIFIC PROGENITOR AND STEM CELLS

mailto:qizt@smmu.edu.cn
http://dx.doi.org/10.5966/sctm.2015-0348
http://dx.doi.org/10.5966/sctm.2015-0348


expansion, and its physiological properties could be basically re-
served under cryostorage [13–15]. They require relatively low cost
to harvest and are promising candidates for regenerativemedicine
in the future.

Recent studies indicate that the functional mechanism of
MSCs mainly relies on paracrine signaling, and exosomes are
likely to be the key constituents of this process [16, 17]. Exo-
somes are membrane vesicles of 50–100 nm in size, which can
be released from all kinds of cells [18, 19]. They can deliver spe-
cific functional RNAs (e.g., microRNAs [miRNAs]), proteins, and
lipids from donor to recipient cells by direct fusion or active up-
take [20, 21]. Because of this shuttling property, exosomes take
part in many physiological or pathological processes, including
intracellular communication, modulation of immune responses,
and tumorigenesis [22–24]. Reports have also shown that exo-
somes could shuttle both infectious cargo and protective host
molecules between cells [25–31], but the research of their roles
in pathogen infection is still in an early stage. MSCs can produce
a high amount of exosomes (MSC-Exo) comparedwith other cell
types [32], and MSC-Exo exert an influence on various diseases
similar to that of MSCs [17].

It was reported that the main form of functional RNA in exo-
somes is miRNA [33, 34]. The expression profile of miRNA has a
signature of the origin parental cells, which could be determined
by specific techniques, such as RNA sequencing. Increasing evi-
dence suggests that exosome-packaged miRNAs are maintained
in stable condition and play important regulatory roles in recipi-
ent cells [35]. miRNAs wrapped in MSC-Exo play a role in several
diseases, such as promoting recovery in Parkinson’s disease and
spine injury [36]. Hence, exosomal miRNAsmay be valuable tools
for treating certain diseases.

Herein we report that uMSC-derived exosomes (uMSC-Exo)
were potent anti-HCV agents. By testing exosomes frommultiple
cell types,we found that uMSC-Exowereable toprevent viral rep-
lication and showed low cytotoxicity compared with other antivi-
ral agents. Through a series of mechanism-related studies, we
discovered that the antiviral mechanism of uMSC-Exowasmainly
through transporting a series of antiviral exosomalmiRNAs to tar-
get cells.Our studydemonstrated for the first time thatuMSC-Exo
could repress HCV infection, thus adding a new functional role of
uMSC-Exo and providing new insights and prospects for the de-
velopment of optimal antiviral agents in the future.

MATERIALS AND METHODS

Cell Culture

Human umbilical cords and skin were obtained from Changhai
Hospital affiliated to Second Military Medical University. uMSCs
and human dermal fibroblast (HF) cells were then isolated and
cultured as previously described [37]. Human umbilical cords
were donated from five healthy mothers who had natural child-
birth, all of whomwere negative for human pathogens, including
HCV. Briefly, fresh umbilical cords and skin were first washed
with 70%ethanol and then serum-freeDMEM(ThermoFisher Sci-
entific Life Sciences, Waltham, MA, http://www.thermofisher.
com) to remove excess blood. The tissues were then minced into
small pieces (2–4 mm) and cultured in DMEM containing 10% fe-
tal bovine serum (FBS) at 37°C. When the cells reached 70% con-
fluence, they were trypsinized for subculture with 0.05% trypsin
and 0.025% EDTA. uMSCs were cultured in DMEMwith 10% FBS,

100 IU/ml streptomycin and penicillin, and 2 mM L-glutamine
(Thermo Fisher Scientific Life Sciences). HF cells were cultured
in high-glucose DMEM supplemented with 10% FBS, 100 IU/ml
streptomycin and penicillin, and 2 mM L-glutamine. The fourth
and fifth passages of the cells were used in the subsequent exper-
iments. Human hepatoma (Huh) 7 cells and human embryonic
kidney (HEK) 293T cells were cultured in DMEM containing 10%
FBS, 13 nonessential amino acids, 100 IU/ml of streptomycin
and penicillin, and 2 mM L-glutamine at 37°C with 5% CO2 and
90% humidity.

Viability assay was performed after 24 hours of treatment of
indicated concentrations of uMSC-Exo using 3-(4,5-dimethyl-2-
thiazolyl)-2,5-diphenyl-2H tetrazolium bromide (Beyotime
Biotechnology, Haimen, China, http://www.beyotime.com) accord-
ing to the manufacturer’s instructions [38]. For exosome-related
microwell experiments, we used standard medium volume.

Exosomes Isolation and Identification

Exosomes were extracted and purified according to previous
protocols [39, 40]. Briefly, uMSCs were cultured in DMEM
with 10% FBS, which was pretreated by ultracentrifugation at
120,000 g overnight at 4°C to remove serum exosomes in
T75 or T150 flasks. When cells reached 80% confluence (about
2–3 days), cell medium was harvested every other day. Cells
in each flaskswere continuously cultured for exosome collection
for no more than 12 days. Cell supernatants were collected and
centrifuged at 10,000 g for 30 minutes. The supernatants were
then filtered through a 0.22-mm membrane and ultracentri-
fuged at 120,000 g for 70minutes at 4°C. The supernatants were
transferred to a new tube to undergo another ultracentrifuga-
tion at 120,000 g for 3 hours at 4°C to pellet the exosomes.
The exosomes were resuspended in RNAase-free phosphate-
buffered saline (PBS) and quantified by measuring their pro-
tein contents using the bicinchoninic acid protein assay kit
(Thermo Fisher Scientific Life Sciences). uMSC-Exo generated
from different donors were labeled individually and used in dis-
crete experiments.

Isolated exosomes were subsequently identified by measur-
ing the rate of Brownian motion with NTA NS300 (NanoSight,
Malvern Instruments, Malvern, U.K., http://www.malvern.com/)
equipped with fast video capture and particle-tracking software.
The exosomal surface marker protein expression of CD81 and
CD63 was detected using Western blotting.

PKH67 Analysis

Isolated exosomes were tested for the ability to enter cells.
The uMSC-Exo were labeled using PKH67 Green Fluorescent
Cell Linker Kit (Sigma-Aldrich, St. Louis, MO, http://www.
sigmaaldrich.com) according to the manufacturer’s protocol.
The supernatant of ultracentrifugal exosomes was also la-
beled as a negative control. Labeled exosomes were then in-
cubated with Huh7 cells for 6 hours at 37°C and then washed
three times with PBS. The nuclei were stained with Hoechst
33342 (10mg/ml) for 20minutes before the cells were observed
under a fluorescence microscope (Olympus, Tokyo, Japan, http://
www.olympus-global.com).

Indirect Immunofluorescence Assay

Infected Huh7 cells were washed with PBS and fixed with cold
methanol, and NS5A expression in the cells was detected using
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a primary antibody of NS5A monoclonal antibody 9E10 (at
1:200 dilution) and Alexa 488-conjugated goat anti-mouse IgG
secondary antibody (at 1:500 dilution) (Thermo Fisher Scien-
tific Life Sciences) to check the infection rate [41]. The nuclei
were stainedwith 49,6-diamidino-2-phenylindole (ThermoFisher
Scientific Life Sciences) for 20 minutes at room temperature.

Isolation of RNA and qRT-PCR

Detailed information is given in the supplemental Materials and
Methods. The primer sequences used are listed in supplemental
online data file 1.

Analysis of RNA Sequencing Data and miRNA
Target Prediction

For analysis of global uMSC-derived exosomalmiRNAs, we down-
loaded the sequencing data fromGEO dataset GSE69909 (the fol-
lowing link can be used to view the raw data: http://www.ncbi.nlm.
nih.gov/geo/query/acc.cgi?token=svwvciucfzipvev&acc=GSE69909).
The raw counts of miRNA reads were further normalized by
transcripts per million values ([miRNA total reads/total clean
reads] 3 106).

For miRNA/HCV target prediction, we used the miRanda
algorithm (http://www.mirbase.org), which evaluated bind-
ing possibility based on the duplex binding energy. The predicted
results of exosomal miRNAs are listed in supplemental online
data file 2.

miRNA Transfection

To assess the role of miR-125b, let-7f, miR-145, miR-1260a,
miR-1260b, miR-199a, miR-221, and miR-222 derived from
uMSC-Exo during HCV infection, we chemically synthesized
the mimics of the nine miRNAs and transfected them into
Huh7 cells by FuGENE HD transfection reagent (Thermo Fisher
Scientific Life Sciences). The inhibitors of the four miRNAs
(antagomir) with anti-HCV activity (let-7f, miR-145, miR-
199a, miR-221) were purchased from GenePharma Corpora-
tion (Shanghai, China) and transfected to Huh7 cells or uMSCs
by FuGENE HD transfection reagent (Promega, Madison, WI,
http://www.promega.com/) according to the manufacturer’s
instructions.

RNA Immunoprecipitation Assay

RNA immunoprecipitation (RIP) was performed using the
EZ-Magna RIP RNA-Binding Protein Immunoprecipitation Kit
(Millipore, Billerica, MA, http://www.emdmillipore.com/) according
to the manufacturer’s protocol [42]. The direct binding of miRNA-
mediated RNA-induced silencing complex (RISC) to HCV RNA was
determined using anti-Ago2 antibody (Abcam, Cambridge, MA,
http://www.abcam.com/) mediated RNA pulldown followed by
quantitative polymerase chain reaction (qPCR) examine the
amount of HCV RNA. In brief, 70%–80% confluence cells were
washed twice with PBS and trypsinized. Cells were lysed and
centrifuged at 12,000 rpm for 10 minutes at 4°C. Cell lysate
was incubated with antibody/beads for 18 hours at 4°C. After incuba-
tion, beads were washed three times in NT2 buffer (50 mM
Tris-HCl, 300 mM NaCl, 1 mMMgCl2, 0.05% Nonidet P-40, RN-
ase inhibitor), followed by treated with DNase I for 15minutes
at 37°C. RNAs were extracted by RNA purification kit (RNeasy
MiniElute kit, Qiagen, Hilden, Germany, https://www.qiagen.
com) and cDNA was synthesized using the SuperScript kit

(Thermo Fisher Scientific Life Sciences) and the quality of cDNA was
analyzed by qPCR.

Statistical Analysis

Values are shownasmeanand standarddeviationof at least three
independent experiments. Statistical analysis was performed
SPSS software, version 17.0 (IBM, Armonk, NY). Results were
considered statistically significant at p , .05.

RESULTS

uMSCs Inhibited HCV Infection Through
Paracrine Signaling

Isolated and subcultured uMSCs were identified through testing
the expressions of CD29, CD90, CD44, CD105, CD73, CD34, CD14,
CD45, CD19, and HLA-DR by flow cytometry. In accordance with
previous studies [5, 43], the cells were positive for CD29, CD90,
CD44, CD105, and CD73,while the surfacemarkers of hematopoi-
etic cells such as CD34, CD14, CD45, CD19, andHLA-DRwere fairly
weak to detect compared with the isotype control (supplemental
online Fig. 1A). To evaluate the effect of uMSC paracrine signaling
on HCV infection, we replaced the culturemediumof cell-derived
HCV (HCVcc, JFH1)-infected Huh7 cells with the uMSCs’ condi-
tioned culture medium. Conditioned medium was collected
and used to treat infected Huh7 cells every other day (Fig. 1A).
The results showed that HCV infection rate of conditioned
medium-treated Huh7 cells was significantly reduced compared
with the cells treated with conditioned medium from HEK
293T cells orHF cells (Fig. 1B). To verify this finding,weperformed
a transwell-based assay to evaluate the paracrine function of
uMSCs. The secreted components of uMSCs that were seeded
in the lower chamber, passed through the membrane to the up-
per chamber thatwas seededwithHuh7 cells (Fig. 1A). The results
showed that HCV infection on Huh7 cells was largely suppressed
by coculture with uMSCs, while the secretion of HEK293 and HF
cells did not exert any anti-HCV activity comparedwith themock-
treated group (Fig. 1C). The inhibitory effect of transwell-based
coculture was consistent with the effect observed with condi-
tioned medium but was even more potent, probably because
of the persistent uMSCs’ paracrine signaling. However, the levels
of IFN-a, IFN-b, and IFN-l1, which are themajor soluble anti-HCV
factors, were barely detectable in the supernatant of uMSC
(supplemental online Fig. 1B). Thus, our results suggested that
uMSC-secreted components were capable of eliciting robust
anti-HCV responses.

uMSC-Exo Showed Antiviral Activities Against
HCV Infection

Because exosomes play a very important role in uMSC paracrine
signaling, we investigated whether they were responsible for
the anti-HCV activity. Exosomeswere concentrated and purified
from uMSC routine culture medium by ultracentrifugation, and
their presence was further confirmed using the NanoSight in-
strument, which showed vesicles of approximately 100 nm size
(Fig. 2A). Exosomes can enter into cells by fusion or active up-
take. To confirm that our purified exosomes were competent
to enter into cells, we used the membrane-specific dye PKH67
to monitor this process. After 6-hour incubation of PKH67-
stained uMSC-Exo with Huh7 cells, fluorescent particles could
be eminently observed in the cytoplasm of Huh7 cells, whereas
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no clear signals were observed using PKH67-stained exosome-
free supernatant (Exofree) (Fig. 2B). Besides, exosomes surface
markers were also detected by anti-CD81 and anti-CD63 West-
ern blotting (Fig. 2C).

Subsequently, we analyzed whether uMSC-Exo were capa-
ble of blocking HCV infection. Purified exosomes from uMSCs
medium were incubated with Huh7 cells in which HCVcc was
added afterward. Treatment of uMSC-Exo remarkably reduced
the intracellular HCV RNA level, whereas HEK 293-Exo or
HF-Exo showed no clear antiviral activity (Fig. 2D). This result
was also consistent in Huh7.5.1 cells, which have amutation in ret-
inoic acid-inducible gene-I (RIG-I) of IFN pathway (supplemental

online Fig. 1C). Moreover, we also found that uMSC-Exo sup-
pressed HCVcc infection at multiple multiplicity of infections
(MOIs) in both viral positive colonies (Fig. 2E, 2F) and RNA levels
(Fig. 2G), inhibiting viral infection in a dose-dependent manner
(Fig. 2H), whereas Exofree showed no effect, largely excluding
the soluble factors in the supernatant of uMSC to be antiviral
agents. Taken together, our results showed that uMSC-Exo were
capable of inhibiting HCV infection.

uMSC-Exo Had No Effect on HCV Entry but Inhibited
Viral Replication

To reveal the stage inwhich uMSC-Exo exerted their inhibitory ef-
fect, Huh7 cells were infected with HCVcc together with relevant
antiviral agents. As shown in Figure 3A, treatment of uMSC-Exo
exhibited a similar inhibition pattern of VX-950, an NS3/4A pro-
tease inhibitor, also known as telaprevir, which prevents viral
replication. uMSC-Exo did notmanifest significant anti-HCV activ-
ity when added during the early phase of the HCV life cycle (24
to 0 and 0–4 hours) but blocked more than 70% of viral infec-
tion 12 hours after virus inoculation. However, another drug,
dasatinib, an inhibitor of HCV entry, showed potent inhibitory
effect when added during the initial 8 hours of virus infection.

Treatment of uMSC-Exo effectively suppressed viral infec-
tion, showing the same effect as VX-950 and dasatinib, as dem-
onstrated by the viral core expressions (Fig. 3B). To exclude the
possibility that uMSC-Exo affected viral entry, HCV pseudopar-
ticles (HCVpp) ofH77were incubatedwithHuh7 cells in the pres-
ence of indicated concentrations of uMSC-Exo. As shown in
Figure 3C, entry of HCVpp was not significantly altered even
by the treatment of uMSC-Exo at 100 mg/ml, whereas dasatinib
reduced their entrance.

Next, we evaluated the effect of uMSC-Exo on the viral post-
entry step. Replicon BB7 cells, which only support HCV replica-
tion, were treated with 50 mg/ml uMSC-Exo for 12 hours. The
replication efficiency of HCV RNA levels was then detected by
qPCR. The result showed that HCV RNA level decreased pre-
dominantly after uMSC-Exo as well as after VX-950 treatment,
whereas Exofree showed no significant effect. This inhibitory
effect was also consistent with the subsequent JFH-1 electro-
porated cells treated with the uMSC-Exo (Fig. 3D).

The supernatants of electroporatedHuh7 cells subjected to dif-
ferent concentrations of uMSC-Exo treatments were collected to
analyze extracellular infectivity. Intracellular virions were also ac-
quired by repeated cycles of cell freezing and thawing. Intracellular
and extracellular infectivity were analyzed by reinfection of näıve
Huh7 cells, and our results indicated that both of themwere signif-
icantly reduced by uMSC-Exo treatment at a similar rate. This phe-
nomenon was probably due to the suppression of viral replication
because incubationofVX-950also causeda similar rateof reduction
on intracellular and extracellular virion infectivity (Fig. 3E).

uMSC-Exo-SpecificmiRNAs Showed Inhibitory Effects in
HCV Infection

According to previous studies, exosomes mainly contain various
proteins and RNAs. Therefore, we used the exclusion method to
determine which factors in uMSC-Exo could efficiently inhibit
HCV infection. Purified exosomes were subjected to proteinase
K treatment (PK, supplemented with low concentration of deter-
gents) at specific periods of time, and the digestion efficacy was
determined by silver staining. After 60 minutes of PK incubation,

Figure 1. IdentificationofuMSCand its anti-HCVactivity byparacrine
signaling. (A):Schemedemonstrating themanner inwhichconditioned
medium treatment assay and transwell-based assay were carried out.
(B):Huh7 cells were infectedwithHCVcc of JFH-1 (multiplicity of infec-
tions [MOI] = 1). After 6 hours of incubation, the supernatants were
changed with conditioned culture medium of uMSCs. The medium
was collected from uMSCs to infected Huh7 cells every other day. In-
fection of the cellswas detected 48hours after virus inoculation by im-
munofluorescence (IF) and real-time (RT) qPCR. Equal amounts of pure
cell medium (mock) or conditioned medium from HEK 293 cells or HF
cells were added as a control (23 105 copies/1 mg RNA for the mock
treated group). (C): Confluent uMSCs were seeded in the lower cham-
ber of the transwell plate, and 75% confluent Huh7 cells were seeded
in the upper chamber and infected with HCVcc of JFH-1 (MOI = 1) for
6 hours. After 48-hour coculture between uMSCs and infected Huh7
cells, the upper chamber was taken out to test infection of the cells
by IF andRT-qPCR. Pure cellmedium (mock) orHEK293 cells orHF cells
were seeded in the lower chamber as a control (53 105 copies/1 mg
RNA formock treated group). Data are shownasmean6 SD. pp,p, .01
compared with mock control. The scale bar represents 200 mm.
Abbreviations:h,hours;HCV,hepatitis C virus;HCVcc, cell-derivedhep-
atitis C virus; HEK, human embryonic kidney; HF, human dermal fibro-
blast; Huh, human hepatoma; qPCR, quantitative polymerase chain
reaction; uMSC, umbilical mesenchymal stem cell.
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Figure2. Exosomes secreted fromuMSCs inhibitedHCV infection. (A):PurifieduMSC-Exowere identifiedunderNanoSight instrument. Particle
size and image of the exosomes are shown. The red arrows indicate typical exosomes. The scale bar represents 200 nm. (B): uMSC-Exo were
labeled by membrane-specific dye PKH67 and incubated with human dermal fibroblast 7 (Huh7) cells for 6 hours. Cell nuclei were stained with
Hoechst33342. Huh7 cells were then observed under a fluorescent microscope after incubation. Exofree represents the supernatant free of
exosomes. The scale bar represents 50mm. (C): Expression of exosome-specific surfacemarker, such as CD81 or CD63,was analyzed byWestern
blotting in uMSC-Exo. Medium represents the culture medium of uMSCs. (D): Huh7 cells were infected with HCVcc of JFH-1 (MOI = 1) in the
presence of exosomes derived from different cell types (50mg/ml) for 6 hours, followed by media change with the same amount of exosomes.
HCVRNA level was detected 48 hours after infection by real-time quantitative polymerase chain reaction (RT-qPCR) (2.53 105 copies/1mg RNA
for mock-treated group). pp, p , .01 compared with mock control. Antiviral activity of uMSC-Exo was also tested under HCVcc infection of
multiple MOIs. Infection of the cells was evaluated by both immunofluorescence of viral protein (E, F) and RT-qPCR of HCV RNA level (G). Cell
nuclei was stained with DAPI. pp, p, .01 compared with mock control. The scale bar represents 200 mm. (H): Huh7 cells were infected with
HCVcc in the presence of indicated concentrations of uMSC-Exo for 6 hours beforemedia changewith the same amount of exosomes. HCV RNA
levelwas tested48hoursafter virus inoculation (2.53105copies/1mgRNA formock-treatedgroupwithnoexosomes).Dataare shownasmean6SD.
Abbreviations: DAPI, 49,6-diamidino-2-phenylindole; Exo, exosomes; GAPDH, glyceraldehyde 3-phosphate dehydrogenase; HCV, hepatitis C virus;
HCVcc, cell-derived hepatitis C virus; HEK, human embryonic kidney; MOI, multiplicity of infections; uMSC, umbilical mesenchymal stem cell;
uMSC-Exo, umbilical mesenchymal stem cell-derived exosomes.
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the proteins contained in uMSC-Exo were barely detectable
(Fig. 4A). However, these PK-treated uMSC-Exo still maintained
exosomes integrity as detected, by the NanoSight instrument
(supplemental online Fig. 1D), and they still possessed strong anti-
viral capacity, almost the same as the untreated uMSC-Exo (Fig. 4A).
Therefore, the preceding result demonstrated that the RNAs con-
tained in uMSC-Exomight be the functional anti-HCV factors instead
of protein components.

Various studies suggest that HCV infection can be regulated
by some specific miRNAs. Therefore, we first validated the
presence and abundance of exosomal miRNA using gel electro-
phoresis of extracted exosomal RNA. Our results showed that
exosomal RNAs were mainly small RNAs less than 50 base pairs
in length (supplemental online Fig. 2A).We thus took the advantage
of high-throughput small RNA sequencing to analyze the global
miRNAs in uMSC-Exo. As shown in Figure 4B, only a few types of
miRNAs were highly abundant in the uMSC-Exo, as framed out by
the red square (top 15 abundantmiRNAs). To gainmore insights re-
garding these high abundant miRNAs, we used a target prediction
algorithm search to predict their binding sites in HCV RNA. The re-
sults suggested that most of them can complement the viral ge-
nomes (Table 1). Moreover, among the 15 miRNAs, some have
already been reported to influence HCV infection [44–47].

To examine the function of these exosomal miRNAs, we first
tested their expression levels in Huh7 cells under indicated treat-
ments. Compared with the Exofree and mock-treated group,
uMSC-Exo-treated cells expressed high levels of miR-125b, let-
7f, let-7a, miR-145, miR-1260a, miR-1260b, miR-199a, miR-221,
andmiR-222 (Fig. 4C). However, the expression levels of relevant
miRNA precursors was not significantly modified (Fig. 4D), indi-
cating that the enhancement of specific miRNAs in Huh7 cells un-
der uMSC-Exo treatment was caused by direct increasing of
mature miRNAs, not by increasing endogenous production.

To further evaluate the antiviral effect of these nine highly
upregulated miRNAs in HCV infection, we transfected the host
cells with chemically synthesized miRNAs mimics. As shown in
Figure 4E and 4F, overexpression of let-7f, miR-145, miR-199a,
and miR-221 made Huh7 cells less susceptible to HCV infection,
displaying a significant reduction of both HCV RNA level and viral
core protein expression. However, we found that miR-221 over-
expression in Huh7.5.1 cells did not cause a significant reduction
of HCV RNA level (supplemental online Fig. 2B), which is consis-
tent with our previous findings [47].

Let-7f, miR-145, miR-199a, and miR-221 Played Vital
Roles in the Antiviral Effect of uMSC-Exo on
HCV Infection

To confirm that these identified antiviral miRNAs were uMSC-
Exo-specific, we used exosomes derived from several other cell
types, including HEK 293-Exo and HF-Exo, to incubate them with
the host cells. We then tested the expression level of these miRNAs.
The results suggested that only the uMSC-Exo-treated group
showed a clear increase in miRNAs expression (Fig. 5A). More-
over, the expression level of thesemiRNAs before and after HCV in-
fectionwas also determined. As shown in Figure 5B, let-7f,miR-145,
miR-199a, and miR-221 were all significantly downregulated after
viral infection, indicating that these miRNAs might be of biological
importance and thus actively inhibited upon virus infection.

To further clarify the functions and importance of these four
miRNAs, the host cells were transfected with synthesized

inhibitors of relevant miRNAs and infectedwith HCVcc. Inhibitors
of the four miRNAs (Inh-let-7f, Inh-miR-145, Inh-miR-199a, Inh-
miR-221), especially when combined as a mixture (Inh-mix), sig-
nificantly promoted HCV infection compared with the negative
control group (Inh-NC) (Fig. 5C). When the transfected cells were
infected with HCVcc in the presence of uMSC-Exo, the inhibitory
effect of exosomes was partially reversed, with the inhibitors show-
ingmore eminent effect of promoting HCV infection comparedwith
Inh-NC (Fig. 5D, 5E). The results also indicated the importance of
these uMSC-Exo specific miRNAs in anti-HCV infection.

To gain direct evidence of these miRNAs in targeting HCV, we
performed an Ago2, a vital member of the RISC-mediated RNA pull-
down assay. Infected cells treated with both uMSC-Exo and inhibi-
tors were lysed, then subjected to the anti-Ago2 pulldown assay.
The amount of HCV RNA in the pulldown products in each group
was analyzed using qPCR and referenced to the input level of HCV
RNA. IgG-mediated pulldown products were used as negative con-
trol. Results showed that HCV RNA was highly enriched to the
Ago2-mediated pulldown products, and inhibition of let-7f, miR-
145, or miR-199a significantly reduced the amount of Ago2 binding
to the HCV RNA, which indicates that these miRNAs mediate RISC
binding to the HCV RNA (Fig. 5F). However, inhibition of miR-221
did not significantly inhibit Ago2 binding to the HCV RNA (Fig. 5F),
indicating that it functions through an indirect way to inhibit HCV
infection, which is consistent with our previous report [47].

Removal of Exosomal Let-7f, miR-145, miR-199a, and
miR-221 From the uMSC-Exo Abolished Their
Antiviral Activity

To demonstrate that uMSC-Exo exerted its antiviral effect
through these specific miRNAs, we removed these miRNAs from
the exosomes. Because the exosomes were derived from uMSCs,
we therefore transfected uMSCs with a mixture of the inhibitors
targeting these specific miRNAs (uMSC-ExoInh-mix). The expres-
sion levels of thesemiRNAs both inMSCs and secreted exosomes
were detected by qPCR. Our result showed that although in
uMSCs the expression of these four miRNAs was downregulated
to approximately 50% after the inhibitor treatment, the levels in se-
creted exosomes all significantly decreased to less than 20%. There-
fore, the secreted exosomes displayed a reduced potency, probably
because of the lack of valid miRNAs in the cells (Fig. 6A, 6B). Huh7
cells were then treated with uMSC-ExoInh-mix and with a scramble
inhibitor transfected uMSC-derived exosome control (uMSC-
ExoInh-NC). The qPCR result of these fourmiRNAs suggested that cells
expressed a low level of the four miRNAs under uMSC-ExoInh-mix

treatment as compared with the mock-treated group (Fig. 6C).
After identifying thatmodified uMSC-Exo indeed lost the ability

to increase the expression level of these miRNAs in targeted cells,
we again examined their antiviral effect using the HCVcc infection
model. The result showed that the inhibitory effect on HCV infec-
tion of uMSC-Exo was significantly reversed upon depleting its exo-
somal miRNAs, as shown in the uMSC-ExoInh-mix group compared
with the mock-treated group (Fig. 6D). Together, these data sug-
gested that theantiviral activityofuMSC-ExoagainstHCVwasmainly
due to the exosomal let-7f, miR-145, miR-199a, and miR-221.

uMSC-Exo Synergistically Inhibited HCV InfectionWhen
Combined With IFN-a or Telaprevir

uMSC-Exo were produced and secreted from MSCs under
normal culture conditions. Thus, the constituents of exosomes
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Figure 3. Effect of uMSC-Exo on different stages of hepatitis C virus (HCV) infection. (A):Human dermal fibroblast 7 (Huh7) cells were infected
with cell-derivedHCVof JFH-1 for 4 hours before themediumchange. uMSC-Exo (50mg/ml)were added at different timepoints and allowed for
indicated time window of treatment according to the above panel. At 48 hours after infection, immunofluorescence was performed to check
virus infection. VX-950 (2 mM) and dasatinib (2 mM) were introduced as positive control for HCV replication and entry. p, p, .05; pp, p, .01
compared with mock-treated group (620 colonies per well for mock-treated group 1). (B): Antiviral activity of uMSC-Exo (50 mg/ml) on viral
infection by detection of HCV core expression. VX-950 (2 mM) and dasatinib (2 mM) were introduced as positive controls for HCV infection.
(C): Huh7 cell were incubated with HCVpp of H77 for 6 hours in the presence of indicated concentrations of uMSC-Exo. At 72 hours after in-
oculation, entry rate was assayed by flow cytometry. Dasatinib (2 mM) was introduced as a positive control. pp, p, .01 compared with mock-
treated group (466 positive cells perwell formock-treated group). (D):uMSC-Exo (50mg/ml)were incubatedwithHCVBB7 replicon orHCVRNA
electroporated Huh7 cells. At 48 hours after infection, HCVRNA level was detected by real-time quantitative polymerase chain reaction. VX-950
(2mM)was introduced as a positive control. pp, p, .01 comparedwithmock-treated group. (E): Intracellular and extracellular virion infectivity
was testedby reinfectionofnäıveHuh7 cells. At 48hours after infection, immunofluorescencewasperformed to test virus infectivity.pp,p, .01
compared with mock-treated group (293 and 388 colonies per well for intracellular and extracellular mock-treated group). Data are shown as
mean6SD.Abbreviations:GAPDH, glyceraldehyde3-phosphatedehydrogenase;HCVpp,hepatitis C viruspseudoparticles; uMSC-Exo, umbilical
mesenchymal stem cell-derived exosomes.
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were also derived from MSCs under normal culture condi-
tions. The cell viability assay confirmed that uMSC-Exo had
low cytotoxic effect on the host cells, even at the dose of
1,000 mg/ml (supplemental online Fig. 2C), which indicates

that normal culture-derived uMSC-Exo are significantly less
toxic in vitro.

IFN-a is a broad-spectrum antiviral and indispensable constit-
uentof thecurrent standardHCV treatment.VX-950, alsoknownas

Figure 4. The specific miRNAs from uMSC-Exo contributed to the antiviral activity on HCV infection. (A): Purified uMSC-Exo were sub-
jected to PuMSC-Exo for indicated time durations (15 minutes or 60 minutes), and the digestion efficacy was determined by silver staining.
Human dermal fibroblast 7 were infected with HCVcc of JFH-1 in the presence of uMSC-Exo or PuMSC-Exo (60 minutes) or the solvent
control (mock). At 48 hours after infection, HCV RNA level was detected by real-time quantitative polymerase chain reaction (RT-qPCR).
(B): High-throughput small RNA sequencing of uMSC-Exo. The red rectangle frames the top 15 abundant miRNAs in uMSC-Exo. (C): Huh7
cells were treated with uMSC-Exo (50 mg/ml) for 24 hours before the expression of the 15 miRNAs was detected by RT-qPCR. pp, p, .01
compared with mock-treated group. (D): Expression of precursors of the nine upregulatedmiRNAs was assayed in Huh7 cells by RT-qPCR
after 24-hour treatment of uMSC-Exo (50mg/ml). (E):Huh7 cells were transfectedwith chemically synthesizedmimics of the ninemiRNAs
and infectedwithHCVcc of JFH-1. At 48 hours after virus inoculation, HCV infectionwas evaluated by both HCVRNA level by RT-qPCR (33 105

copies/1 mg RNA for mock-treated group with no exosomes) and viral core protein expression by Western blotting. p, p, .05; pp, p, .01
comparedwithNC. Data are shownasmean6 SD. Abbreviations: Exo, exosomes;GAPDH, glyceraldehyde 3-phosphate dehydrogenase; HCV,
hepatitis C virus; HCVcc, cell-derived hepatitis C virus; miR and miRNA, microRNA; NC, negative control; ns, not significant compared with
mock control; PuMSC, proteinase K-treated umbilical mesenchymal stem cell-derived exosomes; uMSC-Exo, umbilical mesenchymal stem cell-
derived exosomes.
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telaprevir, is an HCV NS3-4A protease inhibitor, which is clinically
used in treating patients with HCV genotype 1. We therefore ex-
plored the possibility of combining uMSC-Exo with either of the
two U.S. Food and Drug Administration (FDA)-approved drugs.
Huh7 cells were infected with HCVcc in the presence of uMSC-Exo
combined with IFN-a or VX-950. As shown in Figure 6F, uMSC-Exo
blocked HCV infection more potently when added together with
IFNorVX-950, and the synergy effect was almost abolished when
the four miRNAs were inhibited in the exosomes (Fig. 6E).

DISCUSSION

In this study,wedemonstrated that uMSC-Exomight be apotent
antiviral agent against HCV. The antiviral activity was mediated

by the miRNAs wrapped in uMSC-Exo. These exosomal miRNAs
suppressed viral infection mainly by targeting viral replication
stage and showed a synergistic effect when combined with clin-
ically approved anti-HCV drugs such as IFN or telaprevir. uMSC-
Exo, which potently inhibited HCV infection, were collected and
purified from the normal human stem cells, and possess the
unique advantage to be normal culture-secreted substances
with low cytotoxicity.

Antiviral agents against HCV have improved the treatment
efficacy of HCV infection to an unprecedented level in recent
years. However, many crucial issues still need to be solved such
as antiviral effect in refractory patients, safety problems and
concomitant side effects of the antiviral therapy, all of which
also cause low patient adherence. Novel anti-HCV agents, such

Table 1. Target site prediction summary of top 15 abundant microRNAs in umbilical mesenchymal stem cell-derived exosomes

Name Target site numbera Representative binding motif Target site position Reported effect Reference

miR-21 0 NA NA

miR-125b 1 miRNA: 39 aguGUUCAAUCCCAGAGUCCCu 59 NS5A

| :||| ||| |||:|||

HCV: 59 ctcCCGGTTCGGG-CTCGGGGt 39

miR-23a 1 miRNA: 39 ccUUUAGGGACCGUUACAcua 59 NS5A

| |||:||||||||||

HCV: 59 caACATCTCTGGCAATGTccg 39

miR-100 0 NA NA

let-7f 2 miRNA: 39 uugaUAUGUUAGAUGAUGGAgu 59 NS4B Direct repressionb [24, 34]

|| |||||||||:|||

HCV: 59 tgtcAT-CAATCTACTGCCTgg 39

let-7a 3 miRNA: 39 uugaUAUGUUGGAUGAUGGAgu 59 NS4B Direct repressiona [24, 34]

|| |||:|||||:|||

HCV: 59 tgtcAT-CAATCTACTGCCTgg 39

miR-145 1 miRNA: 39 ucCCUAAGGACCCUUUUGACCUg 59 59UTR

| ||| | |||||:|||||:

HCV: 59 cgGAATTGCCGGGAAGACTGGGt 39

miR-1260b 1 miRNA: 39 uacCACCGUCACCACCCUa 59 NS4B

||||| |||||||:

HCV: 59 tcaGTGGC-CTGGTGGGGg 39

miR-1260a 0 NA NA

miR-199a 2 miRNA: 39 auUGGUU-ACACGUCUGAUGACa 59 DEXDc Direct repression [35, 36]

||:|| ||||| |:|||| |

HCV: 59 agACTAACTGTGCTGGCTACGGc 39

miR-16 0 NA NA

miR-195 1 miRNA: 39 cgGUUAUAAAG–-ACACGACGAu 59 NS5A

|:||| | |||||||||

HCV: 59 gaCGATACCACCGTGTGCTGCTc 39

miR-191 0 NA NA

miR-221 1 miRNA: 39 cuUUGGGUCGUCUGUUACAUCGa 59 HELICc Indirect repression [37]

:|:| | | | |||||||||

HCV: 59 gtGATCGA-CTG-CAATGTAGCg 39

miR-222 0 NA NA

Solid line indicates complementation between bases. Dotted line indicates weak bond between G and U bases.
aTarget prediction was done by miRanda algorithm, and only sites with total score $ 80 were counted.
bLet-7b was reported to repress HCV replication through direct binding. Because let-7f and let-7a have fewer than three mismatches with let-7b
sequence, we have taken this reference into account.
Abbreviations: miR, microRNA; HCV, hepatitis C virus; NA, not available.
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as small molecule compounds, cell-derived peptides, miRNAs,
and long noncoding RNAs, have optimized the current antiviral
research on HCV [38, 47–49]. However, it has never been re-
ported that cellular secreted vesicles are of antiviral potency.
Cell-based therapy that uses normal cells for therapeutic

reasons has been widely studied in recent years, becoming a
promising alternative for regenerative medicine. Traditionally,
stem cell-based therapy uses massive amounts of cells to
achieve replacement or regeneration, either by direct differen-
tiation into specific tissues or indirect secretion of proteins,

Figure 5. Umbilicalmesenchymal stem cell (uMSC) exosomalmiRNAmixture of let-7f,miR-145,miR-199a, andmiR-221 conceived an anti-HCV
property. (A): Human dermal fibroblast 7 (Huh7) cells were incubated with exosomes derived from several cell types (uMSC-Exo, human em-
bryonic kidney 293-Exo and HF-Exo) (50 mg/ml) for 24 hours. Expression level of the four miRNAs was tested by real-time quantitative poly-
merase chain reaction (RT-qPCR). pp, p, .01 comparedwithmock treated group. (B): Expression level of the fourmiRNAswas detected in both
uninfected and infected Huh7 cells by RT-qPCR. p, p, .05; pp, p, .01 compared with mock control. Huh7 cells were transfected with synthe-
sized inhibitors of the fourmiRNAs (Inh-let-7f, Inh-miR-145, Inh-miR-199a, Inh-miR-221) or amixture of them (Inh-mix), and infectedwithHCVcc
of JFH-1 in the absence (C) or presence (D, E) of uMSC-Exo (50mg/ml). At 48 hours after infection, HCV RNA level was detected by RT-qPCR and
viral core expression by Western blotting. p, p, .05; pp, p, .01 compared with negative control (23 105 copies/1 mg RNA for mock-treated
group). (F): Ago2-mediated RNA pulldown assay. The amount of HCV RNA in the pulldown products in each groupwas analyzed using qPCR and
compared with the input. IgG groups were used as negative control. Efficiency of the pulldown experiments was shown by Western blotting.
pp, p, .01 compared with negative control. Data are shown asmean6 SD. Abbreviations: Exo, exosomes; GAPDH, glyceraldehyde 3-phosphate
dehydrogenase; HCV, hepatitis C virus; HCVcc, cell-derived hepatitis C virus; HEK, human embryonic kidney; HF, human dermal fibroblast;miR and
miRNA, microRNA; NC, negative control; uMSC-Exo, umbilical mesenchymal stem cell-derived exosomes.

Qian, Xu, Fang et al. 1199

www.StemCellsTM.com ©AlphaMed Press 2016



Figure 6. Eliminationof the fourmiRNAs fromuMSC-Exo abolished their original anti-HCV activity and synergistic effect to combinewith IFNor
VX-950. (A, B):Umbilicalmesenchymal stemcells (uMSCs)were transfectedwithamixtureof the inhibitors (Inh-mix) targeting the fourmiRNAs.
Expression levels of thesemiRNAsweredetected inbothMSCs (A)and secretedexosomes (B)byquantitative polymerase chain reaction (qPCR).
p,p, .05;pp,p, .01comparedwithNC(Inh-NC). (C):Humandermal fibroblast7 (Huh7)cellswere treatedwithuMSC-ExoInh-NCoruMSC-ExoInh-mix

for 24hours before expressionof the fourmiRNAswasdetectedby real-timeqPCR.pp,p, .01 comparedwithmock control. (D): Huh7cellswere
infected with cell-derived HCV (HCVcc) in the presence of uMSC-ExoInh-mix or uMSC-ExoInh-NC. At 48 hours after virus inoculation, infection was
determined by detecting HCV RNA level or viral protein expression. pp, p, .01 compared with mock control (1.53 105 copies/1 mg RNA for mock
treated group). The scale bar represents 200 mm. (E): Huh7 cells were infected with HCVcc of JFH-1 under the treatment of uMSC-Exo, 293-Exo, or
uMSC-ExoInh-mix (20mg/ml). At 12 hours after infection, IFN-a (50U/ml) or VX-950 (0.5mM)was added to culturemedium togetherwith the exosomes.
HCV infectivity was detected 48 hours later by immunofluorescence. pp, p, .01 compared with mock control (505 colonies per well for mock-treated
group). Data are shown as mean6 SD. Abbreviations: HCV, hepatitis C virus; IFN, interferon; miR and miRNA, microRNA; NC, negative control; ns, not
significant; uMSC-Exo, umbilicalmesenchymal stem cell-derived exosomes; uMSC-ExoInh-mix, inhibitormixture transfected umbilicalmesenchymal stem
cell-derived exosome; uMSC-ExoInh-NC, scrambled inhibitor transfected umbilical mesenchymal stem cell-derived exosome.
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cytokines, or RNAs [17]. MSCs are reported to produce various
cytokines, chemokines, and growth factors, some of which
contribute to MSCs’ immunomodulatory effects, including
downregulation of IFN-g and antibody production [5]. It is
also reported that MSC-derived IFN-g could compensate for
immune-suppressive functions of MSCs as well as facilitate
cytotoxic T lymphocytes responses during viral infection [50].
However, Exofree from MSCs as well as the digestion assay of
uMSC-Exo with proteinase K largely diminished the possibility
of soluble factors in the supernatant of uMSC or protein compo-
nents in uMSC-Exo to be the major elements with anti-HCV
potency. Until now, MSC treatments have caused slight or no
adverse reactions in clinical trials [51, 52].

Recent findings on the regulatory effect of MSC-based ther-
apy suggest that the paracrine signaling of these cells exerts far
more profound effects on the recipient thanMSCs in modulating
immune response [11]. Exosomes have become recognized as an
important mode of paracrine cell signal [17]. Exosomes are se-
creted from various types of cells, with the cell membrane repre-
senting the outside shell. Therefore, the lipid bilayer originated
from the cell was able to protect exosomes from degrading the
biological substances during their transport and to fuse or be
smoothly absorbed into the recipient cells [53]. These advan-
tages have made exosomes optimal transmitters of biological
molecules from donor to recipient cells. Exosomes derived from
MSCs have already been applied in research on various diseases
[22, 54, 55]. Although it was reported that exosomes were in-
volved in HCV transmission [25], here we discuss stem cell-
derived exosomes (uMSC-Exo) carrying a pack of miRNAs with
anti-HCV potency. Incubation of uMSC-Exo during an early phase
of the life cycle of HCV infection did not cause the anti-HCV effect,
whereas theadditionof exosomes in a latepostentry stageof viral
infection, evenwith a longperiodof incubation, led to significant sup-
pression of HCV infection. It demonstrated that uMSC-Exo affected
the postentry step of viral infection in a fairly stable and ro-
bustmanner, probably because of the protectant property of exo-
somes tomaintain the stability of the inside miRNAs. Moreover,
the liver is an organ abundant in blood flow. Hence, the exo-
somes in circulation can easily be assimilated into the hepato-
cytes, providing an ideal transport tool to delivery specific
elements to the liver with high efficiency and low cytotoxicity
in the body. We evaluated the delivery ability of exosomes to
mouse liver with indicated concentrations of uMSC-Exo and
found that intravenous injections of uMSC-Exo ranging from
50 mg to 500 mg were sufficient to enter the livers of ICR mice
in a dose-dependent manner without obvious cytotoxicity (data
not shown).

In our study, we explored additional function of MSC-Exo in
viral infection via miRNA transferring to the target cells. The an-
tiviral activity of uMSC-Exo was also tested on dengue virus and
enterovirus 71 (EV71). However, we did not observe potent anti-
viral effect on these viruses (data not shown), ruling out the pos-
sibility of uMSC-Exo being broad-spectrum antivirals. The roles of
miRNAs in the establishment and maintenance of HCV infection
have been well illustrated [56]. These small RNAs can target spe-
cific cellular factors or directly bind to viral genomes to block pro-
ductive HCV replication. miRNA dysregulation represents a novel
approach to treat diseases by overexpression or replacement of
themiRNAs.Among themixtureof the fourmiRNAswith anti-HCV
potency, the let-7 family was able to suppress HCV infection by
targeting insulin-like growth factor 2 mRNA-binding protein 1,

an essential host factor required for HCV replication [44]. miR-
199a is closely related to HCV replication [45, 46], whereas
miR-145 was downregulated in HCV-associated hepatocellular
carcinoma [57].miR-221was reportedbyour laboratory toaccen-
tuate the anti-HCV effect of IFN by targeting the inhibitory fac-
tors of IFN pathway [47]. Together, the combination of the four
miRNAs showed a potent inhibitory effect on HCV replication.
A recent study revealed the role of miR-27a in suppressing HCV
[58]. However, because the amount and fold changes of miR-
27a were not among the top in sequencing data, it may not be
critical for the antiviral ability of uMSC-Exo.

The uMSC-Exo study has been an intriguing area of research
in recent years. It has been found that the specific exosomal
miRNAs from uMSCs contribute to the enhancement of the
original effect of the miRNAs inside the cells [59]. In addition,
their specific miRNA expression profile shows that the sup-
pressing nucleic acids against HCV are included in the uMSC se-
creted exosomes, which enables them to be desirable and
inexhaustible recycling sources for cell-based therapy to pro-
duce robust anti-HCV agents. In addition, the synergistic effect
of the exosomeswith the FDA-approved anti-HCV drugs confers
an additional potential power in the HCV therapy, which could
be valuable in future clinical application. The culture environ-
ment isalsocritical forcell type-specificexosomes isolation, forserum
exosomes could contaminate the purity of isolated products. How-
ever, the use of exosomes-free media or chemical-defined media
could solve this problem [60, 61], which enhances the clinical poten-
tial of exosomes

CONCLUSION

We have shown that exosomes secreted from uMSC have potent
antiviral activity againstHCV, especially by targeting viral replication.
The high-throughput miRNA sequencing of uMSC-Exo and subse-
quent functional assay suggest that the antiviral process is mainly
mediated by a series of miRNAs (let-7f, miR-145, miR-199a, and
miR-221) transported specifically through exosomes. This work pro-
vides new insights and prospects to uMSC-Exo-based therapy to
combat viral infection by delivering normal culture-produced sub-
stances. Therefore, thepresent study illustrates apromisingmethod
for the development of anti-HCV therapy.
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