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Abstract

Circulating exosome-containing small RNAs have been dem-
onstrated in vitro to be taken up by recipient cells and to
alter gene expression through RNA interference. Here, we
show that exosomes purified from various cancer cell lines
as well as gel-purified exosomal and cellular miRNAs can in-
duce pro-inflammatory cytokine expression in human pe-
ripheral blood mononuclear cells. Thus, circulating miRNAs
may trigger innate immunity via pathogen recognition re-
ceptors, a new miRNA-activated pathway that merits some

consideration. Copyright © 2013 S. Karger AG, Basel

Introduction

Immune cells such as monocytes, macrophages, and
dendritic cells sense microbe-derived nucleic acids
through a subset of Toll-like receptors (TLRs) expressed
in endosomal compartments [1]. These receptors include
TLR-3, which recognizes double-stranded RNA, TLR-7
and TLR-8, which recognize single-stranded RNA, and
TLR-9, which recognizes the unmethylated CpG motifs
[2]. While short synthetic RNA such as small interfering
RNAs (siRNAs) were originally thought to escape innate

immune surveillance [3], we and others have demonstrat-
ed that they can be potent activators of endosomal TLR-7
and TLR-8 [4-7]. In humans, TLR-7 and TLR-8 sense
both double- and single-stranded siRNAs in a sequence-
dependent manner, which leads to production of pro-in-
flammatory cytokines such as TNF-a and type 1 interfer-
ons [5, 8]. Usually endosomal TLRs do not respond to
self-RNAs. This discrimination is mainly achieved by the
endosomal localization of TLR-7 and TLR-8 [2]. More-
over, self-RNAs contain several naturally occurring
2" modifications such as 2’ O-methyl and pseudouridine
modifications, which have been shown to abrogate TLR-
7 and TLR-8 signaling [9, 10]. Similarly, 2" O-methyl,
2'-deoxy, and 2'-fluoro substitutions to the ribose back-
bone of synthetic RNAs suppressed immune stimulation,
thus underlying the role of RNA modifications in im-
mune escape [11, 12].

miRNAs are small noncoding RNA molecules that can
regulate gene expression posttranscriptionally via RNA
interference (RNAi). Though estimated to represent only
2% of the genome, miRNAs have been proposed to regu-
late as many as 60% of human genes [13]. Indeed, their
sequence-specific requirements for mRNA recognition al-
low them to target multiple different transcripts and to
function as pleiotropic regulators of gene expression [14,
15]. Recent studies have shown that, in addition to being
expressed endogenously, miRNAs can be secreted from
cells. These extracellular miRNAs are associated with lipid
carriers known as exosomes, which are membrane-de-
rived vesicles that originate from endosomal multivesicu-
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lar bodies [15, 16]. The capacity of exosomes to transport
miRNAs between cells and subsequently to modulate gene
expression in the recipient cells further highlights their
role as regulators of gene expression via the RNAi pathway
[17, 18]. However, upon release from cells, exosomes may
activate pathogen recognition receptors on target cells
and/or endosomal TLRs subsequent to internalization by
endocytosis. Having noted that DOTAP-formulated syn-
thetic miRNA-21 can induce the expression of innate im-
mune genes [19, Cekaite and Sioud, unpubl. data], in the
present study we investigated the immune stimulatory po-
tency of exosome-derived miRNAs and cellular miRNAs
from normal and cancer cells on TLR activation in human
peripheral blood mononuclear cells (PBMCs). We show
that miRNA-derived from cancer cells can stimulate in-
nate immunity, while those obtained from blood leuko-
cytes such as monocytes are immunologically inert.

Materials and Methods

Cells

PBMC:s were obtained from buffy coats of healthy individuals
and isolated by density gradient centrifugation (Lymphoprep; Ny-
comed Pharm, Oslo, Norway). Blood monocytes were prepared
using plastic adherence as previously described [5]. Cancer cell
lines were obtained from the American Type Culture Collection.
Cells were maintained in RPMI-1640 medium supplemented with
10% heat-inactivated fetal calf serum and penicillin-streptomycin.

Exosomes and miRNA Isolation

Freshly isolated human monocytes and cancer cell lines were
cultured in RPMI medium for 48 h. Subsequently, exosomes were
isolated from the culture media using an ExoQuick-TC isolation
kit (System Biosciences, Mountain View, Calif., USA) according to
the manufacturer’s instructions. Exosome pellets were gently
washed and then resuspended in sterile PBS buffer. RNA was pre-
pared from precipitated exosomes using Trizol extraction reagent
(Gibco BRL). Cellular miRNAs from cancer cell lines and mono-
cytes were prepared using a mirVana miRNA isolation kit (Am-
bion, Carlsbad, Calif., USA). Exosomal RNAs and cellular en-
riched miRNAs were analyzed using 15% polyacrylamide gels and
the bands corresponding to miRNAs (18-40 nucleotides in length)
were cut out, crushed into a fine slurry, and then incubated in
RNase-free water at 37°C for 5 h with agitation as described else-
where [20]. Subsequent to centrifugation at 12,000 g for 10 min,
supernatants were collected and concentrated to 50 pl using a cen-
tricon-3 device and RNA concentrations were determined by a
NanoDrop ND-1000 spectrophotometer.

Transfection and Exosome Treatment

PBMCs were seeded on 96-well plates at 2 x 10° cells/200 pl and
transfected with exosome-derived miRNAs, cellular miRNAs, or
synthetic miRNAs using N-[1-(2, 3-dioleoyloxy)propyl]-N,N,N,
N-trimetylammonium methylsulfate (DOTAP; Roche Applied
Biosciences) as described previously [5]. Purified exosomes from
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culture supernatants derived from 10° cells were added directly to
PBMCs without DOTAP. After incubation for 18 h, the produc-
tion of TNF-a and IFN-a in culture supernatants was analyzed
with BD OptEIA ELISA sets according to the manufacturer’s in-
structions (BD Biosciences).

Synthetic RNA Sequences

The following synthetic miRNA sequences were obtained from
Eurofins MWG (Ebersberg, Germany). The expression of these
miRNAs was altered during monocyte differentiation into den-
dritic cells [19].

miR21: 5'-UAGCUUAUCAGACUGAUGUUGA-3'

miR24: 5'-GUGCCUACUGAGCUGAUAUCAGU-3'

miR155: 5-UUAAUGCUAAUCGUGAUAGGGGUU-3'

miR223: 5-UCAGUUUGUCAAAUACCCCA-3'

miR320: 5'-CGCCUUCUCUUCCCGGUUCUUCC-3'

Western Blots

Around 106 cells were cultured at 37°C for 48 h and then exo-
somes were prepared from culture supernatants. Exosome pellets
were solubilized in sample buffer (50 mMm Tris-HCI, pH 6.8, 2%
SDS, 10% glycerol, 1% B-mercaptoethanol, 12.5 mM EDTA, 0.02%
bromophenol blue) and then separated on 10% SDS-PAGE. After
electrophoresis, proteins were transferred onto nitrocellulose
membranes and then incubated with mouse anti-human CD63
(TS63) monoclonal antibody. After washing, immunodetection
was performed using HRP-conjugated anti-mouse IgG antibodies
combined with the ECL detection system (GE Healthcare, Buck-
inghamshire, UK).

Statistical Analysis
Statistical analyses were conducted with Student’s t test. p <
0.05 was considered statistically significant.

Results and Discussion

Exosomes Prepared from Breast Cancer Cell Lines Are

Immunostimulatory

Recent studies support the involvement of circulating
miRNAs in gene regulation in recipient cells through
RNAIi. To address the question whether they directly ac-
tivate innate immune receptors, we first isolated exo-
somes from cell culture supernatants and then confirmed
their identity by analyzing the presence of CD63, a com-
monly used marker of exosomes [17]. Strong signals for
CD63 were present in all exosome preparations (fig. 1a as
a representative example). Notably, the antibody recog-
nizes the lysosomal integral membrane protein antigen, a
30- to 60-kDa (smear) protein [17].

To determine whether exosomes activate innate im-
munity, we stimulated PBMCs with exosomes prepared
from human monocytes and breast cancer cell lines. Exo-
somes derived from 10° cells were added directly to
PBMC:s. As a positive control, we have included RNA-27,
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Fig. 1. Immunostimulatory potency of exosomes released from
blood monocytes and breast cancer cell lines. a Western blot iden-
tification of the CD63 marker in exosome preparations. Purified
exosomes from breast cancer cells lines (MCF7, SKBR3) and blood
monocyte culture supernatants were solubilized in loading buffer
and then analyzed by 10% SDS-PAGE. The membrane was probed
with a monoclonal antibody against the CD63 marker. b SKBR3
and MCF7 exosomes induced TNF-a production in PBMCs. Hu-
man PBMCs were incubated with exosomes prepared from blood

which is known to activate endosomal TLR-7 and TLR-8
when formulated with DOTAP [5]. Exosomes prepared
from monocytes did not induce any detectable level of
TNEF-a, whereas their counterparts prepared from breast
SKBR3 and MCF?7 cancer cells did (fig. 1b as a represen-
tative example). Likewise, exosomes prepared from ovar-
ian SKOV-3 and colon SW480 cancer cell lines activated
TNF-a production, while those prepared from PBMCs
and monocyte-derived dendritic cells did not (data not
shown). Collectively, the data suggest that exosome-de-
pendent variation in RNA contents or lipid composition
may play a role in triggering TLR signaling in PBMCs. As
expected, RNA27 formulated with DOTAP exhibited
strong immunostimulatory activity (p < 0.001). TNF-a
induction with SKBR3 and MCF7 exosome preparations
is more likely mediated by endosomal TLRs. Indeed, ad-
dition of chloroquine, an inhibitor of endosomal acidifi-
cation, abolished immune stimulation (fig. 1b). Previous
studies have shown that TLR-7 and TLR-8 activation by
their ligands such as siRNAs occurs by acidification of the
endosomal compartment following endocytosis of the li-
gands [2, 5]. This is thought to lead to receptor homodi-
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monocytes (Exo-MO), SKBR3 (Exo-SKBR3), and MCF7 (Exo-
MCEF?7) culture supernatants as described in Materials and Meth-
ods. RNA27 formulated with DOTAP was used as a positive con-
trol [5]. Chloroquine (chlor, 2 M) was added to the cells in order
to inhibit endosome acidification. After overnight incubation,
TNF-a was measured in culture supernatants by ELISA. Data are
presented as means + SD from triplicate determinations and are
representative of at least 3 independent experiments. * p < 0.05,
**% p < 0.001, in comparison to PBS-treated cells.

merization, presumably through the ionization of histi-
dine side chains [21]. The activation of TLRs with circu-
lating exosomes is consistent with a recent study showing
that miRNA21 and miRNA29a secreted by lung cancer
cellsin exosomes canactivate innate immunity via TLR7/8
[22]. In addition, a study by Lehmann et al. [23] showed
the activation of TLR7 in macrophages and microglia by
extracellular miRNA let-7 leads to cytokine expression
and neurodegenation [23]. It should be noted that we and
others have shown that any immunostimulatory RNA se-
quence, regardless of its origin and structure (e.g. siRNA,
miRNA, viral RNA, mRNA), can activate TLR7/8 once it
is delivered to the endosomes [5-8].

Exosome-Derived miRNAs and Cellular miRNAs

Activated Endosomal TLRs

The potential activation of TLRs by exosome-derived
miRNAs from cancer cell lines raises the question of
whether cellular miRNA formulated with lipids would
activate innate immunity. Therefore, we have examined
the ability of gel-purified miRNAs to activate endosomal
TLRs in PBMCs. In these experiments, cellular miRNAs
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fig. 2. Induction of TNF-a and IFN-a by gel-purified miRNAs.
Human PBMCs were transfected with purified exosomal miRNAs
(Exo-miR), cellular miRNAs (C-miR) (a, b), or synthetic miRNAs
(miR21, miR24, miR155, miR223, miR320) formulated with
DOTAP (c, d). RNA27 was used as a positive control. All mole-
cules were tested at 150 nM. After overnight incubation, TNF-a

from fleshly isolated blood monocytes, SKBR3 and MCF7
cancer cells were enriched using an miRNA isolation
kit and then polyacrylamide gel-purified. We also gel-pu-
rified exosomal miRNAs. Both DOTAP-delivered exo-
somal miRNAs and cellular miRNAs from SKBR3 and
MCF7 cellsinduced TNF-a and IFN-a production (fig. 2a,
b as a representative example). Cytokine induction was
also dependent on endosomal TLRs, because activity was
abolished when PBMCs were co-treated with chloro-
quine (data not shown). Monocyte miRNAs did not stim-
ulate immune response when formulated with DOTAP,
suggesting that the immunostimulatory activity is cell-
specific and may depend on the nature of the miRNAs
present in the preparations [22]. Immunostimulation was
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and IFN-a were measured in culture supernatants by ELISA. Data
are presented as means + SD from triplicate determinations and
are representative of least 5 independent experiments. * p < 0.05,
**p <0.0L, ** p <0.001, in comparison to DOTAP-treated cells.
MO = Monocytes.

also obtained with miRNAs prepared from cancer SKOV -
3 and SW480 cells, but not with miRNAs prepared from
PBMCs and monocyte-derived DCs (data not shown).
The activation of innate immunity by exosomal and
cellular miRNA preparations prompted us to investigate
the immunostimulatory potency of synthetic miRNAs.
Using microarray we have noted that several innate im-
mune genes can be activated by synthetic miRNA-21 [19,
Cekaite and Sioud, unpubl. data]. As shown in figure 2¢
and d, all tested sequences induced cytokine production
in PBMCs when delivered to the endosomes via DOTAP.
This response is not surprising given the high number of
uridines in the tested miRNA sequences [11, 24]. The in-
duction of TNF-a expression by exosomal and cellular
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miRNAs from SKBR3, MCF7, SKOV-3, and SW480 can-
cer cell lines implies that cellular and exosomal miRNAs
do not contain naturally occurring modifications to avoid
immune activation [9]. Certain nucleosides in native
RNA become modified posttranscriptionally as part of
their maturation process [10]. With respect to RNA mod-
ifications, we and others have shown that 2'-O-methyl
nucleoside-modified synthetic RNAs can function as
TLR-7 and TLR-8 antagonists [12, 25]. As such, these new
agents could present therapeutic strategies for neutraliz-
ing TLR aberrant activation in inflammatory diseases and
cancers. Comparable to siRNAs, chemically synthesized
miRNAs formulated with cationic lipid DOTAP also trig-
gered cytokine production. Avoiding the activation of in-
nate immunity by synthetic miRNAs is important in the
development of miRNA-based therapies.

The malignant potential of tumor cells is not only giv-
en by their genetic and epigenetic changes but it can
also be promoted by chronic inflammation [26]. Tumor-
infiltrating innate immune cells are composed of diverse
cellular populations including macrophages, granulocyt-
ic and monocytic myeloid-derived suppressor cells, and
myeloid-derived dendritic cells [27]. Inflammatory me-
diators released from TLR-expressing immune cells are
key promoters of cancer-related inflammation. Indeed,
several mouse and human studies have shown that high
tumor-associated macrophages are mostly associated
with poor patient prognosis and resistance to therapies
[28,29]. Based on these observations, the potential induc-

References

tion of inflammatory cytokines in innate immune cells by
cancer-secreted miRNAs could play a major role in tu-
mor growth and metastasis. Further understanding of the
interactions between tumor cells and innate immune cells
through secreted miRNAs may help to identify new ther-
apeutic targets.

In summary, the observation that exosomes prepared
from various cancer cell lines, but not normal blood leu-
kocytes, can activate TLRs is interesting and adds more
complexity to the cellular pathways that can be regulated
by miRNAs. The induction of cytokines by exosome-de-
rived miRNAs and cellular miRNAs, when formulated
with DOTAP, would support the notion that endogenous
miRNAs from cancer cells are not naturally modified in
order to avoid TLR activation. Some gene silencing data
obtained with exogenously delivered miRNAs should be
re-evaluated with regard to the potential ability of miR-
NAs to activate innate immunity through TLR7/8. Defin-
ing which exosomal and cellular miRNAs may directly
modulate immune activation through pathogen recogni-
tion receptors will help us to further understand miRNA-
activated pathways.
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