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Exosomes (EXOs) are a type of extracellular nanovesicles
released from living cells. Accumulating evidence suggests
that EXOs are involved in the pathogenesis of human diseases,
including lung conditions. In recent years, the potential of
EXO-mediated drug delivery has gained increasing interest.
In this report, we investigated whether inhaled EXOs serve as
an efficient and practical delivery vehicle to activate or inhibit
alveolar macrophages (AMs), subsequently modulating pulmo-
nary immune responses.We first identified the recipient cells of
the inhaled EXOs, which were labeled with PKH26. We found
that only lung macrophages efficiently take up intratracheally
instilled EXOs in vivo. Using modified calcium chloride-medi-
ated transformation, we manipulated small RNA molecules in
serum-derived EXOs, including siRNAs, microRNA (miRNA)
mimics, and miRNA inhibitors. Via intratracheal instillation,
we successfully delivered siRNA and miRNA mimics or inhib-
itors into lung macrophages using the serum-derived EXOs as
vehicles. Furthermore, EXO siRNA or miRNA molecules are
functional in modulating LPS-induced lung inflammation
in vivo. Beneficially, serum-derived EXOs themselves do not
trigger lung immune responses, addingmore favorable features
to serve as drug delivery agents. Collectively, we developed
a novel protocol using serum-derived EXOs to deliver desig-
nated small RNA molecules into lung macrophages in vivo,
potentially shedding light on future gene therapy of human
lung diseases.
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INTRODUCTION
Extracellular vesicles (EVs) are critical mediators involved in intercel-
lular crosstalk and inter-organ communication.1–3 They are derived
from various cells and potentially transfer functional cellular content
between “mother” cells to recipient cells.1–3 Currently, three cate-
gories of EVs are classified based on their size, surface markers, and
mode of biogenesis, including apoptotic bodies (ABs), microvesicles
(MVs), and exosomes (EXOs).1–3 Emerging evidence suggests that
EXOs serve as vehicles for therapeutic drug delivery, such as small
RNA or DNA molecules.4–6 EXOs are endogenously generated by
host cells and may serve as “nature’s delivery system.”7,8 Presumably,
EXOs trigger fewer immune responses and/or toxicity compared with
exogenous nanoparticles.
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Small RNAs, including small interfering RNA (siRNA) and micro-
RNA (miRNA), are enormously promising for the development of
therapeutic agents for human diseases.9–12 siRNA is a chemically syn-
thesized, short, double-stranded RNA (dsRNA) molecule 20–25 bp
in length.9,10 In contrast, miRNAs are endogenously encoded small
non-coding RNAs that are crucial regulators of numerous biological
processes, such as proliferation, differentiation, development, and cell
death.11,12 To induce post-transcriptional gene silencing, both siRNA
and miRNA interact with and activate the RNA-induced silencing
complex (RISC).13 These small inhibitory RNA molecules guide the
active RISC toward the target mRNAs to silence the designated genes
via an endonuclease, Argonaute 2 (AGO2).14,15 Recently, therapeutic
approaches using siRNAs and/or miRNAs have been extensively
investigated, and many RNAi-based drugs have entered clinical
trials.16–18 Biopharmaceutical companies are investing a lot of effort
to bring small RNA therapeutic agents to the market.

The delivery of a therapeutic siRNA or miRNA to its target tissue or
cell is a challenging task that becomes more difficult when delivering
siRNA or miRNA into the lungs via inhalation or intratracheal (i.t.)
instillation. Inhaled delivery of therapeutic agents is the first-line
treatment of various lung diseases. The effectiveness of inhaled ther-
apeutics is closely related to the recipient cells, the amount of drug
uptake by the recipient cells, and the kinetics of drug distribu-
tion.19,20 The essential factors affecting the efficacy of an inhaled
drug also include respiratory tract geometry, breathing pattern,
aerosol properties (such as particle size, shape, density, etc.),
and mucociliary clearance.19,20 As a novel finding, we describe
the delivery of inhaled small RNA molecules into the lungs using
host-derived EXOs.

In our study, we employed serum-derived EXOs as oligonucleotide
delivery vehicles and elucidate fundamental questions regarding
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the character of EXOs, the recipient cells in lung tissues after i.t. instil-
lation, and the capacity to transport functional small RNAs. We
developed an efficient delivery system targeting lung macrophages
using serum-derived EXOs. We also demonstrated an effective
approach to treating inflammatory lung responses using therapeutic
siRNAs or miRNAs delivered in an EXO-mediated manner.
RESULTS
Characterization of EXOs Derived from Mouse Serum

Serum has the potential to provide an unlimited source of EXOs,
which are used as vehicles to deliver small RNAmolecules. Therefore,
we purified EXOs from mouse serum using total EXO isolation re-
agent as described in Materials and Methods. We first characterized
the serum EXOs according to theminimal experimental requirements
for extracellular vesicles as defined by the International Society for
Extracellular Vesicles.21 The pictures captured using transmission
electron microscopy (TEM) show particles with typical serum exoso-
mal morphology, as published before (Figure 1A).22 We also detected
traditional positive and negative exosomal markers as well as markers
for potential contaminants, such as albumin and lipoproteins (Fig-
ure 1B). Nanoparticle tracking analysis (NTA) measurement revealed
that the purified serum EXOs were approximately 130 nm in diam-
eter, which is the expected size of EXOs. The concentration of mouse
serum EXOs was about 2.08� 1012 particles/mL (Figure 1C). The size
distribution was also confirmed using dynamic light scattering (DLS)
(Figure 1D). We next determined the cellular origin of serum EXOs
using cell-specific markers as described previously.23,24 As shown in
Figure 1E, we found that serum EXOs were heterogeneous and
derived frommultiple different types of cells. Using western blot anal-
ysis, we detected a variety of cell markers on the isolated serum EXOs,
including markers of epithelial cells (E-cadherin), endothelial cell
(CD31), leukocytes (CD45), erythrocytes (CD235a), and platelets
(CD41 and CD61).
Effects of Serum EXOs on Primary AMs

The goal of this study was to develop a practical and efficient method
to deliver small RNA molecules into alveolar macrophages (AMs)
in vivo. Prior to using serum EXOs as a siRNA/miRNA delivery
vehicle, we examined whether the serum EXOs exert cytotoxic or
immunogenic effects on primary AMs. No significant cytotoxic re-
sponses were observed in primary AMs after exposure to serum
EXOs in a dose-dependent manner (Figure 1F). We next evaluated
whether serum EXOs trigger inflammatory lung responses in vivo.
Purified serum EXOs were given to wild-type (WT) mice via i.t.
instillation in a dose-dependent manner. Lipopolysaccharide (LPS)
administration was used as a positive control. Inflammatory re-
sponses were determined by analyzing broncho-alveolar lavage fluid
(BALF) cell counts and differentials as well as the level of secreted cy-
tokines. We observed that BALF cell counts and differentials were not
significantly altered in the EXO-treated mice compared with control
mice (Figures 2A and 2B). Furthermore, no significant difference was
observed in secreted cytokine levels between the EXO-treated group
and the control (Figures 2C–2E).
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AMs Efficiently Take Up Instilled Serum EXOs

Given that many different types of cells are present in the lung, we
first identified the recipient cells of serum EXOs in vivo. Fluorescent
PKH26-labeled EXOs were administrated i.t. to untreated WT mice.
Co-localization between PKH26 (red) and anti-CD68 (green, amarker
of monocyte lineage) were identified, indicating that serum EXOs
directly interact with macrophages in the lung (Figure 3A). Consis-
tently, after instillation of PKH26-labeled EXOs i.t., we found that
the majority of PKH26-positive cells obtained from BALF were also
CD45+F4/80+, which is reported to be an AM marker (Figure 3B).25

To further determine whether other phagocytes, such as neutrophils,
also take up instilled EXOs in the same manner as macrophages, we
delivered serum EXOs to both LPS-pretreated mice and PBS-treated
mice (control). LPS induces neutrophil recruitment and activation in
the lungs.26 Intriguingly, PKH26-labeled EXO uptake was only found
in CD68-positive cells (Figure 3C) but not in Ly-6G-positive ones
(Figure 3E), suggesting that serum EXOs were primarily taken up
by macrophages rather than neutrophils. Using fluorescence-acti-
vated cell sorting (FACS), we further analyzed the surface markers
of cells that were PKH26-positive and, presumably, had taken up
PKH26-labeled EXOs. Consistently, the PKH26-positive cells were
CD45+F4/80+ rather than Ly-6G-positive (Figures 3D and 3F).
Additionally, to avoid false positive results caused by lipophilic dye
labeling of vesicles, we repeated the in vivo experiments using
Exo-Red, which stains the single-stranded RNA in EXOs. Similar
results were observed in BALF cells and lung sections (Figure S1).

Next, we determined serum EXO uptake using cultured cells in vitro.
PKH67-labeled EXOs and controls were added to the cultured cells.
As early as 1 hr after incubation, the uptake of PKH67-labeled
EXOs by macrophages was visualized using a fluorescence micro-
scope. In contrast, positive green PKH67 fluorescence was not de-
tected in a variety of non-macrophage cells, including many different
types of epithelial cells, fibroblasts, and neutrophils (Figure 3G).

Delivery of siRNA Using Serum EXOs

Above, we established the uptake of serum EXOs by lungmacrophages
and determined whether serum EXOs are safe to be used as delivery
vehicles. We next evaluated the efficiency of siRNA delivery in vivo us-
ing an EXO-mediated manner. We also determined whether the EXO-
deliveredMyd88 siRNA exerts functional roles in vivo. Myd88 is a well-
known signaling adaptor involved in innate immunity.27Myd88 siRNA
was loaded into serum EXOs using modified calcium-mediated
transfection, as described in our previous report.28 We first quantified
the copy number of Myd88 siRNA in each EXO after transfection. As
shown in Figure 4A, more than 200 copies of control siRNA or
Myd88 siRNA per EXO were identified in transfected EXOs. To inves-
tigate whether the EXO-deliveredMyd88 siRNAhas functional activity
in vivo, we performed the following experiments. C57BL/6J WT mice
were given LPS i.t. Three hours later, control siRNA (siCon)/EXOs or
siMyd88/EXOs were administrated i.t. into LPS-pretreated mice. We
found that the expression of Myd88 in BALF macrophages was signif-
icantly decreased in themice receiving siMyd88/EXOs. The expression



Figure 1. Characterization of Serum-Derived EXOs

(A) TEM images of serum EXOs isolated from C57BL/6J wild-type mice. Scale bars, 200 nm. (B) Exosomal positive markers (Flot-1, CD63, and TSG-101) and negative

markers (Albumin, ApoB, ApoE, and Sp1) were detected in 100 mg protein from white blood cells (WBCs), total serum, and serum EXOs using western blot. (C) The size and

concentration profiles of serum EXOs were measured using NanoSight. (D) The size distribution of serum EXOs was measured using DLS. (E) Purified serum EXOs were

subjected to western blot analysis to detect different protein markers. (F) Different amounts of serum EXOs were added to primary alveolar macrophages (1� 106 cells) and

incubated for 12 hr. Cytotoxicity was measured according to the manufacturer’s instructions. Results represent mean ± SD of 3 independent experiments.
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Figure 2. Instillation of Serum EXOs Has No Pro-

inflammatory Effect

(A) C57BL/6J mice were given different amounts of

serum EXOs (in 50 mL PBS) or LPS (1 mg in 50 mL PBS),

as indicated, via intratracheal instillation. Mice were

sacrificed 1 day after treatment, and BALF cells were

collected. Shown is H&E staining of BALF cells from each

group (n = 4 for each group). Scale bars, 50 mm. (B) Total

numbers of leukocytes were counted in the BALF. (C–E)

The mRNA expression of TNF-a (C), Il-1b (D), and Il-6 (E)

was detected in mouse lungs using real-time RT-PCR.

**p < 0.01. Results represent mean ± SD of 3 indepen-

dent experiments.
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of Myd88 was not altered in the BALF neutrophils (Figure 4B). We
further observed a markedly decreased inflammatory cell count in the
BALF obtained from siMyd88/EXO-treated mice after exposure to
LPS. Using H&E staining, we observed much less cellular infiltration
in lung tissue obtained from siMyd88/EXO-treated mice compared
with siCon/EXO-treated mice in response to LPS (Figure 4C). Total
cell counts of macrophages and neutrophils in siMyd88/EXO-treated
mice were reduced significantly compared with the control group
(Figure 4D). Moreover, the lung wet to dry weight ratio was robustly
reduced in siMyd88/EXO-treatedmice (Figure 4E). Using mouse cyto-
kine array analysis,we showed that pro-inflammatory cytokines (tumor
necrosis factor alpha [TNF-a], interleukin-2 [IL-2], IL-3, IL-6, and
granulocyte-macrophage colony-stimulating factor [GM-CSF]) and
chemokines (CCL-2, MCP-5, and CCL-5) were significantly decreased
in BALF obtained from siMyd88/EXO-treated mice (Figure 4F). The
array data indicated that siMyd88/EXO has anti-inflammatory effects
on both recruitment and activation of leukocytes. Consistently,
mRNA expression of TNF-a, IL-1b, and IL-6 in the lung tissue was
highly inhibited (Figure 4G). In addition, we observed that siMyd88/
EXO instillation has inhibitory effects on the secretion of cytokines
(TNF-a, IL-1b, and IL-6) and chemokines (CXCL1 and MIP-2)
(Figures 4H–4L). These results suggest that the serum EXO-mediated
delivery of Myd88 siRNA is successful and functional in recipient
lung macrophages and attenuates LPS-induced lung inflammation. It
has been reported that EXO membrane integrity is important in the
delivery of small RNA.29,30 Consistent results were observed when
siRNA was delivered using lysed EXO (Figure S2).

Delivery of a miRNA Mimic or Inhibitor via Serum EXOs

In addition to siRNA, we next evaluated the delivery of a miRNA
mimic via EXOs in vivo. We used miR-15a as an example in this
study. MiR-15a confers an anti-inflammatory role via the TLR4
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signaling pathway.31 Here we evaluated whether
EXO-delivered miR-15 attenuates LPS-induced
lung inflammation in vivo. C57BL/6J WT mice
were pretreated with LPS i.t. After 3 hr, LPS-
pretreated mice were treated with an EXO-con-
taining miR-15a mimic (mimic/EXO) or mimic
control (miCon/EXO). We confirmed that
mimic/EXO administration increased the level
of miR-15a in AMs obtained from BALF (Figure 5A). Administration
of mimic/EXO resulted in a decreased total amount of macrophages
and neutrophils in BALF compared with miCon/EXOs (Figures 5B
and 5C). Furthermore, the expression of IL-1b and IL-6 was reduced
in themimic/EXO-treated group (Figure 5D). Using ELISA, we found
that mimic/EXO treatment decreases the secretion of cytokines
(IL-1b and IL-6) and chemokines (CXCL1 and MIP-2) (Figures
5E–5I). These results indicated that miR-15a-enriched EXOs were
successfully delivered and exerted functions in vivo.

Additionally, we tested a miRNA inhibitor as a cargo of EXO-
mediated delivery. miR-155 enhances pro-inflammatory responses
in macrophages.32,33 In our study, the delivery of miR-155 inhibi-
tor-enriched EXOs (inhibitor/EXOs) decreased the level of miR-155
in sortedmacrophages obtained from BALF compared with the group
treated with inhibitor control-enriched EXOs (inCon/EXO). No
significant effect on the level of miR-155 was found in neutrophils
(Figure 6A), suggesting that macrophages were the primary target
cells of EXO-mediated delivery. Inhibitor/EXO treatment decreased
the macrophage and neutrophil counts in BALF and cell infiltration
in lung tissue (Figures 6B and 6C). The mRNA expression of
TNF-a, IL-1b, and IL-6 was significantly decreased in inhibitor/
EXO-treated mice (Figure 6D). TNF-a, IL-1b, IL-6, CXCL1, and
MIP-2 in BALF were significantly reduced after miR-155 inhibitor/
EXO administration (Figures 6E–6I). These results were consistent
with the reported functions of miR-155, suggesting that EXO-medi-
ated delivery of miR-155 inhibitors in vivo was successful.

DISCUSSION
Development of an EXO-based drug delivery system has recently at-
tracted increasing attention. EXOs belong to the family of EVs and fall
into a similar size range as nanoparticles, with a diameter of around
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100 nm.1–3 Currently, the general consensus is that “EXOs” means
vesicles derived from multivesicular endosomes, and “MVs” means
vesicles derived from the plasma membrane. In this report, the vesi-
cles we used included both MVs and EXOs. However, based on size,
we suspect that the majority of the vesicles probably fell into the cate-
gory of EXOs. To simplify these terminologies, we used EXO here
instead of EXO+MV. EXOs are secreted by the host cells and can
be detected in a variety of body fluids, including BALF.1–3 In the
past couple of years, emerging interest has focused on the possibility
of using EXOs as a novel delivery agent. Comparing with nanopar-
ticles, liposomes, and viruses, EXO-mediated drug delivery has the
following advantages. EXOs are produced endogenously; thus, they
are potentially less toxic and less immunogenic compared with exog-
enous delivery vehicles.34,35 EXOs have been shown to be a mode of
transport across the blood-brain barrier (BBB).34,36 Additionally, the
potential to deliver therapeutic agents via EXOs in a cell type-specific
manner is very attractive for gene therapy. Despite EXOs holding
great promise as a breakthrough for gene therapy and drug delivery,
there are numerous questions to be answered before knowledge-based
delivery strategies can be developed. In this report, we addressed
several of these unanswered questions. The novel findings in our
report included delineating the target cells and the efficiency of
EXO-mediated small RNA delivery via the i.t. route in vivo. We iden-
tified that macrophages are the main recipient cells when EXO RNA
is delivered via inhalation (i.h.) or i.t. instillation. We also determined
the copy numbers of the exogenous small RNAmolecules loaded into
each EXO. Furthermore, we confirmed that EXO-mediated delivery
of small RNA molecules, including both miRNA oligos (inhibitors
or mimics) and siRNAs, is functional in vivo. Moreover, we tested
the probability of using serum-derived EXOs as a vehicle to deliver
small RNA molecules to the lungs. The method of using serum-
derived EXOs potentially provides sufficient host EXOs to be used
in drug delivery in vivo. We confirmed that serum-derived EXOs
are not cytotoxic or inflammogenic when delivered into the lungs.

Currently, the majority of reports associated with EXO-mediated
drug delivery focus on cancer treatment. The anti-tumor agents are
often incorporated into EXOs and delivered intravenously (i.v.). In
contrast to the i.v. route, the pulmonary route provides many advan-
tages and is a noninvasive method to deliver therapeutic agents for
both local and systemic diseases and disorders. Currently, the delivery
of EXO-based therapeutics via i.h. or i.t. remains unexplored. The dis-
tribution and target cells of i.t. administrated EXOs are unclear.
Therefore, our study potentially provides initial insight into the ki-
Figure 3. Alveolar Macrophages Efficiently Take Up Instilled Serum EXOs

(A and B) Purified serum EXOs (100 mg in 50 mL PBS) labeled with PKH26 were adminis

sacrificed. Immunofluorescent staining of macrophages was performed in lung sections

were stained with DAPI. Cells with red fluorescence indicate the uptake of PKH26 labeled

mice as described above. FACS analysis of PKH26 positive cells was performed using

PBS) intratracheally 3 hr before administration of PKH26-labeled EXOs (100 mg in 50 m

Immunofluorescent staining was performed in lung sections and BALF cells using an ant

cells were subject to FACS analysis, and representative data were obtained using an an

PKH67 and added to the culture medium of cells as indicated. Pictures were taken us
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netics and recipient cells of EXO-mediated delivery to the lungs via
i.h. or i.t.

EXOs are nanometer-sized membrane vesicles derived from living
host cells.1–3 Prior to the recognition of EXOs, a wide range of nano-
particles or nanoparticulate materials was developed for drug deliv-
ery, such as solid lipid nanoparticles, polymeric nanoparticles, and
liposomes.37,38 The application of a colloidal system for successful
nebulization and i.t. instillation is challenging because of the diffi-
culties of maintaining their critical physicochemical parameters.39,40

The deposition of nanoparticles in the lungs depends on multiple
physical and chemical factors, including, but not limited to, particle
size, velocity, morphology, geometry, surface properties, and the
three mechanisms of drug deposition in the respiratory system.39,40

Impaction, sedimentation, and diffusion are well-established mecha-
nisms of small-particle deposition in the respiratory system.40 Parti-
cles with a size larger than 5 mm are commonly deposited in the
oropharynx and upper respiratory tract via impaction. Particles
with a size between 1 to 5 mm are often deposited in the bronchioles
and small airways via sedimentation. Particles smaller than 100 to
500 nm are often deposited via diffusion in the alveoli, where Brow-
nian motion plays an essential role. Nanoparticles and liposomes
delivered via the i.t. route usually form aggregates, resulting in a
size larger than 1 mm and sediment in the bronchioles. In our
studies, we found that i.t. instillation of EXOs led to the deposition
of EXOs in alveolar regions (Figure 3) rather than in the bronchioles,
where other nanoparticles, such as liposomes, tend to stay (Fig-
ure S3). The observed dispersion of EXOs into larger airways, bron-
chioles, and alveoli is probably caused by Brownian motion, which is
consistent with previous reports.41 Currently, liposomes are the
prevalent vehicle for drug delivery. Because of their lipid bilayer
shell, they can be loaded with nucleic acids and other small mole-
cules. EXOs are also composed of a lipid bilayer with an aqueous
inner layer and fall into similar size ranges as liposomes.1–3,39,40

Besides having the advantages of liposomes, EXOs, having generated
from host cells, have adapted to avoid detection by the immune sys-
tem and are less likely to aggregate. Prevention of aggregation has
been one of the challenges when liposomes are prepared for drug de-
livery.42,43 Furthermore, the surface proteins of EXOs may facilitate
uptake by specific cell types, adding a feature for cell type-specific de-
livery that current nano-sized delivery systems do not allow. Another
advantage of EXO-mediated delivery is its high efficiency of intra-
cellular drug delivery. EXOs have been shown to deliver molecules
through the hard-to-cross BBB. This feature is probably due to
trated to wild-type mice intratracheally (n = 4 for each group). After 24 hr, mice were

and BALF cells using an antibody against CD68 (a macrophage marker). The nuclei

EXOs. Scale bars, 100 mm (A). BALF cells were isolated from EXO-treated wild-type

an antibody against CD45 and F4/80 (B). (C–F) Mice were given LPS (1 mg in 50 mL

L PBS) (n = 4 for each group). Mice were sacrificed 24 hr after EXO administration.

ibody against CD68 (C) or Ly-6G (a neutrophil marker) (E). Scale bars, 100 um. BALF

tibody against CD45 and F4/80 (D) or Ly-6G (F). (G) Serum EXOs were labeled with

ing fluorescence microscopy after 2 hr of EXO incubation.



Figure 4. Delivery of siMyd88 via Serum EXOs

(A) 100 pmol control siRNA (siCon) or Myd88 siRNA (siMyd88) was introduced into 100 mg serum EXOs using modified calcium-mediated transfection. The copy number of

siCon or siMyd88 in each EXO was calculated using NanoSight and absolute real-time PCR. Results represent mean ± SD of 3 independent experiments. (B–L) Wild-type

mice were pretreated with 1 mg LPS intratracheally. After 3 hr, mice were given siCon- or siMyd88-loaded serum EXOs (n = 4–6 for each group). 24 hr later, the mRNA level of

Myd88 in sorted macrophages (F4/80+CD11c+) and neutrophils (Ly-6G+CD11b+) was detected using real-time RT-PCR (B). H&E staining was performed using mouse lung

section and BALF cells. Scale bars, 50 mm (C). Differential cell counts were performed (D). Lung wet to dry weight ratios were calculated (E). A mouse cytokine array was used

to detect cytokines released fromBALF (F). Relative mRNA levels of TNF-a, IL-1b, and IL-6 in lung tissues weremeasured using real-time PCR (G). The secretion of TNF-a (H),

IL-1b (I), IL-6 (J), CXCL1 (K), and MIP-2 (L) was detected using ELISA. Results represent means ± SD. *p < 0.05, **p < 0.01.
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EXOs carrying the same membrane components as the host, which is
not a characteristic of synthetic liposomes.1–3,39,40

Despite the potential of delivering EXOs in a cell type-specific
manner, we observed that AMs, along with newly recruited macro-
phages from the circulation, were the primary recipient cells of i.t.
delivered EXOs (Figure 3). Curiously, only macrophages, but not
other phagocytes, including neutrophils, take up the inhaled EXOs
(Figure 3). The serum-derived EXOs we used in this study are hetero-
geneous and derived from red cells, polynuclear cells, platelets, and
other immune cells. No specific cell markers were dominant in the
mixture of serum-derived EXOs. Macrophage-mediated phagocytosis
is the most important and may be responsible for the clearance of
EXOs deposited in the alveolar space in this study. However, in the
Molecular Therapy Vol. 26 No 9 September 2018 2125
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Figure 5. Delivery of miRNA Mimic via Serum EXOs

(A–I) Mice were pretreated with 1 mg LPS intratracheally. After 3 hr, 100 mg serum EXOs transfected with 100 pmol mimic control (miCon/EXOs) or miR-15a mimic (mimic/

EXOs) were given to each mouse (n = 4–6 for each group). 24 hr later, the level of miR-15a was detected in sorted macrophages and neutrophils from BALF cells (A). H&E

staining was performed using BALF cells (B). Scale bars, 50 mm. The number of macrophages or neutrophils in BALF was counted (C). Relative mRNA levels of TNF-a, IL-1b,

and IL-6 in the lung were measured (D). The secretion of TNF-a (E), IL-1b (F), IL-6 (G), CXCL1 (H), and MIP-2 (I) was detected using ELISA. Results represent means ± SD.

*p < 0.05, **p < 0.01.
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presence of LPS stimulation, the uptake of EXOs bymacrophages, but
not by LPS-activated neutrophils, suggests that surface protein-medi-
ated endocytosis plays a pivotal role in this process. In fact, previous
reports have revealed that liposomes delivered in vivo are taken up
mainly by macrophages, similarly to what we observed with EXO de-
livery. Lectin receptors, scavenger receptors, Fc receptors, and adhe-
sion molecules that reside on the surface of macrophages potentially
facilitate the endocytosis of EXOs and liposomes.44,45 Apparently,
some of these essential surface molecules are missing in phagocytes
other than macrophages. This hypothetical explanation will require
further exploration.

Our study is an initial investigation of EXO-mediated drug delivery in
the lungs via the i.t. route. There are many details that remain to
be addressed. First, our study only focused on the delivery of small
RNAmolecules, including miRNAs and siRNAs. Whether EXO-con-
taining lipid, protein, or other chemical molecules can be delivered
and be functional in the lungs in vivo remains unclear. One of the
2126 Molecular Therapy Vol. 26 No 9 September 2018
challenges is to load and quantify the desired molecules into EXOs
successfully and efficiently. Second, with the emergence of novel tech-
nology in the near future, we anticipate that single EXO sorting using
FACS will be available and that we will be better able to characterize
the distinct components of the serum-derived EXOmixture. Third, to
achieve inhaled EXO-mediated drug delivery in other lung cells, such
as epithelial cells, we will have to develop a method to avoid uptake of
EXOs by macrophages residing in the alveoli.

In summary, we developed a novel protocol to use serum-derived
EXOs as a vehicle to deliver small RNA molecules into the lung mac-
rophages in vivo, i.t. We quantified the loaded exogenous RNA mol-
ecules in each EXO. We also confirmed with our current method that
the EXO-containing small RNAmolecules exerted functional roles in
the lungs in vivo. The serum-derived EXOs are non-toxic and do not
trigger an immune response; thus, they are safe to be used in mice
in vivo. This report potentially sheds light on future gene therapy of
human lung diseases via inhalational delivery using EXOs.



Figure 6. Delivery of miRNA Inhibitor via Serum EXOs

(A–I) Mice were pretreated with 1 mg LPS intratracheally. After 3 hr, 100 mg serum EXOs transfected with 100 pmol inhibitor control (inCon/EXOs) or miR-155 inhibitor

(inhibitor/EXOs) were given to eachmouse (n = 4–6 for each group). 24 hr later, the level of miR-155 was detected in sorted macrophages and neutrophils from BALF cells (A).

H&E staining was performed using BALF cells (B). Scale bars, 50 mm. The number of macrophages or neutrophils in BALF was counted (C). Relative mRNA levels of TNF-a,

IL-1b, and IL-6 in the lung were measured (D). The secretion of TNF-a (E), IL-1b (F), IL-6 (G), CXCL1 (H), and MIP-2 (I) was detected using ELISA. Results represent

means ± SD. *p < 0.05, **p < 0.01.
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MATERIALS AND METHODS
Animals, Cell Culture, and Isolation of AMs and

Polymorphonuclear Leukocytes

WT C57BL/6 mice of both genders (8 weeks of age) were obtained
from The Jackson Laboratory (Maine, USA). To induce inflammation
in the lung, mice were given 1 mg LPS (Sigma, St. Louis, MO) i.t. 3 hr
before EXO administration. All the protocols involving animals in
this study were approved by the institutional animal care and use
committee (IACUC) of Boston University.

Cell lines Beas2B, A549, MRC-5, J774A.1, MH-S, and THP-1 were
obtained from the ATCC (Manassas, VA) and cultured according
to the standard protocol provided by the ATCC. E-10 and MLE-15
cells were a gift from Dr. Mizgerd at Boston University and main-
tained as described previously.46,47 Isolation of mouse polymorpho-
nuclear leukocytes (PMNs) from blood was performed as described
previously47 using Percoll density gradient centrifugation (Sigma,
St. Louis, MO). The method used for isolation of murine AMs
was described previously.28 Briefly, after tracheostomy, 2 mL
(1 mL � 2) of PBS was used to lavage total mouse lungs, and BALF
was obtained. BALF cells were collected after centrifugation at
400 � g for 10 min. All cells were cultured at 37�C in a humidified
atmosphere of 5% CO2 and 95% air.

RNA Preparation, Reverse Transcription, and Real-Time qPCR

MiRNeasy Mini Kits (QIAGEN, Valencia, CA) were used for purifi-
cation of total RNA from tissues and cells. Single-stranded cDNAwas
generated according to the manuals of the High-Capacity cDNA
Reverse Transcription Kit (Thermo Fisher Scientific, Waltham,
MA). For miR-15a and miR-155 detection, real-time PCR was per-
formed using a TaqMan PCR kit (Thermo Fisher Scientific,Waltham,
MA) and the Applied Biosystems StepOnePlus real-time PCR system.
Mouse Hprt (Thermo Fisher Scientific, Waltham, MA) was used as a
normalization control.

Copy Number Analysis

The copy numbers of siRNA molecules were calculated using real-
time PCR based on the absolute quantification method, as described
previously.48,49 To make a standard curve, 1 ng of synthetic control
siRNA or Myd88 siRNA was used for the reaction of poly(A)-tailed
reverse transcription, as described previously.50,51 Standard curves
were made with these cDNA samples via serial dilutions and then
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used to determine the copy number in each sample. siRNA-specific
primers and the universal reverse primer used in the real-time PCR
were as follows:

Control siRNA primer: 50-GAACACAGAATACGUCTGAATT
AAC-30

Myd88 siRNA primer: 50-UGUAGAUAAUCGUCAGAAACAA
CCA-30

Universal reverse primer: 50-CGAATTCTAGAGCTCGAGGC
AGG-30.

Serum EXO Isolation and Labeling

Serum EXOs were isolated according to the manufacturer’s protocol
(Thermo Fisher Scientific, Waltham, MA). PKH26 and PKH67 Fluo-
rescent Cell Linker Kits for General Cell Membrane Labeling (Sigma,
St. Louis, MO) were purchased and used according to the manufac-
turer’s protocol. The EXO-GLOW Exosome Labeling Kit (System
Biosciences, Palo Alto, CA) was also used for serum EXO labeling,
following the manufacturer’s protocol.

TEM, DLS, and NTA

For TEM, an EXO preparation kit for TEM imaging was obtained
from 101Bio (Palo Alto, CA). The TEM images were taken using
a Philips CM120 electron microscope. DLS (Brookhaven 90plus
Nano-particle Sizer) was performed to determine the average EXO
size. NTA was performed to determine the size and concentration
of serum EXOs. NTA data were obtained using NanoSight NS500
at the Nanomedicines Characterization Core Facility (University of
North Carolina at Chapel Hill, Chapel Hill, NC).

Preparation of Small RNA-Loaded EXOs and Delivery of Serum

EXOs In Vivo and In Vitro

Both the control siRNA (50-GAACACAGAAUACGUCUGAA
UUAAC-30) and Myd88 siRNA (50-UGUAGAUAAUCGUCAGAA
ACAACCA-30) used in the study were ordered from Integrated
DNA Technologies (Coralville, IA). All siRNAs were synthesized
with a 30-UU overhang on each strand. The mimic control (catalog
no. HMC0002), miR-15a mimic (catalog no. HMI0256), inhibitor
control (catalog no. NCSTUD001), and miR-155 inhibitor (catalog
no. HSTUD0254) were purchased from Sigma-Aldrich (St. Louis,
MO). Modified calcium-mediated transfection was used to introduce
small RNAs, including siMyd88, the miR-15a mimic, and the miR-
155 inhibitor, and their respective controls into serum EXOs.28 To
deliver small RNAs into serum EXOs, 100 pmol small RNA was
loaded into 100 mg serum EXOs quantified by protein content (about
6.0 � 1010 particles). The final volume was adjusted to 200 mL
using sterile PBS. To wash the serum EXOs, ExoQuick (System
Biosciences, Palo Alto, CA) was used according to the user manual
provided.

For in vivo experiments, different numbers of EXOs in 50 mL PBS
were i.t. instilled into the mouse lung. One day after instillation,
mice were sacrificed, and inflammation in the lung was evaluated.
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For in vitro experiments, serum EXOs were added to a cell culture
dish containing 1.0 � 106 cells with 10% EXO-depleted fetal bovine
serum (FBS) (System Biosciences, Palo Alto, CA). The time and
dose are indicated in each figure.

Cytotoxicity and Cell Sorting Using Flow Cytometry

Cytotoxicity was detected 12 hr after EXO treatment using a cytotox-
icity detection kit (Sigma, St. Louis, MO). Macrophages (CD11c+

F4/80+) and neutrophils (CD11b+ Ly6G+) were sorted from BALF
cells at the Boston University Medical Campus (BUMC) Flow
Cytometry Core Facility using antibodies purchased from BioLegend
(San Diego, CA).

Immunofluorescence and H&E Staining

For cytospin preparations, the cell suspension was cytocentrifuged
at 300 � g for 5 min using a Shandon Cytospin 4 (Thermo Fisher
Scientific, Waltham, MA). Total inflammatory cell counts in
the BALF were determined using a hemocytometer as described
previously.52 BALF cells and lung sections were air-dried and stained
with PROTOCOL Hema 3 fixative and solutions (Thermo Fisher
Scientific, Waltham, MA).

To identify cell types in the lung that take up EXOs labeled with
PKH26, immunofluorescence staining was performed as described
previously.28 BALF cells or lung sections were briefly incubated over-
night at 4�C with an antibody against mouse CD68 (Santa Cruz
Biotechnology, Dallas, TX) as a marker of macrophages or the
Ly-6G antibody (BD Biosciences, San Jose, CA) as a marker of gran-
ulocytes. After washing, Alexa 488-conjugated secondary antibodies
(Thermo Fisher Scientific, Waltham, MA) were applied. Nuclei
were counterstained with DAPI. Images of the stained BALF cells
and lung sections were visualized and captured using a fluorescence
microscope (Axioplan-2, Zeiss, Oberkochen, Germany), a high-speed
5-megapixel microscope camera (AxioCam, Zeiss, Oberkochen,
Germany), and a software package (AxioVision, Zeiss, Oberkochen,
Germany) with an N-Achroplan 20�/0.45 (Zeiss, Oberkochen, Ger-
many) objective lens.

Western Blot Analysis, ELISA, and Mouse Cytokine Array

Western blot analysis was performed as described previously.50 In
brief, cells were homogenized in radioimmunoprecipitation analysis
(RIPA) lysis buffer supplemented with protease inhibitor cocktail
and phosphatase inhibitor cocktail (Sigma, St. Louis, MO). Protein
lysates were resolved on SDS-PAGE gels before being transferred
to a polyvinylidene difluoride (PVDF) membrane (EMD Millipore,
Darmstadt, Germany). CD41 and CD235a antibodies were purchased
from Santa Cruz Biotechnology (Dallas, TX). CD31 and CD45 anti-
bodies were ordered from BDBiosciences (San Jose, CA). Anti-E-cad-
herin and anti-CD61 were ordered from Cell Signaling Technology
(Danvers, MA).

To quantify the cytokine and chemokine amounts in BALF, TNF-a,
IL-1b, IL-6, CXCL1, and MIP-2, ELISA kits (R&D Systems) were
used according to the manufacturer’s protocol.
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The Mouse Cytokine Array C1 Kit (RayBiotech, Norcross, GA)
was obtained to determine the levels of cytokines in BALF collected
from mice according to the standard protocol.

Statistical Analysis

All data were presented as means ± SD. All the data from three inde-
pendent experiments were averaged before normalization. For real-
time qPCR, the same amount of cDNA was used, and all data were
analyzed at the same time. Comparisons between 2 groups were per-
formed using a two-tailed unpaired Student’s t test. Multiple groups
were compared using a one-way ANOVA with the Tukey method.
p < 0.05 was considered statistically significant.
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