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Asthma is the most common chronic disease and is character-
ized by airway remodeling and chronic inflammation. Increas-
ingly, studies have found that the activation andM1 phenotypic
transformation of macrophages play important roles in asthma
progress, including airway remodeling. However, the reversal
of M1 macrophages to the M2 phenotype has been shown to
attenuate airway remodeling. Exosomes are nano-sized extra-
cellular vesicles derived from endosomes; they play direct roles
in governing physiological and pathological conditions by the
intracellular transfer of bioactive cargo, such as proteins, en-
zymes, nucleic acids (microRNA [miRNA], mRNA, DNA),
and metabolites. However, transfer mechanisms are unclear.
To uncover potential therapeutic mechanisms, we constructed
an ovalbumin-induced asthma mouse model and lipopolysac-
charide-induced RAW264.7 macrophages cells. High-
throughput sequencing showed that mmu_circ_0001359
was downregulated in asthmatic mice when compared with
normal mice. Adipose-derived stem cell (ADSC)-exosome
treatment suppressed inflammatory cytokine expression by
the conversion of M1macrophages to theM2 phenotype, under
lipopolysaccharide-induced conditions. Exosomes from
mmu_circ_0001359 overexpression in ADSCs increased thera-
peutic effects, in terms of cytokine expression, when compared
with wild-type exosomes. Luciferase reporter assays confirmed
that exosomes from mmu_circ_0001359-modified ADSCs
attenuated airway remodeling by enhancing FoxO1 signaling-
mediated M2-like macrophage activation, via sponging
miR-183-5p. In conclusion, mmu_circ_0001359-enriched exo-
somes attenuated airway remodeling by promoting M2-like
macrophages.
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INTRODUCTION
In recent years, the prevalence of allergic diseases has significantly
increased.1 Asthma is a heterogeneous disease characterized by respi-
ratory symptoms, including shortness of breath, wheezing, and chest
tightness, resulting from variable airflow. Chronic airway inflamma-
tion is common in asthma, and its clinical characterization is central
to the development of effective and efficient, personalized asthma care
Molecular Th
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programs. As a result, airway inflammation is proposed as a core
“treatable trait” in chronic respiratory disease; however, prolonged
inflammation and associated organ damage can be lethal to asthma
patients.2,3

Macrophages are the most abundant immune cells in the lung
(approximately 70% of all immune cells), and they play important
roles in environmental allergen-induced airway inflammation in
asthma.4,5 There are two macrophage function extremes: the classi-
cally activated (M1) and the alternatively activated (M2) phenotypes.
M1 macrophages are characterized by proinflammatory phenotypes
and functions (M1 biomarkers include inducible nitric oxide synthase
[iNOS], tumor necrosis factor alpha [TNF-a], and interferon-g
[IFN-g]), whereas M2 macrophages (M2 biomarkers include Ym1,
interleukin-10 [IL-10], IL-4, CD206, Fizz1, and Arg1) display anti-in-
flammatory functions.6,7 Increased M1 macrophage polarization and
activation have been observed in asthma and might play important
roles in allergic asthma,8,9 but they promoted the polarization of
M2 macrophages through upregulating the expression of IL-4,
contributing to its regulation by attenuated airway remodeling after
asthma.10

Studies indicate that exosomes, which are small vesicles secreted by
most cell types and body fluids, may have roles in both immune stim-
ulation and tolerance because they are involved in several processes,
such as immune signaling, inflammation, and angiogenesis.11

Adipose-derived stem cells (ADSCs), also known as adipose-derived
erapy: Nucleic Acids Vol. 19 March 2020 ª 2020 The Authors. 951
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Figure 1. Downregulation of mmu_circ_0001359 Plays a Role in OVA-Induced Asthma

(A) Scatterplots were used to evaluate the differential expression of circRNAs in asthma lung and normal lung tissues. (B) Heatmap of all differentially expressed circRNAs

between normal and asthma lung tissues. (C) Relative expression of 10 circRNAs from asthma lung tissue and normal lung tissues as assessed by quantitative real-time PCR.

(D) The genomic locus of mmu_circ_0001359. The arrow indicates back-splicing.

Molecular Therapy: Nucleic Acids
stromal cells, possess a multipotency, differentiating them into
different cell types, such as adipocytes, chondrocytes, and osteoblasts.
As well as their potential application in tissue repair and regeneration,
ADSCs have a great capacity for immune regulation, as evidenced by
their ability to impact on inflammatory or autoimmune diseases,
including obesity, diabetes, and acute myocardial ischemic injury.12,13

Previously, a study observed that exosomes from microRNA
(miRNA)-126-modified ADSCs promoted a functional recovery after
stroke in rats by improving neurogenesis and suppressing microglia
activation.14 Exosomes secreted from ADSCs have been shown to
attenuate diabetic nephropathy by promoting autophagy flux and in-
hibiting apoptosis in podocytes.15 However, the underlying mecha-
nisms governing the cross talk between ADSCs and macrophages
remain to be unveiled.

In this study, we usedADSC-derived exosomes to study the therapeutic
effects of exosomes on asthma in an ovalbumin (OVA)-inducedmouse
model. Our data and results showed that mmu_circ_0001359-enriched
exosomes had better therapeutic effects by reprogramming the micro-
environment through enhancing FoxO1 signaling-mediated M2-like
macrophage activation, with sponging miR-183-5p.

RESULTS
The Downregulation of mmu_circ_0001359 Plays a Role in OVA-

Induced Asthma in Mice

Increasing evidence has found that circular RNAs (circRNAs) are a
class of non-coding RNAs that serve as novel biomarkers for the diag-
nosis and treatment of diseases. To investigate circRNA expression
profiles and possible mechanisms in asthma, we constructed an
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OVA-induced asthma mouse model. High-throughput sequencing
of mouse lung tissue found that 854 circRNAs were upregulated
and 1,098 circRNAs were downregulated (Figures 1A and 1B). Quan-
titative real-time PCR was used to assess downregulation, and it was
observed that mmu_circ_0001359 was significantly decreased in
OVA-induced asthma mice when compared with normal mice.
This observation suggested that mmu_circ_0001359 played an
important role in OVA-induced asthma (Figure 1C). Nonetheless,
the function of mmu_circ_0001359 in asthma remains unclear. Our
data revealed that mmu_circ_0001359 was derived and cyclized by
part of the exon from the Lphn3 gene; mmu_circ_0001359 was
located at chr5:82075434-82123652 (Figure 1D).

Characterization of ADSC Exosomes

To assess whethermmu_circ_0001359 increased the therapeutic effects
of ADSC exosomes, we isolated ADSCs from the adipose tissue of
C57BL/6 mice. Our results showed that isolated ADSCs had a typical
cobblestone-like morphology (Figure 2A). Immunofluorescence stain-
ingwas positive for the expression of cell surfacemesenchymalmarkers,
CD29, CD90, CD44, and CD105, but negative for the endothelial
markers, CD34 and von Willebrand Factor (vWF) (Figures 2B–2H).
The results from oil red O and alkaline phosphatase (ALP) staining
confirmed adipocyte and osteoblast differentiation (Figures 2I and 2J).

ADSC exosomes had cup- or sphere-shaped morphologies under
transmission electron micrographs (Figure 2K), similar to previously
described exosomes.16 The expression of the exosome markers CD63
and CD81 in ADSC exosomes was confirmed using western blotting
(Figure 2L). The data showed that both ADSC exosomes and cellular



Figure 2. Characterization of Exosomes Released

by Adipose-Derived Mesenchymal Stem Cells

(A) ADSCs show a typical cobblestone-like morphology.

Scale bar: 30 mm. (B–H) Immunofluorescence staining of

cell surface markers. Antibodies were labeled with either

fluorescein isothiocyanate (green) or phycoerythrin (red).

(B–E) CD29 (B), CD90 (D), CD44 (C), and CD105 (E) are

positive. (F and G) CD34 (F) and vWF (G) expression are

negative. (H) FITC- and PE-labeled mouse IgG isotype

controls are shown (original magnification �200). Scale

bar: 30 mm. (I and J) Differentiation potential of ADSCs

using oil red O (I) and alkaline phosphatase staining (J). (K)

Transmission electron micrographs showing ADSC exo-

some morphology. (L) Western blots of CD63 and CD81

expression in ADSCs and exosomes.
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components expressed CD63 and CD81, and that the nanoparticles
were indeed exosomes.

The Effects of Exosomes on Proinflammatory Cytokine

Generation and Phenotypic Transformation in RAW264.7 Cells

We also used enzyme-linked immunosorbent assay (ELISA) to assess
the expression of the proinflammatory cytokines IL-1b, IL-6, TNF-a,
andmonocyte chemo-attractant protein-1 (MCP-1) inRAW264.7 cells.
Molecular Th
The expression of these markers was increased in
lipopolysaccharide (LPS)-induced asthma mice
when compared with normal mice. ADSC exo-
some treatment decreased LPS-induced inflam-
matory cytokines, and mmu_circ_0001359-en-
riched exosomes had greater therapeutic effects
than exosomes from wild-type (WT) ADSCs in
decreased inflammatory cytokines expression
(Figures 3A–3D).

Quantitative real-time PCR revealed that LPS
induced the expression of M1 macrophage
markers iNOS, TNF-a, and IFN-g, but had no
effects on the expression of the M2 macrophage
markers Arg1, Ym1, and IL-10. ADSC exosome
treatment, especially mmu_circ_0001359-en-
riched exosome treatment, significantly
decreased the expression of M1 macrophage
markers iNOS, TNF-a, and IFN-g, but they ap-
peared to promote the expression of the M2
macrophage markers Arg1, Ym1, and IL-10
(Figures 3E–3J). These observations suggested
that mmu_circ_0001359 enhanced the transi-
tional effects of M1 macrophages into M2 phe-
notypes, under LPS-inducing conditions.

FoxO1 andmiR-183-5p Are theDownstream

Targets of mmu_circ_0001359

To uncover regulatorymechanisms, we used bio-
informatics to predict downstream signals. This
approachdetermined that bothFoxO1andmiR-183-5pwere the down-
stream targets of mmu_circ_0001359. To further establishmiR-183-5p
as a target of mmu_circ_0001359, we used a luciferase reporter assay
system, which identified miR-183-5p as an mmu_circ_0001359 down-
stream binding target (Figure 4A). Notably, mmu_circ_0001359 in-
hibited luciferase activity inWT cell lines, but not inmutated cells (Fig-
ure 4B). To indicate whether FoxO1 was also a potential miR-183-5p
target, bioinformatics analyses confirmed direct interactions between
erapy: Nucleic Acids Vol. 19 March 2020 953
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Figure 3. The Effects of Exosomes on Proinflammatory Cytokines and the Phenotypic Transformation in RAW264.7 Cells

(A–D) The expression of inflammatory factors IL-1b (A), IL-6 (B), TNF-a (C), and MCP-1 (D) in RAW264.7 cell media was detected by ELISA after treatment with LPS (50 ng/

mL), exosomes (100 mg/mL), or circRNA-exosomes (100 mg/mL). Results are expressed as the mean ± SD (n = 4). **p < 0.01, ***p < 0.001 versus the control group; ##p <

0.01, ###p < 0.001 versus the LPS group; $$$p < 0.001 versus the LPS+Exosome group. (E–J) qRT-PCR of M1 macrophage marker expression (E: iNOS; F: TNF-a; and G:

IFN-g) and M2macrophage marker expression (H: Arg1; I: Ym1; and J: IL-10). Data are presented as the mean ± SEM. *p < 0.05, **p < 0.01, ***p < 0.001 versus the control

group; #p < 0.05, ##p < 0.01, ###p < 0.001 versus the LPS group; $p < 0.05, $$p < 0.01, $$$p < 0.001 versus the LPS+Exosome group.
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miR-183-5p and the 30 UTRof FoxO1 and consequential suppression of
FoxO1mRNA(Figure 4C). In the luciferase reporter assay,miR-183-5p
inhibited the activity of luciferase in WT cell lines, but not in mutated
954 Molecular Therapy: Nucleic Acids Vol. 19 March 2020
cells (Figure 4D).Ourfindings suggested thatmmu_circ_0001359 over-
expression reversed macrophages to an M2 phenotype via targeting of
the miR-183-5p/FoxO1 axis.



Figure 4. FoxO1 and miR-183-5p Are Downstream Targets of mmu_circ_0001359

(A) Complementary sequences in miR-183-5p and mmu_circ_0001359 were obtained using publicly available algorithms. A mutated version of mmu_circ_0001359 is also

shown. (B) The mmu_circ_0001359 was fused to the luciferase coding region (pMIR-mmu_circ_0001359) and co-transfected into 293T cells with miR-183-5p mimics, to

confirm that mmu_circ_0001359 interacts with miR-183-5p. Both pMIR-mmu_circ_0001359 and miR-183-5p mimic constructs were co-transfected into 293T cells with a

control vector, and relative luciferase activity was determined 48 h after co-transfection. Data are mean ± SD. **p < 0.01. (C) Complementary sequences in miR-183-5p and

the 30 UTR of FoxO1mRNAwere obtained using publicly available algorithms. The mutated version of the FoxO1 30 UTR is also shown. (D) The 30 UTR of FoxO1 was fused to

the luciferase coding region (pMIR-FoxO1 30 UTR) and co-transfected into 293T cells with miR-183-5p mimics, to confirm that FoxO1 was the target of miR-183-5p. The

pMIR-FoxO1 30 UTR andmiR-183-5pmimic constructs were co-transfected into 293T cells with a control vector, and relative luciferase activity was determined 48 h after co-

transfection. Data are mean ± SD. **p < 0.01.
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Overexpression of miR-183-5p or Downregulation of FoxO1 in

RAW264.7 Cells Reverses Exosome-mmu_circ_0001359-

Induced Proinflammatory Cytokines and M2-like Macrophage

Activation under LPS-Inducing Conditions

To illuminate whether mmu_circ_0001359 overexpression reversed
macrophage to the M2 phenotype via targeting of the miR-183-5p/
FoxO1 axis, we constructed an miR-183-5p overexpression (Fig-
ure 5A) or FoxO1 silence (Figure 5B) RAW264.7 cells. An ELISA
showed that mmu_circ_0001359-enriched exosomes significantly
decreased inflammatory cytokine expression, but overexpression of
miR-183-5p or silencing of FoxO1 significantly reversed the protec-
tive effects of mmu_circ_0001359-enriched exosomes (Figures 5C–
5F). Quantitative real-time PCR showed that mmu_circ_0001359-en-
riched exosome treatment significantly decreased the expression of
the M1 macrophage markers iNOS, TNF-a, and IFN-g, but pro-
moted the expression of the M2 macrophage markers Arg1, Ym1,
and IL-10. These observations were reversed by the overexpression
of miR-183-5p or FoxO1 silencing (Figures 5G–5L). These data sug-
gested that mmu_circ_0001359 overexpression reversed macrophage
to the M2 phenotype via targeting of the miR-183-5p/FoxO1 axis un-
der LPS-inducing conditions.

Exosomes from mmu_circ_0001359-Modified ADSCs Attenuate

Airway Remodeling by Decreasing M1-like Macrophage

Activation-Induced Inflammatory Cytokines and Pulmonary

Fibrosis

The OVA-induced asthma in vivo mouse model showed that ADSC
exosome treatment significantly decreased OVA-induced pulmonary
fibrosis and apoptosis, but appeared to promote angiogenesis. Exo-
somes from mmu_circ_0001359-modified ADSCs increased thera-
peutic effectiveness (Figures 6A–6F). Our ELISA experiments showed
that exosomes, notably mmu_circ_0001359-enriched exosomes,
significantly decreased the expression of OVA-induced inflammatory
cytokines, IL-1b, IL-6, TNF-a, and MCP-1 (Figures 6G–6J). ADSC
exosomes, notably mmu_circ_0001359-enriched exosomes, signifi-
cantly decreased the expression of M1 macrophage markers iNOS,
TNF-a, and IFN-g, but promoted the expression of M2 macrophage
markers Arg1, Ym1, and IL-10 (Figures 6K–6P). Quantitative real-
Molecular Therapy: Nucleic Acids Vol. 19 March 2020 955

http://www.moleculartherapy.org


Figure 5. Overexpression of miR-183-5p or Downregulation of FoxO1 in RAW264.7 Cells Reverses Exosome-mmu_circ_0001359-Induced Proinflammatory

Cytokines and M2-like Macrophage Activation under LPS-Inducing Condition

(A and B) Quantitative real-time PCR shows the expression of miR-183-5p (A) and FoxO1 (B). Data are presented as the mean ± SEM. **p < 0.01, ***p < 0.001 versus the

control group; #p < 0.05, ###p < 0.001 versus the LPS group; $$$p < 0.001 versus the LPS+circRNA-Exosome group. (C–F) The expression of inflammatory factors IL-1b (C),

IL-6 (D), TNF-a (E), and MCP-1 (F) in RAW264.7 cell media was detected by ELISA. Results are expressed as mean ± SD (n = 4). **p < 0.01, ***p < 0.001 versus the control

group; ##p < 0.01, ###p < 0.001 versus the LPS group; $$$p < 0.001 versus the LPS+circRNA-Exosome group. (G–L) qRT-PCR expression of M1macrophage markers iNOS

(G), TNF-a (H), and IFN-g (I), and M2macrophage markers Arg1 (J), Ym1 (K), and IL-10 (L). Data are presented as the mean ± SEM. *p < 0.05, **p < 0.01, ***p < 0.001 versus

the control group; #p < 0.05, ##p < 0.01, ###p < 0.001 versus the LPS group; $p < 0.05, $$p < 0.01, $$$p < 0.001 versus the LPS+circRNA-Exosome group.
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time PCR showed that the expression of miR-183-5p was increased
in OVA-induced asthma mice, but downregulated FoxO1 expres-
sion. mmu_circ_0001359-enriched exosome treatment signifi-
cantly decreased miR-183-5p expression, but promoted FoxO1
expression. These observations suggested that exosomes from
mmu_circ_0001359-modified ADSCs attenuated airway remodeling
by enhancing FoxO1 signaling-mediated M2-like macrophage activa-
tion via sponging miR-183-5p.

DISCUSSION
Asthma is a chronic airway inflammatory disease associated with
airway inflammation. Macrophages are key leukocytes participating
in many inflammatory and infectious diseases, including asthma.17

In this study, we found that OVA-induced asthma or LPS induction
promoted macrophage activation and M1 polarization. While at-
tempting to identify non-coding RNAs that caused the polarity switch
through high-throughput sequencing, we found that the expression of
mmu_circ_0001359 was decreased in lung tissues of asthma. circR-
NAs are a class of non-coding RNAs that may serve as novel bio-
markers for the diagnosis and treatment of diseases.18 This study is
956 Molecular Therapy: Nucleic Acids Vol. 19 March 2020
the first to observe that overexpression of mmu_circ_0001359 in-
creases the therapeutic effects of exosome secretion from ADSCs.

Previous studies have demonstrated that mesenchymal stem cells
(MSCs) are therapeutic candidates for halting the progression of
different diseases, including diabetic nephropathy, cerebral ischemia,
and acute myocardial infarction.14,15,19 In this study, we found
that ADSC exosome treatment significantly decreased inflamma-
tory cytokines, especially in mmu_circ_0001359-rich exosome.
Furthermore, our study revealed that ADSC exosome delivery of
mmu_circ_0001359 decreased OVA- or LPS-induced M1 macro-
phages, but promoted M2 macrophages phenotype.

Our study further found that the expression of mmu_circ_0001359
promoted FoxO1 expression by sponging miR-183-5p, which was
confirmed by luciferase reporter assay. The forkhead box proteins,
O (FoxO) family of transcription factors, play key roles in a number
of cellular processes, including cell growth, metabolism, survival, and
inflammation.20–22 In mammals, the FoxO subclass consists of four
members, including FoxO1, FoxO3, FoxO4, and FoxO6.23 Although



Figure 6. Exosomes from mmu_circ_0001359-modified ADSCs attenuate airway remodeling by decreasing M1-like macrophage activation induced

inflammatory cytokines and pulmonary fibrosis

(A) Collagen deposition and tissue fibrosis were assessed by Masson trichrome staining. (B) The relative fibrosis in different group were analysis. Data are presented as the

mean ± SEM. ***p < 0.001 versus control group. ##p < 0.01, ###p < 0.001 versus OVA group. $$$p < 0.001 versus the exosome treatment group. (C) Immunohistochemical

staining of apoptosis. (D) The relative apoptosis in different group were analysis. Data are presented as the mean ± SEM. ***p < 0.001 versus control group. #p <

0.05, ###p < 0.001 versus OVA group. $$$p < 0.001 versus exosome treatment group. (E) Immunofluorescence shows angiogenesis using CD31 staining. (F) The relative

CD31 expression in different group were analysis. Data are presented as the mean ± SEM. ***p < 0.001 versus Sham group. ###p < 0.001 versus OVA group. $$$p < 0.001

versus the exosome treatment group. (G–J) ELISA showing the expression of inflammatory markers IL-1b (G), IL-6 (H), TNF-a (I), and MCP-1 (J). Data are presented as

the mean ± SEM. *p < 0.05, ***p < 0.001 versus Sham group. #p < 0.05, ##p < 0.01, ###p < 0.001 versus OVA group. $$$p < 0.001 versus the exosome treatment group.

(K–P) qRT-PCR expression of M1 macrophage markers [iNOS (K), TNF-a (L), and IFN-g (M)] and M2 macrophage markers [Arg1 (N), Ym1 (O), and IL-10 (P)]. Data

are presented as the mean ± SEM. *p < 0.05, **p < 0.01, ***p < 0.001 versus Sham group. #p < 0.05, ##p < 0.01, ###p < 0.001 versus OVA group. $$$p < 0.001 versus

the exosome treatment group. (Q and R) RT-qPCR expression of miR-183-5p (Q) and FoxO1 (R). Data are presented as the mean ± SEM. **p < 0.01, ***p < 0.001 versus

Sham group. #p < 0.05, ###p < 0.001 versus OVA group. $$$p < 0.001 versus the exosome treatment group.
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several studies have focused on the role of FoxO3 in hematopoietic
and immune cells, a mechanistic role for FoxO1 in allergic asthmatic
inflammation in activated macrophages has not been reported. This
study showed that FoxO1 linked the alternatively activated macro-
phages into M2 phenotype and played an important role in ADSCs
exosome-induced and mmu_circ_0001359/miR-183-5p signal axis-
mediated remodeling restraint after asthma. By inhibiting the expres-
sion of macrophage-mediated inflammatory cytokines, OVA-
induced apoptosis and fibrosis in mouse lung tissues was decreased,
but angiogenesis was promoted.

Taken together, our findings showed that FoxO1 had a crucial role in
upregulating the alternative activation of alveolar macrophages. Exo-
somes from mmu_circ_0001359-modified ADSCs appeared to atten-
uate airway remodeling by enhancing FoxO1 signaling-mediated M2-
like macrophage activation via sponging miR-183-5p.

MATERIALS AND METHODS
Ethics Statement

Male C57BL/6 mice (6–8 weeks) were purchased from the Shanghai
Slac Laboratory Animal (Shanghai, China). All mice were housed un-
der controlled room temperatures (22�C) and photoperiods (12-h
light/12-h darkness cycles) in a specific pathogen-free conditioned
animal care facility. The study was approved by the Ethics Committee
of the Changhai Hospital, Second Military Medical University.

Expression Profile Analysis of circRNAs

Lung samples from asthmatic mice and normal mice were used for
circRNAmicroarray analysis. Tissue specimens were obtained during
surgery and immediately frozen at �80�C for further use. The circR-
NAs chip (ArrayStar Human circRNAs chip; ArrayStar, Rockville,
MD, USA), containing 5,639 probes specific for mice circRNAs
splicing sites, was used. Following hybridization and washing of sam-
ples, one pair of epileptic samples and control samples was analyzed
on the circRNAs chips. Exogenous RNAs, developed by the External
RNAControls Consortium (ERCC), were used as controls. The circR-
NAs were enriched by digesting linear RNA with RNase R (Epicenter,
Madison, WI, USA). Labeled RNAs were scanned using an Agilent
Scanner G2505C (Agilent Technologies, Santa Clara, CA, USA).
The circRNA microarray process was performed by KangChen
Biotech (Shanghai, China).

Isolation, Culture, and Identification of ADSCs

In brief, adipose tissue was harvested from C57BL/6 mice. Tissues
were washed in phosphate-buffered saline (PBS) and minced before
digestion in 0.2% collagenase I (Sigma-Aldrich, St. Louis, MO,
USA) for 1 h at 37�C, with intermittent shaking. The digested tissue
was washed in Dulbecco’s modified Eagle’s medium (DMEM; Sigma-
Aldrich) containing 15% fetal bovine serum (FBS; GIBCO BRL, Fred-
erick, MD, USA) and centrifuged at 1,000 rpm for 10 min, to remove
mature adipocytes. The resulting pellet was resuspended in DMEM,
supplemented with 15% FBS, 100 U/mL penicillin, and 100 mg/mL
streptomycin, and cultured at 37�C in 5% CO2. ADSCs reaching
80%–90% confluency were detached using 0.02% ethylenediaminete-
958 Molecular Therapy: Nucleic Acids Vol. 19 March 2020
traacetic acid (EDTA)/0.25% trypsin (Sigma-Aldrich) for 5 min at
room temperature and replated. For phenotypic analyses, fluorescein
isothiocyanate (FITC)- or phycoerythrin (PE)-conjugated CD29,
CD90, CD44, CD105, and vWF antibodies were used. An IgG-
matched isotype served as the internal control for each antibody. Nor-
moxic ADSC cultures were grown in 95% air (20% O2) and 5% CO2.

Multilineage Differentiation of ADSCs

To evaluate multilineage differentiation of ADSCs, we cultured third-
passage mouse ADSCs in adipogenic differentiation medium (Sigma-
Aldrich) and stained them with oil red O after 14 days, or cultured
them in osteogenic differentiation medium (Sigma-Aldrich) and
stained with Alizarin red after 21 days.

Isolation and Identification of ADSC-Derived Exosomes

After reaching 80%–90% confluency, ADSCs were rinsed in PBS and
cultured in FBS-free endothelial cell growth medium (EGM)-2MV,
supplemented with 1� serum replacement solution (PeproTech,
NJ, USA) for an additional 48 h. The conditioned culture medium
was then removed and centrifuged at 300 � g for 10 min, and again
at 2,000� g for 10 min to remove dead cells and other cellular debris.
After a further centrifugation step at 10,000� g for 30 min, the super-
natant was filtered through a 0.22-mm (Millipore, Billerica, MA, USA)
filter, and 15 mL supernatant was transferred to an Amicon Ultra-15
Centrifugal Filter Unit (100 kDa; Millipore) and centrifuged at
4,000 � g to concentrate the volume to �1 mL. The ultrafiltration
unit was then washed twice in PBS and filtered again at 4,000 � g
to achieve a volume of 1 mL. Approximately one-fifth the volume
of Exoquick exosome precipitation solution (System Biosciences,
Palo, Alto, CA, USA) was added to the ultrafiltration liquid andmixed
by inversion. After incubation for 12 h at 4�C, the mixture was centri-
fuged at 1,500 � g for 30 min and the supernatant aspirated. The
exosome pellet was resuspended in 500 mL PBS. All procedures
were performed at 4�C. Exosome protein concentrations were deter-
mined using a Pierce bicinchoninic acid (BCA) Protein Assay Kit
(Thermo Fisher Scientific, Waltham, MA, USA). Exosomes were
stored at �80�C until required. Exosomes were characterized by
transmission electron microscopy (TEM) and western blotting to
determine exosome size.

Cell Culture

RAW264.7 macrophages (BCRC No. 60001) derived from leukemic
mouse monocytes were obtained from the Wuhan Biofavor Biotech-
nology Service (Wuhan, China). Cells were grown in DMEM, supple-
mented with 10% FBS, 100 U/mL penicillin, 100 mg/mL streptomycin,
and 0.25 mg/mL Fungizone. Cells were cultured at 5% CO2, 95% air at
37�C. The growth medium was changed every 3 days until cells
reached approximately 90% confluence, after which cells were
passaged.

To study the effects of ADSC exosomes to macrophages phenotype
transition, small interfering RNAs (siRNAs) against FoxO1 (siFoxO1)
andmiR-183-5pmimicswere purchased fromGeneCopoeia (Shanghai,
China) and transfected into RAW264.7 cells using Lipofectamine 2000



www.moleculartherapy.org
Transfection Reagent (Invitrogen, Carlsbad, CA, USA) according to the
manufacturer’s instructions, before treatment with 100 mg/mL exo-
somes. Cells were used for experimentation 48 h later.

Murine Model of OVA-Induced Asthma

To generate the asthma model, we treated male C57BL/6 mice
(6–8 weeks old, weighing 18–24 g) with OVA. The mice were
then sensitized on days 0, 7, and 14 by intraperitoneal injection
of 20 mg OVA, emulsified in 1 mg aluminum hydroxide in a total
volume of 0.2 mL. Seven days after the last sensitization, mice
were exposed to a 1% OVA aerosol for up to 1 h every day
for 7 days. The 1% OVA aerosol was generated using a com-
pressed air atomizer driven by filling a Perspex cylinder chamber
(diameter, 50 cm; height, 50 cm) with a nebulized solution. Saline
was used in the control group instead of OVA. Once the study
course was completed, mice were euthanized under anesthesia us-
ing sodium pentobarbital (50 mg/kg). The trachea was cannulated,
and both lungs and airways were rinsed in 1 mL PBS for the
collection of Bronchoalveolar Lavage Fluid (BALF). The right
lung was collected, frozen in liquid nitrogen, and kept at
�80�C for western blotting. The left lung was preserved and fixed
in 4% paraformaldehyde, and used for immunohistochemical an-
alyses. All animal studies were performed in accordance with the
Guide for the Care and Use of Laboratory Animals. All study pro-
tocols were approved by the Ethics Committee of Changhai Hos-
pital Affiliated to the Second Military Medical University.

For exosome treatment, 200 mg ADSC exosomes in 100 mL PBS or the
same volume of PBS was used for tail intravenous injections (once a
week). After 2 weeks of treatment, mice were euthanized for patholog-
ical examination.

ELISA

The expressions of IL-1b, IL-6, MCP-1, and TNF-a were assayed us-
ing ELISA kits (Abcam, Cambridge Science Park, UK) in accordance
with the manufacturer’s instructions.

Western Blotting

Cells or exosomes were lysed, and lysates were centrifuged at
12,000 rpm at 4�C, after the addition of protease inhibitors. Protein
concentrations were determined with a Pierce BCA assay kit (Thermo
Fisher). Proteins were separated on a 10% SDS-PAGE and then trans-
ferred to polyvinylidene fluoride (PVDF) membranes. Primary anti-
bodies were against CD63 (1:600) and CD81 (1:600). Horseradish
peroxidase-conjugated secondary antibody (1:1,000; Abcam, Burlin-
game, CA, USA) was also used. An ECL chemiluminescent kit (Milli-
pore, Burlington, MA, USA) was used to detect and size protein
bands.

Quantitative Real-Time PCR

Total RNA was extracted using TRIzol (Invitrogen; Thermo Fisher
Scientific) according to manufacturers’ instructions. RNA was then
reverse transcribed using the One Step SYBR PrimeScript RT-PCR
kit (Takara Biotechnology, Mountain View, CA, USA). The reaction
was performed using an ABI PRISM 7500 Real-Time PCR system
(Applied Biosystems, Foster City, CA, USA) at 42�C for 5 min,
95�C for 10 s; then 40 cycles of 95�C for 5 s, 55�C for 30 s, and
72�C for 30 s. Three independent experiments were conducted for
each sample. Data were analyzed by comparing 2�DDCt values.
Glyceraldehyde phosphate dehydrogenase (GAPDH) and U6 were
used as internal controls.

Immunohistochemistry and Immunofluorescence Assays

Samples of lung tissue were fixed in 10% formalin solution, embedded
in paraffin, and sectioned at 5 mm. Tissue sections were stained with
Masson trichrome for histological evaluation. Immunofluorescence
staining of CD31 was performed to evaluate histopathological angio-
genesis pathology. A terminal deoxynucleotidyl transferase dUTP
nick end labeling (TUNEL) kit was used to identify apoptotic cells.
Tissue sections were examined with an Axiophot light microscope
(Zeiss, Oberkochen, Germany) or fluorescence microscope (Nikon,
Tokyo, Japan) and photographed using a digital camera.

Luciferase Reporter Assay

The 30 UTR target sequence for the miR-183-5p miRNA in the FoxO1
gene or mmu_circ_0001359 was predicted with the TargetScan online
tool. WT and 30 UTRmutant FoxO1 or mmu_circ_0001359 were per-
formed and cloned into the pMIR firefly luciferase-expression vector.
For luciferase assays, human embryonic kidney cells (HEK293T cells)
at 70% confluence were co-transfected with 500 ng pMIR-FoxO1-
WT/pMIR-FoxO1-Mut or pMIR-circRNA-WT/pMIR-circRNA-Mut
and 50 nMmiR-183-5p mimics using a Lipofectamine 2000 transfec-
tion kit (Thermo Scientific). Luciferase activity was monitored using a
Dual-Luciferase Reporter System (Promega). Five independent assays
were performed.

Statistical Analysis

Data are presented as the mean ± standard deviation (SD). GraphPad
Prism software, version 5.0 (GraphPad, La Jolla, CA, USA) was used
to compare the differences between groups. A p value %0.05 indi-
cated a statistically significant difference.
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