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Emerging evidence has revealed that excessive activation of
macrophages may result in an adverse lung inflammation
involved in sepsis-related acute lung injury (ALI). However,
it has never been clearly identified whether peripheral circu-
lating serum exosomes participate in the pathogenesis of
sepsis-related ALI. Therefore, the purposes of our study were
to investigate the effect of serum exosomes onmacrophage acti-
vation and elucidate a novel mechanism underlying sepsis-
related ALI. Here we found that exosomes were abundant in
the peripheral blood from ALI mice and selectively loaded
microRNAs (miRNAs), such as miR-155. In vivo experiments
revealed that intravenous injection of serum exosomes har-
vested fromALImice, but not control mice, increased the num-
ber of M1 macrophages in the lung, and it caused lung inflam-
mation in naive mice. In vitro, we demonstrated that serum
exosomes from ALI mice delivered miR-155 to macrophages,
stimulated nuclear factor kB (NF-kB) activation, and induced
the production of tumor necrosis factor alpha (TNF-a) and
interleukin (IL)-6. Furthermore, we also showed that serum
exosome-derivedmiR-155 promotedmacrophage proliferation
and inflammation by targeting SHIP1 and SOCS1, respectively.
Collectively, our data suggest the important role of circulating
exosomes secreted into peripheral blood as a key mediator of
septic lung injury via exosome-shuttling miR-155.
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INTRODUCTION
MicroRNAs (miRNAs), a class of non-coding single-stranded RNAs,
negatively regulate gene expression by inhibiting translation or de-
grading target mRNAs.1 Due to their post-transcriptional regulatory
abilities, miRNAs downregulate the expression of proteins involved in
a wide array of biological processes, including cellular apoptosis and
proliferation, immune response, and metabolism.2–4 An increasing
body of evidence indicates that miRNAs are implicated in the
pathogenesis of various inflammatory diseases and emerged as novel
targets for intervention therapy.5–7 For instance, miR-155 is a highly
conserved miRNA among mammals, and it has been generally recog-
nized as a critical regulator of cell proliferation.8 Additionally, miR-
155 has been recently reported to regulate macrophage-mediated
inflammation during atherogenesis.9
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In general, miRNAs are thought to act within the cells where they are
generated. However, recent studies have suggested that miRNAs are
present in circulating exosomes.10,11 Exosomes are nanometer-sized
membranous vesicles (30–150 nm) released by many types of cells,
including epithelial cells,12 tumor cells,13 and macrophages,14 and
they are thought to play a key role in cell-to-cell communications.15

It has been reported that exosomes contain lipids, proteins, mRNAs,
and miRNAs derived from parent cells that are transferred between
cells and, thus, regulate the functions of recipient cells.16 Recently,
exosomally transferred miRNAs have emerged as important modula-
tors of cellular function.17 A growing number of studies have
confirmed that some specific miRNAs can be transferred via exo-
somes between immune cells or other cell types.10,18 For example,
hepatocyte-derived exosomes can transfer miR-122 and sensitize
monocytes to endotoxin,19 while monocyte-derived miR-150-con-
taining exosomes enhance endothelial cell migration.20 Thus,
exosomes can serve as a novel therapeutic target and biomarker for
a variety of disorders, including lung diseases.

Acute lung injury (ALI) is a common clinical syndrome occurring in
critically ill patients.21 ALI is usually associated with the development
of a systemic inflammatory response, such as sepsis and trauma, and
sepsis is one of the most common causes of ALI in humans.22 Despite
decades of experimental studies, the mortality rate of ALI remains
relatively high (35%–45%).23 Histologically, ALI features an acute
pulmonary inflammatory response that critically impairs lung func-
tion.24 Emerging evidence has revealed that excessive activation of
inflammatory cells such as macrophages may result in an adverse
lung inflammatory response, which could cause ALI.25

Macrophages, an essential effector cell of host defense against foreign
stimuli, play a critical role in the pathogenesis of lung inflammation
involved in ALI.4 Once activated (M1 activation), macrophages
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regulate leukocyte influx by the release of inflammatory cytokines and
chemokines.26,27 Previous studies have put a lot more emphasis on
the involvement of cytokines and chemokines in the progression of
ALI.28 However, it has never been clearly identified whether blood-
borne exosomes participate in ALI associated with systemic inflam-
matory response. In fact, macrophages have been shown to be the
recipient cells for exogenous exosomes. For instance, human mono-
nuclear macrophages can be stimulated to produce pro-inflammatory
factors upon taking up gastric cancer cell-derived exosomes.29 Macro-
phages are in direct contact with peripheral serum exosomes, raising
the interesting possibility that macrophages may exhibit a series of
biological functions upon taking up serum exosomes. Therefore, we
hypothesized that serum exosomes deliver their cargo miRNAs to
macrophages and they are involved in the activation of macrophages
during sepsis-related ALI.

RESULTS
miR-155 Expression Is Increased in the Mouse Lung Tissues

after ALI

To validate the successful establishment of a mouse model of sepsis-
related ALI, we performed H&E staining. Compared with the control
group, the lung tissues from the lipopolysaccharide (LPS) group
showed severe pathological changes, including interstitial edema,
alveolar hyperemia, and inflammatory cell infiltration (Figure 1A).
Myeloperoxidase (MPO) is a crucial indicator of inflammatory cell
accumulation.30 The severity of pulmonary inflammation was further
confirmed by subsequent MPO results (Figure 1B). Besides, qPCR
assay also showed an increased production of pro-inflammatory
cytokines interleukin (IL)-6 and tumor necrosis factor alpha
(TNF-a) after ALI (Figure 1C).

The macrophage is an important effector cell of host defense against
foreign stimuli, and its activation promotes pulmonary inflammation
involved in ALI.31 Thus, we measured the expression of macrophage
marker CD68, and we found that the number of macrophages was
significantly increased after exposure to LPS (Figure 1D). The acti-
vated phenotype (M1 or M2) of macrophage was also analyzed by
inducible nitric oxide (iNOS) (M1 marker) and Arg1 (M2 marker)
expressions. The immunofluorescence results showed that the fluores-
cent intensity of pro-inflammatory M1 macrophages was obviously
increased while anti-inflammatory M2 macrophages were decreased
in the LPS group (Figure 1E). Meanwhile, an increased mRNA level
of the specific M1 marker CD80 was found with LPS stimulation,
with decreased expression of another M2 indicator, CD206, further
verifying the immunofluorescence results (Figure 1F). To investigate
whether miR-155 is involved in the pulmonary inflammation during
ALI, we detected its expression, andwe found that miR-155 expression
was markedly increased in the lung tissues of ALI mice (Figure 1G).

Isolation and Characterization of Serum Exosomes

We isolated exosomes from the sera of mice by ultracentrifugation,
and we observed the ultrastructure of exosomes using transmission
electron microscopy (TEM). The TEM images showed the cup-
shaped morphology of the exosomes, with a size range of
40–150 nm (Figure 2A). To further identify the size distribution pro-
files of isolated exosomes, nanoparticle-tracking analysis (NTA) was
performed by a ZetaView Nanoparticle Tracking Analyzer (Particle
Metrix, Germany). As shown in Figure 2B, the peak diameters of exo-
somes were not different between groups, which is in line with a pre-
vious report.32 Besides, the concentration of serum exosomes was
significantly higher in ALI mice (Figure 2C), indicating that the secre-
tion of exosomes is enhanced under inflammatory conditions.
Western blot analysis also indicated that the exosome markers
CD63 and CD9 were enriched in the exosomal fraction (no loading
control) (Figure 2D). In addition, endotoxin test results showed
that endotoxin (LPS) contamination was barely detectable in these
serum exosomes (Figure 2E).

Injected Serum Exosomes Reach the Lung and Induce

Pulmonary Inflammation In Vivo

To explore whether circulating serum exosomesmediate sepsis-related
ALI, an equal amount of serum exosomes from mice treated with PBS
or LPS was intravenously injected into naive mice. Interestingly, the
frozen lung sections showed that the PKH67-labeled exosomes were
taken up into the lung parenchyma 6 h after injection (Figure 3A),
which is consistent with a previous report.33 Subsequently, we deter-
mined the lung inflammation at 24 h after exosome injection. The
expressions of pro-inflammatory cytokines (IL-6 and TNF-a) and
miR-155 were increased after the injection of serum exosomes from
LPS-treated mice (LPS-Exo). In contrast, injection of serum exosomes
from PBS-treated mice (PBS-Exo) failed to cause a lung inflammatory
response (Figures 3B and 3C). Histologic examination also revealed a
significant increase in inflammatory cell infiltration into the alveolar
space by the injection of LPS-Exo (Figure 3D). To further confirm
the ability of LPS-Exo to cause lung inflammation in naive mice, we
observed a significant increase in the number of lung macrophages
(CD68-positive cells) after the injection of LPS-Exo (Figure 3E).
Furthermore, we also found that the intensity of M1 macrophages
was markedly increased and M2 macrophages were significantly
decreased in the LPS-Exo group (Figure 3F). Collectively, these data
indicate that circulating serum exosomes activate lung macrophages
and then induce pulmonary inflammation in vivo.

Serum Exosomes from ALI Mice Selectively Load miR-155

Recent studies have suggested that exosomes exert important regula-
tory effects on the physiological functions of recipient cells via shut-
tling miRNAs.34 Thus, we selected a group of inflammation-related
miRNAs (miR-15a, miR-15b, miR-21, miR-27b, miR-93, miR-125a,
miR-146a, and miR-155), according to others’ reports,32,35 and we
analyzed the differential expressions of these miRNAs in serum exo-
somes using qPCR. Among them, the expression of miR-155 in LPS-
Exo was highest, and it was significantly higher than that in PBS-Exo
(Figure 4A), revealing that serum exosomes fromALI mice selectively
loaded miR-155.

To unravel the role of exosome-contained miR-155 in the pathogen-
esis of ALI, the TargetScan, miRDB, and miRWalk databases were
applied to predict the target genes of miR-155 (Figure 4B). Thereafter,
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Figure 1. Macrophages Were Activated in the Lung Tissues of ALI Mice

(A) Histopathological analysis of lung tissues. Mice were intraperitoneally (i.p.) injected with LPS for 12 h, and the degree of lung inflammation was assessed with H&E staining

(n = 3 per group). (B) Infiltration of inflammatory cells into the lung tissues was measured by MPO activity (n = 4 per group). (C) The levels of pro-inflammatory cytokines TNF-a

and IL-6 were detected by qPCR (n = 3 per group). GAPDH was used as an endogenous control. (D) Sectioned tissues were stained with anti-CD68 antibody to identify the

number of macrophages in lung tissues (n = 3 per group). The CD68-positive macrophages were normalized to DAPI-positive cells. (E) Immunofluorescence intensity of M1

and M2 macrophages in lung tissues (n = 3 per group). iNOS (M1, green) or Arg1 (M2, red). (F) The expression of CD80 and CD206 was determined by qPCR. GAPDH was

used as an endogenous control (n = 3 per group). (G) The miR-155 expression was detected in the lung tissues of LPS-treated mice by qPCR (n = 4 per group). U6 snRNA

was used as an endogenous control. Data are expressed as the mean ± SEM. *p < 0.05.
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the pathway analysis of the predicted target genes was performed us-
ing the Kyoto Encyclopedia of Genes and Genomes (KEGG) annota-
tion system. As shown in Figure 4C, the predicted target genes were
significantly enriched in immune- and proliferation-related path-
ways, such as themitogen-activated protein kinase (MAPK)-signaling
pathway, T cell receptor-signaling pathway, Ras-signaling pathway,
and FOXO-signaling pathway. Thus, we hypothesized that serum
exosomes may transfer miR-155 into lung macrophages and then
activate macrophages during sepsis-related ALI.
1760 Molecular Therapy Vol. 27 No 10 October 2019
Serum Exosome-Derived miR-155 Promotes Macrophage

Proliferation and Inflammation In Vitro

To test the above hypothesis, we labeled serum exosomes with PKH67
and incubated them with macrophages for the indicated time.
Intriguingly, we observed that macrophages could uptake these exo-
somes in vitro (Figure 5A). Meanwhile, the miR-155 level increased
significantly when the cells were treated with LPS-Exo (Figure 5B),
indicating that serum exosomes from ALI mice can transfer miR-
155 into macrophages. Next, the proliferation of macrophages was



Figure 2. Isolation and Characterization of Serum

Exosomes

(A) Transmission electron micrographs of serum exo-

somes isolated from control and ALI mice. Scale bar,

200 nm. (B) The size distribution profiles of isolated serum

exosomes. (C) NTA showing the concentration of serum

exosomes isolated from control and ALI mice (n = 5 per

group). (D) Western blot analysis of exosome markers

CD63 and CD9 in the exosomal preparations. (E) Endo-

toxin levels in the exosomal preparations. PBS-Exo and

LPS-Exo represent serum exosomes isolated from con-

trol and ALI mice, respectively. Data are expressed as the

mean ± SEM. *p < 0.05.
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determined by cell counting kit-8 (CCK-8) and bromodeoxyuridine
(BrdU) assays. The results of CCK-8 and BrdU assays showed that
LPS-Exo, but not PBS-Exo, promoted the proliferation of macro-
phages (Figures 5C and 5D).

The M1:M2 ratio of macrophages was also obviously increased after
LPS-Exo treatment, as evidenced by flow cytometry, which implied
that the promoted proliferation of macrophages by LPS-Exo might
be due to the increase in M1 macrophages (Figure 5E). Besides, we
also evaluated the effect of serum exosomes on the inflammation of
macrophages. We demonstrated that pro-inflammatory cytokines
IL-6 and TNF-a were remarkably increased in LPS-Exo-stimulated
cells compared to those stimulated with PBS-Exo (Figure 5G).
Nuclear factor kB (NF-kB) is a nuclear transcription factor that reg-
ulates downstream inflammatory cytokines involved in the inflam-
mation process.30 Our findings also revealed higher NF-kB p65
expression levels in LPS-Exo-stimulated cells than those in PBS-
Exo-stimulated cells (Figure 5F).

To further verify the role of exosome-contained miR-155 in macro-
phage proliferation and inflammation, macrophages were incubated
with LPS-Exo in the presence of antagomir-155 (a miR-155 inhibi-
tor). Compared with the antagomir-negative control (NC), inhibition
of miR-155 reversed the increased proliferation and inflammation of
Molecu
macrophages induced by LPS-Exo (Figures 5H
and 5I). The above results strongly suggest
that serum exosomes from ALI mice are a
kind of pro-inflammatory exosome and can
promote macrophage proliferation and inflam-
mation by shuttling miR-155.

miR-155 Promotes Macrophage

Proliferation by Targeting SHIP1

To figure out whether miR-155 promotes
macrophage proliferation, we transfected mac-
rophages with agomir-155. Overexpression of
miR-155 enhanced macrophage proliferation,
as detected by BrdU (Figure 6A) and CCK-8
(Figure 6B) assays. Subsequently, we analyzed
the possible targets of miR-155 involved in
cell proliferation to uncover the molecular mechanism through which
miR-155 affects macrophage proliferation. The bioinformatics anal-
ysis revealed that the 30 UTR of SHIP1mRNA contains a complemen-
tary binding site for the seed region of miR-155, which is conserved
across species (Figure 6C).

SHIP1 has been reported to negatively regulate the proliferation of
osteoclast precursors through upregulating cyclin-dependent kinase
inhibitors 1B (CDKN1B).36 To provide direct evidence that SHIP1
is a target of miR-155, we carried out a luciferase reporter assay.
The results showed that agomir-155 remarkably reduced the lucif-
erase activity for the wild-type 30 UTR of SHIP1 but showed no inhi-
bition effect for the mutated 30 UTR of SHIP1 (Figure 6D). SHIP1 and
CDKN1B proteins were also measured in macrophages transfected
with agomir-155 or agomir-NC. As expected, the protein levels of
SHIP1 and CDKN1B were strongly depressed by the overexpression
of miR-155 (Figure 6E). In conclusion, miR-155 inhibits SHIP1
expression in macrophages by directly targeting the 30 UTR of
SHIP1 mRNA.

Next, we assessed the effects of serum exosomes on SHIP1 and
CDKN1B in macrophages. Surprisingly, treatment with LPS-Exo re-
sulted in decreased expressions of SHIP1 and CDKN1B compared
with the PBS-Exo group (Figure 6F). Furthermore, knockdown of
lar Therapy Vol. 27 No 10 October 2019 1761
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Figure 3. Injection of Serum Exosomes from ALI Mice Induces Lung Inflammation in Naive Mice

(A) Serum exosomes from each experimental group (control and ALI) and PBS as a control were labeled with green fluorescent dye and injected into naive mice via tail

vein. After 6 h, the lung tissues were stained with anti-CD68 antibody (macrophages, red) and DAPI (nucleus, blue) (n = 3 per group). Pictures were obtained by

fluorescence microscopy. (B) The levels of TNF-a and IL-6 were detected by qPCR 24 h after exosome injection (n = 3 per group). GAPDH was used as an endogenous

control. (C) The miR-155 expression was measured by qPCR (n = 4 per group). U6 snRNA was used as an endogenous control. (D) Representative images of lung

histology stained with H&E (n = 3 per group). (E) Sectioned tissues were stained with anti-CD68 antibody to identify the number of macrophages in lung tissues.

The CD68-positive macrophages were normalized to DAPI-positive cells (n = 3 per group). (F) Immunofluorescence intensity of M1 and M2 macrophages in lung tissues

(n = 3 per group). iNOS (M1, green) or Arg1 (M2, red). PBS-Exo and LPS-Exo represent serum exosomes isolated from control and ALI mice, respectively. Data are

expressed as the mean ± SEM. *p < 0.05.
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Figure 4. Serum Exosomes from ALI Mice Selectively

Load miR-155

(A) The expression levels of inflammatory miRNAs in the

serum exosomes from control and ALI mice were measured

by qPCR. (B) The potential targets of miR-155 were pre-

dicted by integrating the results of three databases

(TargetScan, miRDB, andmiRWalk). (C) Kyoto Encyclopedia

of Genes and Genomes (KEGG) analysis was performed on

the predicted target genes of miR-155. PBS-Exo and LPS-

Exo represent serum exosomes isolated from control and

ALI mice, respectively. Data are expressed as the mean ±

SEM. *p < 0.05.
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SHIP1 also reduced CDKN1B expression (Figure 6G) and then
induced macrophage proliferation (Figure 6H). Overall, these data
demonstrate that serum exosome-derived miR-155 promotes cellular
proliferation by suppressing SHIP1 in macrophages.
miR-155 Induces Macrophage Inflammation by Targeting

SOCS1

Recent studies have highlighted the importance of miR-155 as a reg-
ulatory target of immune responses in a wide range of inflammatory
diseases.37,38 SOCS1, a known target of miR-155,39 can suppress
NF-kB activity by reducing p65 stability.40 To further obtain direct
evidence that miR-155 targets SOCS1 in macrophages, we measured
the protein level of SOCS1 in macrophages transfected with agomir-
155 after LPS stimulation. Overexpression of miR-155 significantly
decreased the expression of SOCS1, displaying an inverse relationship
between SOCS1 and miR-155 (Figure 7A). Moreover, we also
observed an obvious increase in the levels of NF-kB p65 (Figure 7A)
and pro-inflammatory cytokines TNF-a and IL-6 (Figure 7B) in
macrophages overexpressing miR-155.

Additionally, we further determined the effects of serum exosomes on
SOCS1 and NF-kB p65 in macrophages. Compared with the PBS-Exo
group, treatment with LPS-Exo decreased the expression of SOCS1
and increased the NF-kB p65 expression (Figure 7C). Similarly,
Molec
immunofluorescence results confirmed that
miR-155 or LPS-Exo induced an increase in the
nuclear translocation of NF-kB p65 (Figure 7D).
Mechanically, overexpression of SOCS1 markedly
inversed the pro-inflammatory effect of miR-155
on macrophages, as evidenced by the inhibition
of TNF-a, IL-6 (Figure 7E), and NF-kB p65 nu-
clear translocation (Figure 7F). Collectively, these
results suggest that serum exosome-derived miR-
155 induces macrophage inflammation by target-
ing SOCS1.

DISCUSSION
Patientswith sepsishave ahigher riskofmultiple or-
gandysfunction syndrome (MODS), includingALI,
which is thought to be crucial for their prognosis.41
Although neutrophil recruitment and activation within the lung are key
contributors to the pathogenesis of ALI,42 overwhelming evidence con-
firms that the activation of macrophages also contributes to the initia-
tion of inflammatory responses and resultant lung injury.43,44 However,
it remains poorly understood how lungmacrophages are activated dur-
ing the development of sepsis-related lung injury. LPS is a gram-negative
bacterial endotoxin that is implicated in the initiation of ALI, and the
administration of LPS has been widely used as a model of lung injury
in several species.45–47 Thus, we employed a mouse model of LPS-
induced, sepsis-relatedALI todelineate the possiblemechanisms under-
lyingmacrophage activation and lung inflammation during sepsis. Here
we showed that the macrophages in lung tissues were noticeably acti-
vated by intraperitoneally administered LPS.
As detailed in the Introduction, exosomes are actively secreted into
various body fluids, including blood; modulate both physiological
and pathological processes in an organism; and mediate diverse bio-
logical functions.15 It has been shown that blood-borne exosomes can
be internalized by dendritic cells (DCs) and then induce donor-spe-
cific transplant tolerance.48 On the other hand, serum exosomes
from diabetic mice contribute to aortic endothelial dysfunction in
nondiabetic mice.49 Notably, blood-borne microparticles (containing
exosomes) from patients with sepsis have been reported to induce
endothelial cell apoptosis through peroxynitrite generation.50
ular Therapy Vol. 27 No 10 October 2019 1763
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Figure 5. Serum Exosome-Derived miR-155 Promotes Macrophage Proliferation and Inflammation In Vitro

(A) The PKH67-labeled exosomes (green) were co-cultured with macrophages for the indicated time. The uptake of exosomes by macrophages was observed under a

confocal microscope. (B–E) Macrophages were treated with the serum exosomes from control or ALI mice (PBS-Exo or LPS-Exo) for the indicated time. (B) The miR-155

expression was determined by qPCR. U6 snRNA was used as an endogenous control. The effect of serum exosomes on the macrophage proliferation was measured by

CCK-8 (C) and BrdU (D) assays, respectively. The values of OD (450 nm) represent cell viability. The BrdU-positive cells were normalized to DAPI-positive cells. (E) The effect

of serum exosomes on the macrophage polarization was analyzed by flow cytometry. (F and G) The pro-inflammatory effect of serum exosomes on macrophages was

assessed by measuring the levels of NF-kB p65 (F), TNF-a, and IL-6 (G). (H) Macrophages were transfected with antagomir-155 or antagomir-NC for 24 h and then treated

with PBS-Exo or LPS-Exo for the indicated time. The proliferation of macrophages was assessed by CCK-8 assay. (I) Cells were treated as in (H), and the levels of TNF-a and

IL-6 were detected by qPCR. GAPDH was used as an endogenous control. PBS-Exo and LPS-Exo represent serum exosomes isolated from control and ALI mice,

respectively. Data are expressed as the mean ± SEM. *p < 0.05.
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Figure 6. miR-155 Promotes Macrophage Proliferation by Targeting SHIP1

(A and B) Cell viability was examined using BrdU (A) and CCK-8 (B) assays after transfection with agomir-155 or agomir-NC. (C) Conservation of themiR-155 target sequence

in SHIP1 30 UTR among different species and conservation of the miR-155 sequence among different species. (D) The dual-luciferase reporter assay was performed in 293T

cells. Cells were co-transfected with the wild- or mutant-type SHIP1 30 UTR luciferase reporter plasmids, as well as agomir-155 or agomir-NC. The ratio of Renilla activi-

ty:Firefly activity represents luciferase activity. (E) The protein levels of SHIP1 and CDKN1B were detected using western blot analysis after transfection with agomir-155 or

agomir-NC. b-actin was used as an internal control. (F) The protein levels of SHIP1 and CDKN1B were determined using western blot analysis after incubation with PBS-Exo

or LPS-exo. b-actin was used as an internal control. (G) The protein levels of SHIP1 and CDKN1Bwere detected using western blot analysis after transfection with si-SHIP1 or

si-NC. b-actin was used as an internal control. (H) The proliferation of macrophages was assessed by the CCK-8 assay after co-transfection with si-SHIP1 or si-NC.

GAPDHwas used as an endogenous control. PBS-Exo and LPS-Exo represent serum exosomes isolated from control and ALI mice, respectively. Data are expressed as the

mean ± SEM. *p < 0.05.
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Figure 7. miR-155 Promotes Macrophage Inflammation by Targeting SOCS1

(A) The protein levels of SOCS1 and NF-kB p65 were detected using western blot analysis after transfection with agomir-155 or agomir-NC. b-actin was used as an internal

control. (B) The levels of TNF-a and IL-6 were detected by qPCR after transfection with agomir-155 or agomir-NC. (C) The protein levels of SOCS1 and NF-kB p65 were

determined using western blot analysis after incubation with PBS-Exo or LPS-Exo. b-actin was used as an internal control. (D) Translocation of the NF-kB p65 subunit from

the cytoplasm into the nucleus was evaluated by immunofluorescence. Blue spots represent cell nuclei and red spots represent NF-kB p65 staining. (E) The levels of TNF-a

and IL-6 were detected by qPCR after co-transfection with agomir-155 and pCDNA.3.1-SOCS1. GAPDHwas used as an endogenous control. (F) Translocation of the NF-kB

p65 subunit from the cytoplasm into the nucleus was evaluated by immunofluorescence. Blue spots represent cell nuclei and red spots represent NF-kB p65 staining. PBS-

Exo and LPS-Exo represent serum exosomes isolated from control and ALI mice, respectively. Data are expressed as the mean ± SEM. *p < 0.05.
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However, little has been reported about whether serum exosomes can
affect macrophages during septic lung injury. Thus, we hypothesized
that peripheral circulating serum exosomes may affect macrophages
and induce lung inflammation during sepsis-related lung injury.

In this study, we reported for the first time an increased number of
serum exosomes isolated from samples collected after ALI. To ascer-
tain whether serum exosomes mediate the lung injury, we labeled
these exosomes using PKH67 dye and transfused them into naive
mice via tail vein injection. Intriguingly, we found that these labeled
serum exosomes were mobilized to the lung parenchyma and some
of them were taken up by lung macrophages. Indeed, the finding is
1766 Molecular Therapy Vol. 27 No 10 October 2019
in agreement with a previously published report that confirmed
that exosomes from mesenteric lymph could reach the lung paren-
chyma and be internalized by macrophages after intravenous injec-
tion.33 Thereafter, we observed that serum exosomes from ALI
mice resulted in a significant lung inflammatory response, as mani-
fested by increased expressions of pro-inflammatory cytokines in
the lung tissues. In addition, the number of pro-inflammatory M1
macrophages also increased following exosome transfusion, implying
a potential role of serum exosomes in septic lung injury. Similarly, a
recent paper by Bonjoch et al.51 also demonstrated that circulating
exosomes are involved in the lung inflammation associated with
experimental acute pancreatitis. Based on previous studies and our
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present results, circulating serum exosomes from ALI mice are a kind
of pro-inflammatory exosome, and they can activate lung macro-
phages and then induce pulmonary inflammation.

Although exosomes contain abundant bioactive molecules, studies
have suggested that their biological effects on recipient cells are partly
dependent on the loaded miRNA content.14,35 Exosomal miRNAs
play pivotal roles in the development of cancer and inflammatory dis-
eases. For example, adipose tissue macrophage-derived exosomal
miRNAs can modulate in vivo and in vitro insulin sensitivity.52

Transfer of miR-365 in macrophage-derived exosomes induces the
drug resistance of pancreatic adenocarcinoma.53 Some exosomal
miRNAs have also been identified as valuable biomarkers for disease
diagnosis in certain clinical settings.54 Noteworthily, Azevedo et al.55

demonstrated that exosomes from septic shock patients carry miR-
NAs, which are novel players in the pathogenesis of sepsis. Conse-
quently, we determined a group of the most common miRNAs
associated with inflammation (miR-15a, miR-15b, miR-21, miR-
27b, miR-93, miR-125a, miR-146a, and miR-155) in serum exosomes
based on others’ studies.32,35

We showed that serum exosomes harvested from ALI mice exhibited
differentially expressed miRNAs. Although some miRNAs (such as
miR-15a, miR-27b, and miR-146a) were also upregulated in the
serum exosomes, the miR-155 expression was highest, suggesting
that miR-155 may be a significant contributor to the biological activ-
ities of these inflammatory exosomes. Indeed, miR-155 is a highly
conserved and important miRNA, which is not only closely related
to the occurrence of cancer but also can regulate the inflammatory
response. It was reported that miR-155 could regulate macrophage-
mediated inflammation during atherogenesis.9 More notably, some
recent studies have revealed that miR-155 is implicated in the devel-
opment of inflammatory lung disease, such as Staphylococcal Entero-
toxin B-induced lung injury.56 Meanwhile, in our pilot experiments,
we also found that treatment with miR-155 inhibitors in vivo could
significantly alleviate the inflammatory lung injury in septic mice
(Figures S1A and S1B), further confirming that miR-155 plays a
crucial role in the pathogenesis of septic-related ALI. Taken together,
these findings prompted us to perform in vitro experiments to inves-
tigate the role of exosomal miR-155 in macrophage activation during
septic-related ALI.

Macrophages are the known recipient cells for exogenous exosomes.
For instance, human macrophages can be stimulated to produce pro-
inflammatory factors upon taking up gastric cancer cell-derived exo-
somes.29 Breast cancer-derived exosomes are capable of inducing IL-6
secretion and a pro-survival phenotype in bonemarrow-derived mac-
rophages.57 We provided the first evidence that serum exosomes from
ALI mice increased the expression of pro-inflammatory cytokines
in vitro in macrophages by activating NF-kB signaling. Besides, the
proliferation rate of macrophages was also enhanced after incubation
with these inflammatory exosomes, which is consistent with the
in vivo data. More importantly, administration with inflammatory
exosomes also increased the miR-155 expression in macrophages
compared with the control cells, implying a transfer of miR-155
between peripheral circulating exosomes and macrophages.

To identify whether exosomal miR-155 mediated the effects of serum
exosomes, we incubated macrophages with these inflammatory exo-
somes upon exposure to miR-155 inhibitors (antagomir-155).
Intriguingly, the pro-inflammatory and pro-proliferative activities
of serum exosomes were reversed following miR-155 knockdown.
To further corroborate exosomal miR-155 as a determinant of the
bioactivity of these inflammatory exosomes, we isolated serum exo-
somes from miR-155-knockdown mice. Knocking down miR-155
via in vivo inhibitor transduction lowered the expression of serum
exosomal miR-155 (Figure S1C). Importantly, these exosomes with
low miR-155 expression resulted in a weaker inflammatory response
in macrophages compared with the exosomes from wild-type mice
(Figure S1D). Based on our observations, we speculated that circu-
lating serum exosomes could transfer miR-155 into lung macro-
phages and then activate macrophages, thus leading to lung injury.
This finding accords with an earlier study, which showed that macro-
phage miR-155 promotes LPS-induced lung injury in mice.7

miRNAs are thought to regulate many intricate physiological processes
by inhibiting the expressions of target genes having related functions.58

KEGG analysis revealed that the target genes of miR-155 were signifi-
cantly enriched in immune- and proliferation-related pathways.
Through the databases, we found that SHIP1 and SOCS1 are the poten-
tial targets of miR-155. SHIP1, a tumor suppressor, has been widely
recognized to inhibit cell proliferation in many types of tumor cells.8,59

It has been reported that SHIP1 inhibits the proliferation of osteoclast
precursors via upregulating CDKN1B.36 CDKN1B controls cell pro-
gression and causes cell-cycle arrest in a wide range of tumors.60

However, the roles of SHIP1 and CDKN1B in macrophage prolifera-
tion have been rarely reported. SOCS1 acts as a negative feedback regu-
lator to inhibit JAK2/STAT3 signaling and control inflammation dur-
ing ischemic stroke.61 Macrophage deletion of SOCS1 gene increases
sensitivity to LPS and results in systemic inflammation.62 SOCS1 can
also restrain NF-kB by decreasing p65 stability within the cell nucleus
and then repress the release of inflammatory cytokines.40 Based on a
series of functional experiments, we further demonstrated exosomal
miR-155 promoted the proliferation and inflammation of macro-
phages through downregulating SHIP1 and SOCS1, respectively.

Due to technical limitations, it remains difficult to identify the precise
origins of these lung-targeting serum exosomes. Recent studies have
shown that alveolar epithelial cells respond to hyperoxia stress and
then activate macrophages through the release of extracellular vesi-
cles.63 Thus, we speculate that a proportion of serum exosomes are
probably from lung cells and so they can reach the lung to induce
lung inflammation. Identification of the sources of serum exosomes
will serve as a subject for further research in the near future. In addi-
tion, our study cannot rule out the possibility that other exosomal
miRNAs with altered levels, such as miR-15a and miR-27b, might
exert minor effects in serum exosome-induced inflammation, which
requires future study.
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Figure 8. The Effects of miR-155-Containing Serum Exosomes on

Macrophage Proliferation and Inflammation

During sepsis, miR-155-enriched exosomes are secreted into peripheral blood and

then able to reach the lung macrophages. Exosome-derived miR-155 promotes

macrophage proliferation and inflammation, which leads to acute lung inflammation.
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In summary, here we demonstrate that serum exosomes are abundant
in the peripheral blood of ALI mice and these exosomes selectively
load miRNAs, such as miR-155. In vivo, serum exosomes are able
to reach the lung macrophages and cause lung injury (Figure 8).
In vitro, serum exosome-derived miR-155 promotes macrophage
proliferation and inflammation by targeting SHIP1 and SOCS1,
respectively. The present report unravels the importance of circu-
lating serum exosomes in the regulation of macrophage activation
during sepsis. This novel route for intercellular communication
may contribute to a better understanding for the mechanism of ALI
after exposure to various stimuli such as sepsis.

MATERIALS AND METHODS
Mice

Adult male BALB/c mice were obtained from the Experimental
Animal Center of Huazhong Agricultural University (Wuhan,
China). All of the protocols involving animals in this study were
approved by the Ethical Committee on Animal Research at Huazhong
Agricultural University, and they were carried out in accordance with
the approved guidelines.

Mouse Model of LPS-Induced ALI

The method for establishing the LPS-induced ALI model was per-
formed as previously described.47 Briefly, the mice were intraperito-
neally (i.p.) injected with LPS (20 mg/kg, Sigma), and the control
mice were given an equal amount of PBS. At 12 h after LPS injection,
the serum samples and lung tissues were collected for further analysis.

Lung Histological Analysis

For histological analysis, lung tissues were excised and fixed with 4%
paraformaldehyde for 24 h. Thereafter, the fixed tissues were
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embedded in paraffin, sliced to a thickness of 4–6 mm, and stained
with H&E.

MPO Evaluation

The infiltration of inflammatory cells into lung tissues was evaluated
byMPO activity. Lung tissues were homogenized with reaction buffer
(1/9 w/v), and the MPO activity was measured with an MPO test kit
(Nanjing Jiancheng Bioengineering Institute, China), according to the
manufacturer’s instructions.

Serum Exosome Isolation, Identification, Labeling, and Uptake

Themouse blood was collected in 1.5-mL tubes and allowed to clot for
1 h at room temperature, and then serum was obtained by centrifu-
gation at 2,000 � g for 10 min at 4�C. Serum exosomes were isolated
according to the protocol previously described.49 Briefly, the serum
was centrifuged at 3,000 � g for 10 min at 4�C. The supernatant
was then diluted with an equal volume of sterile PBS (pH 7.4) and
centrifuged again at 10,000 � g for 30 min at 4�C. The resultant su-
pernatant fluid was filtered through a 0.22-mm filter (Millipore, USA),
transferred to a sterile ultracentrifuge tube, and then centrifuged at
200,000 � g for 2 h at 4�C (Beckman Optima XE-90, Beckman
Coulter, USA). For exosome purification, the pellets were washed in
a large volume of PBS and centrifuged at 200,000 � g for 1 h at
4�C. Following this step, the pellets containing the exosomes were
collected and resuspended in filtrated PBS for subsequent studies.

After isolation, exosomes were analyzed by electron microscopy and
NTA in terms of ultrastructure, concentration, and size distribution.
Protein markers such as CD63 and CD9 were assessed by western
blot.

To determine whether macrophages can uptake serum exosomes, we
labeled exosomes using a PKH67 green fluorescent labeling kit
(Sigma, MINI67), as previously described.64 Subsequently, we in-
jected these labeled exosomes into mice or co-cultured them with
macrophages. At 6 h post-injection, the lung tissues from mice
were excised and then observed with a laser-scanning confocal micro-
scope (Zeiss LSM 800, Zeiss, Germany) to track whether exosomes
could reach the lung. After the indicated time of co-culture, we
stained macrophages with DAPI and observed them with a laser-
scanning confocal microscope.

Administration of LPS-Stimulated Serum Exosomes from Donor

to Recipient Mice

Serum exosomes from mice treated either with or without LPS were
isolated and resuspended in filtrated PBS. A total of 200 mL exosomes
was intravenously injected into the recipient mice. Mice injected with
the same amount of PBS were used as a control group. Mice were all
euthanized at 24 h after the injection, followed up by the examination
of inflammatory markers.

TEM

Isolated exosome pellets were fixed in 2% paraformaldehyde, loaded
onto formvar carbon-coated grids, and then left to settle for 15 min.
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Thereafter, the samples were negatively stained with uranyl oxalate
for 5 min and then visualized using a Hitachi H-600 transmission
electron microscope (Hitachi, Schaumburg, IL, USA).

Cell Culture

The mouse RAW264.7 macrophages and HEK293T cells were ob-
tained from American Type Culture Collection (ATCC, Manassas,
VA, USA). Cells were cultured in DMEM (Invitrogen, Carlsbad,
CA, USA) supplemented with 10% fetal bovine serum (FBS; Sigma,
St. Louis, MO, USA), streptomycin (50 mg/mL), and penicillin
(50 U/mL) at 37�C in a humidified atmosphere of 5% CO2. Cells
for exosome treatment were cultured in DMEM with 10% exo-
some-depleted FBS (System Biosciences, San Francisco, CA, USA).

Immunofluorescent Staining

Cells or excised tissues were fixed in 4% paraformaldehyde, permea-
bilized with 0.1% Triton X-100, and then blocked with 10% BSA.
Slides were incubated with the indicated primary antibodies over-
night at 4�C and then incubated with fluorescently labeled secondary
antibodies for 1 h at room temperature. Nuclei were stained using
DAPI for 10 min. Six images per animal were captured under a fluo-
rescence microscope (AX70, Olympus, Japan), and the average value
from the six images was used to represent the value from one mouse
lung. Antibodies used included the following: anti-CD68, anti-iNOS,
anti-Arg-1, anti-BrdU (Abcam, Cambridge, MA, USA), and anti-NF-
kB p65 (Cell Signaling Technology, MA, USA).

Western Blot Analysis

Proteins were extracted from exosomes or cells using radioimmuno-
precipitation (RIPA) lysis buffer (BioSharp, China), and their con-
centrations were measured using the Pierce BCA Protein Assay
Kit (Thermo Fisher Scientific, Rockford, IL, USA). Samples with
equal amounts of protein were separated by SDS-PAGE gels, trans-
ferred onto polyvinylidene fluoride (PVDF) membranes, and
probed with the indicated primary antibodies overnight. Mem-
branes were washed and incubated with horseradish peroxidase-
conjugated secondary antibodies and then visualized using the Im-
ageQuant LAS4000 mini (GE Healthcare, Piscataway, NJ). Primary
antibodies against CD63 and CD9 (1:1,500) were purchased from
Abcam (Cambridge, MA, USA); primary antibodies against
SHIP1, CDKN1B, and SOCS1 (1:800) were from Santa Cruz
Biotechnology (Dallas, TX, USA); and primary antibodies against
b-actin and phospho-NF-kB p65 (1:1,000) were from Cell Signaling
Technology (Beverly, MA, USA). Secondary antibodies (1:4,000)
were from Cell Signaling Technology (Beverly, MA, USA). The
ray values of the protein bands were measured by Image-Pro Plus
6.0 software (Media Cybernetics, Silver Spring, MD, USA), and
the relative expressions of the indicated proteins were normalized
to an internal control b-actin.

RNA Extraction and qPCR Analysis

Total RNA was extracted using the TRIzol reagent (Invitrogen, USA),
following the manufacturer’s instructions, and then reverse tran-
scribed into cDNA using the M-MLV Reverse Transcriptase
(Takara, Dalian, China) or Hairpin-it miRNAs qPCR Quantitation
Kit (GenePharma, Shanghai, China). Then, qPCR was performed
using the SYBR Green Master Mix and run on a StepOne Plus
Real-Time PCR System (Applied Biosystems, USA). The relative
expression levels of miRNAs or mRNAs were normalized to U6 small
nuclear RNA (snRNA) or GAPDH following the 2–DDCt comparative
method. The primers are listed in Table S1.

Cell Transfection

Macrophages were transfected with the indicated miRNA agomirs,
antagomirs, small interfering RNAs (siRNAs), or NCs using Lipofect-
amine 2000 (Invitrogen, Carlsbad, CA, USA), following the manufac-
turer’s instructions. The cells were harvested for subsequent studies
24 h after transfection. agomir-NC, agomir-155, antagomir-NC,
antagomir-155, siRNAs, and the corresponding siRNA NC (si-NC)
were designed and synthesized by GenePharma (Shanghai, China).

Plasmid Construction and Luciferase Reporter Assay

The possible miRNA-binding sites on the SHIP1 gene were predicted
using the TargetScan, miRDB, and miRWalk databases. The lucif-
erase reporter plasmids were constructed as described previously.
Briefly, the miR-155-binding sites in the SHIP1 30 UTR sequence
were cloned into a psiCHECK-2 vector (Promega, Madison, WI,
USA). For the luciferase reporter assay, HEK293T cells were co-trans-
fected with the luciferase reporter plasmids combined with agomir-
155 or controls, respectively. After 24 h of transfection, the cells
were lysed andmeasured for luciferase activities using the Dual-Lucif-
erase Reporter Assay System (Promega, Madison, WI, USA),
following the manufacturer’s protocols.

Cell Proliferation Assays

'Cell proliferation was measured using the CCK-8 (Dojindo Labora-
tories, Japan) and BrdU incorporation assays, respectively. For the
CCK-8 assay, cells were plated at a density of 4 � 104 cells/well in 96-
well plates for 1–2 h. After treatment, 10 mL CCK-8 solution was added
to eachwell, and the wells were incubated continuously for 3 h. The op-
tical density (OD) wasmeasured at a wavelength of 450 nmon amicro-
plate reader (Bio-Rad, Hercules, CA, USA). Alternatively, the BrdU
incorporation assay was carried out as previously described.65 Cells
were incubated with BrdU (100 nM; Sigma) for 4 h and then subjected
to BrdU immunostaining. Fluorescent images were obtained using a
fluorescence microscope (AX70, Olympus, Japan).

Flow Cytometry Analysis

The cells were scraped from the culture dish and then washed three
times with cold PBS. The polarization of macrophages was assessd
by multi-color flow cytometry, as described previously.66 The data
were obtained and further analyzed using FlowJo software (version
10.0.7; Tree Star, Ashland, OR, USA).

Statistical Analysis

All values were expressed as the means ± SEM. The results were
analyzed using a two-tailed Student’s t test for comparison of two
groups, and one-way ANOVA followed by Dunnett’s multiple
Molecular Therapy Vol. 27 No 10 October 2019 1769
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comparison test when three groups were compared. For all analyses, a
p value of <0.05 was considered to be statistically significant.
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