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Abstract
Alveolar macrophages (AM) maintain airway immune balance; however, the regulation of heterogeneity of AMs is
incompletely understood. We demonstrate that RGS1 coregulates the immunophenotype of AM subpopulations, including
pro- and anti-inflammatory, injury- and repair-associated, and pro- and antifibrotic phenotypes, through the PLC-IP3R
signal-dependent intracellular Ca2+ response. Flt3+ AMs and Tie2+ AMs had different immune properties, and RGS1
expression in the cells was targeted by exosomes (EXOs) containing miR-223 and miR-27b-3p that were derived from
vascular endothelial cells (EnCs) and type II alveolar epithelial cells (EpCs-II), respectively. Imbalance of AMs was
correlated with acute lung injury/acute respiratory distress syndrome (ALI/ARDS) and pulmonary fibrosis (PF) caused a lack
of secretion of CD31+ and CD74+ EXOs derived from EnCs and EpCs-II. Timely treatment with EXOs significantly
improved endotoxin-induced ALI/ARDS and bleomycin-induced PF in mice. Thus, EnC- and EpC-II-derived EXOs regulate
the immune balance of AMs and can be used as potential therapeutic drugs.

Introduction

Disorders of alveolar macrophage subpopulations (AMs) can
cause various lung diseases, such as acute lung injury/acute
respiratory distress syndrome (ALI/ARDS) [1], pulmonary

fibrosis (PF) [2], asthma [3], and chronic obstructive pul-
monary disease (COPD) [4]. ALI/ARDS involves the
excessive recruitment of monocytes or neutrophils, which
disrupts the vascular endothelial barrier and triggers blood-
oxygen exchange disorders [5]. PF results from long-term
chronic injury of pulmonary epithelial cells (such as long-
term smoking or drug use), and the fibrous scar deposited by
repeated repairs hinders ventilation function [6]. AMs have
multiple phenotypes involved in the inflammatory response
and regulation, tissue remodeling, and antifibrotic processes
[7]; however, the molecular mechanism of the regulation of
the immune balance by AMs in the lung microenvironment is
poorly understood.

Increase in tissue macrophage numbers depends on
chemokine-mediated monocyte recruitment and cytokine-
mediated proliferation [8]. In the early stages of the
pulmonary inflammatory response, AMs with a proin-
flammatory phenotype represent the major population,
destroy the pathogens, and produce associated tissue
damage. IL-4 activates the repair phenotype of AMs, which
stimulate the fibroblasts to temporarily repair the damaged
tissue [9]. Subsequently, AMs with anti-inflammatory and
antifibrotic phenotypes become predominant; these AMs
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respond to IL-10 and IL-4, respectively [10, 11]. Failure to
effectively control the AM balance can result in tissue
injury or fibrosis.

Regulator of G protein signaling-1 (RGS1) is a reg-
ulatory member of the G protein signaling family that links
G protein-coupled receptors (GPCRs) and calcium signaling
[12]. RGS1 is specifically expressed in macrophages and B
cells, and defects in RGS1 cause autoimmune diseases and
macrophage-mediated atherosclerosis [13, 14]. However,
the regulation of RGS1 in AMs is largely unclear. This
study addresses the following issues: (i) characterization of
immunophenotypic propensity for inflammatory injury and
fibrosis repair in various AMs, (ii) clarification of the
mechanism of RGS1-dependent regulation of immune
response involving AMs in the lung, and (iii) identification
of the effects of the intrapulmonary microenvironment on
RGS1-mediated AM immunity in the lung. The resolution
of these issues can illustrate the pathogenesis of airway
diseases.

Results

RGS1 is related to the recruitment of AMs with
different immunophenotypes during lung infection

Ly6C is upregulated in peripheral monocytes in the hema-
topoietic phase, and the abundance of Ly6C+ monocytes
dynamically controls the numbers of tissue macrophages
[15]. In the alveoli, Ly6Clow, Ly6Chi, and Ly6C− AMs can
be sorted based on Ly6C (Fig. 1a). These AMs have dif-
ferent recruitment sequences during the infections induced
by Gram-negative bacterium E. coli. Ly6C− AMs are the
first to be recruited (0.5 days) (Fig. 1b) followed by Ly6Chi

AMs (0.5–2 days) (Fig. 1c) and Ly6Clow AMs that start to
increase at a later time (3–5 days) (Fig. 1d). Although the
ratio of Ly6Chi AMs to Ly6Clow AMs is changed during the
infection, Ly6C+, and Ly6C− AMs always maintained a
ratio of approximately 1:1. Importantly, during the infec-
tion, the RGS1 expression in these AMs was down-
regulated. The role of the downregulation of RGS1 in these
AMs is unknown. These subpopulations have similar tran-
scriptional profiles [16]; however, changes in the alveolar
immune microenvironment influence the heterogeneity and
immunophenotypic properties of AMs. Ly6Chi and Ly6Clow

AMs had a proinflammatory (high iNOS and IL-1β
expression; Fig. 1e) or an antifibrotic phenotype (high
MMP-9 and cathepsin K; Fig. 1g), respectively, and Ly6C−

AMs had increased expression of anti-inflammatory cyto-
kines (IL-10 and SOCS3; Fig. 1g) and tissue repair/fibrotic
factors (Arg-1 and TGF-β1; Fig. 1h). In a model of ALI and
PF induced by lipopolysaccharide (LPS) and bleomycin
(BLM) (Supplementary Fig. 1), LPS mobilizes a large

number of Ly6Chi and Ly6Clow AMs and downregulates the
expression of RGS1; however, these changes do not influ-
ence the number of Ly6C− cells and the expression of
RGS1 in these cells (Supplementary Fig. S1a–c). Although
the recruitment time in the lung is slightly different, the
immunophenotype of LY6Chi, LY6Clow, and LY6C− AMs
does not change under LPS induction (Supplementary
Fig. 1d). On the contrary, BLM induces an increase in
LY6C− AMs and downregulates the expression of RGS1
(Supplementary Fig. 1e-g). Meanwhile, the immunophe-
notype of LY6Chi, LY6Clow, and LY6C− AMs does not
change under BLM induction (Supplementary Fig. 1h).

Flt3 and Tie2 can be used as specific markers of
Ly6C+ AMs and Ly6C− AMs

To assess the specificity of RGS1 expression, CD45+

myeloid cells and CD45− endothelial cells were sorted as
shown in Fig. 2a, b; the results indicated that many myeloid
and endothelial cells do not express RGS1 that is expressed
in Ly6C+ monocytes. As shown in Supplementary Fig. 2a,
Ly6Chi and Ly6Clow AMs were supplemented by peripheral
Ly6C+ monocytes using chimeric mice that received
sorted Ly6Chi monocytes from CD45.1+ mice. Ly6Chi

monocytes migrated into the lung and were then trans-
formed into Ly6Chi and LY6Clow AMs, and Ly6Clow

monocytes were not a complementary source of Ly6C+

AMs (Supplementary Fig. 2b). This result indicates that
RGS1 is specifically expressed in AMs regardless of the
Ly6C+ or Ly6C− phenotype. Specific knockout of RGS1 in
Ly6C+ and Ly6C− cells separately was needed to investi-
gate whether RGS1 is involved in the maintenance of the
proportional balance of AMs. However, efficient expression
tools for generation of conditional knockout of RGS1 in
various AMs are unavailable. Tie2 and Flt3 are expressed in
macrophages originating from erythro-myeloid progenitors
(EMPs) and hematopoietic stem cells (HSCs), respectively
[17, 18]. Brain microglia is known to originate from EMPs
[19], and intestinal macrophages are derived entirely from
the supplementation of HSCs [20]. Therefore, we used Flt3
and Tie2 to distinguish Ly6C+ and Ly6C− AMs. As shown
in Fig. 2c, d, mouse brain macrophages are only of the
Ly6C-Tie2+ phenotype, and intestinal macrophages are
only of the Ly6C+ Flt3+ phenotype. In the lung, Ly6C−

AMs are completely Tie2+ Flt3−, and Ly6C+ AMs are
Flt3+ Tie2− (Fig. 2e). Therefore, Flt3 and Tie2 can be used
as potential markers of Ly6C− AMs and Ly6C+ AMs. We
crossed RGS1fl/fl mice (Fig. 2f) with Flt3-creERt2 or Tie2-
creERt2 mice to obtain transgenic RGS1fl/fl;Flt3-creERt2
(RGS1Flt3) and RGS1fl/fl;Tie2-creERt2(RGS1Tie2) mice
with induced conditional knockout of RGS1 in Flt3+ or
Tie2+ AMs after treatment with tamoxifen, respectively
(Fig. 2g, h).
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RGS1 influenced the Flt3+/Tie2+ AM ratio and lung
immune response

The defects in RGS1 influenced the number and proportion
of Flt3+ and Tie2+ AMs during the E. coli infection
(Fig. 3a, b and Supplementary Fig. 3a, b). An increase in the
proportion of Flt3+ AMs resulted in a decrease in blood
oxygenation (Fig. 3c). The defects in Tie2+ AMs apparently
improved blood oxygenation (Fig. 3d); however, similar to
RGS1Flt3 mice, RGS1Tie2 mice had a reduced survival rate
after E. coli infection (Fig. 3e). RGS1Flt3 mice manifested
endogenous L-lactic acidosis, and RGS1Tie2 mice mani-
fested exogenous D-lactic acidosis (Fig. 3f, g) suggesting

that RGS1Flt3 mice die from hypoxia and RGS1Tie2 mice die
from bacterial lung invasion. The proinflammatory and
antifibrotic molecules, including iNOS, CaK, and MMP9,
were overexpressed in the lung of RGS1Flt3 mice (Fig. 3h)
antagonizing the formation of fibroblasts (ɑ-smooth muscle
actin (ɑSMA) was used as a marker) and collagen pre-
cipitation (Fig. 3h) and aggravating the release of
damage-associated molecular patterns (DAMPs) (e.g.,
mtDNA, cellular proteome, HMGB1, and GAPDH) into
BALF (Fig. 3i). In contrast, the lack of proinflammatory and
antifibrotic molecules in the lung of RGS1Tie2 mice resulted
in extensive fibroblast production and collagen deposition
(Fig. 3h). In LPS-induced ALI and BLM-induced PF mouse

Fig. 1 Differences in inflammatory/fibrotic phenotypes of AMs
based on Ly6C expression. Gating strategy for AMs (CD45+ CD11b-
Siglec-F+ CD11c+ Ly6G-) subpopulation and RGS1 expression
in Ly6C−, Ly6Clow, and Ly6Chi AMs (a). The frequency of mouse
Ly6C− (b), Ly6Clow (c), and Ly6Chi (d) AMs in total lung cells and
total AM changes and RGS1 expression within 2 weeks of tracheal
administration of E. coli. At 5 days of E. coli infection, the expression
of iNOS and IL-1β (e), activities of cathepsins and MMPs (f),

expression of IL-10 and SOCS3 (g), and expression of ARG1 and
TGFβ1 (h) in LY6Chi AMs (light green), LY6Clow AMs (dark blue),
and LY6C− AMs (red) was assessed. Representative flow cytometry
plots (left) and statistical graph (right) are shown; each small circle
represents a mouse. The data are shown as the mean ± SD; *p < 0.05
and **p < 0.01 by ANOVA, and “n.s.” indicates not statistically sig-
nificant. The results at each time point correspond to 3 mice.
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Fig. 2 The distinction between Flt3 and Tie2 in Ly6C+ and Ly6C−

AMs. Gating strategy for AMs (CD45 + Siglec-F +CD11b-CD11c +

CD64 + ), CD11b +DCs (CD11b +MHC-II + CD11c +CD24 +

CD64-), CD103 +DCs (CD11c +CD103 + CD24 + ), eosinophils
(Siglec-F + CD11b +CD11c-), interstitial macrophages (CD11b +

MHC-II +CD11c +CD64 +CD24-), Ly6C+ monocytes and macro-
phages, Ly6C− monocytes and macrophages (CD11b +MHC-II-
CD64+/−), and neutrophils (CD11b+ Ly6G+) in the mouse lung and
the RGS1 expression in the cells were evaluated (a). Gating strategy
for endovascular progenitor (EVP, CD45-CD31lowVEGFRlow),
transit-amplifying (TA, CD45-CD31intVEGFRint), and definitive dif-
ferentiated cells (D, CD45-CD31hiVEGFRhi) and their RGS1

expression were evaluated (b). The expression of Flt3 and Tie2 was
evaluated in Ly6C+ or Ly6C− brain macrophages (c), intestinal
macrophages (d), and lung macrophages (e). Construction mode
diagrams of RGS1fl/fl;Flt3-CreERt2 and RGS1fl/fl;Tie2-CreERt2 (f).
One week after tamoxifen treatment, the expression of RGS1 in
RGS1Flt3 and RGS1Tie2 mice in Flt3 + Ly6Chi AMs, Flt3 + Ly6Clow

AMs, and Tie2 + Ly6C− AMs was detected (g, h). The data are shown
as the mean ± SD; *p < 0.05 and **p < 0.01 by ANOVA, and “n.s.”
indicates not statistically significant. The data in a-e were derived
from 3 independent experiments. The data in g and h are based on 3
mice in each group.
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Fig. 3 The effects of conditional knockout of RGS1 in Flt3+ and
Tie2+ AMs on infection, injury, and fibrosis. The ratios of
Flt3+/Tie2+ AMs (a) and PaO2/FiO2 (b) in RGS1Flt3 and RGS1Tie2

mice within 2 weeks of E. coli infection; values were compared to the
corresponding Flt3-creERt2 or Tie2-creERt2 control mice. Survival
curves (e) for RGS1Flt3 and RGS1Tie2 mice within 4 weeks of E. coli
infection. Serum L-lactic acid (f) and serum D-lactic acid (g) levels in
RGS1Flt3 and RGS1Tie2 mice at 14 days of E. coli infection. The
expression of cathepsin K, MMP9, iNOS, α-SMA, collagen I, and
collagen IV in the lung of RGS1Flt3 and RGS1Tie2 mice was compared
with that in WT mice at 14 days of E. coli infection (h). The levels of
released mtDNA, proteome, HMGB1, and GAPDH in BALF of

RGS1Flt3 and RGS1Tie2 mice at 14 days of E. coli infection were
determined by dot blotting, Coomassie blue staining, and western blot
(i). j Lung H&E staining, lung Masson’s trichrome staining, tissue
damage scores, and the blood PaO2/FiO2 ratio in RGS1Flt3 and
RGS1Tie2 mice in the LPS-induced ALI model. k Lung H&E staining,
lung Masson’s trichrome staining, lung collagen deposition area, and
assessment of blood Rsc in RGS1Flt3 and RGS1Tie2 mice in the BLM-
induced PF model. The data are shown as the mean ± SD; *p < 0.05
and **p < 0.01 by ANOVA. The data in a–d, j, k are based on 3 mice
at each time point; the data in e are based on 8–11 mice used to assess
the survival rate; the data in h, i were derived from 3 independent
experiments using 3 mice.
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models, RGS1Flt3 mice manifested more severe lung injury
and respiratory distress than that in the wild-type (WT) mice
(Fig. 3j), and RGS1Tie2 mice manifested more severe
respiratory dysfunction and fibrotic deposition (Fig. 3k)
than that in the WT mice. These data indicate that RGS1
maintains the ratio of AMs and that imbalance in Flt3+ or
Tie2+ AMs leads to the development of ALI/ARDS and PF,
respectively.

RGS1 regulates the Ca2+ signaling-dependent
immune response of AMs

Stable primary Flt3+ AMs and Tie2+ AMs lines were
generated in vitro to confirm the effect of RGS1 on the
immune response of AMs. As shown in Supplementary
Fig. 4a, RGS1fl/fl;Flt3-creERt2YFP and RGS1fl/fl;Tie2-
creERt2YFP mice were obtained. Primary Flt3+ AMs and
Tie2+ AMs isolated from these mice were immortalized
using the pGMLV-SV40T lentivirus, and these AMs have
reduced RGS1 and associated fluorescent YFP expression
after induction with tamoxifen (Supplementary Fig. 4b, c).
In vitro, RGS1-deficient Flt3+ AMs and Tie2+ AMs
exhibited highly responsive Ca2+ influx (Fig. 4a) and acti-
vation of PLC-IP3 phosphorylation signals (Fig. 4b, c) in
response to ATP (PLC-IP3-coupled receptor agonist)
induction. RGS1 deficiency influenced the immune
response of each type of AMs; in Flt3+ AMs, the expression
of iNOS and IL-1β in response to LPS induction was
enhanced (Fig. 4d), and IL-4 induced an increase in the
cathepsin and MMP activities (Fig. 4e). In Tie2+ AMs,
RGS1 deficiency enhanced IL-10 and SOCS3 expression
(Fig. 4f), and IL-4 induced Arg-1 and TGFβ1 expression
(Fig. 4g). These proinflammatory/injury and repair/fibrotic
expression patterns and cell proliferation activity depended
on the level of calcium ions in the cell culture medium
(Supplementary Fig. 5a–f). Moreover, calcium influx
and PLC-IP3 signals in peripheral monocytes from
RGS1Flt3-deficient mice were highly responsive (Supple-
mentary Fig. 6a, b). In a transwell model of simulation of
monocyte transendothelial-epithelial migration (Supple-
mentary Fig. 6c), RGS1-deficient Flt3+ monocytes had
higher transendothelial-epithelial migration than that of WT
monocytes (Supplementary Fig. 6d). The levels of several
calcium-dependent adhesion molecules [21, 22] associated
with monocyte migration were also upregulated (Supple-
mentary Fig. 6e). These data indicate that RGS1 regulates
the calcium-dependent immune response of AMs.

Exosomes (EXOs) in BALF regulate RGS1 in AMs

The mechanism of downregulation of RGS1 expression in
AMs is unknown. A number of inflammatory mediators and
cytokines are present in the pulmonary microenvironment

during lung infection. Pathogen-associated molecular pat-
terns (PAMPs) (e.g., LPS), DAMPs (e.g., mtDNA and
HMGB1), chemokines (e.g., CX3CL1), proinflammatory
cytokines (e.g., TNF-α), and ILs (e.g., IL-4 and IL-10) did
not directly downregulate RGS1 expression in Flt3+ and
Tie2+ AMs in vitro (Supplementary Fig. 7a, b). However,
BALF harvested from infected mice induced down-
regulation of RGS1 in AMs in vitro (Fig. 5a, b). BALF
samples treated with an exosomal uptake inhibitor Annexin
V [23] lost the ability to downregulate RGS1 (Fig. 5a, b).
This finding suggests that EXOs, which may be mediators
in BALF, downregulate RGS1 in AMs. EXOs in BALF
were isolated by differential centrifugation (Fig. 5c) and
identified and characterized by transmission electron
microscopy (TEM) (Fig. 5d) and nanoparticle tracking
analysis (NTA) (Fig. 5e). Specific molecules carried by the
vesicles isolated by differential centrifugation were assayed
(Fig. 5f) (extracellular vesicles (EVs) were pan labeled with
ACTN, apoptotic bodies (ABs) were labeled with THBS1,
microvesicles (MVs) were labeled with Arf6, and EXOs
were labeled with TSG-101 and CD63; Erp72 and LAMP1
were used as negative controls for endoplasmic reticulum
(ER) and lysosome contamination). The isolated EVs,
including ABs, MVs, and EXOs with variable particle sizes
[24], were individually added to cultured Flt3+ and Tie2+

AMs (Fig. 5g). BALF-derived EVs downregulated the
expression of RGS1 in Flt3+ and Tie2+ AMs in vitro
(Fig. 5h); however, only EXOs downregulated RGS1 in
AMs (Fig. 5i), and ABs and MVs did not impact the
expression of RGS1 (Fig. 5j, k). EVs often carry protein
markers from the cells that secreted them [25, 26], such as
CD31 from endothelial cells (EnCs), CD74 from type II
alveolar epithelial cells (EpCs-II), PDPN from EpCs-I, and
β-tubulin from ciliated cells (CC), as shown in Fig. 5f.
EXOs that can affect the expression of RGS1 in AMs may
be mainly derived from CD74+ EpCs-II and CD31+ EnCs.
Comparison of the number and size of EVs in BALF of
RGS1flt3 and RGS1Tie2 mice did not demonstrate significant
differences with the characteristics of EVs from the isotype
control negative mice (Supplementary Fig. 3c–f).

EXOs derived from EpCs-II and EnCs inhibit
expression of RGS1 in Flt3+ and Tie2+ AMs

EpCs-II and EnCs are important non-professional immune
cells in the lung that are activated by soluble CD14 (sCD14)
[27, 28]. EpCs-II and EnCs can directly respond to induc-
tion with sCD14 by secreting a large number of EVs with
particle sizes ranging from 100 to 400 nm (Fig. 6a, b).
EXOs isolated from EVs derived from EpCs-II and EnCs
carry specific markers, CD74 and CD31, respectively
(Fig. 6c, d). We used ELISA [29] (Fig. 6e) to indirectly
detect the levels of exosomal CD74 and CD31 (Fig. 6f, g).
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ELISA was also used to detect specific EXOs in BALF
samples as shown in Fig. 6h. The levels of CD73+ and
CD31+ EXOs were increased in BALF of E. coli-infected
mice. To determine whether CD73+ and CD31+ EXOs
have uptake specificity, PKH67-labeled EXOs (Fig. 6i)
were added to the culture medium of Flt3+ or Tie2+ AMs.
As shown in Fig. 6j, k, Flt3+ and Tie2+ AMs were able to

specifically uptake CD74+ and CD31+ EXOs secreted by
EpCs-II and EnCs, respectively. Importantly, these specific
EXOs inhibited the expression of RGS1 in Flt3+ and Tie2+

AMs in vitro (Fig. 6l, m). As expected, Flt3+ and Tie2+

AMs treated with CD74+ or CD31+ EXOs exhibited highly
responsive Ca2+ influx and high expression of inflammatory
and fibrotic cytokines (Supplementary Fig. 8a–e). Thus,

Fig. 4 The effect of RGS1 defects on Ca2+ response signaling and
inflammatory/fibrotic phenotypes. Oligomycin A was used to block
ATP production in YFP+Flt3+ and YFP+Tie2+ AMs in vitro, and
1 μM ATP was used to induce intracellular Ca2+ signaling. YFP
images (first column) were captured prior to data acquisition to iden-
tify YFP-positive cells (defined by dashed circles), and 340/380 ratio
images were captured 30 s before the application of ATP (second
column) and 10, 50, 150, and 250 s after stimulation. The right side
shows the ATP-induced Ca2+ 340/380 ratio (recorded every 10 s) and
the statistical chart of the area under the curve (n= 7–9). Western blot

analysis of the phosphorylation levels (b, c) of PLCβ2 and IP3R sti-
mulated by 1 μM ATP at 250 s. Expression of iNOS and IL-1β in
YFP+Flt3+ AMs induced by LPS in vitro (d). The activity of cathe-
psins and MMPs in YFP+Flt3+ AMs induced by rmIL-4 (e).
Expression of IL-10 and SOCS3 in YFP+Tie2+ AMs induced by
rmIL-10 (f). Expression of ARG-1 and TGFβ1 in YFP+Tie2+ AMs
induced by rmIL-4 (g). The data are shown as the mean ± SD;
*p < 0.05 and **p < 0.01 by ANOVA. The data in a are based on 3
independent fields of view with 7–9 cells; the data in b–g are based on
3 replicate wells of culture plates for each group.
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EXOs in BALF are important regulators of the AM immune
balance. EnC-derived CD31+ EXOs enhanced the anti-
inflammatory and profibrotic effects of Tie2+ AMs, and
EpC-II-derived CD74+ EXOs enhanced the proin-
flammatory and antifibrotic effects of Flt3+ AMs. Interest-
ingly, loss of EpCs-II and EnCs is a known pathological
feature of PF and ALI [30, 31], respectively. Whether these
losses lead to disordered EXO regulation in the micro-
environment requires further verification.

Imbalance of CD31+ and CD74+ EXOs causes ALI/
ARDS and PF

In ALI/ARDS and PF, EnCs and EpCs, respectively, are
often severely damaged. Drugs or treatments that improve
EnC or EpC functions can improve the symptoms of ALI
and PF, respectively [32, 33]. As shown in Fig. 7a, b, LPS
and BLM induce EnC and EpC-II proliferation abnormal-
ities, respectively. As expected, high concentrations of LPS

Fig. 5 The effect of BALF-EXOs on the expression of RGS1 in
Flt3+ and Tie2+ AMs. BALF samples were collected from mice after
24 h of E. coli infection, centrifuged to remove cells and debris, and
added to in vitro culture of YFP+Flt3+ AMs and YFP+Tie2+ AMs;
additionally, BALF samples were treated with an exosome uptake
inhibitor, Annexin V. Flow cytometry was used to detect the expres-
sion of RGS1 in YFP+Flt3+ AMs and YFP+Tie2+ AMs (b). Differ-
ential centrifugation was used to isolate EVs (c) from the BALF
samples, and 8 centrifugation gradients were used. EVs obtained at
12,000–100,000 × g were combined and evaluated by TEM (d), and

the particle size of the EVs was measured by NTA. Western blot was
used to analyze the surface markers of EVs (f) obtained by differential
centrifugation. BALF samples were collected from mice after 0, 5, or
14 days of E. coli infection, and EVs isolated by differential cen-
trifugation were separated into the total EV group (h), EXO group (i),
AB group (j) and MV group (k). The separated groups were added to
YFP+Flt3+ and YFP+Tie2+ AMs in vitro, and flow cytometry was
used to detect the expression of RGS1 (g). The data are shown as the
mean ± SD; *p < 0.05 and **p < 0.01 by ANOVA. All data were
derived from 3 independent experiments using 3 mice.
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and BLM resulted in a lack of CD31+ EXOs and CD74+

EXOs in BALF of ALI or PF mice (Fig. 7c, d), respectively.
In collected BALF samples from 72 patients with ALI/

ARDS, extensive epithelial injury could have induced a

significant reduction in the RGS1 expression in Flt3+ AMs
(Fig. 7e). Moreover, the number of CD31+ EXOs in BALF
was proportional to the PaO2/FiO2 ratio (Fig. 7f), and the
ratio of Flt3+ AMs was significantly upregulated (Fig. 7i)

Fig. 6 Effects of EXOs secreted by EpCs-II and EnCs on the
expression of RGS1 in Flt3+ and Tie2+ AMs. After sCD14 treatment
of EpCs-II (a) or EnCs (b) in vitro for 12 h, EVs were isolated from
the medium by differential centrifugation, and the size of EVs obtained
at 12,000–100,000 × g was evaluated by NTA; EVs isolated at
100,000 × g were evaluated using TEM. Western blot was used to
analyze sCD14-treated EpCs-II (c) and EnCs (d) at 0, 1, 4, 8, 12, and
24 h for EV surface markers, including ACTN, EXO markers TSG101
and CD63, EnC marker CD31, EpC-II marker CD74, EpC-I marker
PDPN, ER marker Erp72, and lysosomal marker LAMP1. A schematic
diagram (e) shows the method of detection of CD31+ EXOs and
CD74+ EXOs by ELISA. EXOs were isolated from the medium of
sCD14-induced EpC-II or EnC at 12 h and quantified based on protein

content; linear relationships between the content of CD31 (f) or CD74
(g) and the total protein content were determined by ELISA. The
content of CD31+ EXOs and CD74+ EXOs in BALF at 0, 1, 3, 5, and
7 days in E. coli-infected mice was determined by ELISA (h). EpC-II
and EnC EXOs induced by sCD14 treatment for 12 h were fluores-
cently labeled with PKH67, added to Flt3+ or Tie2+ AMs, and defined
as the Annexin V rescue group. After 24 h, flow cytometry was used to
detect the fluorescence intensity at 504 nm (i–k). Western blot was
used to analyze the effects of EXOs from EpCs-II (l) and EnCs (m)
induced by sCD14 on the RGS1 expression in Flt3+ and Tie2+ AMs at
0, 1, 4, 8, 12, and 24 h. The data are shown as the mean ± SD *p < 0.05
and **p < 0.01 by ANOVA. All data were derived from 3 independent
experiments with 3 replicate wells of culture plates.
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Fig. 7 Effects of EpC-II and EnC injury on the secretion of CD31+

EXOs and CD74+ EXOs. Low (0.01 mg/kg) and high doses of LPS
(1.5 mg/kg) were administered intratracheally, and 1 mg of BrdU was
injected intraperitoneally 20 h later. After 1 day, the cell cycle dis-
ruption mediated by LPS in sorted EnCs was observed by flow
cytometry (a). Low (0.125 U/kg) and high doses of BLM (4 U/kg)
were administered intratracheally, and BrdU was injected. After
14 days, flow cytometry was used to observe the effects of BLM on
the cell cycle in sorted EpC-II to evaluate toxicity (b). The levels of
CD31+ EXOs and CD74+ EXOs in BALF were measured 1 day after
the tracheal administration of various doses of LPS (c). The levels of
CD31+ EXOs and CD74+ EXOs in BALF (d) were measured 14 days
after the tracheal administration of various doses of BLM. BALF
samples were collected from 72 ARDS/ALI patients who were defined
according to the Berlin criteria, 17 PF patients who were defined
according to the ERS criteria, and 20 healthy controls. The RGS1
expression in Flt3+ AMs (e) and Tie2+ AMs (g) in BALF was detected

by flow cytometry. Correlations between CD31+ EXOs (f) and CD74+

EXOs (h) in BALF with PaO2/FiO2 were compared in ARDS/ALI
patients, PF patients, and healthy controls. The ratio of Flt3+ AMs to
Tie2+ AMs in BALF of ARDS/ALI patients, PF patients, and healthy
controls was detected (i). CD31+ EXOs (500 μg/kg) and CD74+ EXOs
(1 mg/kg) were administered by tracheal instillation in mice, and the
expression of RGS1 in Tie2+ AMs and Flt3+ AMs was examined (j).
CD31+ EXOs were administered to high-dose LPS-induced ALI mice.
The Tie2+/Flt3+ AM ratio (k) was measured at specified time points
to evaluate the blood oxygenation index (l) and lung tissue damage
(m, n). CD74+ EXOs were administered in the high-dose BLM-
induced PF model mice, and the Tie2+/Flt3+ AM ratio (o) was mea-
sured at specified time points. Respiratory system compliance
(p), pulmonary hydroxyproline content (q), and H&E and
Masson’s trichrome staining (r) were assessed. The data are shown as
the mean ± SD; *p < 0.05 and **p < 0.01 by ANOVA or Pearson

correlation analysis. All data of the mouse experiments included 3
mice at each time point.
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compared with that in the healthy subjects. On the other
hand, apparently due to endothelial cell injury, the expres-
sion of RGS1 in Tie2+ AMs in BALF from 17 patients with
PF was significantly decreased (Fig. 7g), and the number of
CD74+ EXOs was proportional to the PaO2/FiO2 ratio
(Fig. 7h). All these changes could have resulted in sig-
nificant upregulation of the ratio of Tie2+ AMs in PF
patients (Fig. 7i) compared to that in the healthy subjects.
These results indicate that ALI/ARDS and PF patients lack
CD31+ EXOs and CD74+ EXOs in the pulmonary micro-
environment, respectively, leading to obstructed blood-
oxygen exchange and respiratory failure.

To assess whether EXOs have potential therapeutic
effects, CD31+ or CD74+ EXOs were administered by
tracheal instillation in mice. As shown in Fig. 7j, CD31+ or
CD74+ EXOs downregulated the expression of RGS1 in
Tie2+ AMs or Flt3+ AMs in vivo, respectively. Due to
severe endothelial damage, a high dose of LPS induced a
gradual downregulation of the ratio of Tie2+ AMs to Flt3+

AMs (Fig. 7k) that resulted in a decrease in the PaO2/FiO2

ratio (Fig. 7l) and severe lung injury (Fig. 7m, n). The
treatment with CD31+ EXOs increased the Tie2+ AM
proportion, reduced lung injury, and improved blood oxy-
genation. In the BLM-induced PF model, supplementation
with CD74+ EXOs resulted in a normal Tie2+ AM pro-
portion and a significant improvement in fibrosis progres-
sion (Fig. 7o–r). To detect the effect of a reduction in the
number of CD74+ EXO or CD31+ EXOs on ALI or PF,
mice were treated with CD74 or CD31 antibodies. The
treatments resulted in the inhibition of the release of CD74+

EXOs or CD31+ EXOs in BALF induced by low doses of
LPS or BLM (Supplementary Fig. 9a, b) and subsequent
reduction in the number of Flt3+ AMs and Tie2+ AMs in
BALF in mice (Supplementary Fig. 9c) thereby aggravating
high-dose LPS- or BLM-induced ALI (Supplementary
Fig. 9f) or PF (Supplementary Fig. 9g–i), respectively.
Moreover, the administration of Flt3 and Tie2 antibodies to
mice only slightly reduced the number of Flt3+ AMs or
Tie2+ AMs (Supplementary Fig. 9l). An increase in the
number of CD74+ EXOs or CD31+ EXOs was detected
(Supplementary Fig. 9j, k); however, these changes had
little effect on the severity of ALI and PF induced by high
doses of LPS or BLM (Supplementary Fig. 9m–r).

miR-223 and miR-27b-3p inhibit the expression of
RGS1

BALF-EVs contain a large number of microRNAs (miR-
NAs) [34]. Thus, we identified miRNAs that target the
inhibition of RGS1 expression. Acridine orange (AO) was
used to label RNA in EXOs (Fig. 8a). Flt3+ and Tie2+ AMs
were specifically able to uptake AO-labeled RNA from
EXOs secreted by EpCs-II and EnCs, respectively (Fig. 8b).

Dicer is an enzyme necessary for miRNA synthesis [35].
Interference with Dicer expression in EpCs-II or EnCs
(Fig. 8c) resulted in the loss of the ability of secreted
EXOs to inhibit the expression of RGS1 in Flt3+ and Tie2+

AMs, respectively (Fig. 8d). This result indicated that
miRNAs carried by EXOs inhibit the expression of RGS1 in
AMs and suggests that the expression of miRNAs that
inhibit RGS1 expression can be targeted as shown in Fig. 8e
and g. miR-27b-3p and miR-223 are potential RGS1 inhi-
bitors. The presence of miR-223 was detected in CD31+

EXOs secreted by EnCs (Fig. 8f), and the presence of miR-
27b-3p was detected in CD74+ EXOs secreted by EpCs-II
(Fig. 8h). These findings suggest that miR-27b and miR-
223 are targeted to inhibit the expression of RGS1. To
validate this hypothesis, miR-223 or miR-27b-3p mimics
were cotransfected with an RGS1 promoter-bearing luci-
ferase plasmid into 293T cells (Fig. 8i), and both miR-223
and miR-27b-3p significantly inhibited the initiation of
RGS1 expression; these effects were rescued by miR-223
and miR-27b-3p inhibitors, respectively (Fig. 8j–k). In
addition, the PAR-CLIP assay was used to detect the
binding of miRNA-223/27b to the RGS1 3′-UTR (Fig. 8l).
As shown in Fig. 8m, n, miR-27b and miR-223 significantly
increased the recruitment of RGS1 to RNA-induced silen-
cing complex (RISC). Importantly, miRNA-223 and
miRNA-27b influenced RGS1 expression in Flt3+ and
Tie2+ AMs in vitro (Fig. 8r, s) and in vivo (Fig. 8q, r).
Moreover, miRNA-223 and miRNA-27b-3p were able to
influence the expression of Ca2+-dependent inflammatory/
fibrotic molecules in Flt3+ AMs and Tie2+ AMs (Supple-
mentary Fig. 10a–e).

Discussion

Fate-mapping studies have shown that tissue-resident
macrophages originate from at least three macrophage
precursors, including yolk sac-derived macrophages (YS-
Macs) [36], fetal liver monocytes (FL-MOs) [37], and bone
marrow monocytes (BM-MOs). Brain microglia, liver
Kupffer cells, and skin Langerhans cells are exclusively
derived from YS-Macs [20, 38, 39]. Intestinal FL-MO-
derived macrophages are completely replaced by BM-MOs
after birth [20]. Pulmonary- [40] and cardiac-resident
macrophages [41] originate from FL-MOs and are long-
lived cells that are gradually replaced by BM-MOs over
time. The impact of macrophages from various sources on
local immunity has been a matter of controversy because
the transcriptional profiles of these macrophages are similar
[16]. The results of our study indicate that Ly6C can be
used to classify macrophages into three types of AMs with
different immune predispositions in the lung of adult mice
unlike the standard macrophage classification method [42].
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Fig. 8 Effects of miR-223-containing CD31+ EXOs and miR-27b-
3p-containing CD74+ EXOs on the expression of RGS1 in AMs.
EpC-II-derived CD74+ EXOs and EnC-derived CD31+ EXOs were
labeled with acridine orange and added to YFP+Flt3+ or YFP+Tie2+

AMs. After 24 h, quantification of the acridine orange content
(650 nm) in the cells was performed by flow cytometry (a, b). shRNA
that interfered with Dicer expression was transfected into EpCs-II or
EnCs. Secreted CD31+ EXOs and CD74+ EXOs were collected and
added to YFP+Flt3+ or YFP+Tie2+ AMs, and the effects on RGS1
expression were detected (c, d). The TargetScan database was used to
predict the target sites in the RGS1 3′-UTR (e, g). qPCR was used to
detect the copy number of miR-223 (f) and miR-27b-3p (h) in CD31+

EXOs and CD74+ EXOs. The design of the mutated luciferase reporter
gene for the predicted target in the 3′-UTR of the RGS1 mRNA
transcript is shown (i). Luciferase reporter genes were cotransfected

with miR-223 (j) or miR-27b-3p (k) mimics/inhibitors into 293 T cells,
and the luciferase activity of the cells was measured by a microplate
reader. The PAR-CLIP method (l) was used to detect the enrichment in
miR-223 (m) or miR-27b-3p (n) of the RGS1 3′-UTR associated with
RISC. miR-223 or miR-27b-3p mimics/inhibitors were transfected into
YFP+Flt3+ or YFP+Tie2+ AMs, and the effects on the expression of
RGS1 were examined (o, p). The NLE nanoparticle delivery system
was used to deliver miR-223 or miR-27b-3p mimics/inhibitors to mice.
After 48 h, flow cytometry was used to detect the expression level of
RGS1 in mouse lung Flt3+ AMs and Tie2+ AMs (q, r). The data are
shown as the mean ± SD; *p < 0.05 and **p < 0.01 by ANOVA. The
data in a–d, o, p correspond to 3 replicate wells of culture plates in
each group; the data in e–m were derived from 3 independent
experiments. The data in q, r are based on 3 mice in each group.
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Tie2 can label almost all brain microglia derived from
FL-MOs and Ly6C+ AMs, and Flt3 labels BM-MO-derived
intestinal macrophages and Ly6C− AMs. Therefore, in the
lung, Flt3 and Tie2 can effectively distinguish between
AMs originating from BM-MOs and FL-MOs.

In WT mice, the ratio of Flt3+ AMs to Tie2+ AMs
remains essentially constant even during infection.
Although Flt3+ AMs with a LY6Chi or LY6Clow phenotype
are different, both subpopulations are supplemented by
peripheral Ly6C+ monocytes [43]. Survival of mice with
lethal pneumonia depends on whether Flt3+ and Tie2+ AMs
are balanced and whether RGS1 expression can be con-
tinuously downregulated in both types of AMs. The roles of
RGS1 in the macrophage immune response and regulation
remain unclear. A single defect in RGS1 in Flt3+ or Tie2+

AMs can cause severe lung disease in response to E. coli
infection. In the lung of Rgs1flt3 mice, the proportion of
Flt3+ AMs with a proinflammatory phenotype is increased
resulting in an acute decline in blood oxygenation and death
from respiratory acidosis. The proportion of Tie2+ AMs in
Rgs1Tie2 mice is abnormally high, and high immunosup-
pressive activity and fibrosis resulted in low resistance
against bacterial infection leading to death of the animals
from sepsis. Rgs1flt3 or Rgs1Tie2 mice developed severe lung
injury or fibrosis in response to treatment with relatively
low doses of LPS or BLM, respectively. Defects in RGS1
resulted in high responsiveness of calcium signaling in
AMs, which influenced a calcium-dependent increase in
AM numbers and the expression of inflammatory/fibrotic
molecules.

During E. coli lung infection, RGS1 expression in Tie2+

and Flt3+ AMs was downregulated, which maintained the
balance between Tie2+ and Flt3+ AMs. Our results indicate
that this balance is maintained by EXOs in the pulmonary
microenvironment. EVs have been shown to play a role in
the immune environment in the lungs, including vesicles
secreted by AMs carrying SOCS1 and SOCS3 that are taken
up by pulmonary epithelial cells to inhibit inflammatory
signals [44]. AMs uptake leukotrienes (LTs) from EVs
secreted by epithelial cells to induce chemotaxis and pro-
liferation that aggravate asthma-type lung injury. miRNAs,
such as miR-223, are active in the EVs in the pulmonary
microenvironment and are involved in the immune regula-
tion in the lung [45, 46]. Our study showed that EXOs
isolated from BALF derived from mouse lung during the
infection inhibit RGS1 expression in Flt3+ and Tie2+ AMs;
this effect is mediated by miR-27b-3p and miR-223 carried
by EXOs, respectively, to regulate the RGS1-mediated
calcium signaling response confirming that pulmonary
cells exchange information using EXOs. Importantly, this
extracellular regulation is precise and specific. EpCs-II and
EnCs release CD74+ and CD31+ EXOs, respectively, tar-
geting Flt3+ and Tie2+ AM RGS1 expression. The number

of CD74+ and CD31+ EXOs in the pulmonary environment
are associated with two difficult to treat pulmonary diseases,
ALI/ARDS and PF.

Extreme conditions, such as ischemia-reperfusion injury
[47] and ALI/ARDS [5], damage endothelial barrier, which
is responsible for the excessive infiltration of a number of
inflammatory cells [48]. A lack of EnC-derived CD31+

EXOs reduces the levels of anti-inflammatory mediators
and repair Tie2+ cells thus increasing the severity of lung
damage. EpCs-II remains proliferating in response to low
doses of BLM to complement damaged EpCs-I. High doses
of BLM induce extensive damage to mouse pulmonary
EpCs, and a lack of CD74+ EXOs originating from EpCs-II
inhibits the supplementation of Flt3+ AMs thus suppressing
expedient elimination of bacterial infection and fibrotic
tissue. Patients with PF often manifest high immunosup-
pression in the pulmonary environment [49]. There is
increasing evidence that EXOs can be used as carriers for
therapeutic drugs, such as small RNA or DNA molecules
[50]. EXOs endogenously produced by the host cells are
less immunogenic and/or less toxic than exogenous nano-
particles [51]. In the present study, we administered EnC-
derived CD31+ EXOs or CD74+ EXOs by tracheal instil-
lation to alleviate LPS- or BLM-induced ALI/ARDS or PF,
respectively. This study suggests that EXOs can be used as
potential drugs for the treatment of immune imbalance in
pulmonary diseases.

Materials and methods

Subjects

BALF samples from patients with ALI/ARDS or PF were
obtained from the intensive care unit of the YiJishan Hos-
pital affiliated with Wannan Medical College. Screening for
ALI/ARDS was performed according to the Berlin defini-
tion criteria [52]. PF patients were screened according to the
American Thoracic Society (ATS) and the European
Respiratory Society (ERS) criteria [53]. The clinical char-
acteristics of all patients are listed in Supplementary
Tables S1 and S2. This experimental protocol was approved
by the Medical Ethics Review Committee of Wennan
Medical College. Informed consent was obtained from all
subjects. The study conformed to the principles outlined in
the Helsinki Declaration. A bronchial fiberscope was used
to repeatedly perfuse the lung segments of the ALI/ARDS
and PF patients with sterile saline to obtain 25 ml of BALF,
which was centrifuged at 1500 × g for 5 min; the super-
natant was collected and stored at −80 °C before isolation
of BALF-EXOs. The cell pellet was resuspended in PBS
containing 1% BSA and passed through a filter to prepare
a single-cell suspension, and flow cytometry was used to
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detect the ratio of Flt3+ AMs to Tie2+ AMs. In addition,
10 ml of peripheral blood was collected from all subjects,
and the oxygenation index (PaO2/FiO2) in the whole blood
was measured within 30 min using a blood gas analyzer
(Radiometer, Denmark).

Mice

Exon 2 of the RGS1 gene was deleted via Cre-mediated
recombination using the Cre/loxP system to generate a
conditional RGS1-mutated allele mouse. Exon 2 encodes a
binding domain that recognizes the B/R4 domain; thus, its
deletion results in defective expression and function of
RGS1. Two RGS1flox/+ mice were bred to obtain RGS1fl/fl

homozygous mice. To obtain a conditional RGS1-deficient
mouse, RGS1fl/fl mice were bred with Flt3-creERt2 or Tie2-
creERt2 mice to produce RGS1flox/+;Flt3-creERt2 and
RGS1flox/+;Tie2-creERt2 mice, respectively. Further
backcrossing resulted in RGS1fl/fl; Flt3-creERt2 (RGS1Flt3)
and RGS1fl/fl;Tie2-creERt2 (RGS1Tie2) mice. To induce
genetic recombination in Flt3-creERt2 or Tie2-creERt2
mice, tamoxifen was dissolved in warm corn oil and
administered subcutaneously twice at 48 h intervals,
and RGS1 expression was detected after one week. To sort
Flt3+ and Tie2+ AMs for in vitro culture and functional
experiments, RGS1Flt3 or RGS1Tie2 mice were crossed with
Rosa26-LSL-eYFP mice to obtain tamoxifen-induced
RGS1 knockout YFP-expressing mice, Rosa26-LSL-
eYFP;RGS1fl/fl;Flt3-creERt2 (RGS1fl/fl;Flt3-creERt2YFP) or
Rosa26-LSL-eYFP;RGS1fl/fl;Tie2-creERt2 (RGS1fl/fl;Tie2-
creERt2YFP) mice, respectively. All mice in experimental
were 6–8 weeks of age, and their sexes and weight were
randomization. Pregnant mice and lactating mice were
excluded. Flt3-creERt2 and Tie2-creERt2 mice were a gift
from Dr. Xiaai Zhang (Central South University Xiangya
School of Medicine) and Prof. Tao Song (the Affiliated
Honghui Hospital of Xi’an Jiaotong University), respec-
tively. Rosa26-LSL-eYFP mice were purchased from The
Jackson Laboratory. C57BL/6J-CD45.1 mice were obtained
from Vital River Laboratory (Beijing, China). All protocols
of this study involving animals were approved by the
institutional animal care and use committee (IACUC) and
performed in accordance with approved guidelines.

Inducible mouse model

E. coli, LPS, and BLM were administered by tracheal
instillation. E. coli (ATCC 25922) was cultured in TSB
medium (Merck) and grown to an exponential phase
(OD600= 1) at 37 °C, and each mouse was intratracheally
inoculated with 50 μl of E. coli bacterial solution. LPS and
BLM were purchased from Sigma-Aldrich (USA) and
administered at the indicated concentrations. Mice were

anesthetized with a mixture of 100 mg/kg ketamine (Ford
Dodge) and 10 mg/kg xylazine (Shenandoah). Mice were
euthanized at the indicated time points after E. coli, LPS, or
BLM administration, and lung tissue, peripheral blood, and
BALF samples were collected for the detection of pul-
monary inflammatory injury and fibrosis. For respiratory
function assessment in acute injury, the mice were anes-
thetized, and 200 μl of the blood was collected by intra-
cardiac puncture; the PaO2/FiO2 ratio was determined in the
blood by a blood gas analyzer within 30 min. Respiratory
function testing in mice with PF was performed using a
flexiVent pulmonary system (SCIREQ Inc.) to evaluate
respiratory system compliance (Crs) by Snapshot-150 per-
turbation. Pathological assessment of pulmonary tissue
damage involved tracheal intubation after anesthesia and
lung perfusion using 1 ml of 10% formalin. The lung tissue
was removed, fixed overnight, embedded in paraffin, sec-
tioned, and stained with hematoxylin and eosin (H&E) or
Masson’s trichrome. Inflammation and injury in the lung
tissue sections were scored separately by three experienced
pathologists according to the following range: normal (0–4),
mild (5–8), moderate (9–12), and severe (13–15), and a
single-blind method was used to read the pathological
results. The calculation of the collagen deposition area
assessed by Masson’s trichrome staining was performed
using ImageJ software. For the detection of hydroxyproline,
lung tissue was mixed with alkaline hydrolysate, boiled,
adjusted to pH 6.5, and centrifuged at 4000 × g. The
supernatant was collected and tested using a kit according to
the manufacturer’s instructions (JianCheng Bioengineering
Institute, Nanjing). Detection of L-lactic acid and D-lactic
acid levels in the mouse serum was performed using a kit
according to the manufacturer’s instructions (AAT Bio-
quest, USA). For BALF acquisition, the trachea was rinsed
three times with 0.8 ml of sterile saline, the sample was
centrifuged at 1500 rpm for 5 min, and the supernatant was
collected for extraction and identification of EVs.

AM detection and primary culture

After mice were anesthetized, intracardiac perfusion was
performed using 20 ml of PBS-heparin. Lung tracheal
intubation was performed, 0.6 ml of 1% low-melting-point
agarose heated to 42–45 °C was injected to fill the lungs,
and the entire lung tissue was carefully dissected. The lungs
were cut into the fragments of <1 mm3, which were
homogenized in 10 ml of Dulbecco’s modified Eagle med-
ium (DMEM) (Thermo Fisher Scientific, Inc.) containing
2 mg/ml collagenase A (Roche) and 1X DNase I (Sigma)
for 30 min at 37 °C. The digestion was terminated by adding
2 ml of fetal bovine serum (FBS), and the digested solution
was passed through 70, 40, and 20 μm nylon mesh filter
membranes and centrifuged at 2000 rpm at 4 °C for 5 min to
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obtain cell pellet, which was resuspended in staining buffer
containing 1% BSA. The single-cell suspensions were
blocked with anti-mouse CD16/32 Fc (eBioscience) for
10 min. For AM detection, 100 μL of fluorophore-
conjugated anti-mouse antibodies at the recommended
dilution were incubated in the dark for 30 min, and a flow
cytometer (BD Biosciences) was used to sort AMs (CD45+

CD11b- Siglec-F + CD11c + Ly6G-) for further testing. The
sorted AMs were incubated for 24 h at 37 °C and 5% CO2 in
RPMI 1640 medium supplement with 10% FBS to detach
the labeled antibodies. The same method was used for the
detection of macrophages in the brain and intestine. Infor-
mation on the antibodies used for flow cytometry analyses
and other experiments is shown in Supplementary Table S3.

EpC-II and EnC primary cultures

Primary EpCs-II were sorted and cultured according to the
protocol of Sinha et al. [54]. Briefly, mouse lung tissue was
perfused, exfoliated, digested, and filtered to prepare a
single-cell suspension, and magnetic purification and
FACS cell sorting were used to obtain high-purity EpCs-II
(Lin-MHCII+EpCAM+). EpCs-II were cultured in the
keratinocyte-SFM medium containing 1 mM isoproterenol,
10 μg/ml fibronectin, 30 μg/ml vitamins, and 10 μg/ml BSA.
For EnC sorting, preprocessed tissue and single-cell pro-
cedures were performed as indicated for EpCs-II. CD45 and
CD34 were used to sort all subpopulations of vascular EnCs
[55]. Isolated vascular EnCs were cultured in the EnC-
specific medium (PriCells). To obtain a large number of
secreted EXOs from stable EpCs-II and EnCs, sorted cells
were subjected to an immortalization treatment using the
pGMLV-SV40T lentivirus (Genomeditech, USA).

Detection of MMP and cathepsin activities in AMs

To evaluate the activities of cathepsins (ProSsense-680;
excitation wavelength: 680 ± 10 nm, emission wavelength:
700 ± 10 nm; VisEn Medical) and MMPs (MMPSense-680;
excitation wavelength: 680 ± 10 nm; emission wavelength:
700 ± 10 nm; VisEn Medical), ProSense-680 and
MMPsense-680 probes were dissolved in 150 μl of PBS and
injected into mice via the tail vein at the doses of 5 nmol
24 h before the animals were sacrificed. Flow cytometry
was used to detect the fluorescence intensity at indicated
emission wavelengths.

EXO isolation from BALF and culture medium

EVs were obtained by differential centrifugation [56].
Human BALF, mouse BALF, and serum-free cell culture
media were collected and centrifuged at 300 × g for 5 min to

remove exfoliated inflammatory cells and dead cells. To
isolate three subpopulations of EVs, including ABs, MVs,
and EXOs, for subsequent experiments, the supernatant
after the removal of the cells and cell debris was centrifuged
at 3000 × g for 10 min to precipitate ABs. The AB-depleted
supernatant was centrifuged at 12,000 × g for 1 h to obtain
MVs. Finally, the supernatant was ultracentrifuged at
100,000 × g for 12 h to precipitate EXOs. Purified EXOs
were added dropwise onto a formvar carbon-coated nickel
grid and stained with 2% uranyl acetate; the grid was air-
dried and observed using a JEM-1230 transmission electron
microscope (Joel). The sizes and concentrations of EVs
purified from BALF samples or cell culture supernatants
were determined using a NanoSight NS300 instrument
(Malvern Instruments). EVs were quantified using the BCA
assay (Thermo Fisher) and used in the subsequent experi-
ments as a reference control.

EXO uptake analysis

Isolated EXOs were labeled with PKH67 (Sigma) and AO
(Thermo Fisher) according to the manufacturer’s recommen-
dations. Prior to EXO labeling, PKH67 was centrifuged at
16,000 × g for 5 min to remove PKH67 aggregates. Primary
AMs were exposed to PKH67- or AO-labeled EXOs over-
night. Then, EXOs attached to the cell surface were thor-
oughly washed with an acidic buffer (pH 2.2); the cells were
fixed, and the fluorescence intensity of PKH67 (504 nm) and
AO (650 nm) in AMs was measured by flow cytometry.

ELISA

To detect CD31 and CD74 on the surface of EXOs, an
adsorption immunoassay ELISA plate (96 wells) (Thermo
Fisher) was coated with 0.25 μg/well of monoclonal anti-
mouse or anti-human CD31 or CD74 antibodies overnight
at 4 °C. Free binding sites were blocked for 1 h at room
temperature with 200 μl of blocking buffer (Thermo Fisher).
Then, 100 μl of EXOs samples with various protein con-
centrations (determined by the BCA method) was added to
the wells. After overnight incubation at 4 °C, a monoclonal
anti-CD31 or anti-CD74 antibody was added to each well
and incubated for 1 h at room temperature. After washing,
an HRP-labeled goat anti-rabbit secondary antibody was
added for 2 h, a TBM substrate was used for color devel-
opment, and the plate was read at 450 nm using a BioTek
plate reader. Standard curves were prepared using recom-
binant CD31 (R&D Systems, cat # 3628-PC-050 and
ADP6-200) and CD74 proteins (R&D Systems, cat #
AF7478 and AF3590). A recombinant CD68 protein (R&D
Systems, cat # MAB20401) was used as a negative control
to verify detection specificity.
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Detection of abnormal proliferation of EnC and
EpC-ll

5-Bromo-2′-deoxyuridine (BrdU) (Sigma-Aldrich) labeling
was used to detect irreversible damage to mouse EnCs and
EpCs-ll induced by LPS or BLM. Various doses of LPS or
BLM were administered by bronchial instillation. The
treated mice were sacrificed on day 1 and day 14 for injury
detection, and 1 mg of BrdU was injected intraperitoneally
3 h before sacrifice. EnCs and EpCs-ll were isolated
according to established methods, and a BrdU staining kit
(eBioscience), a flow cytometry FITC kit, and propidium
iodide (PI) (Sigma-Aldrich) were used to analyze the cell
cycle according to the manufacturer’s instructions.

Tracheal instillation of EXOs

AMs can efficiently uptake EXOs administered by tra-
cheal instillation [57]. EnCs and EpCs-II were treated
with 10 ng/ml recombinant mouse sCD14 (Abcam,
ab207103), and EXOs were extracted after the supernatant
was collected and quantified by the BCA method. For
the LPS-induced ALI model, 100 μg of CD31+ EXOs
were resuspended in 200 μl of physiological saline, and
mice were treated with tracheal instillation at a dose of
25 μl/25 g. For the BLM-induced PF model, 200 μg of
CD74+ EXOs were resuspended in 200 μl of physiologi-
cal saline, and mice were treated with tracheal instillation
at a dose of 25 μl/25 g.

qPCR

Total RNA was extracted from isolated AMs or monocytes
using TRIzol (Qiagen). The concentration of the purified
RNA was measured using a NanoDrop Lite spectro-
photometer (Thermo Scientific); cDNA was generated via
reverse transcription (Thermo Scientific), and qPCR based
on SYBR Green was performed to detect specific mRNAs.
GAPDH was used as a reference gene. For the detection of
miRNAs in EXOs, total miRNA was extracted using an
RNeasy small RNA extraction kit (Qiagen); miRNAs were
reverse transcribed using specific neck loop primers and
quantified by qPCR. The copy number of miRNAs in EXOs
was calculated based on the absolute quantification method
[58], and the results were normalized to the number of
vesicles determined using a reference control. All primer
sequences are shown in Supplementary Table 4.

Western blotting

Protein expression assays were performed as described
previously [59].

Luciferase reporter assays, overexpression/
interference plasmids, and mimics/inhibitors

The binding site sequences of miR-27b-3p and miR-223
specific for the 3′-UTR of RGS1 were predicted using the
miRNA-binding target prediction website (http://www.ta
rgetscan.org/). The luciferase expression plasmid pGL3-luc-
RGS1 3′-UTR, the corresponding plasmid with a mutant
sequence, and the Dicer shRNA interference plasmid were
generated by Genepharm (Shanghai, China). miR-27b-3p
and miR-223 mimics and inhibitor sequences were syn-
thesized by Sangon (Shanghai, China). All sequence
information is shown in Supplementary Table 4. The 3′-
UTR-targeted assay evaluating the inhibition of RGS1 by
miR-27b-3p or miR-223 was performed in 293 T cells
(American Type Culture Collection). 293 T cells were cul-
tured in DMEM containing 10% FBS and 2 mM L-
glutamine at 37 °C in 5% CO2, and 2 × 104,293 T cells
were seeded in the wells of 96-well plates. Scrambled
miRNAs, mimics, or inhibitors were cotransfected into
293 T cells with the corresponding luciferase plasmids
using Lipofectamine® 3000 (Thermo Fisher) according to
the instruction manual. After 24 h, the fluorescence intensity
corresponding to luciferase expression was detected using a
Multiskan Sky microplate spectrophotometer (Thermo
Fisher). miRNA-mimics or inhibitor were administered
in vivo as described in our previous study [59].

PAR-CLIP

The PAR-CLIP experiment was performed according to a
previously published method [59].

Imaging and measurement of the intracellular Ca2+

concentrations

Intracellular Ca2+ concentrations were estimated from the
ratio of Fura-2 fluorescence intensities excited at 340 nm
and 380 nm. Basal ATP production in YFP-positive AMs
was blocked by 1 μM oligomycin A (Sigma). After 6 h, the
cells were loaded with 4 μM Fura-2 (Beyotime, China) for
40 min at room temperature, and images were captured
using a Nikon inverted microscope (400× oil immersion
objective, N.A.= 1.4) for 30 s before 1 μMATP stimulation
of AMs. The cells were alternately excited at 340 and
380 nm using a single-frequency microscope filter set,
and emission was monitored with 409 nm single frequency
and 510/84 nm dichroic filters. The EM gain of the EMCCD
camera was set to a linear dynamic range with exposure
times ranging from 50 ms to 150 ms to acquire images at
10 s intervals. The area under the curve of the fluorescence
intensity ratio excited at 340 nm/380 nm from 0 to 600 s
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was used as the total cumulative value of intracellular cal-
cium responsiveness.

Transendothelial-epithelial transwell model

EpCs-II (7.5 × 104 cells/well) were cultured at the bottom of
a transwell filter (Corning). After 5 days, the top surface of
the filter was coated with 1 mg/ml fibronectin, and 1.5 × 105

EnCs were inoculated and allowed to adhere for 4 days to
form a two-cell layered model. Monocytes (107 cells/ml)
were placed in the upper transwell chamber in HBSS or
Ca2+-free HBSS, and the chemokine rmCCL2 was added to
the lower chamber. The fluorescence intensity in the upper
and lower chambers was measured using a fluorescence
spectrophotometer and compared with the fluorescence
intensity of all monocytes (set to 100%).

Coomassie blue staining and dot blotting

BALF proteomes in the lung of mice were assayed using
BALF from E. coli-infected mice that was mixed with 2×
SDS loading buffer, heated at 100 °C for 15 min, and loaded
onto an SDS-PAGE gel. After electrophoretic separation, the
gel was stained using a Coomassie blue staining kit
(Beyotime) according to the manufacturer’s instructions. For
the detection of dsRNA, an equivalent amount of 10 µl of
BALF was directly applied to a nitrocellulose membrane for
dot blotting; the spots were air-dried and UV cross-linked,
and anti-dsRNA (Scicons), anti-HMGB1, and anti-GAPDH
antibodies were used for membrane treatment; ponceau S
(Beyotime) staining was used as an internal reference.

Statistics and analysis

Data were analyzed using analysis of variance (ANOVA)
followed by Tukey post hoc test for parametric data or using
Kruskal–Wallis test followed by Dunn’s test for nonpara-
metric data. Pearson correlation coefficient was used to
estimate correlations between two sets of data. P < 0.05 was
considered to indicate a statistically significant difference.
Sample size was chosen according to previous observations,
which perform similar experiments to see significant results,
or the results from our preliminary experiments. Variance
was similar between the groups that are being statistically
compared. Statistical analyses and graphical representations
of the data were performed using GraphPad Prism 6.0
(GraphPad Inc.) and SPSS version 19.0 (IBM Corp.).

Data availability

All data needed to evaluate the conclusions of the study are
present in the paper and/or the Supplementary Materials.

Additional data related to this study may be requested from
the authors.
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