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Abstract

BLM-induced pulmonary fibrosis.

Idiopathic pulmonary fibrosis; Lung fibroblasts; Macrophages
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Background: Macrophages are involved in the pathogenesis of idiopathic pulmonary fibrosis, partially by activating l@
fibroblasts. However, how macrophages communicate with lung fibroblasts is largely unexplored. Exosomes can mediate
intercellular communication, whereas its role in lung fibrogenesis is unclear. Here we aim to investigate whether exosomes can
mediate the crosstalk between macrophages and lung fibroblasts and subsequently induce fibrosis.

Methods: I vivo, bleomycin (BLM)-induced lung fibrosis model was established and macrophages infiltration was examined. The
effects of GW4869, an exosomes inhibitor, on lung fibrosis were assessed. Moreover, macrophage exosomes were injected into mice
to observe its pro-fibrotic effects. In vitro, exosomes derived from angiotensin II (Ang II)-stimulated macrophages were collected.
Then, lung fibroblasts were treated with the exosomes. Twenty-four hours later, protein levels of a-collagen I, angiotensin II type 1
receptor (AT1R), transforming growth factor-B (TGF-B), and phospho-Smad2/3 (p-Smad2/3) in lung fibroblasts were examined.
The Student’s ¢ test or analysis of variance were used for statistical analysis.

Results: I vivo, BLM-treated mice showed enhanced infiltration of macrophages, increased fibrotic alterations, and higher levels of
Ang IT and AT1R. GW4869 attenuated BLM-induced pulmonary fibrosis. Mice with exosomes injection showed fibrotic features
with higher levels of Ang II and AT1R, which was reversed by irbesartan. In vitro, we found that macrophages secreted a great
number of exosomes. The exosomes were taken by fibroblasts and resulted in higher levels of AT1R (0.22 +0.02 vs. 0.07 + 0.02,
t=8.66, P=0.001), TGF-B (0.54 % 0.05 vs. 0.09 4 0.06, £ = 10.00, P < 0.001), p-Smad2/3 (0.58 + 0.06 vs. 0.07 + 0.03, ¢ = 12.86,
P <0.001) and a-collagen I (0.27 +£0.02 vs. 0.16 £ 0.01, t=7.01, P=10.002), and increased Ang II secretion (62.27 + 7.32 vs.
9.56 +1.68,t=12.16, P < 0.001). Interestingly, Ang II increased the number of macrophage exosomes, and the protein levels of
Alix (1.45 + 0.15 vs. 1.00 £ 0.10, £ = 4.32, P= 0.012), AT1R (4.05 + 0.64 vs. 1.00 + 0.09, £ = 8.17, P = 0.001), and glyceraldehyde-
3-phosphate dehydrogenase (2.13 +0.36 vs. 1.00 £ 0.10, #=5.28, P=0.006) were increased in exosomes secreted by the same
number of macrophages, indicating a positive loop between Ang II and exosomes production.

Conclusions: Exosomes mediate intercellular communication between macrophages and fibroblasts plays an important role in

Introduction

Idiopathic pulmonary fibrosis (IPF) is a progressive and
lethal lung disease characterized by inflammation and
excessive extracellular matrix (ECM) deposition."! Lung
fibroblasts play a key role in the initiation and progression
of pulmonary fibrosis via its proliferation and synthesis of
ECM components.'?! Inhibiting activation of fibroblasts
may be a promising treatment for pulmonary fibrosis.
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Exosomes are nanometer-sized vesicles that originate from
the inward budding of endosomal membranes. They
are constitutively secreted by almost all cell lineages, and
carry bioactive proteins, lipids, RNA, as well as DNA
molecules.>* Exosomes mediated material transfer has
been recognized as an important route for intercellular
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communication.'>®! Increasing evidence demonstrates

exosomes are involved in the progression of chronic
inflammatory lung diseases including asthma, chronic
obstructive pulmonary disease, and pulmonary fibrosis.!”!
For example, exosomes in IPF patients contain decreased
levels of anti-fibrotic microRNAs (miRNAs) and increased
levels of fibrogenic miRNAs compared with control.!®!
However, the detailed mechanisms of its role in lung
fibrosis are unknown.

Chronic 1nﬂammatory infiltration is universally present in
fibrotic lesions.!”! As an essential inflammatory regulator,
macrophages have been evidenced to promote ﬁbrogene51s
in cardiac muscle,!*° kldneys U iver," and lungs.!"*! In
fibrotic lung diseases, previous studies have proved that
macrophages can exert their pro-fibrotic effects partially
by activating lung fibroblasts.'"*'%! However, whether
exosomes mediate the interaction of macrophages and
fibroblasts has not been reported.

Accumulating evidence shows angiotensin Il (Ang II)/
angiotensin II type 1 receptor (ATlR) axis is upregulated
and involved in lung fibrosis!'®!'”! and increased An&% 1/
ATIR levels can exacerbate pulmonary fibrosis.!

recent discovery demonstrates that cardiac ﬁbroblast—
derived exosomes increase Ang II production and its
receptor expression in cardiomyocytes, resulting in
pathological cardiac hypertrophy.['”! Therefore, we hy-
pothesized that macrophage-derived exosomes may pro-

mote collagen synthesis in lung fibroblasts via upregulating
Ang II/AT1R axis.

In the present study, we explored a novel paracrine
mechanism between macrophages and lung fibroblasts in
Ang II/AT1R axis-mediated pathophysiological activation
process leading to pulmonary fibrosis in vivo and in vitro.
We demonstrated that Ang II stimulated macrophages to
release AT1R-enriched exosomes, which promoted fibro-
blasts activation and lung fibrosis via transforming growth
factor-B (TGF-B)/smad2/3 pathway by directly transfer-
ring AT1R to lung fibroblasts.

Methods

Ethical approval

All experimental procedures on mice were approved by the
Committee on the Ethics of Animal Experiments of
Southern Medical University (No. NFYY-2016-04) and
were performed in accordance with the international ethics
for animal use.

Materials

Angll, irbesartan (IR),and GW4869, an exosome inhibitor,
were purchased from Sigma-Aldrich (St. Louis, MO, USA).
Bleomycin (BLM) was purchased from Nippon Kayaku
(Tokyo, Japan). The other reagents are described below.

Animals

Male C57 mice (6-8 weeks old) were purchased from the
Central Animal Care Facility of Southern Medical
University (Permission No. SCXK 2009-015). Mice were
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housed in a specific pathogen-free room with 12-h light/
dark cycle and controlled temperature and humidity, with
free access to water and food.

Experimental design

We used male mice to establish three animal models. In
the first model, 30 male mice were randomly divided into
three groups (ten mice per group): the control group, the
BLM group, and the BLM + GW4869 group. The two
BLM groups received 100 pL sterile saline that contained
3.5 mg/kg BLM and the control group received equal
volume of sterile saline. The BLM + GW4869 group was
injected with GW4869 (2.5 mg/kg) twice a week and the
other two groups received equal volume of sterile saline.
The mice were sacrificed 4 weeks after BLM or BLM
+GW4869 treatment, and lung tissues, bronchoalveolar
lavage fluid (BALF), and serum were collected. Hema-
toxylin and eosin staining, Masson trichrome collagen
staining, Ashcroft score, hydroxyproline contents and
a-collagen I protein level determined by immunohis-
tochemistry were used to confirm the successful estab-
lishment of BLM-induced pulmonary fibrosis model
and verify if GW4869 could reduce the BLM-induced
pulmonary fibrosis. AT1R protein and Ang II level (in
serum and BALF) were detected by immunohistochemis-
try and ELISA respectively to assess the Ang II/ATIR
axis.

In the second model (six mice per group at each time
point), BLM group received 100 pL sterile saline that
contained 3.5 mg/kg BLM and the control group received
equal volume of sterile saline. Then mice were sacrificed
at day 3, day 7, day 14, and day 28, respectively, and the
lung tissues and BALF were obtained. Hematoxylin and
eosin staining, Masson trichrome collagen staining,
Ashcroft score and hydroxyproline contents were used
to confirm the successful establishment of BLM-induced
pulmonary fibrosis model at different time points. Expres-
sion of F4/80 (a macrophage marker) and the number of
macrophages in BALF were used to evaluate macrophages
changes in pulmonary fibrosis.

In the third model, 18 male mice were randomly divided
into three groups (six mice per group): the control group,
the exosomes group, and the exosomes + IR group. The
two exosome groups received Ang Il-stimulated macro-
phage exosomes (1 g/kg) through tail vein injection and the
control group received equal volume of phosphate buffer
saline once a week. Meanwhile, the exosomes + IR group
received IR (2 mg/kg) in drinking water. The mice were
sacrificed 4 weeks after BLM or exosomes treatment, and
lung samples, BALF and serum were collected. Hematox-
ylin and eosin staining, Masson trichrome collagen
staining, hydroxyproline contents and a-collagen I protein
level determined by immunohistochemistry were used to
assess the role of exosomes in lung fibrosis. The expression
of F4/80 was used to evaluate the macrophage infiltration.
ATI1R protein and Ang II (in serum and BALF) were
detected.

In the in vitro experiment, macrophages were stimulated
with Ang IT and the exosomes were isolated from condition

2176


http://www.cmj.org

Chinese Medical Journal 2021;134(18)

media. Transmission electron microscopy, nanoparticle
tracking analysis (NTA) and exosomal markers were used
to demonstrate if the isolated vesicles were exosomes.
PKH67-labeled macrophages or PKH67-labeled exosomes
co-cultured with lung fibroblasts to confirm if the
exosomes can be taken up by lung fibroblasts. Then, the
lun%\ﬁbroblasts were stimulated by the exo®" ™% 10 g,
exo "8 "M® 30 0 or left untreated. The a-collagen I levels
were detected to confirm whether macrophage exosomes
can promote a-collagen I synthesis.

The lung fibroblasts were stimulated by the exo®"® T-M®
(exosomes derived from Ang II-stimulated macrophages)
with untreated lung fibroblast as negative control and Ang
[I-stimulated lung fibroblasts as positive control. The
expression of a-collagen I, AT1R, TGF-B, phospho-
Smad2/3 (p-Smad2/3), Smad2/3 was detected by western
blot. In addition, the lung fibroblasts were treated with
exon8 M oy gAng IEMe 4 TR o1 left untreated, and the
levels of a-collagen I, AT1R, TGF-B, p-Smad2/3 and
Smad2/3 were detected.

The lung fibroblasts were treated with exo™"& "™ or Jeft
untreated. The AT1R mRNA in lung fibroblasts and AT1R
protein levels in exosomes were detected by PCR and
western blot, respectively. Then, lung fibroblasts were
treated with exosomes at different time points or left
untreated (control, exo™™® TM® g | exotns IMé 1) |y
exo™"8 "M% 24 h) and the levels of AT1R proteins were
detected to confirm if the AT1R increase is directly derived
from exosomes or not.

Macrophages were transfected with AT1R siRNA, NT-
siRNA or left untreated and the AT1R protein expression
was detected. Then, the macrophages were co-cultured
with fibroblasts (control, condition medium [CM]*"& "M
CMAng II-NT-siRNA Md)’ CMAng II-AT1R-siRNA Md)) and the
ATI1R protein was detected to identify if the conditioned
medium can induce AT1R expression after silencing AT1R
in macrophages. Furthermore, AT1R in macrophages was
tagged by GFP, and the exosomes derived from macro-
phages were co-cultured with fibroblasts. Fluorescence
microscope analysis was performed to confirm if the
macrophage exosomes directly transported AT1R to the
lung fibroblasts.

Exosomes derived from macrophages were treated with
Ang II or left untreated. Western blot was performed to
examine the levels of ACE, AT1R, ACE2 and Mas protein.
Moreover, lung fibroblasts were treated with exo™®,
exo™8 M o eft untreated. The levels of a-collagen I,
ACE, AT1R, ACE2, and Mas were detected to confirm if
exosomes derived from macrophages treated with Ang II
or not can promote a-collagen I synthesis.

Macrophages were treated with Ang Il or left untreated, and
the Alix and AT1R were detected. Moreover, the exosomes
were collected from the same amount of macrophages
stimulated with and without Ang II. The Alix and AT1R
expression in exosomes was detected by western blot.

Lung fibroblasts were treated with exo®"® ™% 10 g,
exo "8 M 30 o or left untreated. The Ang Il levels in LF-
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CM were detected by enzyme-linked immunosorbent assay
(ELISA).

Histological and immunochemical assessment

Lung tissues were fixed in 4% paraformaldehyde solution
and processed into paraffin sections (5-mm thick). Then
the sections were subjected to hematoxylin and eosin,
immunohistochemistry and Masson trichrome collagen
staining. The histopathological scoring of pulmonary
fibrosis was performed according to the method reported
by Ashcroft et al (Grade of fibrosis: 0-8; the higher the
score, the more severe the fibrosis).*®! The concentration
of hydroxyproline was measured according to the
manufacturer’s instructions (Hydroxyproline Assay Kit,
Sigma, Nanjing, China).

For immunohistochemical staining, sections were stained
with anti-F4/80, anti-AT1R, anti-TGF-B, and anti-colla-
gen antibodies in a dilution of 1:200. The process of the
experiment was performed as previously described.!'®!

Cell lines and cell culture

Commercial RAW?246.7 cell lines were purchased from
American Type Culture Collection (ATCC) (Rockville,
MD, USA) and cultured according to the manufacturer’s
instructions. Pulmonary primary fibroblasts were isolated
from mice of 6 to 8 weeks old. The cells were cultured in
Dulbecco’s modified Eagle medium (GIBCO BRL, Life
Technologies, Inc., Rockville, MD, USA) supplemented
with 10% fetal bovine serum. In co-culture experiments,
macrophages were cultured in 0.4 wm porous Transwell
inserts (Corning, New York, NY, USA) suspended over
fibroblasts for 24 h.

Lentivirus transduction and RNA interference (RNAi)

AT1R-green fluorescent protein (GFP) labeled RAW264.7
was created using ATIR-GFP HIV lentivirus vector
purchased from Genechem (Shanghai, China). Briefly,
20,000 cells were plated in each well of a 24-well plate and
lentivirus was added 24 h later utilizing a multiplicity of
infection of 100. Cells were left undisturbed for 96 h, then
moved to flask and treated with puromycin (5 pwg/mL) until
all remaining cells were fluorescent and thereafter cultured
normally.

RNAi was performed by the transfection of small
interfering RNAs (siRNA) oligos using the Lipofectami-
ne™ RNAIMAX transfection reagent (Invitrogen, Carls-
bad, CA, USA), according to the manufacturer’s
instructions. The sequence of the ATIR siRNA oligos
was: CACTCAAGCCTGTCT. Macrophages were trans-
fected with AT1R siRNA and the cultured medium was
used to co-culture with fibroblasts, then the AT1R protein
expression was detected.

Isolation and characterization of exosomes

For exosome isolation, cells were incubated in serum free
medium for 12 h. Extraction and purification were
conducted as previously described.”" Exosome morphol-
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Figure 1: Blockage of exosome secretion reversed BLM-induced pulmonary fibrosis. (A) Representative microphotographs of lung sections from controls, BLM, BLM + GW4869 (n= 10
mice per group, sacrificed at day 28) stained with (A) he*matoxylin and eosin (H&E) and (B) Masson trichrome. Original magnification, x 200. (C) Morphological changes in fibrgtic lungs were
assessed using Ashcroft score. n= 10 mice per group, P < 0.001 vs. control; P < 0.001 vs. BLM. (D) Hydroxyproline contents in different groups. n= 10 mice per group, P < 0.001 vs.
control; "P< 0.001 vs. BLM. (E) Expression of o-collagen | proteins was detected using immunohistochemistry. Original magnification, x200. BLM: Bleomycin; GW4869: An exosome

inhibitor; Hyp: Hydroxyproline.

ogy was identified through transmission electron micros-
copy (JEM-2100F, Tokyo, Japan). The expression of Alix,
CD9, and CD63 (surface marker of exosomes), was
analyzed through western blot. The nanoparticle tracking
analysis (NTA) (NS3000, Worcestershire, UK) was used
for exosome tracking, distribution, and particle number
counting.

Western blot and enzyme-linked immunosorbent assay
(ELISA)

For western blot, proteins from cells or exosomes were
loaded and separated on sodium dodecyl sulfate-polyacryl-
amide gel electrophoresis gels and transferred to polyvinyli-
dene difluoride membranes. The membranes were
incubated with primary antibodies at 4°C overnight,
including anti-collagen I, anti-AT1R, anti-Alix, anti-CD9,
anti-CD63, anti-calnexin (1:1000, Proteintech, Wuhan,
China), anti-TGF-B, anti-p-Smad2/3, anti-Smad2/3
(1:1000, Cell Signaling Technology, Inc., Danvers, MA,
USA), and anti-glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) (1:7500, Ray Antibody Biotech, Beijing, China),
and then incubated with anti-rabbit or anti-mouse near-
infrared secondary antibodies (1:15,000, LI-COR, Inc.,
Lincoln, UK) for 1 h. The membrane was exposed to
Odyssey CLxImager (LI-COR), and Odyssey Software (LI-
COR) was used for capturing images and the data analysis.

Cell culture supernatants, BALF, and serum were analyzed
for Ang II using Ang II ELISA kits (Suzhou Calvin
Biotechnology Co., Ltd, Suzhou, China), according to the
manufacturer’s instructions.

Reverse transcription-polymerase chain reaction (RT-PCR)
and RNA collection

The total RNA of cultured cells was isolated by using
Trizol reagent (Invitrogen Life Technologies, Grand

Island, NY, USA), according to the manufacturer’s
instructions. Reverse transcription was done using an
RNA Reverse Transcription Kit (TAKARA, Kusatsu,
Japan) for real time polymerase chain reaction (PCR).
Primers for mouse AT1R were designed and synthesized by
TAKARA. Real-time analysis was performed using SYBR
Green PCR Master Mix (TAKARA) for real-time PCR.
The messenger RNA (mRNA) expresswn of the target gene
was normalized to GAPDH, and the 2"*“T method was
used to calculate relative changes in gene expression.

Statistical analysis

All continuous data with normal distribution were shown
as means + standard deviation from three independent
experiments performed in triplicate. The P values were
calculated using Student’s # test or one-way analysis of
variance. A P value of <0.05 was considered to indicate a
statistically 31gn1ﬁcant result. Statistical analyses were
performed using SPSS” software, version 13.0 (SPSS Inc,
Chicago, IL, USA).

Results

Exosomes inhibitor attenuated BLM-induced pulmonary
fibrosis in vivo

In the first animal model, GW4869, an exosome inhibi-
tor,'*?! markedly attenuated BLM-induced pulmonary
fibrosis [Figure 1A and 1B] and decreased Ashcroft scores
(225+0.36 ws. 5.56+041, t=19.29, P<0.001)
[Figure 1C] and level of hydroxyproline (1.12 +0.36 vs.
2.26 +0.31,t=7.00, P < 0.001) compared with the BLM
group [Figure 1D]. Similarly, the increased protein level of
collagen was abrogated by GW4869 infusion [Figure 1E].
Taken together, these results indicated that exosomes play
a pro-fibrotic effect in BLM-induced pulmonary fibrosis
model.
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Figure 2: Macrophage infiltration correlates with lung fibrosis. Representative microphotographs of Iung sect|0ns from control and BLM (sacrificed at day 3, day 7, day 14, day 28) stained
with (A) H&E and (B) Masson trichrome. Original magnification, x200. (C) Morphological changes in fibrotic lungs were quantified using Ashcroft score. (D) Hydroxyproline contents in
different groups. (E) IHC staining was performed to determine the localization and expression of F4/80, a marker of macrophages. Original magnification, x200. (F and G) The number of
macrophages in BALF was measured. Original magnification, x200. n= 6 mice per group, “P < 0.05 vs. control on day 3, day 7, day 14, day 28, respectively. BALF: Bronchoalveolar lavage

fluid; BLM: Bleomycin; H&E: Hematoxylin and eosin; IHC: Immunohistochemistry.

Number of macrophages was increased during lung fibrosis

Macrophages play a key role in lung fibrosis. To evaluate
the levels of macrophages in lung lesions at various phases
in the development of lung fibrosis, BLM-induced fibrotic
mice were sacrificed on day 3, day 7, day 14, and day 28 in
the second animal model. Compared with the control,
BLM-treated mice showed enhanced infiltration of
inflammatory cells, the loss of normal alveolar structure,
and extensive thickening of alveolar septa in a time-
dependent manner [Figure 2A]. The fibrotic alterations

became prominent over time, as demonstrated by
Masson trichrome staining [Figure 2B], Ashcroft scores,
and level of hydroxyproline (P < 0.05 compared with the
control on day 3, day 7, day 14, and day 28, respectively)
[Figure 2C and 2D]. The infiltrating macrophages were
also measured by F4/80 staining, which indicated that
BLM administration can cause a significant increase in
the infiltration number of macrophages both in lung tissue
[Figure 2F] and BALF (P <0.05 compared with the
control on day 7, day 14, and day 28, respectively)
[Figure 2F and 2G].
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Figure 3: Exosomes mediate the effect of macrophage-induced «-collagen | synthesis in lung fibroblasts. (A) Morphology of macrophage exosomes determined by transmission electron
microscopy (scale bar: 50 nm). (B) Nanoparticle tracking analysis (NTA) for quantitative measurement of isolated exosome particles. (C) Exosomal markers analyzed by western blot. (D)
Fibroblasts were co-cultured with PKH67-labeled macrophages or (E) incubated with PKH67-labeled exosomes extracted from macrophages at different time points. Then the fibroblasts
were stained with DAPI and analyzed by fluorescent microscopy or confocal microscopy, respectively. (F) Fibroblasts were treated with exosomes from Ang Il-stimulated macrophages in
doses of 10 pg/mL (ex0"™ "™ 10 ug) and 30 pg/mL (ex0™™ "™* 30 ug) for 24 h. Western blot was used to detect a-collagen | protein level. n= 3 independent experiments, P < 0.05

vs. control group; P < 0.05 vs. exo" "M¢

Md: Macrophages.

10 p.g group. Ang II: Angiotensin II; DAPI: 4-6 Diamidino-2-phenylindole; Exo: Exosomes; GAPDH: Glyceraldehyde-3-phosphate dehydrogenase;

Macrophage exosomes trafficked to lung fibroblasts and
promoted c.-collagen | synthesis

Exosome is an important media of intercellular communi-
cation by carrying various contents to recipient cells.[®!
To find out whether it can play roles in the pro-fibrotic
effects of macrophages by mediating the crosstalk of
macrophages and fibroblasts, exosomes secreted from
macrophages stimulated wrth Ang II (exone M-Méy
proven pro-fibrotic factor,!'”! were isolated from condi-
tioned media using ultracentrifugation and the size and
structure were confirmed by transmission electron micros-
copy [Figure 3A] as well as NTA [Figure 3B]. These
isolated particles were round, vesicle-like with a diameter
range of 40 to 150 nm which were characteristic features
of most exosomes.!°! Furthermore they were positive for
well-established exosomal makers (eg, Alix, CD9, CD63),
but were negative for calnexin, a protein expressed in

endoplasmic reticulum but not in exosomes [Figure 3CJ.
These results demonstrated that the isolated vesicles
released from macrophages were exosomes. To figure
out the effects of these exosomes on lung fibroblasts, we
first tested whether lung fibroblasts could naturally take up
macrophage-derived exosomes. PKH67-labeled macro-
phages and PKH67-labeled exosomes derived from
macrophages were incubated with lung fibroblasts. As
Figure 3D and 3E shown, macrophage exosomes were
taken by lung fibroblasts. Then, lung fibroblasts were
stimulated with macrophage exosomes directly and
a-collagen I level was assessed. As expected, the expression
level of a-collagen I (0.27 +0.02 vs. 0.16 + 0.01, t=7.01,
P =0.002, compared with the control group; 0.31 + 0.02
vs. 0. 27+ 0.02, t=2.94, P=0.042, compared with the
exo™e M0 g group) was increased significantly in a
dose dependent manner [Figure 3F].
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Figure 4: Macrophage exosomes trigger «-collagen | production and activate TGF-B/Smad2/3 pathway by shifting the RAS toward ACE/Ang II/AT1R axis in lung fibroblasts. (A) IHC to
analyze AT1R proteins expression in control, BLM, and BLM + GW4869 groups. Original magnificatiog, % 200. Enzyme linked immunosorbent assay (ELISA) kit was used to determine Ang Il
level of serum (B) and BALF (C) in control, BLM and BLM + GW4869 groups. n= 10 mice per group; P < 0.001 vs. control, "P < 0.001 vs. BLM, for Ang Il in serum; “P<0.001 vs. control,
P<0.001 vs. BLM, for Ang Il in BALF. (D) Primary lung fibroblasts were stimulated with exosomes isolated from Ang Il treated-macrophages in a dose of 30 p.g/mL. As a positive control,
fibroblasts were treated with Ang Il. After 24 h, the fibroblasts were subjected to western blot analysis of c-collagen I protein, AT1R, TGF-B, p-Smad2/3, and Smad2/3. n= 3 independent
experiments; “P < 0.05 vs. control for - -collagen I, AT1R, TGF-B, p-Smad2/3, respectively. (E) Fibroblasts were pretreated with IR for 1 hbefore stimulation with macrophage exosomes for
24 h. The protein levels of «-collagen |, TGF-B, p-Smad2/3, and Smad2/3 were analyzed by western blot. n= 3 independent experiments; "P<0.05 vs. control; ¥P < 0.05 vs. exo?"0 "M
for collagen I, TGF-3, and p-Smad2/3, respectively. ACE: Angiotensin-converting enzyme; Ang II: Angiotensin Il; AT1R: Angiotensin Il type 1 receptor; BALF: Bronchoalveolar lavage fluid;
BLM: Bleomycin; exo: Exosomes; GAPDH: Glyceraldehyde-3-phosphate dehydrogenase; GW4869: An exosome inhibitor; IHC: Immunohistochemistry; IR: Irbesartan; p-Smad:

Phosphorylated-Smad; RAS: Renin-angiotensin system; TGF-@: Transforming growth factor-f3.

Macrophage exosomes promoted «-collagen | synthesis
and activated TGF-5/Smad2/3 pathway via upregulating
Ang Il/AT1R axis

Our previous studies demonstrate that Ang II/ATIR axis
plays a key role in the progression of lung fibrosis'>'”! and
the TGEF- B/Smad2/3 signal pathway is a classical pro-
fibrotic pathway Consistently, we can see AT1R
protein in lung tissue [Figure 4A] and the secretion of
AngIlin serum (290.54 +21.65 v5.2.98 £ 0.25,t=41.99,
P<0.001) and BALF (72.93+8.97 vs. 10.06 +0.25,
t=22.14, P<0.001) was markedly enhanced in BLM
group, which was markedly reduced by GW4869
treatment (165.84 +£32.12 vs. 290.54 +21.65, t=10.18,
P <0.001; 55.67+7.43 wvs. 72.93+8.97, 1=4.68,
P < 0.001) in BLM-induced lung fibrosis model (the first
animal model) [Figure 4B and 4C]. As shown in Figure 4D,
macrophage exosomes treatment increased the protein
level of ATIR, TGF-B, p-Smad2/3 (0.22+0.02 vs.
0.07+0.02, ¢=8.66, P=0.001; 0.54+0.05 vuvs.
0.09 +0.06, t=10.00, P<0.001 and 0.58 +£0.06 wvs.
0.07+0.03, t=12.86, P <0.001; respectively) of lung
fibroblasts iz vitro. These results revealed that macrophage
exosomes activated Ang II/AT1R axis and TGF-B/Smad2/
3 pathway in lung fibroblasts. To investigate the functional

link between macrophage exosomes-induced activation of
Ang I/ATIR axis and collagen production in lung
fibroblasts, we determined the effects of AT1R blocker
IR on macrophage exosomes-induced collagen synthesis in
lung fibroblasts. As shown in Figure 4E, macrophage
exosomes-induced collagen synthesis was reversed by IR in
lung fibroblasts, as well as the activation of TGF-B/Smad2/
3 pathway (0.19+0.04 ws. 0.38+£0.02, ¢t=6.77, P=
0.003; 0.13 +0.02 ws. 0.33 +0.01, t=13.16, P < 0.001;
and 0.21 +0.09 vs. 0.63 +0.08, t=5.99, P < 0.001; for
a-collagen I, TGF-B, p-Smad2/3, respectively). Therefore,
macrophage exosomes promoted collagen synthesis and
activated TGF-B/Smad2/3 pathway via upregulation of
Ang II/AT1R axis in lung fibroblasts.

Macrophage exosomes directly transported AT1R to the lung
fibroblasts

We then wondered how ATIR in lung fibroblasts was
upregulated. First, we examined ATIR mRNA level of
lung fibroblasts after treated with macrophage exosomes.
As Figure 5A shows, ATIR mRNA level remained
unchanged compared with control (P> 0.05). Gianluigi
et al® first demonstrated circulating exosomes induced
by cardiac pressure overload contain functional AT1R.
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Figure 5: AT1R-containing exosomes directly deliver AT1R to lung fibroblasts. (A) The AT1R mRNA levels of lung fibroblasts were measured using RT-PCR after treatment with macrophage
exosomes. (B) Western blot analysis of AT1R protein level in macrophages and exosomes isolated from activated macrophages. (Q) Fibroblasts were treated with exosomes isolated from
macrophages. Then the protein level of AT1R was analyzed by western blot at different time points. n= 3 independent experiments, P < 0.05 vs. control. (D) Macrophages were transfected
with AT1R siRNA for 48 h, followed by 24 h exposure to 10~ mol/L Ang Il, then the cultured medium was collected for another 24 h and was used to co-culture with fibroblasts. The protein
levels of AT1R in macrophages (left) and fibroblasts (right) were measured using western blot. n= 3 independent experiments, “P<0. 001, TP< 0.01 vs. control. (E) Fluorescence
microscope analysis of macrophages expressing AT1R-green fluorescent protein (GFP) and green fluorescence was observed in lung fibroblasts (LF) when incubated with exosomes
collected from overlying media of macrophages expressing AT1R-GFP. (F) Western blot analysis of ACE, AT1R, ACE2, Mas protein levels in exosomes from macrophages treated with or
without Ang II. (G) Fibroblasts were treated with exosomes from macrophages treated with Ang Il or left untreated. Then the protein levels of «-collagen |, ACE, AT1R, ACE2, Mas were
analyzed by western blot. n= 3 independent experiments, “P < 0.05 vs. control. ACE: Angiotensin-converting enzyme; ACE2: Angiotensin-converting enzyme 2; Ang II: Angiotensin II; AT1R:
Angiotensin Il type 1 receptor; CM: Condition media; DAPI: 4-6 diamidino—2—phenylindole; Exo: Exosomes; GAPDH: Glyceraldehyde-3-3phosphate dehydrogenase; GFP: Green fluorescent
protein; LF: Lung fibroblasts; Md: Macrophages; mRNA: Messenger RNA; siRNA: Small interfering RNA; RT-PCR: Reverse transcription-polymerase chain reaction.

Therefore, we hypothesized that macrophage exosomes
may contain AT1R and can directly deliver AT1R to lung
fibroblasts. Western blot showed that AT1R was abundant
in exosomes [Figure 5B]. In addition, the protein level of
AT1R in fibroblasts was significantly increased after 6 h of
stimulation with macrophage exosomes (0.55 +0.11 vs.

0.31+0.05, t=3.44, P =0.026) [Figure 5C]. Next, AT1IR
siRNA was applied to silence ATIR in macrophages.
A significant decrease in AT1R expression (0.03 +0.01
vs. 0.50+0.05, t=15.97, P<0.001) was observed in
macrophages w1th AT1R 51RNA [Figure 5D]. After AT1IR
silence, the conditioned media (CM#"8 T+ TIRSRNA- Mdy
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Figure 6: Ang Il induces increased production of exosomes by macrophages. Western blot analyzed the protein levels of Alix and AT1R in (A) macrophages or (B) exosomes derived from the
same amount of macrophages treated with Ang Il or left untreated. n= 3 independent experiments, “P < 0.05 vs. control. (C) Assessment of Ang Il levels in LF-CM after exosomes exposure.
n=3 independent experiments; *P< 0.001 vs. control; TP< 0.05 vs. exo™9 Mo 10 1g. LF-CM: Condition media of lung fibroblasts; exo: Exosomes; Ang II; Angiotensin II; AT1R:
Angiotensin Il type 1 receptor; Mdb: Macrophages; GAPDH: Glyceraldehyde-3-3phosphate dehydrogenase.

failed to induce ATI1R expression in lung fibroblasts
(0.12+0.03 ws. 0.23+0.02, t=5.12, P=0.007)
[Figure 5D]. To further confirm the hypothesis, macro-
phage AT1R was tagged by GFP and then exosomes were
isolated and incubated with lung fibroblasts. As expected,
the GFP-tagged AT1R was detected in lung fibroblasts
[Figure SE]. Taken together, these results clearly demon-
strated that AT1R protein was delivered into lung
fibroblasts by exosomes.

Ang Il induced increased production of exosomes by
macrophages

Intriguingly, AT1R in the same amount of exosomes from
macrophages with or without Ang II stimulation had no
significant difference [Figure SF]. Moreover, the same
amount of exosomes from macrophages with or without
Ang II was used to treat the lung fibroblasts and exhibited
similar impact on collagen synthesis and AT1R expression
in fibroblasts [Figure 5G]. As our previous studies showed
Ang II infusion can aggravate BLM-induced lung fibro-
sis"”! and the present results found macrophage exosomes
induced collagen synthesis in a dose-dependent manner,
we wonder whether Ang II exert its pro-fibrotic effects by
increasing the secretion of exosomes. To explore this, we
measured the level of Alix and AT1R in Ang II-treated
macrophages and found they were increased compared
with control (0.14+0.02 ws. 0.04+0.01, £=7.90,
P=0.001; 0.43+0.04 wvs. 0.11+0.02, t=12.39,
P =0.002, respectively) [Figure 6A]. In addition, after
Ang II stimulation, the protein levels of Alix, AT1R, and
GAPDH were fold increased in exosomes secreted by the
same number of macrophages (1.45+0.15 ws. 1.00 +
0.10, t=4.32, P=0.012; 4.05+0.64 wvs. 1.00+0.09,
t=8.17, P=0.001; 2.13 +0.36 vs. 1.00 = 0.10, t=5.28,
P =0.006, respectively) [Figure 6B]. It has been reported
that cardiac fibroblast-derived exosomes stimulated a
dramatic increase in Ang II secretion in cultured neonatal
cardiomyocytes.!'®! Consistently, we found that the level of
Ang 11 (62.27 +7.32 vs. 9.56 + 1.68,t=12.16, P < 0.001
compared with the control; 79.79 + 7.35 vs. 62.27 + 7.32,
t=2.92, P=0.043 compared with exo®"® ™% 10 g
respectively) was markedly increased in the cultural
supernatant of lung fibroblasts treated with macrophage
exosomes (30 wg/mL) [Figure 6C]. Therefore, there was a

positive feedback loop between Ang II generation and
exosomes secretion.

Exosomes-derived from macrophages promoted
inflammation of lung via upregulating Ang ll/AT1R axis

To further demonstrate the effects of exosomes derived
from activated macrophages and the detailed molecular
mechanism, we injected macrophage exosomes into the tail
vein of mice once a week. Four times later, we observed
changes in the margin area [Supplementary Figure 1A and
1B, http://links.lww.com/CM9/A802] with elevated hy-
droxyproline level (5.14 +0.95 vs. 2.87 +0.42, t = 5.34,
P <0.001 compared with control) [Supplementary
Figure 1C, http:/links.lww.com/CM9/A802] and more
macrophages infiltration [Supplementary Figure 1D,
http://links.lww.com/CM9/A802], which can be prevented
by IR, an ATIR inhibitor (3.62 +0.89 vs. 5.14 +0.95,
t=2.86, P=0.017 compared with exo®"8"™®) [Supple-
mentary Figure 1C, http://links.lww.com/CM9/A802]. We
also found the Ang II (66.52+6.87 vs. 51.94+1.98,
t=59.38, P<0.001 in serum; 42.80+3.51 ws.
7.34+2.05, t=5.22, P < 0.001 in BALF; Supplementary
Figure 1E and 1F, http:/links.lww.com/CM9/A802 and
1F)/AT1R axis and TGF-B pathway [Supplementary
Figure 1G, http:/links.lww.com/CM9/A802] were acti-
vated in exosomes treated mice as that in BLM-induced
pulmonary fibrosis model. In this section, these results
confirmed that macrophage exosomes promote lung
inflammatory response and up-regulate Ang II/AT1R
axis.

Discussion

In this study, for the first time, we demonstrated that
AT1R-containing exosomes derived from macrophages
exhibited pro-fibrotic effects via upregulating the Ang II/
AT1R axis in lung fibroblasts or fibrotic lung tissue. In
turn, increased Ang II caused macrophages to increase the
production of exosomes. The principal findings obtained
included the following aspects: (1) GW4869 exhibited
excellent anti-fibrotic effect. (2) Macrophage exosomes
contained ATIR and directly delivered AT1R to lung
fibroblasts, resulting in collagen synthesis via upregulating
Ang II/AT1R/TGEF-B axis.
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Exosomes, one form of extracellular vesicles, are increas-
ingly regarded as playing crucial roles in cell-cell
communications.'™' Resent research shows exosomes
are involved in the pathological and physiological process
in the fibrotic d1seases of multiple organs, such as heart,
liver, and kidney.[**>?¢! In recent years, researchers found
that eXosomes play a variety of roles in lung fibro-
sis.[827:28 However, little is known regarding the effects of
exosomes in animal models of pulmonary fibrosis. In our
observations, we found the changes associated with
fibrosis can be reversed by exosome inhibitor GW4869
in BLM-induced pulmonary fibrosis models. The anti-
fibrotic effect of GW4869 was amazing and caught our
attention. Previous studies showed that GW4869, a
neutral sphingolipase inhibitor, plays pivotal roles in
various cellular processes, such as inflammation and
apoptosis.l*”*% Thus, the precise molecular mechanism by
which it exerted this effect is complicated and needs to be
elucidated. In this paper, we focus on the role of exosomes.

Increasing evidence confirms macrophages g)lay a p1votal
role in the pathogenesis of lung fibrosis.""**!!Ix vivo, we
found that macrophages infiltration significantly increased
during the whole process of BLM-induced lung fibrosis. It
has been reported that macrophages affected the function
of fibroblasts through the paracrine activity of various
cytokines. However, it remained unknown whether
exosomes can mediate the crosstalk between macrophages
and fibroblasts. In our observations, we found macro-
phage-secreted exosomes can be taken up by lung
fibroblasts and promote collagen expression. In vivo,
macrophage exosomes injection promoted inflammation
in mouse lung. Thus, it was clear that exosomes derived
from macrophages acted as a pro-fibrotic mediator in lung
tissue. Although the pro-fibrotic effect of macrophage
exosomes was clear, the precise molecular mechanism by
which it exerted this effect needs to be elucidated.

The angiotensin-converting enzyme2 (ACE2)/angiotensin
(1-7)/Mas axis and the ACE/Ang II/AT1R axis are main
components of renin-angiotensin system (RAS) and the
two axes have opposite effects. Imbalance of the two axes,
especially overactivation of the ACE/Ang II/AT1R axis,
playsa Vrtal role in the fibrosis of different organs mcludmg
the lung.!*3* In support of these findings, we found that
AT1R and Ang II levels were significantly increased in
BLM-induced pulmonary fibrosis model, as well as the
macrophage exosomes treated mice. Moreover, we found
that the cargos of macrophage exosomes contained the
components of RAS, such as ACE, AT1R, ACE2, and Mas.
Especially, the Ang II/AT1R axis was highly activated in
lung fibroblasts when stimulated with exosomes derived
from macrophages. The pro-fibrotic effects of macrophage
exosomes and the hyperactive Ang II/AT1R axis were
neutralized by IR. In brief, macrophage exosomes
promoted collagen synthesis and exacerbated pulmonary
fibrosis via activating Ang II/AT1R axis.

TGF-B/Smad2/3 signal pathway has been heavily impli-
cated in the development of fibrosis in Varrous organs,
including heart, kidneys, liver, and lungs.**! In this study,
macrophage exosomes actrvated lung fibroblasts, up-
regulated TGF-B/Smad2/3 pathway, and promoted colla-

WWW.Cmj.0rg

gen synthesis. By inhibiting AT1R, IR reversed macro-
phage exosomes-induced upregulation of TGF-/Smad2/3
pathway, as well as the production of collagen. Thus,
macrophage exosomes promoted collagen synthesis via the
TGF-B/Smad2/3 pathway by up-regulating Ang I/AT1R
axis.

Next, we wonder how macrophage-exosomes increase
AT1R expression in lun ng fibroblasts. In the study of
cardiac disease, Lyu et al'” reported that the mRNA levels
of AT1R, angiotensin II type 2 receptor, ACE, ACE2, and
angiotensinogen are significantly increased in neonatal rat
cardiomyocytes treated with cardiac fibroblasts-derived
exosomes. However, in our results, treatment with
macrophage exosomes caused little change of ATIR
mRNA in lung fibroblasts, while the protein level of
AT1R was markedly increased just at 6 h. Thus, we
conclude that the increased protein level of AT1R is not
due to the increased transcription of ATIR mRNA. Recent
review shows protein, RNA, DNA, lipids, and metabolites
containing in exosomes can be transferred to recipient cells
and exert corresponding functional effects on the patho-
logical and physiological process of multiple diseases. 34,351
What's more, an article publ1shed 1n the Journal of
Molecular and Cellular Cardiology™” shows circulating
exosomes induced by cardiac pressure overload contain
functional AT1Rs and the AT1R-enriched exosomes
mediate the transfer of AT1R to recipient cells. Consistent
with these findings, western blot shows AT1R protein was
positive and enriched in exosomes derived from macro-
phages. In addition, GFP-tagged AT1R was detected in
lung fibroblasts incubated with exosomes derived from
macrophages. Collectively, these results clearly demon-
strated that the membrane protein AT1R was delivered
into lung fibroblasts by macrophage-exosomes.

Increasing evidence elucidated that An% II stimulation
increased the secretion of exosomes.!'”***¢! Our data
showed the relative quantity of exosomes secreted by
macrophages was markedly increased after Ang II
treatment, and the Ang II level was higher in LF-CM
after treatment with exosomes which formed a positive
feedback loop with the activation of Ang II/AT1R axis.

Conclusions

In conclusion, our findings demonstrated that AT1R-
containing exosomes derived from macrophages can activate
TGF-B/Smad2/3 pathway, promote collagen synthesis and
mediate BLM-induced pulmonary fibrosis via shifting RAS to
Ang I/AT1R axis. Consequently, these results revealed that
exosomes can mediate cell to cell communication and
participate in the initiation and progression of pulmonary
fibrosis, indicating inhibition of Ang II-induced exosomes
secretion from macrophages may be a promising approach
for prevention and treatment of pulmonary fibrosis.
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