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Abstract

Idiopathic pulmonary fibrosis (IPF) is a chronic and progressive
disease caused by an aberrant repair of injured alveolar epithelial
cells. The maintenance of the alveolar epithelium and its
regeneration after the damage is fueled by alveolar type II (ATII)
cells. Injured cells release exosomes containing microRNAs
(miRNAs), which can alter the recipient cells’ function. Lung
tissue, ATII cells, fibroblasts, plasma, and exosomes were
obtained from naive patients with IPF, patients with IPF taking
pirfenidone or nintedanib, and control organ donors. miRNA
expression was analyzed to study their impact on exosome-
mediated effects in IPF. High miR-143-5p and miR-342-5p levels
were detected in ATII cells, lung tissue, plasma, and exosomes in
naive patients with IPF. Decreased FASN (fatty acid synthase)
and ACSL-4 (acyl-CoA-synthetase long-chain family member 4)
expression was found in ATII cells. miR-143-5p and miR-342-5p

overexpression or ATII cell treatment with IPF-derived exosomes
containing these miRNAs lowered FASN and ACSL-4 levels.
Also, this contributed to ATII cell injury and senescence.
However, exosomes isolated from patients with IPF taking
nintedanib or pirfenidone increased FASN expression in ATII
cells compared with naive patients with IPF. Furthermore,
fibroblast treatment with exosomes obtained from naive patients
with IPF increased SMAD3, CTGF, COL3A1, and TGF1
expression. Our results suggest that IPF-derived exosomes
containing miR-143-5p and miR-342-5p inhibited the de novo
fatty acid synthesis pathway in ATII cells. They also induced the
profibrotic response in fibroblasts. Pirfenidone and nintedanib
improved ATII cell function and inhibited fibrogenesis. This study
highlights the importance of exosomes in IPF pathophysiology.
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Idiopathic pulmonary fibrosis (IPF) is a
chronic interstitial lung disease of unknown
etiology, usually diagnosed in patients

more than 50 years old (1). This disease is
characterized by scarring of lung tissue,
leading to the destruction of the lung
architecture and respiratory failure (2).
Pirfenidone and nintedanib improve the

clinical prognosis; however, their mechanism
of action is still not well understood (3).

Alveolar type II (ATII) cells have stem
cell potential and are characterized by the
ability of self-renewal and differentiation to
alveolar type I cells after injury (4). They
produce and release pulmonary surfactants
to reduce surface tension and prevent the

alveoli from collapsing. The main features
of IPF at the cellular level include alveolar
epithelium injury with the loss of ATII cells
and their regenerative capacity (5). Notably,
a study shows a potential beneficial effect of
ATII cell transplantation in IPF (6).
Exosomes are one subtype of vesicles
(30-150 nm) constitutively secreted by
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Table 1. Baseline Characteristics of Organ Donors and Patients with IPF

Medicated

Characteristic Control Subjects IPF Nintedanib Pirfenidone P Value*
n 30 13 7 9 —
Age, yr, mean = SEM 63.13+1.73 62.76 + 2.41 68.28 + 2 70.22 +1.23 0.0894
Sex, n (%) 11 M (36.66) 10M (76.92) 5M (71.43) 8M (88.89) 0.3778

18 F (60) 3F (23.08) 2F (28.57) 1F (11.11) 0.2157

Ethnicity, n (%)

White 21 (70) 9 (69.23) 6 (85.71) 9 (100) 0.9151

African American 4 (13.33) 3 (23.08) 1 (14.29) 0 0.7947

Hispanic 2 (6.66) 0 0 0 —

Asian 0 1(7.69) 0 0 —
Lung function, mean = SEM

FVC, L n/a 1.73 +0.21 2.23+0.32 2.38+0.42 0.1810

FVC % predicted n/a 41+ 4,57 56.28 = 7.71 49.87 = 3.94 0.1743

FEV4, L n/a 1.46 +=0.19 1.76 +0.25 1.70 +£0.20 0.3942

FEV,% predicted n/a 42.84 = 4.96 60.14 +8.04 54.75 + 4.41 0.0701

FEV4/FVC, % n/a 81.05+3.42 80*+1.23 80.25 = 1.09 0.3663

Definition of abbreviations: FEV4 = forced expiratory volume in 1second; FVC =forced vital capacity; IPF =idiopathic pulmonary fibrosis; n/a =not

applicable.

*Testing for a difference between groups using Kruskal-Wallis and chi-square tests.

cells (7). Cell-derived exosome cargoes are
loaded with nucleic acids and proteins,
which can be delivered to neighboring cells
(8). Exosome content is protected from
degradation because of the presence of lipid
bilayers (9). The involvement of exosomes
and lung cell-derived extracellular vesicles
(EVs) in pulmonary fibrosis pathophysiology
was previously reported (10, 11). Kadota and
colleagues found that EVs derived from
human bronchial epithelial cells attenuated
this disease by inhibiting TGF-B-WNT
cross-talk (12). Fibroblast-derived EV
obtained from patients with IPF induced
cellular senescence via EV-mediated transfer
of pathogenic cargo to lung epithelial cells
(13).

Among cell-derived exosome cargoes,
microRNAs (miRNAs) are the most
extensively studied (14). Their roles in health
and disease are established, and increasing
clinical and experimental evidence implicates
their dysregulated expression in lung diseases
(15). Profibrotic and antifibrotic miRNAs’
function in IPF was demonstrated (16).
Moreover, we have recently reported the role
of miRNA-200 family members in ATII cells
in IPF (17).

Here, we performed in silico analysis,
which indicated that miR-143-5p and miR-
342-5p target the de novo fatty acid synthesis
pathway, affecting fundamental cellular
processes, including signal transduction and
gene expression (18). This pathway involves
FASN (fatty acid synthase) and ACSL-4
(acyl-CoA-synthetase long-chain family

member 4) enzymes. FASN is the only
human lipogenic enzyme that catalyzes the
endogenous synthesis of fatty acids (19).
Studies demonstrated that FASN is a critical
protein in fatty acid synthesis in several
diseases (20, 21). Notably, the reduced FASN
expression contributed to acute lung injury
in mice (22). Furthermore, emerging
evidence suggests that the fatty acid synthesis
pathway regulates cell proliferation and
senescence (23).

We investigated the effect of exosomes
obtained from patients with IPF on ATII
cells isolated from control organ donors. To
our knowledge, this is the first report on the
role of miR-143-5p and miR-342-5p in
FASN- and ACSL-4-mediated modulation
of ATII cell function in this disease.

Methods

Human Lungs

Lungs were obtained from control organ
donors without evidence of any respiratory
diseases through the Gift of Life Donor
Program (Philadelphia, PA) and IPF
transplants (Temple University).
Demographic and clinical characteristics are
shown in Tables 1 and E1 in the data
supplement. ATII cells were isolated, as we
previously described (24). Fresh frozen
plasma from EDTA tubes was used, as we
reported (25). All participants signed written
informed consent. The study was approved

by the Temple University and National
Jewish Health Institutional Review Boards.

Exosome Isolation

Exosomes were isolated from human plasma
and lung tissue obtained from control organ
donors and patients with IPF using
ultracentrifugation (26).

Cell Analysis

Freshly isolated ATII cells were fixed in 1%
glutaraldehyde and 4% paraformaldehyde.
Sections were examined in a JEOL 1010
electron microscope, and digital images were
recorded with a Hamamatsu camera system.
Immunofluorescence, hematoxylin and
eosin, and Masson’s trichrome staining and
wound-healing assays were performed.

Cell Transfection with miRNA Mimics
Control cultured ATII cells and fibroblasts
were transfected with 20 nM of nontarget
miRNA, miR-143-5p, or miR-342-5p mimics
for 24 hours using Lipofectamine RNAIMAX
Transfection Reagent (Invitrogen) according
to the manufacturer’s protocol.

Chest Computed Tomography

The Temple Lung Center Biobank collects
lung tissue and associated clinical data from
patients who provide informed consent to
store their deidentified data and tissue

for research purposes. High-resolution
computed tomography scans were obtained
as part of routine clinical care before
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Figure 1. Characterization and identification of exosomes. Exosomes were isolated from lung tissue and plasma obtained from control

organ donors (C) and naive patients with idiopathic pulmonary fibrosis (IPF). (A) Representative diagram of size and concentration of lung
tissue—derived exosomes using NanoSight. (B) Representative diagram of lung tissue—derived exosomes analyzed by NanoSight. (C) Western
blot images of CD63, CD81, and Cyt-c (cytochrome c) expression in lung tissue—derived exosomes. (D) microRNA (miRNA) levels were
determined in exosomes obtained from plasma using RT-PCR. (£) miRNA expression in plasma by RT-PCR. (N=3-7 samples per group.
*P<0.05, **P<0.01, and **P<0.001.) Data are shown as means = SEM.

transplant, and the scans were used to (Qiagen) per the manufacturer’s instructions,  (Thermo Fisher Scientific) and transferred
identify areas in the lung to sample. followed by RT-PCR. using a nitrocellulose membrane.

Western Blotting

RT-PCR Lung tissue was homogenized using buffer Statistical Analysis

Total RNA from exosomes, cells, and lung with protease and phosphatase inhibitor Statistically significant differences among
tissue was obtained using Qiazol reagent cocktail (Gold Biotechnology), separated experimental groups were determined by
(Qiagen Sciences) and miRNeasy kit using 8-16% polyacrylamide gradient gels one-way ANOVA or ¢ test (P < 0.05). Data
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Figure 1. (Continued).

are shown as mean = SEM from at least
three independent experiments.

Results

Altered miRNA Expression in
Plasma-Derived Exosomes in Patients
with IPF

The demographic and clinical characteristics
of the subjects are shown in Tables 1 and E1.
The size and purity of exosomes were
confirmed using NanoSight, which

indicated their typical distribution

(Figures 1A and 1B). The identity of the
recovered vesicles as exosomes was further
confirmed through the enrichment of
exosomal markers CD63 and CD81 by
Western blotting (Figure 1C). In addition,
the absence of cytochrome ¢ confirmed the
purity of the exosome preparation. We found
an increased expression of miR-143-5p,
miR-342a-5p, miR-155-5p, miR-449B-5p,
miR-10A-5p, and miR-142-5p in exosomes
obtained from the plasma of naive patients

262

with IPF compared with control subjects by
RT-PCR (Figure 1D). Our results also
indicate higher miR-143-5p and miR-342-5p
expression in plasma in patients with IPF
compared with control subjects (Figure 1E).
miR-155-5p, miR-449B-5p, and miR-10A-5p
levels were decreased in IPF. The differential
expression of miRNAs in plasma-derived
exosomes and whole plasma may be
explained by the stability of exosomes
leading to miRNA preservation compared
with free circulating miRNAs. Together, our
data indicate a potential role of miR-143-5p
and miR-342-5p in IPF pathophysiology.

Upregulated miR-143-5p and miR-342-5p
Expression in ATII Cells in IPF
Histopathological analysis of lung tissue

by hematoxylin and eosin staining and
Masson’s trichrome staining of collagen
showed severe pulmonary damage and high
collagen deposition in patients with IPF
compared with control subjects (Figures E1A
and E1B). Our analysis revealed increased
miR-143-5p and miR-342-5p expression in

exosomes obtained from IPF lung tissue
(Figure 2A). The levels of miR-155-5p,
miR-449B-5p, and miR-10A-5p were
decreased in exosomes obtained from
patients with IPF compared with control
subjects. Interestingly, we found an increase
in the expression of all analyzed miRNAs in
lung tissue from patients with IPF compared
with control subjects (Figure 2B).

We detected SP-C expression in lung
tissue—derived exosomes (Figure 2C), which
suggests the presence of vesicles originated
from ATII cells. Interestingly, we observed
upregulation of miR-143-5p, miR-342-5p,
miR-449B-5p, miR-10A-5p, and miR-142-5p
in ATII cells in patients with IPF compared
with control subjects (Figure 2D). It is worth
noting that miR-143-5p and miR-342-5p
expression was consistently increased in IPF
in all analyzed samples: plasma, plasma-
derived exosomes, lung tissue, lung
tissue—derived exosomes, and ATII cells.
Freshly isolated ATII cells were also analyzed
using transmission electron microscopy, and
we observed extracellular vesicles with the
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Figure 2. miRNA expression in lung tissue, alveolar type Il (ATII) cells, and exosomes obtained from control subjects and patients with IPF.
Samples were obtained from control organ donors and naive patients with IPF. (A) miRNA levels analyzed in lung tissue-derived exosomes
using RT-PCR. (B) miRNA expression in lung tissue by RT-PCR. (C) Representative Western blotting image of SP-C expression in lung
tissue—derived exosomes. (D) miRNA levels in ATII cells using RT-PCR. (E) ATII cell image by transmission electron microscopy (left image;
scale bar, 5um). Vesicles are shown by black arrows (right image; scale bar, 0.2 um). (N=3-6 lungs per group. *P<0.05, **P<0.01, and
***P<(0.001.) Data are shown as means = SEM.
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size of exosomes (Figure 2E). Our results
suggest that ATII cell-derived exosomes
may contribute to the high expression of
miR-143-5p and miR-342-5p in IPF.
Because exosome molecular cargoes are
highly heterogeneous and cell-type
dependent, we also analyzed miR-143-5p and
miR-342-5p levels in exosomes obtained
from lung fibroblasts. Their expression was
higher in patients with IPF than in control
subjects (Figure E2A). Also, an increased
miR-342-5p level was found in alveolar
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macrophages isolated from patients with IPF
(Figure E2B). We did not detect significant
differences in miR-143-5p expression
between these groups.

Decreased FASN and ACSL-4
Expression in ATII Cells in IPF

We used in silico analysis (DIANA-miRPath)
and detected that miR-143-5p and miR-342-
5p are implicated in fatty acid biosynthesis
and metabolism (Figure 3A). To determine
whether miR-143-5p and miR-342-5p
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directly target FASN and ACSL-4, we
overexpressed them in cultured ATII cells
obtained from control organ donors

using miRNA mimics. Overexpression of
miR-143-5p and miR-342-5p was confirmed
by RT-PCR (Figure 3B). We also analyzed
FASN and ACSL-4 mRNA levels and

found their significant decrease after cell
transfection with miR-143-5p and miR-342-5p
mimics (Figure 3C). This transfection also
downregulated FASN and ACSL-4 protein
levels as detected by immunofluorescence
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Figure 4. |PF-derived exosomes enhance profibrotic response in control fibroblasts and decrease FASN and ACSL-4 expression in control ATII
cells. Panel I: Cultured lung fibroblasts and ATII cells isolated from control organ donors were treated with lung tissue—derived exosomes
obtained from naive patients with IPF. (A) Exosomes stained with PKH26 dye (red) were internalized by fibroblasts labeled with PKH67 (green)
and Hoechst 33342 (blue; scale bar, 10 um). (B) Quantification of exosome internalization by fibroblasts is shown. (C) SMAD3, CTGF, COL3A1,
and TGFB 1 mRNA levels in fibroblasts treated with exosomes by RT-PCR. (D) Fibroblasts obtained from IPF were treated with lung tissue—derived
exosomes isolated from control organ donors. SMAD3, CTGF, COL3A1, and TGFB1 mRNA levels were detected by RT-PCR. Panel II: Overexpression
of miR-143-5p and miR-342-5p mimics in cultured lung fibroblasts. (A) miR-143-5p and miR-342-5p mimic overexpression was confirmed by RT-PCR.
(B) FASN and ACSL-4 mRNA expression in fibroblasts detected by RT-PCR. (C) SMAD3, CTGF, COL3A1, and TGFB 1 mRNA levels by RT-PCR. Panel
[ll: The impact of exosomes on cultured ATII cells isolated from control organ donors. (A) Exosomes stained with PKH26 dye (red) were internalized by
ATII cells labeled by PKH67 dye (green) and Hoechst 33342 (blue; scale bar, 10 um). (B) Quantification of exosome internalization by ATII cells is
shown. (C) miR-143-5p and miR-342-5p levels in ATl cells treated with exosomes obtained from patients with IPF. (D) FASN, ACSL-4, and SP-C mRNA
levels in ATII cells treated with exosomes by RT-PCR. (N=3-9 lungs per group; *P<0.05, **P<0.01, ***P<0.001, and ****P<0.0001.) Data are
shown as means = SEM. Exo = exosomes.
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Figure 4. (Continued).

(Figures 3D and 3E). Also, A549 cells were
transfected with pcDNA-3.1-miR-143-5p

and pcDNA-3.1-miR-342-5p, and their
overexpression was confirmed in A549 cells
(Figures E3A-E3H). This lowered FASN and
ACSL-4 mRNA and protein expression.
Together, our results suggest that miR143-5p
and miR-342-5p can serve as new miRNA
targets of key genes of de novo fatty

acid biosynthesis, FASN, and ACSL-4.
Overexpression of miR-143-5p and miR-342-5p
significantly reduced the migration rate of
A549 cells after 48 hours compared with
controls using a scratch assay (Figures E3I
and E3J). The efficiency of cell transfection is
shown in Figure E4. Our results suggest their
contribution to the delayed repair of lung
epithelial cells after injury.
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ACSL-4 mRNA levels were decreased in
lung tissue in patients with IPF compared
with control subjects (Figure 3F). We did not
detect any differences between FASN and
ACSL-4 protein expression in lung tissue
from patients with IPF compared with
control subjects by Western blotting
(Figures 3G and 3H). Interestingly, we
observed a significant decrease in FASN and
ACSL-4 mRNA levels in ATII cells in IPF
(Figure 3I). We found the same correlation
for FASN and ACSL-4 protein expression
(Figures 3] and 3K). Moreover, we cultured
ATII cells to examine whether inhibition of
FASN expression with TVB-3664, which is
the novel fatty acid synthase inhibitor (27)
affects miR-143-5p and miR-342-5p levels.
We found that 0.1 yM and 0.2 uM TVB-3664

significantly reduced FASN mRNA
expression (Figure 3L) and the levels of
miR-143-5p and miR-342-5p (Figure 3M).
These data suggest that in ATII cells in IPF,
miR-143-5p and 342-5p inhibit FASN
expression, which promotes these miR
expressions, forming a feedback loop. We
also confirmed the decrease of FASN, SP-C,
and PGCla levels by TVB-3664 treatment
(Figures 3N, 30, and E5). Furthermore, we
found that FASN inhibition increased the
expression of senescence markers such as
P53 and P21 as detected by RT-PCR (Figure
3P). Together, our data suggest that miR-
143-5p and miR-342-5p may contribute to
ATII cell dysfunction in IPF through the
dysregulation of de novo fatty acid
biosynthesis and induce cell senescence.
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IPF-derived Exosomes Enhance control organ donors. Exosomes were and patients with IPF (Figure 4, Panel I, B).
Profibrotic Response in Control Lung  labeled with PHK26 dye and incubated for To investigate whether IPF exosome uptake
Fibroblasts and Decrease FASN and 24 hours with cultured fibroblasts stained by control fibroblasts modulates cellular
ACSL-4 Expression in Control with PKH67 reagent. Their internalization by ~ responses, we assessed SMAD3, CTGF,
ATII Cells fibroblasts was detected using fluorescence COL3A1, and TGFp1 levels by RT-PCR. Cell
We wanted to determine the effect of lung microscopy (Figure 4, Panel I, A). There was ~ treatment with exosomes obtained from IPF
tissue—derived exosomes obtained from no difference in the exosome uptake by lung tissue significantly increased mRNA
patients with IPF on fibroblasts isolated from  fibroblasts obtained from control subjects expression levels of these profibrotic genes
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Figure 5. Increased miR-143-5p and miR-342-5p levels in severe fibrosis. (A) Representative computed tomography scan of IPF lung with mild
and severe fibrosis in the same patient. (B) miR-143-5p and miR-342-5p levels in tissue obtained from mild and severe fibrosis areas by
RT-PCR. (C) miR-143-5p and miR-342-5p expression in lung tissue—derived exosomes isolated from mild and severe fibrosis areas. (D)
Fibroblasts obtained from control organ donors were cultured. SMAD3, CTGF, COL3A1, and TGFB71 mRNA levels in fibroblasts treated with lung
tissue—derived exosomes isolated from mild and severe fibrosis areas (N=3-4 lungs; *£<0.05 and **P<0.01.) Data are shown as

means = SEM.

(Figure 4, Panel I, C). Our data highlight the
profibrotic features of IPF exosomes via
activating the TGF signaling pathway in
control fibroblasts. Next, we wanted to
determine the impact of lung tissue-derived

272

exosomes obtained from control organ
donors on fibroblasts isolated from IPF.
Interestingly, treatment with exosomes for
24 hours decreased SMAD3, CTGF, COL3Al,
and TGFp1 expression in IPF fibroblasts

compared with untreated cells (Figure 4,
Panel I, D).

Cultured fibroblasts isolated from
control organ donors were treated with
exosomes obtained from patients with IPF,
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which increased miR-143-5p and miR-342-5p
levels (Figure E6, Panel I, A). Moreover, we
found decreased FASN and ACSL-4 mRNA
expression (Figure E6, Panel I, B). These
results suggest that increased miR-143-5p
and miR-342-5p expression in fibroblasts
may also affect FASN and ACSL-4 levels.

We did not detect any differences between
FASN and ACSL-4 protein expression
between these two groups by Western
blotting (Figure E6, Panel I, C and D). Next,
we examined whether treatment with
exosomes obtained from IPF affected other
fatty acid synthesis pathway enzymes, such as
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(ATP-citrate-lyase). However, there was no
significant difference between ACACA and
ACLY mRNA levels in fibroblasts treated
with exosomes obtained from patients with
IPF compared with control subjects (Figure
E6, Panel I, E). These data indicate that IPF-
derived exosomes may specifically affect
FASN and ACSL-4. We further investigated
the impact of IPF-derived exosomes on
fibroblast senescence, and we did not detect
changes in P16, P21, or P53 expression by
RT-PCR (Figure E6, Panel I, F). This
suggests that exosomes obtained from
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patients with IPF did not induce senescence
in fibroblasts.

Higher miR-143-5p and miR-342-5p
levels and decreased FASN and ACSL-4
mRNA expression were found in fibroblasts
obtained from patients with IPF compared
with control subjects (Figures E7A and
E7B). ACSL-4 protein expression was
downregulated in IPF fibroblasts by Western
blotting (Figures E7C and E7D). Next, we
examined the levels of profibrotic markers in
fibroblasts obtained from IPF using RT-PCR.
Increased SMAD3, CTGF, COL3A1, and
TGFB1 mRNA expression was found in IPF
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Figure 6. Pirfenidone and nintedanib increased FASN and ACSL-4 expression in ATII cells in patients with IPF. Cultured ATII cells and
fibroblasts isolated from control organ donors were treated with lung tissue—derived exosomes obtained from naive patients with IPF and
patients with IPF treated with pirfenidone (pir) or nintedanib (nin). (A) miR-143-5p and miR-342-5p expression in ATII cells isolated from patients
with IPF by RT-PCR. (B) FASN and ACSL-4 mRNA levels in ATII cells isolated from IPF using RT-PCR. (C) Representative Western blotting
images of FASN and ACSL-4 expression in ATII cells. (D) Quantification of protein expression is also shown. (E) Cultured ATII cells were treated
with lung tissue—derived exosomes obtained from naive patients with IPF and medicated patients with IPF. Cells were stained using SP-C
(magenta), FASN (red), and ACSL-4 (green) antibodies and DAPI (blue) by immunofluorescence using confocal microscopy. (F) Quantification
of their fluorescence intensity is also shown. (G) SP-C, FASN, and ACSL-4 mRNA levels by RT-PCR in ATIl cells treated with exosomes obtained
from naive patients with IPF and patients with IPF treated with pirfenidone or nintedanib. (H) SMAD3, CTGF, COL3A1, and TGFB1 mRNA levels
by RT-PCR in fibroblasts treated with lung tissue—derived exosomes obtained from naive patients with IPF and medicated patients with IPF.
Cultured ATII cells isolated from organ donors were treated with exosomes obtained from the lung tissue of naive patients with IPF or patients
with IPF medicated with pirfenidone or nintedanib. (/) P53, P16, P21, and IL-6 mRNA levels in ATII cells by RT-PCR. (J) ATII cells were stained
using SP-C (magenta), p-P53 (red), and P53 (green) antibodies and DAPI (blue) by immunofluorescence using confocal microscopy.

(K) Quantification of p-P53/P53 is also shown. (L) ATII cells were stained using SP-C (magenta), P16 (red), and P21 (green) antibodies and DAPI
(blue) by immunofluorescence using confocal microscopy. (M) Quantification of their fluorescence intensity is also shown. (N) Representative images
of SA-B-Gal staining in ATII cells. (O) The quantification of SA-B-Gal-positive ATIl cells (N=3-9 lungs per group. Scale bars, 5um. *P<0.05,
**P<0.01, **P<0.001, and ****P<0.0001.) Data are shown as means = SEM.
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Figure 6. (Continued).
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fibroblasts compared with controls
(Figure E7E).

To determine whether the profibrotic
response in fibroblasts is correlated with
miR-143-5p and miR-342-5p levels, we
overexpressed them in control cultured
fibroblasts using miR mimics. Their
overexpression was confirmed by RT-PCR
(Figure 4, Panel II, A). We analyzed FASN
and ACSL-4 mRNA levels and found their
decreased expressions after cell transfection
with miR-143-5p and miR-342-5p mimics
(Figure 4, Panel II, B). Overexpression of

Hayek, Rehbini, Kosmider, et al.: Impact of Exosomal miRNAs on ATII Cells in IPF

\QQ
ATII Cells

&'\&

miR-143-5p increased SMAD3, CTGF,
COL3A1, and TGFf1 levels, whereas
miR-342-5p mimic upregulated COL3A1
and TGF1 expression as detected by
RT-PCR (Figure 4, Panel II, C). Our data
suggest that miR-143-5p and miR-342-5p
may activate control fibroblasts’ transition to
myofibroblast.

To determine the impact of vesicles,
we treated cultured ATII cells with lung
tissue-derived exosomes obtained from
control subjects and patients with IPF for
24 hours (Figure 4, Panel IIT, A). ATII cells

internalized exosomes at the same rate
(Figure 4, Panel ITI, B). Importantly, the
internalization of IPF exosomes increased
miR-143-5p and miR-342-5p levels in ATII
cells, suggesting the transfer of their content
to ATII cells (Figure 4, Panel III, C). Because
we detected the enrichment of miR-143-5p
and miR-342-5p in ATII cells in IPF, we also
wanted to analyze their impact on cell
function. Cultured ATII cells treated with
IPF exosomes had significantly decreased
FASN, ACSL-4, and SP-C mRNA expression
compared with control exosomes as detected
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Figure 6. (Continued).

by RT-PCR (Figure 4, Panel I1I, D). Our
results indicate that IPF-derived exosomes
decreased de novo fatty acid biosynthesis in
ATII cells through their internalization.

The Role of Exosomes in Human Mild
and Severe Fibrosis

We used lung tissue obtained from the areas
of mild and severe fibrosis of the same
patient with IPF based on the computed
tomography scan (Figure 5A). Interestingly,
we found increased miR-143-5p and
miR-342-5p levels in lung tissue in severe
compared with mild fibrosis by RT-PCR
(Figure 5B). Moreover, we detected an
enrichment of these miRNAs in exosomes
isolated from severe areas (Figure 5C). The
effect of exosomes was analyzed on cultured
fibroblasts isolated from control organ
donors. Exosomes obtained from severe
fibrosis areas significantly induced SMAD3,
CTGF, COL3A1, and TGFBI mRNA
expression (Figure 5D). Our results suggest
the role of miR-143-5p and miR-342-5p in
IPF progression through exosome-mediated
profibrotic response.

Pirfenidone and Nintedanib
Upregulate FASN and ACSL-4
Expression in ATII Cells

ATII cells were isolated from naive patients
with IPF and patients with IPF taking
antifibrotic drugs. We found that nintedanib
decreased miR-143-5p and miR-342-5p
expression in ATII cells compared with naive
individuals with IPF and individuals taking
pirfenidone (Figure 6A). Both drugs
increased FASN and ACSL-4 mRNA levels in
ATII cells as detected by RT-PCR (Figure 6B).
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Importantly, FASN and ACSL-4 levels were
higher in ATII cells isolated from patients
treated with pirfenidone or nintedanib
compared with naive patients with IPF by
Western blotting (Figures 6C and 6D). Our
results suggest that antifibrotic drugs affect
the fatty acid synthesis pathway in ATII cells.

To further define the impact of
medication, control cultured ATII cells were
treated with lung tissue—derived exosomes
obtained from control subjects, naive
subjects with IPF, and patients with IPF
taking pirfenidone or nintedanib, followed
by analysis using immunofluorescence
(Figure 6E). SP-C expression was decreased
after treatment with exosomes obtained from
naive patients with IPF compared with
control subjects (Figure 6F). However, its
levels were higher after incubation with
exosomes obtained from individuals with
IPF taking nintedanib compared with naive
patients with IPF or patients on pirfenidone.
Interestingly, these results negatively
correlated with miR-143-5p and miR-342-5p
levels in exosomes (Figure 6A). FASN and
ACSL-4 expressions were also decreased in
naive patients with IPF compared with
controls. However, FASN levels increased
after ATII cell treatment with exosomes
isolated from individuals taking pirfenidone
or nintedanib compared with naive patients
with IPF. Our results suggest the exosome-
mediated effect of antifibrotic medications
on ATII cells.

Next, we analyzed SP-C, FASN, and
ACSL-4 mRNA levels in ATII cells treated
with exosomes obtained from naive patients
with IPF and patients taking pirfenidone or
nintedanib (Figure 6G). We found their

O % %k
% 3k %k k
5 * ok ok ok
O
£ 0.8 Hrxx x
= _!_ KK
8 A
= 0.6 -
<}
E 0.4
ERe A
+ v
& 0.2+ ¥
& v
<
3 0.0- o
£ B0l & &
QO
& TEE
ATII Cells

increase only in ATII cells incubated with
exosomes obtained from patients with IPF
on nintedanib compared with naive patients
with IPF. Also, SP-C expression was higher
in ATII cells treated with exosomes isolated
from individuals with IPF taking nintedanib
than pirfenidone.

Interestingly, we detected a decrease in
SMAD3, CTGF, COL3A1, and TGFB1
mRNA levels in control cultured fibroblasts
treated with exosomes obtained from
patients taking nintedanib compared with
naive patients with IPF (Figure 6H). In
addition, SMAD3 expression was lower in
fibroblasts treated with exosomes obtained
from patients on pirfenidone than in naive
patients with IPF. Treatment of fibroblasts
with lung-derived exosomes obtained from
individuals with IPF taking nintedanib
decreased miR-143-5p and increased miR-
342-5p levels compared with naive patients
with IPF (Figure E6, Panel II, A). ACSL-4
mRNA expression was higher in these
patients in comparison with cell treatment
with exosomes obtained from naive patients
with IPF and pirfenidone-medicated patients
with IPF; however, FASN levels were
unchanged (Figure E6, Panel II, B). We did
not detect any differences between FASN
and ACSL-4 protein expression in fibroblasts
treated with exosomes compared with
controls by Western blotting (Figure E6,
Panel II, C and D).

We examined the impact of lung
tissue—derived exosomes obtained from
control subjects, naive patients with IPF, or
patients taking pirfenidone or nintedanib on
ATII cell senescence and expression of
factors related to Senescence-Associated
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Secretory Phenotype (SASP). Cultured ATII
cells isolated from control organ donors were
used for treatment with exosomes. Our
results indicate increased P53, P16, P21, and
IL-6 mRNA levels in ATII cells incubated
with exosomes from naive patients with IPF
compared with control subjects as detected
by RT-PCR (Figure 6I). Exosomes obtained
from patients with IPF taking pirfenidone or
nintedanib lowered P16, P21, and IL-6 levels
compared with naive patients with IPF.
Moreover, treatment with nintedanib also
decreased P53 expression. We found higher
p-P53, P16, and P21 expression in cultured
ATII cells incubated with exosomes obtained
from naive patients with IPF than control
subjects as detected by immunofluorescence
(Figures 6]-6M). These results suggest that
exosomes derived from lung tissue obtained
from naive patients with IPF contribute to
ATII cell senescence. Moreover, treatment of
control ATII cells with exosomes obtained
from patients taking nintedanib decreased
p-P53, P16, and P21 levels compared with
naive patients with IPF. To confirm the
prosenescent effect of exosomes from naive
patients with IPF, we used senescence-
associated 3-galactosidase (SA-B-Gal)
staining. It was increased in control cultured
ATII cells treated with exosomes obtained
from naive patients with IPF compared with
control organ donors (Figures 6N and 60).
Consistent with the previous data, SA--Gal
was decreased after ATII cell treatment with
exosomes obtained from patients with IPF
medicated with nintedanib or pirfenidone.
However, lower SA-3-Gal staining was
detected in cells treated with exosomes
obtained from patients with IPF on
nintedanib compared with pirfenidone. Our
results indicate that IPF treatment with
pirfenidone and nintedanib may alter ATII
cell function via exosomes and suggest an
inhibitory effect of antifibrotic medications
on IPF exosome-mediated ATII cell
senescence. Also, control exosomes may
decrease the profibrotic features of fibroblasts
and provide a rescue. Further studies are
required to determine the antifibrotic
mechanism of these medications.

Discussion

Alteration of the repair capacity of alveolar
epithelial cells induced by a chronic lung
tissue injury is an early event in IPF (28).
It relates to impaired alveolar epithelium
regeneration due to ATII cell dysfunction.
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Exosomes can deliver their content, which
depends on their cell of origin, to the
recipient cells and are implicated in
pathophysiological processes and diseases
(29, 30). Studies described divergences in the
effects of exosomes, which may be explained
by tissue-specific effects. miRNAs are present
in secreted and circulating exosomes (31).
It has been reported that miRNAs can
regulate 30-80% of the genes in the human
genome (32, 33). They are also potential
molecular targets for many diseases,
including IPF. However, the impact of
exosomal miRNAs on human primary ATII
cells in this disease’s development and
progression is not well known.

We identified dysregulated miRNAs
in exosomes in IPF. A high abundance of
miR10A-5p was found, and its role as a
potential biomarker in lung diseases was
suggested (34, 35). Our results indicated
that miR-143-5p and miR-342-5p are
upregulated in ATII cells, lung tissue,
plasma, and exosomes in naive patients with
IPF compared with control organ donors.
Because exosomes can contribute to cell-cell
communication, we investigated their role
in cultured ATII cells and fibroblasts. We
treated control ATII cells and fibroblasts
with IPF lung tissue-derived exosomes. We
found that they negatively affected the de
novo fatty acid synthesis pathway in ATII
cells and increased the profibrotic response
in fibroblasts. Fatty acid signaling has
been shown to play a critical role in the
pathogenesis and exacerbation of bleomycin-
induced pulmonary fibrosis in mice (36).
Moreover, our in silico analysis suggests that
miR-143-5p and miR-342-5p target FASN
and ACSL-4, key enzymes in this pathway.
ACSL-4 is a long-chain fatty acyl-CoA
synthetase, a key enzyme in regulating lipid
composition and required to maintain
phospholipid content (37, 38). Decreased
lipid content, phospholipid biogenesis, and
ACSL-4 levels contributed to poor cell
survival and proliferation (39). We found
lower FASN and ACSL-4 expression in
ATII cells in IPF, associated with increased
miR-143-5p and miR-342-5p levels. We
overexpressed these miRNAs in control
cultured ATII cells and fibroblasts and found
downregulation of FASN and ACSL-4.

Inhibition of FASN is involved in cell
cycle arrest and death (40, 41), and our data
suggest its critical role in ATII cell
dysfunction in IPF. It has been reported that
inhibiting FASN activity by pharmacological
agents or siRNA decreased cancer cell

proliferation and induced apoptosis (42, 43).
AMPK can also regulate FASN and
associated metabolic processes (44).
Pharmacological activation of AMPK in
myofibroblasts in IPF displays lower fibrotic
activity, together with enhanced
mitochondrial biogenesis and normalization
of sensitivity to apoptosis (45). Studies
indicated that FASN is expressed in alveolar
epithelial cells and regulated lipid synthesis
(46, 47). Importantly, exposure of Fasn'*AF2
mice to bleomycin increased lung fibrosis
compared with control mice (46).

In agreement with these data, our results
suggest defective FASN-mediated lipid
metabolism in ATTI cells in patients with IPF.

Our results showed that treatment of
control fibroblasts with exosomes obtained
from naive patients with IPF increased
SMAD3, CTGF, COL3A1, and TGFBI
mRNA expression, important mediators in
IPF (48-50). In addition, we detected that
exosomes obtained from severe IPF had
higher miR-143-5p and miR-342-5p levels
compared with areas with mild fibrosis. The
same correlation was observed in control
fibroblasts treated with these exosomes,
which was associated with increased
profibrotic gene expression. We thus favor
the hypothesis that IPF-derived exosomes
could stimulate profibrotic properties,
leading to disease progression through
miRNA-mediated mechanisms.

We found that exosomes from naive
patients with IPF increased IL-6, P53, P21, and
P16 mRNA and p-P53, P16, and P21 protein
expression in ATII cells and increased the
number of SA-B-Gal+ ATII cells compared
with control subjects. This indicates the
proinflammatory response and DNA damage.
Cell senescence is one of the characteristics
of the altered reparative capacity of ATII
cells (51). Our results suggest that the
downregulation of FASN protein expression
by exosomal miR-143-5p and miR-342-5p in
ATII cells may contribute to their senescence.
It was reported that P16- and P21-positive cells
were found in the alveolar epithelium of IPF
lungs, mainly in proSP-C+ KRT7+ ATII cells
(52). We have shown that ATII cell senescence
in IPF may impair their self-renewal and
differentiation to alveolar type I cells (17). This
indicates the critical role of exosomes in
modulating ATII cell function in this disease.

The mechanism of action of pirfenidone
and nintedanib is still poorly understood (3).
We found decreased profibrotic response in
control fibroblasts treated with exosomes
obtained from lung tissue of patients with
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Figure 7. Model of the exosomal miRNA function in IPF. Increased miR-143-5p and miR-342-5p were detected in all analyzed samples obtained
from naive patients with IPF. Lung tissue—derived exosomes isolated from naive patients with IPF induced ATII cell senescence and fibroblast
differentiation to myofibroblasts. Exosomes obtained from patients with IPF treated with nintedanib increased SP-C expression in ATII cells and

decreased expression of profibrotic genes in fibroblasts compared with naive patients with IPF.

IPF taking these drugs compared with
exosomes isolated from naive patients
with IPF. This suggests that these antifibrotic
medications can modulate exosomes’
content and alter recipient cells’ function.
Furthermore, we showed increased SP-C
levels in ATII cells treated with exosomes
isolated from patients with IPF taking
nintedanib compared with naive patients
with IPF. This indicates the beneficial effect
of these drugs on the restoration of ATII cell
function. It is worth noticing that ATII cells
can inhibit fibroblast proliferation (53). Also,
nintedanib and pirfenidone have different
mechanisms of action (54). This can explain
other observed differences in cell responses.
We also isolated exosomes from control
organ donors. Given that exosomes differ in

function depending on their origin (55), we
analyzed their effect on fibroblasts isolated
from naive patients with IPF. Interestingly,
we found that this treatment decreased
their profibrotic phenotype as detected by
reduced SMAD3, CTGF, COL3A1, and
TGFB1 mRNA expression in the recipient
fibroblasts. Our results suggest that control
exosomes may have potential therapeutic
applications. Notably, mesenchymal stem
cell-derived exosomes prevented and
reverted experimental pulmonary fibrosis in
mice (56). Also, potential beneficial effects of
intratracheal transplantation of ATII cells
obtained from organ donors in patients with
IPF were reported (6).

In summary, our study reveals an
impact of IPF-derived exosomes on human

control primary ATII cells and fibroblasts
(Figure 7). Moreover, we demonstrated the
critical role of miR-143-5p and miR-342-5p
in IPF. Our results suggest their contribution
to fibrogenesis in disease pathogenesis

and progression by transcriptional
downregulation of the de novo fatty acid
synthesis pathway. Targeting these miRNAs
may restore ATII cell function as a novel
strategy in IPF. l
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