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Abstract. Pulmonary fibrosis (PF) is a chronic, progressive, 
irreversible and life‑threatening lung disease. However, the 
pathogenesis and molecular mechanisms of this condition remain 
unclear. Extracellular vesicles (EVs) are structures derived from 
the plasma membrane, with a diameter ranging from 30 nm to 
5 µm, that play an important role in cell‑to‑cell communications in 
lung disease, particularly between epithelial cells and the pulmo‑
nary microenvironment. In particular, exosomes are a type of EV 
that can deliver cargo molecules, including endogenous proteins, 
lipids and nucleic acids, such as microRNAs (miRNAs/miRs). 
These cargo molecules are encapsulated in lipid bilayers through 
target cell internalization, receptor‑ligand interactions or lipid 
membrane fusion. miRNAs are single‑stranded RNA molecules 
that regulate cell differentiation, proliferation and apoptosis by 
degrading target mRNAs or inhibiting translation to modulate 
gene expression. The aim of the present review was to discuss the 
current knowledge available on exosome biogenesis, composition 
and isolation methods. The role of miRNAs in the pathogenesis 
of PF was also reviewed. In addition, emerging diagnostic and 
therapeutic properties of exosomes and exosomal miRNAs in PF 
were described, in order to highlight the potential applications of 
exosomal miRNAs in PF.
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1. Introduction

Pulmonary fibrosis (PF) is a chronic, aged‑related, progres‑
sive, irreversible and life‑threatening lung disease caused by 
alveolar epithelial cell injury and apoptosis, epithelial‑mesen‑
chymal transition (EMT), fibroblast proliferation, as well as 
extracellular matrix (ECM) deposition in the interstitial tissue. 
Idiopathic PF (IPF) is the most common type of PF, and its 
diagnosis is based on radiographical and/or histopathological 
patterns typical of usual interstitial pneumonia (1). IPF exhibits 
a high prevalence among the elderly with a history of smoking, 
thus increasing morbidity and mortality; there is also currently 
a lack of effective diagnostic and therapeutic measures (1). The 
incidence of IPF in North America and Europe (3‑9 cases/ 
100,000 person‑years) is higher than that in South America 
and East Asia (<4 cases/100,000 person‑years) (2). Although 
the pathogenesis and molecular mechanisms of IPF remain 
unclear, cell apoptosis and/or senescence, telomere short‑
ening, mitochondrial dysfunction, endoplasmic reticulum 
stress, oxidant/antioxidant imbalance and immunoregulatory 
dysfunction may be involved (3‑6).

With the US Food and Drug Administration approval of 
pirfenidone and nintedanib, the treatment of IPF has reached a 
new plateau, and the majority of patients succumb to respiratory 
failure within 3‑5 years following diagnosis (7,8). The results 
of a phase‑2, double‑blind, randomized, placebo‑controlled 
clinical study investigating lebrikizumab (an anti‑IL‑13 
monoclonal antibody) alone or combined with pirfenidone 
treatment in patients with IPF indicated that this therapeutic 
strategy may not be sufficient to improve pulmonary func‑
tion (9). A previous meta‑analysis of the use of pirfenidone, 
nintedanib and pamrevlumab (monoclonal antibody targeting 
connective tissue growth factor, FG‑3109) for the treatment of 
patients with IPF suggested that pamrevlumab significantly 
improved pulmonary function and was effective in attenu‑
ating the decline in forced vital capacity (10). Thus, it may 
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become a potential candidate for IPF treatment for phase‑3 
clinical trials. In small randomized trials, other drugs, such 
as pentraxin 2 (11) and GLPPG1690 (12), have also resulted 
in a slower decline in pulmonary function than the admin‑
istered placebo (13). Despite these findings, to date, there is 
no effective treatment available for IPF, at least to the best of 
our knowledge. All available therapies are only effective for a 
small number of patients and have severe side‑effects, together 
with a low overall survival rate. Therefore, there is still a need 
for the development of novel therapies that may provide addi‑
tional clinical benefits to patients with IPF.

Extracellular vesicles (EVs) are present in body fluids, such 
as serum, plasma, urine, saliva, sputum, uterine secretions 
and bronchoalveolar lavage fluid (BALF) (14). EVs, including 
exosomes, play an important role in cell‑to‑cell communica‑
tions, particularly between epithelial cells and the pulmonary 
microenvironment (14). MicroRNAs (miRNAs/miRs), EVs 
and/or exosomes may represent potential biomarkers for the 
diagnosis and prognosis of IPF, as well as therapeutic targets 
for this disease (15). The present review discusses the current 
understanding of the role of EVs, particularly that of exosomes 
and exosomal miRNAs in the pathogenesis of PF and/or IPF. 
The clinical process of IPF diagnosis and treatment based on 
exosomes and exosomal miRNAs is also discussed.

2. Characteristics, classification and biosynthesis of 
extracellular vesicles

EVs are structures derived from plasma membranes with 
diameters ranging from 30 nm to 5 µm and are composed of a 
phospholipid bilayer (14). EVs were first identified in the late 
1960s in cells from mammalian tissue or fluids (16), although 
they were not named as such until 2011 (17). In the 1980s, 
EVs were found to be generated either by budding from the 
plasma membrane or through intracellular pathways, including 
incorporating multivesicular bodies (MVBs) into the plasma 
membrane (18).

Depending on their biosynthesis, particle size and biophys‑
ical properties, EVs can be classified into four subtypes as 
follows: Exosomes, microvesicles (MVs) or micropaticles (19) 
and apoptotic bodies  (20,21), as well as smaller‑diameter 
subsets of nanoparticle exomeres (22,23). Different subtypes 
of EVs can be enriched and broadly separated using different 
methods, such as ultracentrifugation, ultrafiltration, polymer 
precipitation, immunoaffinity chromatography, flow cytom‑
etry, density gradient centrifugation, microfluidics‑based 
techniques and immunoadsorption (24). Currently, the gold 
standard for EVs isolation is the ultracentrifugation‑linked 
immunoprecipitation method (25). However, none of these 
methods can completely purify a specific subpopulation, 
resulting in preparations that are mixed with other EV 
subtypes. A membrane affinity spin column can capture nearly 
100% mRNA from EVs without undesired protein‑bound 
extracellular RNA co‑precipitate  (25). EVs isolation and 
enrichment is considered a necessary pre‑analytical require‑
ment for biomedical research and clinical treatment (26,27). 
A list of different subtypes of EVs is presented in Table I.

The biosynthesis of exosomes is a progressive endo‑
some‑dependent cytological process (28). This process begins 
with endocytosis and is characterized by invagination of the 

cell membrane to form an early‑sorting endosome; subse‑
quently, the intranuclear soma re‑invaginates and sheds to form 
small intraluminal vesicles (ILVs). The formation of ILVs is 
followed by the generation of late‑sorting endosomes, termed 
MVBs. When MVBs coalesce into the cell membrane, ILVs 
are released into the extracellular space as exosomes (29).

Exosome biosynthesis and secretion can be triggered 
by different mechanisms, such as endosomal sorting 
complex‑dependent pathways and ceramide‑dependent path‑
ways required for transport (30). The former are mediated by the 
endosomal sorting complex required for transport (ESCRT). 
ESCRT is a family of proteins that includes ESCRT‑0, ‑I, ‑II 
and ‑III (31). These proteins bind to MVB membrane‑asso‑
ciated proteins and regulate the targeted transport of cellular 
cargo molecules and the formation of ILVs  (32). Also 
involved in the formation of MVBs are tumor susceptibility 
gene 101 and other ESCRT cofactors, such as ALG‑2 inter‑
acting protein X (33) and vacuolar protein sorting‑associated 
protein 4 (34). In addition, some ESCRT‑associated proteins 
can promote the secretion of exosomes independently of 
ubiquitination. The post‑translational binding of Sentrin/small 
ubiquitin‑like modifiers (SUMO) to proteins plays a vital role 
in mediating ESCRT‑dependent EV biosynthesis (35,36).

The ESCRT‑independent mechanism of exosome forma‑
tion was first described in the study by Trajkovic et al (29), 
reporting that intracellular ceramide was deposited with 
the depletion of neutral sphingomyelinase, causing small 
craft‑based microdomains to fuse into larger domains to 
induce exosomes budding. Subsequently, lipid raft microdo‑
mains in exosomal membranes (37), tetraspanins (38), and 
CD63 (39), CD82 and CD9 (40) were found to be involved in 
ESCRT‑independent pathways.

When exosomes were first discovered, they were considered 
as cellular waste products, and their functions were unclear. 
However, several studies have demonstrated that exosomes 
are important mediators of intercellular communication that 
can transport endogenous proteins (41), lipids (42) and nucleic 
acids (43) encapsulated in lipid bilayers through target cell 
internalization, receptor‑ligand interactions or lipid membrane 
fusion (44). The components of exosomes of different cellular 
origins have a common protein composition (45).

Exosomes contain various proteins, such as transmembrane 
proteins (CD9, CD63, CD81 and CD82), heat shock proteins 
involved in signal transduction (such as HSP60, HSP70 and 
HSP90), the factor‑associated suicide ligand (FasL) regulating 
the immune response, cytokines such as TGF‑β, interferon‑γ 
and TNF‑α, as well as cytoskeletal proteins (actin and micro‑
tubulin) (46). CD9, CD63, CD81 and HSP70 are also used as 
biomarkers to identify exosomes (40). The lipid components 
are mostly sphingolipids, ceramides, phosphoglycerides, phos‑
phatidylserine and cholesterol (47). Exosomes also contain 
various nucleic acids, including DNA, mRNAs, miRNAs, long 
non‑coding RNAs (lncRNAs) and fragmented mRNAs (44).

3. Exosomal microRNAs

miRNAs are a class of highly conserved endogenous small 
non‑coding RNAs widely distributed in plants, animals 
and DNA viruses. They are single‑stranded RNA mole‑
cules consisting of 19‑25  nucleotides (average length of 
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22 nucleotides), which regulate cell differentiation, prolif‑
eration and apoptosis by degrading the target mRNAs or 
inhibiting translation to regulate gene expression (48,49). In 
2007, Valadi et al  (50) demonstrated for the first time that 
both mouse and human mast cell exosomes contained mRNAs 
and miRNAs that could be transferred to and mediate physi‑
ological functions in the recipient cells. Subsequently, other 
studies confirmed the existence of several other non‑coding 
RNA species in exosomes (51,52).

The initial transcription products of miRNAs are 
primary transcripts (pri‑miRNAs) with a hairpin structure. 
Ribonuclease III releases the hairpin‑shaped pri‑miRNAs to 
form precursor miRNAs (pre‑miRNAs) with a stem‑looped 
structure (48). The endonuclease Dicer removes the pre‑miRNA 
3' and 5' loop structures to form the miRNA duplex. The 
miRNA binds to members of the argonaute RISC catalytic 
component (Ago) protein family, discard the follower strand, 
with the guide strand complementing the miRNA‑induced 
silencing complex to produce mature miRNA (53,54). Through 
the exchange of material between cells, exosomes deliver 
intronic miRNA molecules to the cytoplasm of target cells 
that specifically bind to the 3' untranslated region of mRNA 
transcripts to regulate the expression of target genes.

Accumulating evidence suggests that miRNAs are not 
randomly integrated into exosomes. Of all the RNA types, 
miRNAs are more prevalent in exosomes than in the cells 
from which they originate (55). In a previous study involving 
the analysis of exosomes secreted by different cell lines, 
some miRNA subgroups, such as miR‑150, miR‑142‑3p 
and miR‑451, were found to preferentially localize into 
exosomes (56). For instance, miRNA‑574‑5p has been shown 
to be only expressed in lung adenocarcinoma cells, but not in 
squamous cell carcinoma, suggesting a cell‑specific response 
to exosomal miRNAs, which may be due to the unique 
composition of tetraspanin which strongly influences EV 
uptake (57). Exosomes internalize miRNAs through various 

mechanisms, and different RNA subpopulations bind to 
different exosome‑targeted RNA‑binding proteins (RBPs). 
For example, the miRNA‑associated effector protein, Ago2, 
has been reported as an exosomal intron in several cell types. 
In addition, it has been found that exosomal miRNAs and 
Ago2 released from cancer tissue play an essential role in the 
metastasis of breast cancer (58). The contents of exosomal 
miRNAs depend to some extent on the abundance of exosomal 
Ago2, and exosomes are also commonly enriched in miRNAs 
containing the GGAG sequence (59). miRNAs are accom‑
panied by the extensive binding of the RBP heterogeneous 
nuclear ribonucleoprotein A2B1 (hnRNPA2B1). These find‑
ings identify hnRNPA2B1 as a vital player in miRNA sorting 
into exosomes. In addition, SUMOylated hnRNP effectively 
controls the integration of sorting‑specific miRNAs into 
exosomes  (59). Another study has suggested that the RBP 
synaptotagmin‑binding cytoplasmic RNA‑interacting protein 
(also known as hnRNPQ or NSAP1), directly binds to specific 
exosomal miRNA molecules and shares a common extra‑seed 
sequences (EXO (exosomes) motif), thus mediating miRNA 
sorting into exosomes in hepatocytes (60).

4. Role of microRNAs in the pathogenesis of pulmonary 
fibrosis

miRNAs in pulmonary diseases. To date, >2,500 miRNA 
molecules have been identified, and previous research has 
examined this RNA type in pulmonary diseases  (61). For 
example, in the plasma of patients with chronic obstruc‑
tive pulmonary disease (COPD), the expression levels of 
circulating hsa‑miR‑19b‑3p and miR‑320c were shown to be 
increased, while those of hsa‑miR‑125b‑5p were downregu‑
lated; these molecules may represent promising biomarkers for 
the diagnosis of COPD (62). Through the p38‑MAPK‑c‑Myc 
signaling pathway, oxidative stress can induce the expression 
of miR‑494‑3p, which can directly bind to sirtuin (SIRT)3 and 

Table I. Subtypes of EVs.

Subtypes	 Size	 Biomarker	 Contents	 Biosynthesis pathway	 (Refs.)

Apoptotic bodies	 1‑5 µm	 Annexin, 	 Nucleoprotein, Golgi,	 Apoptosis pathway	 (20,21,24)
(Large EVs)		  histone H3,	 endoplasmic reticulum,		
			   other cellular organelles		
Microvesicles	 100‑1,000 nm	 Integrin, 	 RNA, cytoplasmic protein	 Budding from the plasma	 (19,20,21,25)
(Medium EVs) 		  selectin, 		  membranes pathway	
		  annexin A1,			 
		CD  40L			 
Exosomes, 	 40‑120 nm	 CD9, CD63,	 DNA, RNA, cytoplasmic	 Endocytosis of cell	 (20,21,24,27,32,33)
(Small EVs)		  CD81, 	 protein, membrane protein	 membrane forming	
		  HSP70, Alix,	  	 MVBs pathway	
		  TSG101 		   	
Exomeres 	 35‑50 nm	 HSP90, 	 DNA, RNA, protein, 	 None	 (22,23)
(Nanoparticles EVs)		  HSPA13	 enzymes, lipid		

EVs, extracellular vesicles; HSP, heat shock protein; TSG101, tumor susceptibility gene101 protein; Alix, ALG‑2 interacting protein; HSPA13, 
heat shock protein family A (Hsp70) member 13.
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reduce its expression, thereby increasing cell senescence and 
promoting the progression of COPD (63).

In asthmatic patients, the expression of let‑7a, and miR‑21, 
-133a, -155, -328 and -1248 in exhaled breath condensates 
has been shown to be significantly lower than in healthy 
individuals (64). Serum miRNA expression is age‑dependent 
and is associated with clinical asthma features and systemic 
inflammation, suggesting that miRNAs play differential roles 
in the pathogenesis of asthma in patients from different age 
groups (65).

As previously demonstrated in a systematic review, in 
lung cancer, blood‑derived miR‑20a, ‑10b, ‑150 and ‑223 are 
excellent diagnostic biomarkers for non‑small cell lung cancer, 
whereas miR‑205 is specific for squamous cell carcinoma (66). 
miR‑34a, ‑93, ‑106b, ‑181a, ‑193a‑3p and ‑375 may serve as 
theragnostic biomarker candidates to checkpoint inhibitor 
treatments (66). Moreover, miR‑21, ‑25, ‑27b, ‑19b, ‑125b, ‑146a 
and ‑210 can predict responsiveness to platinum‑based treat‑
ment (66). The results of exosomal RNA sequencing in patients 
with lung cancer suggested that adenocarcinoma‑specific, 
exosomal miR‑181‑5p, ‑30a‑3p, ‑30e‑3p and ‑361‑5p, as well as 
squamous carcinoma‑specific exosomal miR‑10b‑5p, ‑15b‑5p 
and ‑320b levels were differentially expressed, and these 
miRNA molecules may be valid candidates for the develop‑
ment of highly sensitive and non‑invasive biological markers 
for early diagnosis (67).

Yang et al  (68) analyzed human serum miRNAs from 
healthy volunteers and patients with rapidly and slowly 
progressing IPF. The results suggested that 47 miRNA mole‑
cules were characteristically expressed in patients with IPF, 
of which 21 were upregulated and 26 were downregulated. 
Moreover, the results from reverse transcription‑quantitative 
PCR revealed that the expression of miR‑21, miR‑199a‑5p 
and miR‑200c in patients with IPF was markedly higher than 
that in healthy volunteers, while the miR‑31, let‑7a and let‑7d 
expression levels were significantly lower. Thus, miRNA 
molecules found in serum, BALF, sputum and other body 
fluids may have the advantages of disease‑specific expression, 
easy detection and quantification. They may become useful 
diagnostic biomarkers for lung diseases (69).

miRNAs and alveolar epithelial cell apoptosis. When type‑I 
alveolar epithelial cells are injured, type‑II alveolar epithelial 
cells (AEC‑IIs) proliferate to promote lung tissue repair (70). 
AEC‑II apoptosis is a key determinant in the initiation and 
development of IPF. miR‑30a has been shown to be signifi‑
cantly downregulated in a murine model of bleomycin‑induced 
lung fibrosis (71). Furthermore, miR‑30a overexpression has 
been shown to inhibit AEC‑II apoptosis by dampening mito‑
chondrial fission through dynamin‑related protein‑1. miR‑29 
is downregulated in IPF lungs, which promotes apoptosis 
resistance  (72). TGF‑β inhibits the expression of miR‑29c 
and Fas receptors, causing AEC‑II apoptosis and fibrosis. In 
aged mice, miR‑34a upregulation has been found to accelerate 
lung epithelial cell senescence, apoptosis and mitochondrial 
damage, resulting in epithelial cell dysfunction and increased 
lung fibrosis (73).

p53 is an important cellular senescence marker  (74). 
Shetty et al (73) suggested that both miR‑34a and p53 acetyla‑
tion expression were increased in different factor‑induced lung 

epithelium injury and IPF models, which was accompanied 
by the decreased expression of SIRT1, an NAD+‑dependent 
histone deacetylase that deacetylates the lysine residues of 
various proteins. It was also found that the inhibition of miR‑34a 
upregulated SIRT1, and the overexpression of SIRT1 reduced 
the acetylation levels of p53, thus reducing the apoptosis of 
lung epithelial cells (73). Therefore, the p53‑miR‑34a/SIRT1 
pathway may be a potential target for the treatment of IPF via 
the inhibition of epithelial cell apoptosis (Fig. 1).

miRNAs and EMT. EMT is a dynamic and flexible biological 
process, during which epithelial cells lose their cell polarity and 
basilar membrane adhesion, change their shape with marked 
cytoskeletal alterations and acquire the ability to migrate (75). 
EMT impairs re‑epithelialization, resulting in abnormal tissue 
repair, inflammatory cell infiltration, fibroblast proliferation, 
ECM deposition and scarring (76). This process is important in 
PF and also serves essential roles in implantation and gastrula‑
tion of the embryo, inflammatory and cancer metastasis (76). 
Silica dynamically downregulates miR‑29b expression in 
RLE‑6TN cells, which regulates mesenchymal‑epithelial tran‑
sition (MET). In vivo, the administration of miR‑29b to mice 
has been shown to significantly restrain silica‑induced EMT, 
prevent lung fibrosis and improve lung function (77). miR‑34a 
expression is significantly downregulated in silica‑induced 
PF and TGF‑β‑treated A549 cells in  vitro  (78). In addi‑
tion, miR‑34a can inhibit EMT by suppressing the TGF‑β 
signaling pathway and reducing the expression of SMAD4 
in PF. Odd‑skipped related transcription factor 1 (OSR1) is a 
potential target for miR‑451a; indeed, miR‑451a inhibits the 
expression of OSR1 and impairs EMT in vitro (79). A previous 
review article reported the inhibition of EMT by miR‑7, ‑185, 
‑186, ‑200, and ‑448, while miR‑21 promoted EMT in PF (80). 
Therefore, miRNAs may be a potential target for the treatment 
of PF by inhibiting EMT.

miRNAs and myofibroblast differentiation. IPF progresses 
primarily through the action of myofibroblasts in the lungs. 
TGF‑β1 is a profibrogenic cytokine that induces the differ‑
entiation of lung myofibroblasts, and emerging evidence has 
demonstrated TGF‑β1 can regulate miRNA expression in 
IPF (81). Previous studies have demonstrated that TGF‑β1 
significantly upregulates miR‑133a expression in a time‑ and 
concentration‑dependent manner (82). Moreover, in a previous 
study, TGF‑β1‑induced myofibroblast differentiation was 
shown to be inhibited by miR‑133a and to be promoted by 
miR‑133a inhibitors (82). In mice, the transfection of miR‑133a 
into lung tissue was also found to improve bleomycin‑induced 
lung fibrosis (82). In another study, lncRNA H19 served as a 
miRNA sponge for let‑7a, which mediated arsenite‑induced 
M2 polarization of macrophages and c‑Myc‑induced myofi‑
broblast differentiation in PF  (83). Several other miRNA 
molecules can aggravate or attenuate PF by promoting or 
inhibiting myofibroblast differentiation, such as miR‑21 (84), 
miR‑424 (85), miR‑497‑5p (86) and miR‑877‑3p (87).

miRNAs and ECM deposition. Several growth factors, cyto‑
kines, chemokines and matrix metalloproteinases (MMPs) 
are involved in the development of IPF. MMPs can disrupt 
the basilar lamina, allowing lung fibroblasts to enter the 
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alveolar space where they proliferate and produce collagen 
and other ECM components, resulting in abnormal ECM 
deposition and further promoting PF development  (88). 
Previous research has suggested that the lncRNA miR155 
host gene (miR155HG) is upregulated in PF tissue and normal 
human primary lung fibroblasts (NHLFs) stimulated with 
TGF‑β1 (89). Moreover, miR155HG binds directly to miR‑627 
inhibits miR‑627 expression (89). Thus, the overexpression 
of miR‑627 reduces TGF‑1‑induced changes in NHLFs and 
significantly reverses the excessive EMC deposition caused 
by overexpression of miR155HG. Microvascular pericytes 
are the source of excess ECM protein produced by myofibro‑
blasts, contributing to PF (90). miR‑107 expression has been 
shown to be reduced in clinical or experimental mouse PF 
tissue samples and exosomes by PF‑derived microvascular 
endothelial cells (90). The anti‑fibrotic effect of miR‑107 is 
mediated by the inhibition of the hypoxia inducible factor 1 α 
(HIF‑1α)/Notch1/platelet‑derived growth factor receptor β 
(PDGFRβ)/Yes 1‑associated transcriptional regulator/Twist1 
signaling pathway. Indeed, miR‑107 targets HIF‑1α mRNA 
directly, and HIF‑1α directly activates the transcription 
of Notch1 and PDGFRβ, thereby inhibiting ECM deposi‑
tion (90). ECM deposition is also inhibited by other miRNA 

molecules, such as miR‑133, ‑138, ‑200 and ‑542 and promoted 
by miR‑497 and ‑877 (80).

miRNAs and fibroblast proliferation and differentiation. In 
PF, fibroblasts differentiate into myofibroblasts, which may 
secrete a greater amount ECM and collagen components 
than fibroblasts, thus increasing ECM deposition in the 
lung interstitium and aggravating PF; on the other hand, the 
abnormal activation and proliferation of lung fibroblasts are 
also crucial for the onset and progression of PF (91). miRNAs 
have been shown to play a role in fibroblast proliferation and 
differentiation. For instance, miR‑7 expression has been found 
to be significantly downregulated in polymyositis‑associated 
interstitial lung diseases, while the components of neutrophil 
extracellular trap components, myeloperoxidase and histone 3, 
promote the proliferation and differentiation of lung fibro‑
blasts (92). Another study revealed that miR‑7 attenuated the 
proliferation and differentiation of fibroblasts by inhibiting 
SMAD2 expression (92). In vitro, miR‑19a, ‑19b and ‑26b have 
been shown to inhibit connective tissue growth factor expres‑
sion in the WI‑38 human embryonic lung fibroblast cell line. 
In vivo, the expression of miR‑19a, ‑19b and ‑26b has been 
shown to be downregulated in the murine bleomycin‑induced 

Figure 1. Role of miRNAs in the process of pulmonary fibrosis. Following pulmonary damage, alveolar epithelial cells undergo apoptosis and recruit inflam‑
matory cells, including the polarization of M2 macrophages. Alveolar epithelial cells differentiate into myofibroblasts via epithelial‑mesenchymal transition. 
Fibroblasts proliferate and differentiate into myofibroblasts; autophagy is involved in fibrosis and plays a role in the degradation of the extracellular matrix, 
which eventually leads to deposition of extracellular matrix components and to the development of pulmonary fibrosis. miRNAs illustrated in red color 
facilitate this process, whereas those in blue color inhibit this process.
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PF model, and these miRNA molecules can ameliorate PF by 
inhibiting fibroblast differentiation and activating the MAPK 
pathway (93). However, the Snail/miR‑199a‑5p axis promotes 
endothelial‑mesenchymal transition in irradiated endothelial 
cells, which promotes fibroblast differentiation into myofibro‑
blasts (94). Other miRNA molecules, such as miR‑30, ‑101 and 
‑344, can inhibit fibrosis by suppressing fibroblast prolifera‑
tion, whereas miR‑328 and ‑420 exert the opposite effect (80). 
Therefore, regulating miRNA expression may represent a 
novel therapeutic strategy to prevent or even partially reverse 
the development of IPF.

miRNAs and inflammation. Inflammation is related to 
the onset of PF. However, the role of the inflammatory 
response in the development of PF remains under debate, 
as anti‑inflammatory treatments are ineffective in the treat‑
ment of IPF (95). Nevertheless, there is evidence to suggest 
that inflammatory cells play a significant role in regulating 
the microenvironment following IPF through innate and 
adaptive immune responses  (96). In a previous study, the 
downregulation of miR‑506 was observed following during 
lipopolysaccharide‑induced PF in rats with acute respiratory 
distress syndrome; both in vivo and in vitro, miR‑506 induced 
apoptosis and reduced inflammation. In addition, miR‑506 was 
shown to target the 3'‑UTR of NF‑κB/p65 to reduce its expres‑
sion, and p65 inhibition significantly reduced lung fibrosis and 
inflammation (97). Thus, miR‑506 may regulate apoptosis and 
inflammation, as well as lung fibrosis.

It has been shown that there is a positive correlation between 
the expression of forkhead transcription factor O (FOXO) 3a 
and the activation of NOD‑like receptor protein 3 (NLRP3) 
inflammasome. FOXO3a is one of the targets of miR‑96 (98). 
miR‑96 expression is reduced in carbon black nanoparticle 
(CBNP)‑induced bronchial epithelial cells, which is accom‑
panied by a significant increase in the expression of FOXO3a, 
the NLRP3 inflammasome and α‑smooth muscle actin 
(α‑SMA). These effects were suppressed following miR‑96 
transfection, suggesting that miR‑96 silencing can lead to an 
upregulation of FOXO3a, thereby promoting the activation 
of NLRP3 inflammasome and aggravating CBNP‑induced 
PF (98). Another study also found that miR‑21 expression was 
significantly elevated in a nano‑nickel‑induced murine model 
of lung injury and fibrosis and that miR‑21 silencing inhibited 
TGF‑β1 signaling and alleviated PF (99).

miRNAs and autophagy. Autophagic cell death, also 
known as type‑II programmed cell death, is a biological 
phenomenon that that eliminates the cellular by‑products of 
eukaryotic cells (100). Autophagy requires the formation of 
autophagosomes, which are double‑membrane structures 
containing isolated cytoplasmic material that eventually fuse 
with lysosomes to form autophagic lysosomes for content 
degradation (101). Autophagy may be involved in fibrosis and 
plays a vital role in the degradation of the ECM in fibrotic 
diseases (102). Xu et al (103) suggested that the expression of 
miR‑326 in the fibrotic lung tissue of mice treated with silica 
was downregulated, whereas miR‑326 upregulation could 
attenuate silica‑induced lung fibrosis in vivo. Tumor necrosis 
factor superfamily member 14 (TNFSF14) and polypyrimidine 
tract binding protein 1 (PTBP1) have been identified as the 

targets of miR‑326 (103). Thus, the overexpression of miR‑326 
can inhibit silica‑induced PF by inhibiting inflammation and 
promoting autophagy by targeting TNFSF14 and PTBP1 (103). 
miR‑499a has also been shown to significantly reduce PF and 
promote autophagy in vivo and in vitro (104).

5. Role of exosomal microRNAs in pulmonary fibrosis

BALF‑derived exosomal miRNAs. BALF is the fluid that is 
collected through a flexible bronchoscope during bronchoal‑
veolar lavage (105). This fluid is mainly composed of cells 
(including resident intrinsic trachea and alveolar cells, as 
well as recruited inflammatory cells), but also contains EVs 
or exosomes (106). It is an important diagnostic material that 
provides information about the immunological, infectious and 
inflammatory processes occurring in the alveoli (105). BALF 
contains a large number of EVs. Indeed, a previous study 
identified 1.8‑3.8x108 EV‑like particles per milliliter of BALF 
using nanoparticle tracking analysis  (107). Another study 
assessed the miRNA expression patterns in BALF exosomes 
from elderly patients with IPF, the high‑throughput quantifica‑
tion of miRNA expression using a microarray revealed that 
miR‑125b, ‑128, ‑21, ‑100, ‑140‑3p and ‑374b expression was 
increased in patients with IPF, whereas that of let‑7d, miR‑103, 
‑26 and ‑30a‑5p expression was reduced. Furthermore, the 
overexpression of miR‑30a‑5p, a miRNA that targets TGF‑β 
activated kinase 1/MAP3K7‑binding protein 3 (TAB3), was 
shown to inhibit the expression of TAB3, thus delaying the 
occurrence of PF (108). miR‑145a can suppress EMT by inhib‑
iting the expression of OSR1 in vitro. In a PF mouse model, 
the expression of miR‑145a has been shown to be significantly 
decreased in BALF‑derived EVs, whereas the expression of 
OSR1 was increased in PF tissue. The transfection of miR‑451a 
induces autocrine anti‑fibrotic effects by downregulating 
OSR1 (79). Zhu et al (109) found that miR‑204‑5p was mark‑
edly upregulated in BALF‑derived exosomes of rats with PF 
and that BALF‑derived exosomal miR‑204‑5p promoted the 
progression of the PF by inhibiting autophagy and targeting the 
AP1S2 gene in vivo and in vitro. A list of exosomal miRNAs 
involved in PF is presented in Table II.

Differential miRNA expression profiles between patients 
with IPF and healthy controls may represent a minimally inva‑
sive biomarker for IPF screening and diagnosis. BALF‑derived 
exosomal miRNAs may become more practical and reliable 
biomarkers than invasive lung tissue biopsies.

Sputum‑derived exosomal miRNAs. Although BALF analysis 
is the most commonly used technique for the assessment IPF, 
induced sputum has been regarded as a safer and less inva‑
sive method and has been shown to be clinically valuable for 
respiratory diseases (110,111). Previous research has demon‑
strated that the expression and production of proteins, such as 
insulin‑like growth factor binding protein 2, IL‑8 and MMP‑7 
in the sputum of patients with IPF is significantly increased, 
which may be related to the disease (112). Njock et al (113) 
conducted an miRNA quantitative PCR array analysis to detect 
the miRNA expression profile of sputum‑derived exosomes in 
patients with IPF and healthy subjects. The results suggested 
that 21 miRNA molecules were differentially expressed 
(seven were unregulated and 14 were downregulated) in IPF. 
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To assess whether specific abnormally expressed miRNA 
molecules were related to the pathophysiology of the disease, 
they examined seven abnormally expressed miRNA molecules 
(three upregulated miRNA molecules, including miR‑33a‑5p, 
‑142‑3p and ‑192‑5; four downregulated, including let‑7d‑5p, 
miR‑26a‑5p, ‑29b‑3p and ‑423‑3p) using the ingenuity pathway 
analysis tool. Functional annotation was used to predict their 
potential role in the initiation and progression of IPF. They 
further validated three miRNA molecules (miR‑142‑3p, 
miR‑33a‑5p and let‑7d‑5p) in an independent cohort from 
10  patients with IPF and 8 healthy subjects. Of note, 
miR‑142‑3p expression was negatively correlated with the 
carbon monoxide/alveolar volume, while that of let‑7d‑5p was 
positively correlated, suggesting that exosomal miRNAs in the 
sputum may be associated with the severity of PF (113). Thus, 
the study of sputum‑derived exosomal miRNAs in patients 
with IPF may help to validate miRNAs previously identified 
from other samples (such as serum, plasma, BALF and saliva), 
as well as identify novel miRNAs with potential functions in 
IPF progression. This, in turn, this may provide insight into the 
role of sputum‑derived exosomal miRNA in the pathogenesis 
of IPF. In addition, validating sputum exosomal miRNAs as 
biomarkers of IPF to predict disease severity may pave the way 
for the development of novel therapeutic approaches for this 
disease.

Blood‑derived exosomal miRNAs. Clinically, EVs can be 
found and isolated from the majority of biological fluids, 
although blood and BALF are the most well‑characterized 
sources of EVs (114). Increasing evidence has indicated that 
exosomes play a cardinal role in intercellular communica‑
tion by delivering their shipments to target cells in the lungs 
(such as miRNAs). It has been suggested that exosomes and 
exosomal miRNAs may eventually be used for the pathogen‑
esis, diagnosis and treatment of pulmonary diseases (115).

As previously demonstrated, compared with healthy 
subjects, the levels of the anti‑fibrotic miRNA, miR‑141, are 

significantly decreased in serum exosomal miRNAs isolated 
from patients with IPF, whereas those of the fibrogenic miR‑7 
are increased, resulting in ECM deposition (116). In addition, 
miR‑7 upregulation is associated with the radiologically and 
physiologically defined disease burden.

In a previous study, in a murine model of PF, miR‑21‑5p 
expression was found to be upregulated in serum EVs. In 
addition, miR‑21‑5p levels were measured in serum EVs 
after accounting for differences in serum EV amounts across 
patients with IPF. Kaplan‑Meier analysis revealed that indi‑
viduals with high blood EV miR‑21‑5p levels had a poorer 
survival rate than those with low EV miR‑21‑5p levels. During 
the 30‑month follow‑up phase, 42% of the patients with 
elevated serum EV miR‑21‑5p levels died, compared with 
10% of the individuals with lower levels. Therefore, serum EV 
miR‑21‑5p levels adjusted for EV capacity strongly predicted 
disease progression and mortality (117).

Another study analyzed the expression levels of 5 exosomal 
miRNAs in serum from patients with IPF and found that 
miR‑16, miR‑21, miR‑26a, miR‑210 and let‑7d were downregu‑
lated in serum exosomes from patients with IPF, although only 
miR‑16 and let‑7d had a statistically significant difference, 
compared with healthy subjects. Moreover, let‑7d was shown 
to be anti‑fibrotic (118).

A previous study demonstrated that the expression 
of miR‑22 in the sera of bleomycin‑induced PF in mice 
was increased by up to 2‑fold compared with the control 
group (119). In vitro experiments demonstrated that exosomal 
miR‑22 inhibited TGF‑β1‑induced α‑SMA expression through 
the ERK1/2 signaling pathway, indicating that this miRNA 
could regulate fibroblast‑to‑myofibroblast differentiation 
to ameliorate PF (119). It was also previously demonstrated 
that serum exosome miR‑18 expression was upregulated 
8‑fold in bleomycin‑induced PF mice, compared with the 
wild‑type group. In vivo, a miR‑16 mimic downregulated the 
expression of the rapamycin‑insensitive companion of mTOR 
complex 2 and the TGFβ‑1‑induced expression of secreted 

Table II. Exosomal‑miRNAs in pulmonary fibrosis.

	 Origin	 Exsomal miRNAs	 (Refs.)

Diagnosis	 BALF	 miR‑125b, miR‑128, miR‑21, miR‑100, miR‑140‑3p, miR‑374b, let 7d,	 (79,108,109,118)
		  miR‑103, miR‑26, miR‑30a‑5p, miR‑145a, miR‑204‑5p	
	 Sputum	 miR‑33a‑5p, miR‑142‑3p, miR‑192‑5, let‑7d‑5p, miR‑26a‑5p,	 (113,125)
		  miR‑29b‑3p, miR‑423‑3p, miR‑142‑3p	
	 Blood	 miR‑141, miR‑7, miR‑21‑5p, miR‑16, miR‑21, miR‑26a, miR‑210, let‑7d,	 (116‑118,125)
		  miR‑18, miR‑142‑3p	
Treatment	 Blood	 miR‑22, miR‑16,	 (119,120)
	 Macrophages	 miR‑328, miR‑142‑3p	 (123,125)
	 BMSCs	 miR‑29b‑3p, miR‑186	 (130,132)
	 EnCs	 miR‑223, miR‑27b‑3p	 (135)
	 LSCs	 miR‑99a‑5p, hsa‑miR‑100‑5p, miR‑30a‑3p	 (136)
	 HBECs	 miR‑16, miR‑26a, miR‑26b, miR‑141, miR‑148a, miR‑200a	 (137)

BALF, bronchial alveolar lavage fluid; BMSCs, bone marrow‑derived mesenchymal stem cells; EnCs, vascular endothelial cells; LSCs, lung 
spheroid cells; HBECs, human bronchial epithelial cells.

https://www.spandidos-publications.com/10.3892/ijmm.2022.5092
https://www.spandidos-publications.com/10.3892/ijmm.2022.5092
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protein acidic and rich in cysteine (SPARC) in human lung 
fibroblasts to reduce PF in lung tissue. This demonstrated that 
exosome‑derived miR‑16 may play a role in PF through the 
mTOR‑SPARC signaling pathway (120). Blood testing is mini‑
mally invasive, and exosomal miRNAs are stable. Therefore, 
blood exosomal miRNAs may serve as reliable markers for the 
diagnosis and prognosis of IPF, as well as for the assessment 
of disease severity. Exosomes may serve as miRNA delivery 
platforms for the targeted treatment of IPF.

Macrophage‑derived exosomal miRNAs. Although macro‑
phages are critical cells in the immune response, they can 
also promote PF  (96). Macrophages differentiate into two 
distinct subsets: i) Classically activated or M1 macrophages, 
characterized by the secretion of pro‑inflammatory cytokines 
and chemokines (such as IL‑1β, IL‑6, IL‑12, IL‑23, TNF‑α and 
CCL2); or ii) alternatively activated or M2 macrophages that 
produce anti‑inflammatory cytokines and chemokines (IL‑4, 
IL‑13, TGF‑β and CXCL‑8) (121). miRNAs may also mediate 
macrophage polarization. A previous study examining the 
regulation of M2 macrophage polarization in radiation‑induced 
PF demonstrated that miR‑21 and miR‑155 played a fibro‑
genic role, whereas let‑7i and miR‑107, ‑126, ‑140, and ‑511 
were anti‑fibrotic (122). In another study, in a rat model of 
PF, miR‑328 expression was significantly upregulated, and 
family with sequence similarity 13 member A (FAM13A) 
expression was notably downregulated. In addition, both 
miR‑328 overexpression and FAM13A silencing promoted 
the proliferation of lung fibroblasts and deposition of ECM. 
By contrast, the overexpression of M2 macrophage‑derived 
exosomal miR‑328 contributed to enhanced fibroblast prolif‑
eration and promoted PF through the regulation of FAM13A 
in vivo and in vitro (123). Exosomal miRNA profiles derived 
from macrophages exposed to silica have been examined using 
high‑throughput sequencing  (124). A total of 298 miRNA 
molecules were differentially expressed (155 upregulated and 
143 downregulated), compared with unexposed macrophages; 
additional research found that plasma exosomal miR‑125a‑5p 
expression was upregulated in patients with silicosis (124). 
In vitro experiments revealed that miR‑125a‑5p may target the 
ID1 and TGF‑β/SMAD1 signaling pathway, promoting fibro‑
blast differentiation to myofibroblasts and the development of 
PF (124). In a recent study, the analysis of exosomal miRNAs 
demonstrated that miR‑142‑3p was significantly elevated in 
the sputum (8.06‑fold) and plasma (1.64‑fold) of patients with 
IPF. Correlation analysis revealed that exosomal miR‑142‑3p 
correlate positively with the percentage of macrophages in the 
sputum of patients with IPF. In addition, macrophage‑derived 
exosomes inhibit TGF‑β receptor 1 by delivering anti‑fibrotic 
miR‑142‑3p to AECs and lung fibroblasts, thereby allevi‑
ating PF (125). Therefore, there is evidence that the effect of 
exosomal miRNAs derived from macrophages contributes to 
the proliferation of fibroblasts and the progression of PF.

Exosomal miRNAs derived from other cells. Mesenchymal 
stem cells (MSCs) have been shown to be effective in the 
treatment of IPF (126). Multiple phase‑I clinical trials have 
been conducted to ensure the safety of MSC treatment (127). 
In one particular trial, the 2‑year survival rate of 14 patients 
with IPF following the first administration of adipose‑derived 

stem cells (ADSCs) was 100%, the median overall progres‑
sion‑free survival time was 26 months, and overall survival 
was 32 months (128). In general, MSCs have the therapeutic 
ability to repair damaged tissue by releasing EVs that carry 
various dynamic cargos. In particular, exosomes extracted 
from bone marrow‑derived MSCs (BMSCs), contain various 
proteins, mRNA transcripts and miRNAs that affect various 
biological activities during tissue healing (129). A previous 
study demonstrated that the overexpression of miR‑29b‑3p 
from BMSC EVs suppressed the proliferation, migration, 
invasion and differentiation of lung interstitial fibroblasts and 
relieved IPF through Frizzled 6 (130).

Moreover, it has been reported that MSC‑derived EVs 
can attenuate radiation‑induced lung fibrosis by reducing 
DNA damage by downregulating the ataxia telangiectasia 
mutated (ATM)/P53/P21 signaling pathway; in addition, the 
downregulation of ATM has been shown to be regulated by 
miR‑214‑3p, which is enriched in MSC‑derived EVs (131). 
Another study found that BMSC‑EVs inhibit lung fibroblast 
activation and postpone the advancement of the IPF in a 
murine model. miR‑186 is downregulated in IPF but enriched 
in BMSC‑derived EVs, suggesting that miR‑186 transported 
by BMSC EVs could promote fibroblast activation and alle‑
viate PF through downregulation of miR‑186 target gene with 
SRY‑related HMG box transcription factor 4 and its down‑
stream gene, Dickkopf‑1 (132).

Other biological sources of therapeutic EVs include 
differentiated cells, such as lung epithelial cells, lung fibro‑
blasts and cells of the immune system (133). EV‑associated 
miRNAs, such as miR‑142‑3p, miR‑144‑3p, miR‑34b and 
miR‑503‑5p, which target diverse profibrotic pathways, 
have been found to ameliorate bleomycin‑induced PF by 
lung‑derived epithelial cell EVs collected from syndecan‑1 
deficient mice (134). miR‑223 and miR‑27b‑3p in exosomes 
derived from vascular endothelial cells and AEC‑IIs have 
been shown to inhibit regulator of G protein signaling‑1 
(RGS1) expression and regulate the frequency of Flt3+, 
Tie2+ alveolar macrophages through calcium‑dependent 
signaling, thereby ameliorating bleomycin‑induced 
acute lung injury and PF (135). Furthermore, the inhala‑
tion of lung spheroid cell (LSC)‑secretome (LSC‑Sec) 
and exosomes (LSC‑Exo) has been examined in various 
murine models of lung damage and fibrosis. In LSC‑Exo 
and MSC‑Exo specimens, ~600 distinct miRNA molecules 
were identified. hsa‑miR‑99a‑5p, hsa‑miR‑100‑5p and 
miR‑30a‑3p were among the most upregulated miRNAs in 
LSC‑Exo, whereas hsa‑let‑7a‑5p and hsa‑let‑7f‑5p were the 
most upregulated in the MSC‑Exo samples. By re‑estab‑
lishing normal alveolar structure and decreasing collagen 
deposition and myofibroblast proliferation, LSC‑Sec and 
LSC‑Exo therapies may ameliorate and repair bleomycin‑ 
and silica‑induced PF (136). It has also been demonstrated 
that human bronchial epithelial cell (HBEC)‑derived EVs 
prevent TGF‑β‑mediated activation of both myofibroblast 
differentiation and lung epithelial cellular senescence by 
inhibiting WNT signaling. miR‑16, miR‑26a, miR‑26b, 
miR‑141, miR‑148a and miR‑200a are mechanistically 
involved in suppressing WNT5A and WNT10B expres‑
sion in lung fibroblasts in vitro and in reducing WNT3A, 
WNT5A and WNT10B expression in HBECs, among 
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the enriched miRNAs derived from HBEC EVs. Further 
research has revealed that HBEC EVs treatment may be a 
viable anti‑fibrotic therapy for IPF due to miRNA‑mediated 
reduction of TGF‑β‑WNT crosstalk (137).

6. Conclusions and future prospects

As discussed in the present review article, previous studies 
have clarified the role of miRNAs and exosomes in the patho‑
genesis of IPF, and have suggested that circulating miRNAs 
and exosomes may become biomarkers for the diagnosis and 
prognosis of IPF and potential therapeutic targets for its treat‑
ment. However, several important issues need to be clarified to 
determine the applicability of miRNAs and exosomes in IPF 
diagnosis and treatment.

Firstly, different laboratories use different techniques for 
the detection, isolation and analysis of exosomes, which can 
confound the interpretation of results. Exosomes are nano‑
scopic particles that are still difficult to detect and isolate even 
using advanced technologies. With exosome isolation and 
identification techniques continuously evolving, there is a lack 
of standardization; hence, the employment of reproducible and 
standardized methodology to quantify specific exosomes in 
clinical samples is still a challenge.

In addition, exosomes originate from various body fluids, 
such as saliva, sputum, exhaled breath condensates, BALF, 
blood, urine, ascites and cerebrospinal fluid (138), and their 
cargos are organ‑, tissue‑ and cell‑specific. Thus, due to 
the heterogeneity of exosomes, their cargos and functions, 
precise and accurate characterization methods are neces‑
sary. Investigators need to further explore novel techniques 
to identify them, such as miRNAs combined with traditional 
biomarkers, such as KL6, metalloprotease and surfactant 
proteins A and D, to obtain insight into the pathophysiology of 
IPF. On the other hand, the EV isolate technique, and research 
design are highly heterogeneous (139).

Moreover, specific methods for the delivery of potentially 
therapeutic miRNAs in exosomes to individual cells or organs 
have not yet been established; therefore, further investigations 
into the use of exosomes as miRNA delivery platforms that 
can accurately deliver miRNAs to injured lung epithelial cells 
are required; these may provide novel therapeutic strategies 
for the treatment of IPF.

Furthermore, miRNAs are found in large amounts in the 
body, and different miRNA molecules can regulate one target 
gene, and conversely, one miRNA can regulate multiple target 
genes. This complex association has kept much of the current 
research in the exploratory stage. Similarly, in the pathogenesis 
of PF, one miRNA can regulate multiple pathological aspects 
of PF (such as miR‑21), and one pathological pathway may be 
subjected to regulation by multiple miRNA molecules, which 
represents a complex regulatory network that needs further 
study.

The epigenetic profile of miRNAs renders them one of the 
molecular classes that warrant consideration in future studies. 
Moreover, whether they can participate in the signaling path‑
ways and autonomous biochemical reactions under appropriate 
circumstances remains to be clarified (44).

Lastly, large‑scale randomized controlled trials are 
required to determine the efficacy of particular treatment 

strategies and effective preventive measures to reduce the 
mortality of patients with IPF.

In conclusion, exosomal miRNAs can mediate cell‑to‑cell 
communications, which has become a topic of extensive 
research. Previous studies have indicated that the abnormal 
expression of exosomal miRNAs in lung diseases (such as 
COPD, asthma, lung cancer and IPF) is essential to their 
pathogenesis. The potential for miRNA molecules to be used 
as biomarkers for the diagnosis and management of PF, and 
as therapeutic tools in clinical practice remains to be inves‑
tigated. The study of exosomal miRNAs in IPF is still in its 
infancy, and further research is required to investigate the role 
of exosomal miRNAs in PF pathogenesis and progression. 
Future studies on the contribution of exosomal miRNA to the 
pathogenesis of PF may clarify the prospects for their future 
clinical application in this field.
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