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ABSTRACT: Several studies have attempted to clarify the role of exosomes and/or microvesicles derived
from mesenchymal stromal cells (MSCs) (collectively indicated as extracellular vesicles: MSCs-EVs) in
pulmonary fibrosis. Depending on their origin and on the micro-environmental context, MSCs-EVs may
support or attenuate the fibrotic invasion of the lung, a hallmark of all Interstitial Lung Diseases (ILDs).
Indeed, EVs have emerged as pivotal intercellular mediators and their potential diagnostic and therapeutic
applications have been suggested. We aim here to elucidate the dual role of MSCs-derived exosomes and
microvesicles: the contribution to pulmonary fibrosis progression, exerted by the MSCs-EVs originated
from resident MSCs, or the potential therapeutic activity of those generated from healthy MSCs. Actually,
MCSs-EVs appear as the frontiers of cell-free therapy and nano-medicine research in a great number of
pre-clinical studies, but developments are needed to optimize and standardize their isolation, production
and delivery. Interestingly, since the respiratory system directly communicates with the external
environment, lung treatment could be approached by MSCs-EVs nebulization as a preferential
administration route, integrating targeted pulmonary delivery with an enhanced patient’s compliance.
Hence MSCs-EVs may contribute to ILD pathogenesis, display a potential as biomarkers, and still hold
promise as therapeutic agents to reduce lung fibrosis. However further researches are needed to validate
their clinical application.

Keywords: Interstitial lung disease; Idiopatic pulmonary fibrosis; Mesenchymal stromal cell; Exosomes;
Microvescicles

1. Introduction

Fibrotic lung diseases encompass a wide range of conditions. Various causes, such as genetic
predisposition, underlying autoimmune diseases, environmental exposures or even drugs may induce
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damage to the lung parenchima, finally causing stiffness of the interstitium and progressive fibrosis.
However, in the case of Idiopathic Pulmonary Fibrosis (IPF), the most aggressive form of Intersitial Lung
Disease (ILDs), that is considered the prototype of these group of disorders, the etiology is still unknown
[1]. Several ILD subtypes have pathophysiological and morphological features in common. It is believed
that in certain ILD the primary damage to alveolar epithelial cells is usually followed by activation and
differentiation of fibroblasts into myofibroblasts: after sustained proliferation these cells further lead to an
excessive accumulation of extracellular matrix (ECM) in the interstitial space of the lung. In others ILDs,
instead, the activation of pro-inflammatory signals in the lung parenchyma may, under certain
circumstances, develop toward the fibro-proliferative pathway. The complex interplay between alveolar or
epithelial cells, inflammatory cells and fibroblasts appears therefore pivotal in regulating extracellular
matrix remodeling and deposition. In the recent years it has become evident that exosomes, cell-released
nanosized particles, have a prominent role in the intercellular communications among various cell subtypes.
Exosomes, comprising a ceramide- and cholesterol-rich lipid bilayer membrane [2], an array of membrane
and cytosolic proteins [3] and selected RNA species [4], mediate a variety of physiological functions
through different mechanisms. Increasing evidences have currently demonstrated that in IPF, exosomes,
released within the affected microenvironment, may stimulate fibroblasts activation or either epithelial
mesenchymal transition (EMT). However, on the other hand, exosomes derived from mesenchymal stromal
cells (MSC) may have a regenerative and therapeutic potential depending on their origin [5—8]. We would
like to focus here on the dual role played by exosomes or microvescicles to promote or, on the contrary, to
counteract lung fibrosis in ILDs. To date a deeper comprehension of the molecules and mechanisms
involved in these processes appears of great importance to devise novel therapeutic strategies.

2. Exosomes in the Pathogenesis of Lung Fibrosis and Their Potential as Disease Biomarker

The term exosome was used for the first time in 1987 [9]. Exosomes are released from late endosomes
called multivesicular bodies bearing intraluminal vesicles (ILVs) intracellularly. When multivesicular
bodies fuse with the plasma membrane and empty their contents, ILVs are released and are termed
exosomes once they are extracellular. Exosomes are the smallest extracellular particles naturally released
by cells with a size of 30-100 nm, while microvesicles, derived from the outward blebbing of the plasma
membrane, show a bigger size of 0.1-1 um. Exosomes and microvesicles, collectively referred to as
extracellular vesicles (EVs), are the two main classes of submicroscopic vesicle released into the
extracellular space by various cellular types: they facilitate the cell to cell cross-talk trough the transfer of
the parental cell-derived cargos (proteins, mRNAs, non-coding RNAs, lipids) to the recipient cell, or trough
ligands/receptors engagement or either through the expression of soluble mediators. In the last years various
studies have suggested the potential involvement of exosomes or microvesicles in lung fibrotic progression.
Differences between the molecular load and amount of EVs have been observed in the microenvironment
of the diseased lung, potentially due to the IPF development and stress conditions such as inflammation
and oxidative stress. Martin-Medina A. et al. [10] reported for the first time that EVs were increased in
experimental and human pulmonary fibrosis: the characterization of EVs derived from broncho-alveolar
lavage (BAL) collected from bleomycin (BLM)-treated or untreated mice, as well as from IPF or healthy
controls subjects, revealed the presence of a larger amount of EVs, in particular exosomes, in BAL from
treated mice or from IPF patients, as compared with BAL of controls. They further observed increased
levels of WNTS5A in EVs from patients with IPF with respect to EVs from non-IPF patients. Given the
well-known involvement of Wnt-family members in tissue development, as well as in epithelial-
mesenchymal transition, this finding seems pivotal in demonstrating that the enhanced WNTSA cargo in
fibroblast-EVs may mediate fibroblast proliferation in an autocrine manner, as already suggested in the
most recent literature [11,12]. In addition EVs from lung fibroblasts of IPF patients induce mitochondrial
damage and senescence of human bronchial epithelial cells (HBEC) through the transferring of specific
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transcriptional inhibitory microRNA (miR-23b-3p and miR-494-3p) [13]. Moreover, senescent fibroblasts,
typically observed in IPF, release fibronectin (FN)-enriched-EVs and promote an invasive phenotype
trough FN/a581 integrin interaction in recipient fibroblasts [14]. Interestingly, Burgy O. et al. [15], through
the integration of proteomic analysis and single-cell RNA-Seq data, proposed fibroblasts as the most
significant source of EVs in lung fibrosis: they further evidenced SFRP1 (Secreted Frizzled-Related
Protein-1) as a critical mediator of the profibrotic function of fibroblast-derived-EVs in lung fibrosis,
possibly acting, once more, through the WNT-mediated pathway [16]. Extracellular vesicles may further
favor lung cancer development in patients with IPF. It is well known that IPF patients have a higher
susceptibility to develop lung cancer [17]. Yu Fujita et al. demonstrated that EVs derived from lung
fibroblasts of IPF patients showed markedly altered microRNA compositions and stimulate proliferation of
non-small cell lung cancer (NSCLC) cells. They suggested that the observed enrichment of miR-19a in
IPF-derived EVs contributes to cancer progression through regulation of the zinc finger MYND-type
containing 11 (ZMYND11)/c-MYC signaling pathway, [18]. The study from Yugiong Lei et al., also
evidenced that exosomes derived from senescent IPF lung fibroblasts promote NSCLC cells proliferation
through the up-regulation of senescence-associated secretory phenotype (SASP) factors, in particular by
the overexpression of Matrix Metalloproteinase 1 (MMP1), which may exert its collagen-degradative
activity within the tissue microenvironment as well as contribute to fibroblasts senescence through the
activation of the PARI-mediated PI3K-AKT-mTOR pathway [19]. Extracellular vesicles also represent
potential biomarkers for pulmonary fibrosis: various biofluids, such as serum, blood, BAL or sputum can
be studied for their diagnostic or prognostic value. Indeed Makon-Sébastien Njock et al. [20], through a
comparative analyses of healthy subjects and patients, reported a substantial modification in the
composition of the miRNA cargos of exosomes derived from patients further identifying three promising
biomarkers (miR-142-3p, miR-33a-5p, let-7d-5p) as potential diagnostic candidates useful for disease
establishment. Kadota T. et al. [13] further described that EVs derived from IPF lung fibroblasts contain
elevated levels of miR-23b-3p and miR-494-3p that correlated positively with IPF disease severity. In the
study of D’ Alessandro M. et al. [21] BAL-derived- EVs from IPF, Hypersensitivity Pneumonitis (HP) and
sarcoidosis patients were phenotyped by flow cytometric analysis: some EVs surface markers such as CD56,
CD105, CD142, CD31 and CD49e resulted exclusively expressed in IPF patients, while EVs-HP showed
only CD86 and CD24. Moreover, EVs-HP and EVs-sarcoidosis shared some markers such as CD11c, CDlc,
CD209, CD4, CD40, CD44 and CDS. These results, taken together, corroborate the hypotheses of different
fibrotic phenotypes in HP and IPF: the former is related to cell-mediated inflammation and the latter is
more often due to tissue repair and remodeling. CD44, in BAL fluids from patients with diffuse
parenchymal lung disease, was also identified as a reliable biomarker of pulmonary fibrosis since
biochemical and biophysical characterizations revealed an exosomal origin of CD44 [22].

Although the potential of EVs as biomarkers in certain stages of fibrotic lung diseases appears quite
interesting, more explorations are however needed today to determine whether EVs components are
sufficiently specific to be used diagnostically or prognostically for disease staging.

3. Mesenchymal Stromal Cells-Derived Exosomes as a Promising Therapeutic Approach for Lung
Fibrosis

Given the limited options to cure lung fibrosis, novel therapeutic approaches are urgently needed. From
this point of view, over the last few years, mesenchymal stromal cells have been proposed as a potential
therapy to repair and regenerate the lung tissue. Mesenchymal stromal cells isolated from bone marrow,
adipose, placental, and other tissues can, after either systemic or direct airway administration, ameliorate
inflammation and injury in a wide range of preclinical disease models [23-25]. Mesenchymal stromal cells
can regulate the activity, function, and proliferation of several immune cells, (neutrophils, regulatory and
effector T cells, macrophages, and dendritic cells) or either cytokines (i.e., TGFp, PDGFp, CNTGF, IL1,
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IL6) involved in multiple inflammatory pulmonary disorders. The efficacy of MSCs therapy may however
depend on many factors, such as the type of disease, the dosing regimen or either MSCs features and source.
MSCs isolated from any given tissue source constitute in fact a heterogeneous population of cells with
different attributes and potential therapeutic. It has been indeed observed that the MSCs with progenitor
features were more protective than those with fibroblastic characteristics [25-27]. Although the mechanism
of actions of MSCs in lung diseases have not yet been fully elucidated the beneficial effects appears to be
mainly dependent on release of bioactive molecules such as cytokines or either EVs. In comparison with
MSCs-therapy, today, the use of MSCs-derived-EVs (MSC-EVs) for treatment of lung fibrosis may
represent a safer approach. MSC-EVs may in fact mimic the therapeutic capabilities of MSCs but overcome
low rates of engraftments and maintain reduced immunogenic or tumorigenic property. In vitro experiments,
preclinical studies and clinical trials have demonstrated the considerable therapeutic effects of MSC-EVs.
Wang et al. explored the activity of exosomes derived from MSC in the pre-clinical model in vivo of lung
fibrosis induced by radiation in the Sprague-Dawley rats, and also in vitro by the use of two irradiated cell
lines (RLE-6TN, BEAS-2B) [28]. The Authors here demonstrated that MSCs-exosomes alleviate radiation-
induced fibrosis by inhibiting inflammatory responses, epithelial mesenchymal transition (EMT) processes
and ECM deposition. In agreement with these observations, Chen W. et al. also reported that exosomes
derived from bone marrow stromal cells (BMSCs) inhibited EMT in the BLM-induced mouse model of
pulmonary fibrosis: MSC-exosomes appear in fact to regulate NODI/NF-kB (Nucleotide-binding
Oligomerization Domain-containing protein 1/Nuclear Factor Kappa-Light chain enhancer of activated B
cells) signaling pathway to suppress the activation of NLRP3 (NLR family pyrin domain containing 3)
inflammasomes both in vivo and in vitro [29]. Furthermore, Charoenphannathon J.S. and collaborators
recently reported that BMSCs-EVs attenuated TGFp-stimulated collagen I deposition from human dermal
and non-IPF patient-derived lung myofibroblast. Similarly, BMSC-EVs therapeutically reduced
myofibroblast differentiation and type I collagen deposition in a murine model of bleomycin-induced lung
fibrosis. BMSC-EVs appeared also to promote the balance between MMP-9 activity over TIMP-1 (Tissue
Inhibitor of Metalloproteinase-1) levels in the lung: it is indeed of note that MMP9/TIMP1 ratio can mirror
the rate of fibrosis in ILDs [30]. However in this study it has been also observed that the anti-fibrotic
efficacy of these BMSC-EVs was not observed when administered to fibroblasts isolated from patients with
advanced IPF, potentially due to high levels of TGF commonly found in IPF myofibroblasts [31].
Exosomes mitigate fibrosis by delivering miRNAs [32]; indeed various miRNAs appear involved in
fibrotic processes of the lung and may participate in maintaining homeostasis of the lung tissue. Zhou et al.
through in vitro and in vivo experiments demonstrated that miR186 is down-regulated in IPF but enriched
in EVs derived from BMSCs: miR186 delivered by BMSC-EVs therefore inhibited the proliferation,
invasion and differentiation of fibroblasts by down-regulating the expression of SOX4 and DKK1 [33].
BMSCs-derived-EVs overexpressing mir29b-3p were also capable of suppressing fibroblast activation in
IPF [34]. Moreover, by analyzing collagen gel contraction, cell migration and a-smooth muscle actin
expression, Sumiyoshi et al. demonstrated that the anti-fibrotic mechanism of MSCs-EVs in lung
fibroblasts was associated with miR-4516 delivery, through integrin aV-mediated FAK signaling following
the MAPK pathway. Interestingly lung fibroblasts derived from fibrotic lungs showed greater inhibition of
responses than normal lung fibroblasts. These MSCs-EVs further attenuated BLM-induced pulmonary
fibrosis, which was accompanied by a reduction of integrin a'V expression in the lung interstitium [35].
As above discussed, lung resident MSCs might contribute to lung fibrosis pathogenesis as they might
differentiate into myofibroblasts after lung damage. However, due to their great heterogeneity it is also
possible that some MSCs may instead favor lung tissue repair. On this view telocytes (TCs), a recently
discovered type of mesenchymal or interstitial cells, appear to be involved in maintaining tissue
homeostasis and facilitating tissue regeneration [36]. Telocytes have been found in numerous organs/tissues,
especially under airway epithelial cells and interstitial tissues of lungs. Here they mediate the cross-talk
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among multiple cells through their long characteristic cell protrusion called telopodes. The formation of
extensive intercellular connections in the mesenchyme and the function of exocrine vesicles are the
biological or physical basis for TCs to perform cellular functions. It has been further shown that these cells
may mediate this function through the transfer of mitochondria in [37]. It is worth noting that lung TCs
exhibit distinct gene and protein expression profiles that distinguish them from other mesenchymal cell
populations: in addition, among the genes that appear selectively up-regulated, they display FHL2 (Four-
and-a-Half LIM domains 2), a gene associated with attenuation of fibrotic pathways, and QSOX1 (Quiescin
Sulthydryl Oxidase 1), involved in ECM remodeling; collectively this data suggests that TCs may protect
from inflammation and fibrosis in lung diseases [38—40]. Intra-tracheal administration of activated TCs has
also been shown to alleviate ventilator-induced lung injury in a mouse model through the release of
angiogenic factors [41]. Moreover, telocytes, derived from rat lung tissue and co-cultured with rat tracheal
epithelial cells, were capable of inhibiting TGFB-induced EMT through the secretion of hepatocyte growth
factor (HGF) [42]. The efficacy of exosomes-derived-TCs has been preliminarily assessed in acute
respiratory distress syndrome (ARDS) showing that miR221, increased in TCs-exosomes after LPS
stimulation, promoted angiogenesis and reduced inflammation [43]. Altogether in vitro and in vivo
preclinical models have therefore demonstrated that TCs transplantation, or the administration of TCs-
derived exosomes, might be useful to counteract fibrogenesis in the lung. Future research should however
provide a deeper understanding of the molecular mechanisms regulating TCs-anti-fibrotic activity and, in
parallel, explore novel strategies for TCs isolation and expansion.

4. Conclusions and Future Perspectives

It is evident that MSCs have strong plasticity and in pulmonary fibrosis may act as a double-edged
sword: indeed, microvesicles or exosomes derived from MSCs may promote or antagonize fibrosis in
association with the microenvironment changes (Scheme 1).
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fibrotic progression. Mesenchymal stem cell-derived extracellular vescicles (MSCs-EVs; microvescicles and exosomes) released
from healthy mesenchymal cells/tissues may contribute to lung repair and could be prospectively envisaged in
nebulization/inhalation-based therapeutic approaches, whereas EVs released from resident fibrotic tissues could be sources of yet
undisclosed biomarkers useful for diagnostic purposes. EXO: exosomes; pi-Vescicles: micovescicles; a-SMA: smooth muscle actin.

Exosomes or microvesicles may therefore represent feasible biomarkers for patients’ diagnosis and, at
the same time, a useful new tool for therapy, when derived from MSCs of healthy subjects. In addition,
strategies to bio-engineer EVs have also raised a great interest to enhance their targeting, potency and
consistency [32]. However, the clinical application of MSC-derived-EVs to treat pulmonary fibrosis has
been rather limited to date. One registered clinical trial (NCT05191381), is currently investigating
intravenous administration of MSC-derived exosomes in patients with pulmonary fibrosis after COVID-19:
this trial is still recruiting patients (18-90 years) and, to date, no results have been published [44]. The
results from another phase | clinical trial involving twenty-four patients in a randomized, single-blind, and
placebo-controlled study (MR-46-22-004531, ChiCTR2300075466), where pulmonary fibrosis was treated
by nebulization of human umbilical cord-EVs (hUCMSC-EVs), evidenced that patients receiving the
combined therapy of nebulized hUCMSC-EVs and routine treatment show significant improvements in
both lung function indices (forced vital capacity and maximal voluntary ventilation) and respiratory health
status [45].The Authors have here suggested that \UCMSC-EVs have a complementary effect under the
routine treatment for pulmonary fibrosis patients (COPD with fibrosis, IPF, ILD, or post-inflammatory
pulmonary fibrosis): although no intergroup differences were observed across pulmonary fibrosis subtypes,
two patients with post-inflammatory pulmonary fibrosis exhibited significant radiologic improvement. It is
of further interest to highlight that the nebulized/inhalation delivery allows for the direct deposition of
therapeutic MSCs-EVs in the lung, maximizing their local concentration, minimizing systemic adverse
effects and enhancing patient compliance in lung fibrosis management. Investigations on vesicular proteins
and noncoding RNAs as potential therapeutic components within MSCs-EVs appears therefore an emergent
field to be disclosed for managing chronic respiratory diseases. However it should also be noted that new
insights need to be disclosed and deepened with respect to the possible variable cargos of the EVs, given
the wide scenario of mesenchymal cell sources available (see for ex. [46—48]), or given the different cell
response on EVs coming from different sources [49]. Before full clinical implementation, the development
of EV-based therapeutics needs to cope with several production, isolation, and characterization
requirements, including the quality of the final product, therapeutic potential preservation during disease
severity worsening and dose-scalability. Moreover, in addition to the cargo and source issues, it should be
considered that in vitro potency assays do not necessarily predict the therapeutic effect in vivo, as well as
the use of EVs in animal models may not predict the same efficacy in human therapeutic approaches [50].

Hence further researches are warranted to address standardization of MSCs-EVs isolation and large-
scale production, establishing robust clinical trials design to drive this new challenging therapeutic
approach to its practical application.
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