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Abstract: Idiopathic pulmonary fibrosis (IPF) affects an increasing number of people globally, yet
treatment options remain limited. At present, conventional treatments depending on drug therapy do
not show an ideal effect in reversing the lung damage or extending the lives of IPF patients. In recent
years, more and more attention has focused on extracellular vesicles (EVs) which show extraordinary
therapeutic effects in inflammation, fibrosis disease, and tissue damage repair in many kinds of
disease therapy. More importantly, EVs can be modified or used as a drug or cytokine delivery
tool, targeting injury sites to enhance treatment efficiency. In light of this, the treatment strategy of
mesenchymal stem cell-extracellular vesicles (MSC-EVs) targeting the pulmonary microenvironment
for IPF provides a new idea for the treatment of IPF. In this review, we summarized the inflammation,
immune dysregulation, and extracellular matrix microenvironment (ECM) disorders in the IPF
microenvironment in order to reveal the treatment strategy of MSC-EVs targeting the pulmonary
microenvironment for IPF.

Keywords: mesenchymal stem cells; extracellular vesicles; idiopathic pulmonary fibrosis; microenvi-
ronment; bioengineering; targeted delivery

1. Introduction

Idiopathic pulmonary fibrosis (IPF) is a chronic fibrotic interstitial lung disease (ILD)
of unknown etiology. It is a rare disease, but it affects millions of people worldwide.
It is often associated with fatal outcomes, and the best treatment option remains a lung
transplant [1,2]. The characterization of IPF is that an excessive connective tissue depositing
by fibroblasts secreting collagen at the injury site, which lasts aberrantly longer and has a
wider range than normal wound healing, finally leads to a diffuse deposition of connective
tissue in the lung. Extensive scarring in the lung [3] hinders the gas exchange between
the alveoli and pulmonary blood vessels, resulting in a disruption of lung function [4],
eventually leading to respiratory failure and death. By far, except for lung transplantation,
the Food and Drug Administration only approved pirfenidone [5–7] and nintedanib [8] as
treatment drugs for IPF, while they have many adverse events, such as nausea, rash, and
diarrhea [9]. Therefore, it is urgent to explore the pathophysiological mechanisms of IPF
and discover new targeted treatment strategies.

In the lung, the proliferating tissue cell at the pathologic center, resident and infil-
trating cells, immune cells, cytokines, and the extracellular matrix proteins define the
lung microenvironment. In a normal state, they maintain a state of homeostasis. In IPF,
both the innate and adaptive immune systems are involved in the development of fibro-
sis [10]. Histological characteristics in the lungs of patients with IPF are fibroblast foci
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formation and an excessive deposition of extracellular matrix (ECM) proteins in the fi-
brotic area [10,11]. An abnormal ECM in fibrotic lungs alters the behavior of epithelial
and mesenchymal cells. IPF pathogenesis is associated with the epithelial to mesenchymal
transition (EMT). An abnormal EMT also contributes to the myofibroblasts’ formation in
the lung interstitium [12–15].

A variety of mechanisms have been or are currently being studied in IPF. Many
predisposing factors, e.g., genetic, epigenetic, and gerontologic, metabolic dysfunction,
senescence, aberrant epithelial cell activation, and dysregulated epithelial repair, together
with recurrent alveolar epithelial cells (AECs) injury, may occur in IPF. There are multiple
genetic variants also associated with an increased risk of IPF development [16–18]. Lung
development-related genes, such as WNT [19] and sonic hedgehog (SHH), are involved in
the driving and process of IPF, as well [20]. Senescent Type II alveolar lung cells (AT2 cells)
secrete various cytokines and chemokines, including interleukin 4 (IL)-4 and IL-13, which
could stimulate the profibrotic phenotypic changes in alveolar macrophages and lead to
persistent inflammation [21]. Moreover, in a p53-dependent cellular senescence model,
senescence rather than a loss of AT2 cells promotes spontaneous, progressive pulmonary
fibrosis [22].

Recently, studies have suggested that microbiota in the airways of patients with
IPF correlate with increased alveolar profibrotic cytokines [23]. Lung dysbiosis precedes
peak lung injury and can promote alveolar inflammation and aberrant repair [23]. In
fibroblastic foci, AECs overexpress c-MET, a receptor tyrosine kinase that can activate
a wide range of signaling pathways involved in cell proliferation, motility, migration,
and invasion, which potentially interferes with the EMT and fibroblastic foci formation in
IPF [24,25]. Mitochondrial dysfunction and the generation of mitochondrial reactive oxygen
species lead to senescence and the activation of phosphoinositide 3-kinase (PI3K)/protein
kinase B (Akt) signaling [26]. The deregulation of the PI3K/AKT signaling pathway has
been associated with suppressing inflammatory cell infiltration, producing inflammatory
cytokines and preventing pulmonary fibrosis [27,28]. TGF-β1 plays a key role in tissue
fibrosis by promoting collagen deposition, the EMT process, and regulating the proliferation
and apoptosis of different cells [29].

Mesenchymal stem cells (MSCs) are self-renewing pluripotent stem cells derived from
a wide range of sources. Current studies suggest that MSCs transplantation can be an
effective way to repair IPF [30,31]. However, the application potential of MSCs is limited
by their low survival rates after transplantation into the target organs, susceptibility to
embolism and risk of tumor formation [32,33]. Reports have suggested that MSCs may
have a fibroblastic or pericytic origin. Experimental data suggested that MSCs may have
a profibrotic microenvironment potential effect on IPF [34]. In recent years, the adopted
viewpoint demonstrated that EVs exert an important role in the paracrine/endocrine
actions induced by MSCs therapy [35]. The administration of mesenchymal stem cell-
extracellular vesicles (MSC-EVs) can promote protective actions similar to those of the MSC
parent cells [36,37]. Studies showed that EVs carry many cargos, such as DNA, proteins,
lipids, mRNA, miRNAs, siRNA, and non-coding RNA [38]. EVs not only act as messengers
among cells but also as effectors affecting the microenvironment. In general, intravenously
administrated EVs are cleared by macrophages in the mononuclear phagocytic system
(MPS) and preferentially aggregate in MPS organs, such as the lung, liver, and spleen [39].
These indicate that we should enrich EVs and target the damaged lung tissue for a sufficient
duration of action to increase treatment efficiency.
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Nowadays, exploring strategies for delivering EVs-targeted therapy to the lung is
critical. Recent studies have demonstrated that the targeted delivery of transplanted MSC-
EVs to the focal lung site can be achieved by multiple means [40], including intravenous
injection and nebulization, in combination with biotechnology, such as the functional modi-
fication or as a delivery vector, etc. This review elaborates on the role of the inflammatory
milieu, the immune system, and ECM in IPF, and discusses the therapeutic effect of MSC-
EVs on IPF based on their effect in the pulmonary microenvironment. These insights will
contribute to the development of the therapeutic value of MSC-EVs for IPF.

2. Characteristics of EVs

EVs are small membranous vesicles composed of a phospholipid bilayer secreted by
various cells [41], which contain cargos of proteins, nucleic acids, and lipids. Thus far, cells
essentially release three EV subtypes, separated by centrifugation: exosomes, microvesicles
(MVs) and apoptotic bodies, with diameters of 20–150 nm, 50–1000 nm and greater than
1000 nm, respectively [42]. The characteristics of EVs are summarized in Table 1. According
to a worldwide International Society for Extracellular Vesicles (ISEV) survey, differential
ultracentrifugation was the most commonly used primary EV separation and concentration
technique, with various other techniques, such as density gradients, precipitation, filtration,
size exclusion chromatography, and immunoisolation [43].

Table 1. The characteristics of EVs.

Characteristic Exosomes Microvesicles Apoptotic Bodies
Size (nm) 20–150 50–1500 50–2000

Origin Invagination of cell membrane Cell membrane budding and fission
Released by cells undergoing
apoptosis, plasma membrane,
endoplasmic reticulum

Morphology Cup/round shaped Various shapes Heterogeneous

Sucrose gradient 1.13–1.19 g/mL 1.04–1.07 g/mL 1.16–1.28 g/mL

Surface markers Annexins, tetraspanins,
heat-shock proteins

CD40, cholesterol, sphingomyelin,
and ceramide Annexin V positivity, TSP, C3b

Contents
Proteins, enzymes, signal
transduction factors, biogenesis
factors, chaperones, nucleic acids

Proteins, nucleic acids, lipids Nuclear fractions, DNA,
cell organelles

Isolation technique Sediment at approximately
100,000 g

Sediment at approximately
10 to 14,000 g Ultracentrifugation

EVs-mediated intercellular communication depends on the origin of the extracellular
vesicles and the source of recipient cells. Once released, EVs can correspond to the recipient
cells via ligand-receptor interaction or through the vesicle internalization by phagocytosis,
endocytosis, or direct membrane fusion [44]. EVs modulate cellular responses by trans-
ferring the biomolecular cargo it carries, such as proteins, lipids, mRNA, and microRNA,
resulting in signaling cascades that alert or trigger biological processes in target cells [45].
This allows vesicles to interact with selected target cells locally or at a distance and perform
specific biological functions. The specific sorting machinery of MVBs could specify the final
fate of MVBs between exosome secretion and lysosomal degradation [41,46] (Figure 1).
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Figure 1. Secretion and uptake of extracellular vesicles (EVs). EVs are currently classified into
three categories depending on their origin, secretion mechanism, and size: exosomes, microvesicles,
and apoptotic bodies. EVs interact with recipient/target cells and act as messengers for signal
delivery: interactions with plasma membrane receptors, phagocytosis into cells, and direct fusion
with the plasma membrane.

3. Microenvironment in IPF

When the healing process of damaged tissues in IPF is out of control and excessive,
it will lead to tissue remodeling, abnormal scar tissue formation, and fibrosis [47]. The
main site of pathological pulmonary fibrosis is the interstitium and includes the alveolar
epithelium, pulmonary capillary endothelium, basement membrane, and perivascular and
lymphatic tissues. In this review, we summarize the pathogenesis of IPF (Figure 2).

3.1. Inflammatory Microenvironment in IPF

IPF can be considered a chronic inflammatory process. The role of inflammation, as an
important component of the etiology of IPF, is controversial and is sometimes regarded as an
incidental phenomenon of fibrosis. The inflammatory hypothesis originates from mild im-
mune infiltration and increased lung pro-inflammatory cytokines in IPF [48–50]. Repeated
exposure of lung epithelial cells to a toxic environment can disrupt the epithelial barrier
and ultimately lead to airway pathology [51]. Damage to AECs activates macrophages,
dendritic cells, and other innate immune cells, further leading to inflammatory immune
responses. When Type I alveolar lung cells (AT1 cells) are damaged or missing, the AT2
cells proliferate and transdifferentiate into AT1 cells [52]. In pathological conditions, AEC
and immune cells (mainly alveolar macrophages) could release inflammatory factors, such
as IL-6, tumor necrosis factor (TNF-α), interferon-gamma (IFN-γ), chemokines, etc., and
recruit fibroblasts to accumulate to the injured area and differentiate into myofibroblasts
that secrete collagen and proteins. Many profibrotic factors, such as the connective tissue
growth factor (CTGF), transforming growth factor 1 (TGF-β1), and fibroblast growth factor
(FGF), can cause the excessive secretion of collagen and then deposition in the lung intersti-
tium, constantly forming “scars” in the lung, resulting in pulmonary fibrosis [53,54]. The
stimulation of lung epithelial cells might disrupt the balance between lung epithelial and
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mesenchymal cells [52,55]. External harmful substances stimulate pulmonary endothelial
cells to secrete inflammatory factors and chemokines to induce phenotypic transformation
of lung endothelial cells [56]. Genes related to inflammation have also been proved to
be associated with IPF. A study showed that the gene variants in toll-interacting protein
(TOLLIP) could increase a pro-inflammatory response in IPF patients [57]. The suppression
of chronic inflammation can turn off pulmonary fibrogenesis in nonspecific interstitial
pneumonia, which demonstrates that inflammation is a possible pathological mechanism
in lung fibrosis [58,59].

Figure 2. The dyshomeostasis of the microenvironment in idiopathic pulmonary fibrosis (IPF). In
individuals with IPF, lung epithelial injury leads to the production of inflammatory factors, profibrotic
cytokines, and chemokines secreted by alveolar macrophages. This results in activation of fibroblasts
and differentiation into myofibroblasts, which produces extracellular matrix (ECM), leading to
thickening of the lung interstitium. In IPF, the microenvironment altered the Th1/Th2 balance in the
lung. IFN-γ produced by Th1 cells inhibits fibrocyte differentiation and promotes M1 macrophage
formation. IL-17 production by Th17 cells in the lung also promotes fibroblast activation. The
imbalance between Th17 and Tregs can affect pulmonary fibrosis.

In past clinical studies, many anti-inflammatory trials have been conducted in an
attempt to treat IPF [60]. Trials with anti-TNF-α drugs and prednisone did not achieve
the expected results [61,62]. Additionally, antibodies to the anti-inflammatory cytokine
IL-13 have entered phase 2 clinical trials in IPF but did not show definite results [63,64].
Antibodies against IL-4/IL-13 have failed to demonstrate efficacy in IPF patients [50,51].
However, anti-IL-13 trials showed some positive effects on IPF rates [65]. Therefore, we
hold the view that the hypothesis that the inflammation mechanism alone participates in
the impact of IPF is not comprehensive and not feasible as a single treatment strategy.

3.2. Immune Dysregulation in IPF

Histopathological samples of IPF, obtained from susceptible older adults, showed little
evidence of inflammation [60,63]. Some other studies, which reported treatment with only
anti-inflammatory agents, seemed to have no effect on IPF [47,50]. These clinical observations
strongly suggested that inflammation was an important but optional event and that other
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mechanisms may exist, as immune modulation coexists in pulmonary fibrosis. In contrast,
a study of a mouse model of pulmonary fibrosis has also reported that immunomodula-
tory processes other than inflammation promoted the development of fibrosis [66]. The
immunomodulatory system is critical for maintaining immune homeostasis in IPF.

3.2.1. Innate Immune Response

Alveolar macrophages (AMs) are directly stimulated by various external complex
factors and participate in the construction of the first line of defense against external
invasion. Macrophages, one of the most abundant immune cell types in healthy lungs, are
the major innate immune cells in lung homeostasis and play a central role in tissue repair
and immunity. Alveolar macrophages play a key role in pulmonary homeostasis by clearing
apoptotic cells and debris, regulating wound healing, scavenging microbes, eliminating
inflammation, and helping to initiate immune responses to pulmonary pathogens.

Macrophages are involved in the regulation of immune homeostasis through two types
of polarization, namely M1-type polarization (classical activation) and M2-type polarization
(alternative activation). Environment changes and molecular mediators can transform
macrophages from M1 to M2 [67–69]. IFN-γ, lipopolysaccharide (LPS) and other pro-
inflammatory factors in the microenvironment induce the M1 polarization of macrophages,
and they produce and secrete large amounts of pro-inflammatory cytokines, such as IL-
12, TNF-α and IL-6, which play a role in killing pathogens, foreign bodies and removing
endogenous abnormal tissues and cells in the immune microenvironment, thus maintaining
tissue inflammation [70]. If the M1 macrophages’ response is not effectively controlled,
tissue damage will continue. The M2 macrophages are usually induced by IL-4 and IL-10
in the microenvironment. By releasing inflammatory cytokines, such as IL-10 and TGF-
β1, they prevent excessive inflammatory reaction damage, promote the repair of tissue
damage, further promote the proliferation of fibroblasts and make them secrete collagen,
and thus, promote the progression of pulmonary fibrosis. The imbalance of the polarization
of macrophages can disrupt the microenvironmental immune homeostasis and become the
initiating factor of an inflammatory storm and over-repair in vivo.

Alveolar macrophage is one of the important factors that determine the course and
outcome of IPF. M2 macrophages have multiple functions and play a critical role in asthma,
interstitial lung disease, and cancer. M2 macrophages are widely present in the fibrotic
lung [68]. They can secrete many growth factors, including TGF-β, FGF, platelet-derived
growth factor-α (PDGFα), insulin-like growth factor 1 (IGF1) and vascular endothelial
growth factor (VEGF) [71]; anti-inflammatory and immunosuppressive mediators, such
as IL-10 and TGF-β1, specific chemokines (CCL17 and CCL22, C-C motif) [72]. There-
fore, macrophages are closely related to the regulation of immune responses. In IPF
patients, the increased concentration of CCL18 in bronchoalveolar perfusion fluid (BALF)
(produced by M2 macrophages) suggested that the macrophage driving mechanism is
involved in IPF [72]. In addition, CCL18 can attract T cells to the lung and activate fi-
broblasts [73]. M2 macrophages also contribute to ECM formation by up-regulating the
L-arginine metabolism [70]. However, another study also indicated that M2 macrophages
in humans had been reported to degrade ECM components by secreting matrix metallo-
proteinases (MMPs), leading to a reduction in fibrosis [74]. In conclusion, the function
of macrophages is highly dependent on the local environment, and macrophages have
vagaries functions of anti-fibrosis, promoting fibrosis and tissue regeneration.

3.2.2. Adaptive Immune Response

T cells are widely present in active disease areas of IPF patients [75–77]. In IPF patients,
the CD4+ and CD8+ T cells in the lungs and BALF increased [78]. In T-cell-deficient mice,
bleomycin exposure can cause less ECM formation and fibroblast proliferation inhibition,
leading to pulmonary fibrosis [79]. The function of T cells depends on their different
phenotypes—T cell subsets have profibrotic, antifibrotic potential or no role at all. Recent
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evidence suggests that helper T (Th) cells (Th1 cells, Th2 cells, Th17 cells, Th9 cells, and
regulatory T cells (Tregs)) and B cells play important roles in the pathogenesis of IPF.

The ratio of Th1 and Th2 T cells in the lung may determine the course of lung injury
and the progression of its fibrosis [80]. An unbalanced Th1/Th2 immune response is
considered to be the key pathogenesis of IPF. IFN-γ, produced by Th1 cells, inhibits
fibrocyte differentiation and promotes M1 macrophage formation [67,81]. Hence, the Th1
cells may protect the lung from fibrosis [82,83]. However, clinical trials reported that the
use of recombinant IFN-γ or anti-IL-13 monoclonal antibodies failed to show any clinical
benefit in patients with IPF [63,84].

The profibrotic Th17 cells can produce IL-17(A), IL-21 and IL-22 to promote tissue
inflammation. IL-21 promotes the primary alveolar macrophages toward the M2 phenotype
polarization in pulmonary arterial hypertension (PAH) [85]. The administration of recombi-
nant IL-21 reduced the Th1 and Th17 responses and aggravated chlamydial lung infection
in mice [86]. One literature showed the active area of IPF was infiltrated by IL-17 [76].
Further, MSCs overexpressing TGF-β1 can regulate lung inflammation and alleviate lung
injury by regulating the Th17/Treg imbalance in the lungs of acute respiratory distress
syndrome (ARDS) mice [87]. An imbalance between Th17 and Tregs can affect pulmonary
fibrosis [88,89]. Thus, we believe that the balance between the Th17 cells and Tregs is critical
in the development of lung fibrosis.

Tregs may be detrimental in the early stage of pulmonary fibrosis in mice; however,
they have a protective effect in the late stage of pulmonary fibrosis [90]. Studies have
shown that Tregs levels are reduced in the blood and BALF of IPF patients [91]. Tregs
depletion can increase IFN-γ and decrease Th17 cells level after bleomycin administration
and ameliorate lung fibrosis [92]. Additionally, Tregs can resolve fibroproliferation by
reducing fibrocytes recruitment depending on blockade of the chemokine (C-X-C motif)
ligand 12 (CXCL12)-CXCR4 axis [93]. But it’s also been documented that Tregs can promote
EMT through β-catenin accumulation in lung epithelial cells, and accelerate radiation-
induced pulmonary fibrosis [94]. Their functions and variation tendency depend on the
course of lung fibrosis [95]. These reports revealed that Tregs might have a two-way action
in antifibrotic and profibrotic.

Similar to the T cells, the number of B cells is increased in the lungs of IPF patients.
Generally, B cells within tertiary lymphoid structures (TLOs) are responsible for local
antibody production [96]. Elevated CXCL13 concentrations were found in the lungs and
serum of IPF patients, and this can chemoattract B cells to B cell follicles in the IPF lung [97].
B regs (regulatory B-cells) can inhibit the proliferation of Th1 and Th17, downregulate the
differentiation of dendritic cells (DCs), and promote the expression and differentiation of
FOXP3+ Tregs. IL-10 production by B cells can produce anti-inflammatory immunoglobulin
G (IgG) 4 and increase Tregs activity, and modulate the progress of lung inflammation and
fibrosis [98,99]. Autogenic immunoglobulin is found in the majority of IPF patients [100].
Mesenchymal stromal cells, derived from the human amniotic membrane (hAMSCs), have
contributed to reducing the progression of fibrotic lesions by modulating the B-cell response,
which may increase lung expression of the Tregs marker, Foxp3, and induce macrophage
polarization to an anti-inflammatory phenotype (M2) [101].

In conclusion, the studies on the role of T cells in IPF suggest that single T cells are
unlikely to be sufficient to treat IPF immune disorders, and future research should focus
on how to maintain the internal homeostasis of T-cell subtypes after lung tissue injury. A
more detailed and comprehensive understanding of the immune system’s role in IPF may
lead to the development of treatments for IPF.

3.3. ECM Microenvironment in IPF

The lung extracellular matrix (ECM) consists of the basement membrane (BM), colla-
gen, glycoproteins, and proteoglycans. ECM has complex network structures. ECM is the
main scaffold that supports the tissue structure, the lung’s general mechanical stability and
elastic retraction. In addition, ECM stores various growth factors and cytokines. Fibrosis
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is a normal, indispensable process to protect wound healing for the host body. During
the normal wound healing process, myofibroblasts can produce ECM proteins and large
amounts of collagens, and once the active phase of repair is finished, the myofibroblasts
quickly disappear via apoptosis [102]. In IPF, however, these cells are anti-apoptotic, per-
petuating and nourishing the fibrotic process, leading to excessive deposition of ECM.
Studies have shown that ECM can affect biological processes, such as cell differentiation,
proliferation, adhesion, morphogenesis, and phenotypic expression. IPF is characterized
by progressive fibroblast proliferation and extensive ECM deposition, resulting in alveolar
structure destruction and pulmonary parenchyma remodeling [103]. The ECM in IPF may
enhance pathological cross-linking, which can promote fibroblast growth and increase
resistance to normal ECM turnover [104].

Activated fibroblasts and myofibroblasts are key effector cells of fibrosis [102]. Fibrob-
lasts are one of the main ECM-producing cells and can promote the harmful remodeling
of IPF lung tissues [105]. A number of fibrocytes were found in the fibrotic-active region
of IPF [106]. Fibrocytes are the progenitors of collagen-secreting fibroblasts and may con-
tribute to the development and accumulation of fibroblasts [107]. Fibroblasts continuously
release recruitment factors in the fibrotic environment, which enable inflammatory cells
to continuously go to the site of injury. While myofibroblasts, newly formed after injury,
could not be found in normal lung tissue and can produce a large amount of collagen and
other ECM proteins to promote ECM [102].

Although the exact mechanism of the occurrence and development of abnormal fibrosis
remains unclear, the tissue microenvironment has become a key point in understanding the
chronic and progressive nature of fibrosis.

4. MSC-EVs Mediated Homeostasis on IPF

The paracrine factors of MSCs are packaged within MSC-EVs. MSC-EVs can maintain a
similar therapeutic effect to MSC and low immunogenicity. The MSC exosome is not a single
drug or antibody but a comprehensive biological therapy, which can play a targeted thera-
peutic role, increase accuracy, and target pathological sites. Preclinical studies have shown
that MSC-EVs showed anti-fibrosis and promoted tissue repairing effects in a variety of
fibrosis diseases, such as lung [108], liver [109], kidney [110], heart [111,112], and skin [113].
The MSC-EVs clinical trials have been progressively explored in recent years, but the appli-
cation is still in the initial stages. According to the National Institutes of Health registered
clinical trials, the MSC-EVs application mainly included ARDS (NCT05127122), coron-
avirus disease 2019 (COVID-19) (NCT04657458, NCT05125562, NCT05116761, NCT04493242,
NCT05354141), Type 1 diabetes (NCT02138331), cardiovascular disease (NCT02017132),
dystrophic epidermolysis bullosa (NCT04173650), and acute ischemic stroke (NCT03384433).
Clinical trials in IPF lack quantity in the concerned study. Of note, one clinical trial involving
MSC exosomes in the treatment of COVID-19 together with pulmonary fibrosis is currently
being recruited (NCT05191381) [114]. In summary, the MSC-EVs therapy for IPF is full of
hope, and more attention should be paid to it in the future.

4.1. MSC-EVs Plays an Anti-Inflammatory Role in IPF

MSCs are also known to communicate with other cells by secreting EVs [115]. Man-
souri et al. found that human bone marrow mesenchymal stem cell (BMSC) exosomes
effectively alleviated the bleomycin-induced core features of pulmonary fibrosis and lung
inflammation [108]. In their study, it was also shown that MSC exosomes could modulate
lung macrophage phenotypes, shifting the lung pro-inflammatory/classical and nonclas-
sical monocytes as well as the alveolar macrophages toward the monocyte/macrophage
profiles. They believed that BMSC exosomes respond to their microenvironment by releas-
ing proteins or miRNAs, and the contents of the inflammatory environment will contain
the properties of inhibiting pulmonary fibrosis. Another study showed that mice receiving
human umbilical cord Wharton’s jelly (WJMSC) or BMSC exosomes could ameliorate
collagen deposition, reduce inflammation and restore lung function through macrophage
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immunomodulation in experimental bronchopulmonary dysplasia [116]. The exosomes de-
rived from human amnion epithelial cells (hAECs) modulated neutrophil myeloperoxidase
in a bleomycin challenge and reduced lung inflammation [117].

4.2. MSC-EVs Can Modulate the Immune Response in IPF

Although widespread suppression of inflammation in IPF may be harmful, that does
not mean the immune system is not involved in the cause or treatment of the disease.
A large number of studies have shown that the immune system plays a role in IPF by
modulating the activation and function of fibroblasts. Genetic studies have shown that
immune responses play an important role in IPF, which is associated with polymorphisms
in immune-related genes that encode toll-like receptor 3 (TLR3), TOLLIP, and IL-1 receptor
antagonists (IL-1RA), and with increased disease risk or severity [57,118–120]. Therefore,
we believe that the development of targeted immunomodulatory therapies can change the
course of IPF disease.

A growing amount of literature suggests that MSC exosomes can improve immunomodu-
latory functions in IPF. Studies have shown that human BMSC-EVs can modulate the activity
of the cells involved in the immune response. Shentu et al. demonstrated that bone marrow-
derived MSC exosomes could inhibit TGF-β1-induced myofibroblast differentiation, and
the mechanism depended on blocking the interaction of Thy-1 with beta integrins, which
prevented the suppression of myofibroblast differentiation [121]. Another study showed
that hAEC exosomes could increase AT2 cells proportions. Moreover, immunomodulatory
effects were observed to reduce the percentage of CD4+T cells and interstitial macrophages
in the lung, and finally, they concluded that hAEC exosomes are able to directly regulate
the function of neutrophils, macrophages, and T cells [117].

4.3. MSC-EVs Regulate ECM Homeostasis in IPF

It is well known that the cellular environment and ECM determine the behavior of
cells, such as migration, proliferation, and differentiation. The activation of EMT pro-
motes the generation of fibrotic cells, and polarized epithelial cells undergo molecular
and phenotypic changes that enable them to attain mesenchymal and undifferentiated
potential. Such plasticity changes mean that cells acquire an enhanced ability to produce
ECM components on the one hand and become more motile and more invasive on the
other [122,123]. Bleomycin-induced pulmonary fibrosis can be reversed by reducing the
collagen deposition after intravenous BMSC-exosome treatment [108]. Another study
showed that hAEC exosomes could reduce α-SMA and pulmonary collagen and inhibit the
differentiation of myofibroblasts [117]. Analyses revealed that MSC-exosome treatments
could attenuate and resolve bleomycin- and silica-induced fibrosis by reestablishing a
normal alveolar structure and decreasing both collagen accumulation and myofibroblast
proliferation [124]. In addition, BMSCs EVs inhibited the TGF-β-induced differentiation
of normal and IPF fibroblasts into myofibroblasts by decreasing the expression of α-SMA,
fibronectin, and type III collagen [125]. Sun et al. evaluated the protective potential of the
exosomes derived from menstrual blood stem cells (MenSCs) by reducing the collagen
deposition and regulating the ROS activity on alveolar epithelial cells through transporting
miR-let-7 in an IPF model [126].

5. MSC-EVs Treatment Administration for IPF

MSC-EVs are now considered a more effective and safer alternative to MSC trans-
plantation and have shown therapeutic benefits in many preclinical models of lung injury
and disease. In fact, EVs have characteristics that make them ideal drug delivery systems
because of their high stability and low immunogenicity in the blood. In addition, the
inherent homing ability of EVs to the injury sites can make them avoid off-target side
effects and enhance a specific uptake of target cells. Therefore, there is great potential
for the development of MSC-EVs therapies. In fact, the clinical transition to MSC-EVs is
still in its infancy and needs to face many challenges. Here, we summarize the studies of
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MSC-EVs administration in pulmonary fibrosis in vivo in Table 2 [20,108,117,124–139] and
an overview of therapeutic modalities of MSC-EVs for IPF in Figure 3.

Table 2. Studies of MSC-EVs in vivo administration in lung fibrosis.

Number Reference Origin Target Tissue/Model Year Administration Dosage

1 [128] Human BMSC
microvesicles Lung fibrosis/silica/mouse 2014 Tail vein injection 10 µg

2 [117] hAEC exosomes Lung
fibrosis/bleomycin/mouse 2018 Intranasal

administration 10 µg

3 [129] AD-MSCs exosomes Lung fibrosis/silica/mouse 2018 Intratracheal
injection

EVs obtained from
100,000 AD-MSCs for 24 h

4 [108] Human
BMSC-EVs/exosomes

Lung
fibrosis/bleomycin/mouse 2019 Tail vein injection 200 µL, 8.6–108 particles

5 [126] MenSC exosomes Lung
fibrosis/bleomycin/mouse 2019 Tail vein injection 0.5 mg/kg/day

6 [124] Human BMSC
exosomes

Lung fibrosis/bleomycin
sulfate or silica/mouse 2020 Nebulization 10 × 109 particles/kg

7 [20] Human BMSC
exosomes Lung fibrosis/LPS/mouse 2020 Tail vein injection 70 µg

8 [130] hucMSC exosomes Lung
fibrosis/bleomycin/mouse 2020 Tail vein injection 100 µg/250 µL

9 [131] hucMSC exosomes Lung fibrosis/silica/mouse 2020 Tail vein injection -

10 [125] Human BMSC-EVs Lung
fibrosis/bleomycin/mouse 2020 Tail vein injection 100 µg

11 [132] Mouse BMSC-EVs Lung fibrosis/systemic
sclerosis/mouse 2021 Intravenous injection 250 ng or 1500 ng

12 [133] Human BMSC-EVs Lung
fibrosis/bleomycin/mouse 2021 Tail vein injection 100 µg

13 [134] Rat-BMSC exosomes Lung fibrosis/silica/rat 2021 Tail vein injection 200 µg/mL/rat

14 [135] huMSC EVs Lung
fibrosis/bleomycin/mouse 2021 Tail vein injection 20 µg

15 [136] Human placenta-
derived MSC-EVs

Lung
fibrosis/radiation/mouse 2021 Tail vein injection 100 µg

16 [127] Human BMSC-EVs Lung
fibrosis/bleomycin/mouse 2022 Intranasal

administration 10 µg

17 [137] mMSC exosomes Lung
fibrosis/radiation/mouse 2022 Tail vein injection 200 µg

18 [138] hucMSC exosomes Lung fibrosis/silica/mouse 2022 - -

19 [139] IMRCs EVs Lung fibrosis/
bleomycin/mouse 2022 Intratracheal or tail

vein injection 200 µg or 1000 µg

5.1. Systemic Delivery of MSC-EVs

The pulmonary distribution and subsequent uptake of EVs are the bottleneck problem
for its therapeutic effect. In preclinical studies, intravenous administration is the most
commonly used mode of administration. Intravenous injection has a faster onset of action
and higher bioavailability. The EVs showed a high blood flow stability and pulmonary
distribution after injection [140]. The accumulation of EVs in the lungs is mainly due to
the high vascularization of these organs, and eventually, EVs have the ability to home in
the event of tissue damage. Preclinical studies have shown that the intravenous injection
of human BMSC-EVs has an immunomodulatory effect in reducing monocyte-driven
inflammation, preventing and reversing bronchial bleomycin-induced pulmonary fibrosis
in mice, thereby improving lung morphology and lung structure and reducing collagen
deposition [108,121]. An intravenous pretreatment of high molecular weight hyaluronic
acid (HMW HA) enhances the delivery of MSC-EVs to the injured alveolus and reduces
inflammation in mice pseudomonas aeruginosa (PA) pneumonia [141].
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Figure 3. Overview of therapeutic modalities of MSC-EVs for IPF. Administration routes in EVs-
based strategies applicable in IPF. MSC-EVs loading techniques to produce target and effective
EVs-based nanotherapeutics.

Moreso, miRNAs have strong tissue specificity, so some of them are closely related
to IPF. The anti-fibrosis effect of miRNAs in MSC-EVs has become a research hotspot of
IPF. The MSC exosomes contain several miRNAs that can up-regulate the pro-fibrosis
genes in IPF fibroblasts. One study showed that the antagonism of miR-let-7 pretreated
MenSCs-infused exosomes into the tail vein of mice could reverse the exosome protection
against lung fibrosis and mitochondrial DNA damage in bleomycin-exposed lung fibrosis,
but it was not completely reversed [126]. Zhou et al. found that human BMSC-EVs
pretreated with miR-186 mimics through a tail vein injection could impair the activation
of fibroblasts by inhibiting the expression of SRY-related HMG box transcription factor 4
(SOX4) and Dickkopf-1 (DKK1), and ultimately alleviate pulmonary fibrosis [133]. Notably,
the quantification of the total exosomes in serum is largely variable; the proteins in MSC
exosomes have biological functions like those of RNA in MSC exosomes [142]. MSC
exosomal RNA is a highly heterogenous RNA population of approximately 100 nts [143].
Baglio et al. conducted an MSC exosome RNA sequencing analysis, and they identified
miRNAs as 2–5% of total RNA [144]. Therefore, quantifying certain microRNAs in clinical
samples using standard methods remains a challenge.

5.2. Direct Delivery of MSC-EVs to Lung

The solubility and small size of EVs compared to cells make it possible for aerosol
inhalation and intranasal infusion. Inhalation is a non-invasive, fast-acting route that
allows lower doses to achieve the same effect, avoiding gastrointestinal side effects and
even hepatic metabolism, thereby increasing EVs’ efficiency. Currently, intakes of EVs can
be included in dry powder or a liquid suspension. An integrated process of ultrafiltration
and lyophilization, in accordance with good manufacturing practice (GMP), has been
proposed to convert MSC-EVs into a freeze-dried powder, which can be dissolved to
produce an EVs suspension [145]. The lyophilization of key components in exosomes
does not have much impact, but there are also literature tasks affecting the stability of
secreted histones [146]. The evidence showed that, in direct contrast to the intravenous (IV)
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route, the immunity and matrix regulatory cells derived from human embryonic stem cells
(IMRC)-EVs are mainly retained in the lungs for intratracheal delivery and primarily in
the liver and spleen when administrated through IV route [139]. Dinh et al. demonstrated
the therapeutic effect of the direct atomization of MSC exosomes on bleomycin-induced
pulmonary fibrosis rats and confirmed the reduction of pulmonary fibrosis score and
pulmonary fibrosis markers, such as α-SMA. However, they did not control the quality and
did not mention the quantitation of the exosomes used [124]. They also found that the genes
hsa-let-7a-5p and haa-let-7f-5p, which belong to the highly conserved let-7 family, were the
most up-regulated in the MSC exosome samples. Let-7 miRNAs have been found to play
important roles in biological development, stem cell differentiation and tumorigenesis. It
has also been reported that the intranasal infusion of exosomes one day after bleomycin
stimulation reduced lung inflammation, while treatment on day seven improved alveolar
collapse and reduced fibrosis [117]. Ren et al. reported that the intranasal delivery of
human placenta MSC exosomes could substantially enhance lung IL-10 and promote
producing more lung interstitial macrophages (IMs), which may originate from the spleen,
thus contributing to protecting mice from allergic asthma [147]. Moreover, in the ALI
model, a study showed that inhaled WJMSC-EVs outperformed those injected via the tail
vein, which not only decreases the pathological scores and promotes lung repair but also
shows that the EVs reach lung tissue faster than the tail vein injection [148]. Bandeira et al.
also showed that the local delivery of adipose-tissue-derived MSCs (AD-MSCs) exosomes
by intratracheal injection ameliorated fibrosis and inflammation, but dose-enhanced EVs
yielded better therapeutic outcomes in this silicosis model [129]. However, some researchers
have reported that although EVs isolated from MSCs can reduce pulmonary fibrosis, MSCs
are more therapeutically effective than EVs [128]. The source and number of EVs isolated
from MSCs lack dose-effectiveness measurements.

In conclusion, so far, it is difficult to predict the safety and the appropriate and effective
dose of human MSC-EVs, due to the lack of preclinical animal studies outcomes and the lack
of a unified consensus on dose standards. Therefore, we believe that the dose, timing, and
frequency of MSC-EVs administration, as well as the drug form, need to be further explored.

5.3. MSC-EVs as a Targeted Delivery Vector for IPF Treatment

At present, the most advanced research method as a carrier is combined with the
method of biological engineering. Exosomes have many of the properties of drug delivery
vehicles that make them more attractive than conventional drug carriers, such as their
natural nanosized structure, homing effects and low immunogenicity. Engineered exosomes
are currently the mainstream of the industry because they can modify their targeting and
improve drug loading efficiency. Exosomes derived from MSCs are about 40–80 nm in
size and can deliver 20–30 bp microRNAs. Natural vesicles can be considered the most
advanced delivery technology, which is not only easy to design and target but can also
naturally carry macromolecules. It is expected to make up for the shortcomings of the
existing delivery technology and become a unique drug delivery system.

Exosomes can be loaded with bioactive molecules, such as RNA (miRNA [126],
siRNA [149]), protein [150], chemical drugs [151], etc. MSC-exosome drug loading tech-
nology has been widely used in heart diseases, neuro-diseases and tumors [152,153]. This
suggests that EVs, as drug carriers, can play an increasingly important role in targeting
the treatment of IPF. Currently, there are few studies on MSC exosomes as a vehicle for
the treatment of IPF. Li and his team designed a new hybrid drug delivery system of clo-
dronate (CLD)-loaded liposomes and fibroblast-derived exosome (EL-CLD) containing the
macrophage inhibitor CLD, with nonspecific phagocytosis inhibition and fibroblast homing
properties [154]. CLD liposomes can effectively reduce the phagocytosis of nanoparticles
by the liver after intravenous injection. In addition, the EL-CLD hybrid system prefer-
entially accumulates in the fibrotic lung and further penetrates into the ECM. The drug
delivery system was further coated with the anti-fibrosis drug nintedanib, which showed
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significantly better effects than traditional drug therapy in improving lung function and
inhibiting pulmonary fibrosis in pulmonary fibrosis model mice.

Recent studies have reported that functional modifications of exosomes can further
enhance the advantages of exosomes. Functionalized modifications of exosomes can pro-
long the circulation time of exosomes, enhance the delivery efficiency of exosomes in the
cytoplasm, and promote stronger targeting of exosomes [155]. In addition, the surface
of exosomes can also be modified in non-covalent ways, such as electrostatic interac-
tions, receptor–ligand binding, and hydrophobic reactions [156]. To improve the delivery
efficiency of EVs to ischemia-injured myocardium, some researchers modified the MSC exo-
somes with monocyte mimics through the means of membrane fusion [157]. The monocyte-
mimicking bio-inspired BMSC-EVs exhibited an enhanced targeting efficiency to injured
myocardium by mimicking the recruitment feature of monocytes following a myocardial
ischemia-reperfusion injury (MI/RI). In a nonhuman primate (NHP) myocardial infarction
(MI) model, the delivery of miR-486-5p-overexpressing normoxia-preconditioned exosomes
can promote cardiac function [158]. Another study designed targeting peptide-Lamp2b
fusion proteins to include a glycosylation motif at various positions, and it enhanced the
targeted delivery of the exosomes to neuroblastoma cells [159]. Additionally, nanobodies
can be anchored on the surface of EVs via glycosylphosphatidylinositol (GPI), thereby alter-
ing their cellular targeting [160]. Some researchers encapsulated exosomes with si Clathrin
by electroporation to significantly knock down the clathrin heavy chain (Cltc) and decrease
the macrophage uptake of the exosomes in vitro and in vivo, which then prevented MPS-
mediated endocytosis in the spleen and liver, thereby increasing intravenous EVs delivery
to the heart and other organs [161]. Belhadj et al. also used the combined “eat me/don’t eat
me” strategy of selective endocytosing EVs by macrophages, thus reducing the phagocyto-
sis of EVs by macrophages, which increased the tumor area accumulation of EVs by 123.53%
compared with the traditional nanocarriers which were without loading CD47-enriched
exosomes or drugs [162]. Another study found that a group of tyrosine phosphatase 2
(Shp2) regulated the synthesis and secretion of EVs, elucidating that the phosphatase Shp2
negatively regulates the production of alveolar epithelial exosomes through dephospho-
rylation modification, which suggested a new pathway of phosphatases involved in the
microenvironment of lung inflammation [163]. Park and his colleagues studied the MSC
nanovesicles (NVs) produced by disintegrating cells through the continuous extrusion of
MSCs, and they indicated that NVs could increase the expression of the IL-10 in sepsis,
suggesting that artificial NVs may be novel clinical EV-mimetics for patients [164].

6. Challenges for Application

Due to the unknown cause of the disease, the processes driving IPF are complex,
and there are no models that can fully explain the pathogenesis of IPF. The bleomycin
models are the most commonly used model for IPF research. The observations in both the
bleomycin and silica models demonstrated that MSC-EVs inhalation therapy was effective
in treating pulmonary fibrosis [124]. Additionally, the anatomical features of the organism
caused many obstacles. For example, a bronchial tree with multiple branches and curvature
may make EVs unable to reach the lung or become unevenly distributed in lung tissue,
deposited in the atmospheric duct or accumulated in capillaries [165]. Macrophages in the
alveoli engulf particles or EVs, thereby clearing them before they reach the tissues.

The dose and route of the administration of MSC-EVs vary widely across preclinical
animal studies; thus, the safe and effective dose used to treat these pathological conditions
remains to be determined. The dosage control problem is mainly its intake dosage rather
than inhalation dosage, actually. The delivery of the MSC-EVs via inhalation of human
lungs has been studied, including viral pneumonia COVID-19. MSC-EV treatment trials in
COVID-19, registered on Clinical Trials (e.g., NCT04276987, NCT04491240, NCT04602442),
showed the doses the clinicians used and the availability of the inhalation pathway. How-
ever, EVs treatment is not permanent, they may be metabolized, and there is even an
argument to the contrary that EVs are not as effective as MSCs. In addition, surfactants in
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the lower lungs have the possibility of destabilizing liposomes and lipid nanoparticles. As
reported by some authors [166–168], MSC-EVs may require repeated dosing to maintain
their therapeutic potential. Moreover, the accumulation and retention of MSC-EVs in
different organs need to be considered. The distribution of EVs to the heart is limited
by the rapid clearance of MPS from the blood and subsequent accumulation in the liver
and spleen [169]. It can be seen that the excessive retention of EVs in the liver during
intravenous administration not only affects their bioavailability but also brings the risk of
liver damage. The biodistribution of EVs influences the therapeutic efficacy and toxicity
after systemic administration [170]. Similar to any other nanotherapeutics, unmodified
exosomes were delivered systemically in animals, accumulated preferentially in the liver,
kidney, and spleen, and were rapidly eliminated by biliary excretion, renal filtration, or
phagocytosis in the reticuloendothelial system, respectively.

Then, when MSC-EVs can actually be used in clinical treatment, sterility is also a ques-
tion. According to the small volume of EVs, filtration sterilization can be carried out at the
end of the separation process [171]. Quality control is required to ensure sterility, pyrogen,
and the absence of foreign viruses. Biological safety, such as hepatorenal toxicity, survival
rates, and adverse reactions, requires a comprehensive and long-term evaluation [124].
The small EVs obtained from umbilical cord blood monocytes have been demonstrated
to have no deleterious impact on the viability or metabolic activity of peripheral blood
mononuclear cells, THP-1 monocytes, THP-1-derived macrophages, normal dermal human
fibroblasts, or human umbilical vein endothelial cells, as well as in vivo, they have shown
no significant hepatorenal toxicity [172].

At present, the EVs separation technology is immature and requires the establishment
of uniform production standards and GMP production protocols that can be prepared in
large quantities. EVs are unstable, which means that the vesicles may disintegrate and
lose their substances. To become a true drug for lung regeneration, MSC-EVs need to
be standardized. To minimize the instability of EVs, the usage of excipients or vibratory
mesh nebulizers with larger mesh holes should be considered [173,174]. Harrell and his
colleagues designed the MSC-derived product “Exosome-derived Multiple Allogeneic
Protein Paracrine Signaling (Exo-d-MAPPS)”, and this product could modulate the pul-
monary immune and inflammatory response, and importantly, they have reported no
adverse effects after its administration in chronic obstructive pulmonary disease (COPD)
patients [175]. Another practical problem to address is the need for a sufficient number
of cells. Compared with plastic adherent cultures, three-dimensional (3D) bioreactors
help to produce a large number of cells [176,177]. Harazidi et al. have confirmed that 3D
hucMSC exosomes produced 20 times more exosomes than the 2D hucMSC exosomes, and
3D hucMSC exosomes produced 7 times more efficient small interfering RNA transfer in
targeting organs compared to the 2D hucMSC exosomes [178]. However, other studies
also exhibited that 3D cultures could reduce MSCs indoleamine 2,3-dioxygenase (IDO)
activity and the EVs significantly reduced macrophage phagocytosis in vitro [127]. After
the administration of 2D and 3D EVs in bleomycin lung fibrosis mice, it could be found that
the EVs did not show benefits for lung injury and pulmonary fibrosis. They concluded that
3D-MSC cultures did not enhance the typical MSC-EV properties, including immunomodu-
lation, antifibrotic, and anti-inflammatory properties, compared to the 2D cultures. Hence,
the method of expanding the culture still needs to be further explored.

7. Conclusions and Prospects

Exosomes and other EVs are the frontiers of cell-free therapy and nanomedicine
research. Communication between cells is essential to maintaining the normal functions
of the whole organism and repairing the damaged tissue, which sometimes depends on
the paracrine action of cells. Nonetheless, this research is still in its infancy, and many
unanswered questions need to be resolved before MSC-EVs become a significant candidate
for clinical treatment. MSC-EVs are a comprehensive biologic therapy. It can not only
inherit the immunomodulatory, repair-promoting and anti-inflammatory effects of the host
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cell, but it can also play a targeted role in increasing the accuracy and targeting of the
treatment site, making itself a promising strategy for cell-free therapy. In conclusion, it is
expected that improving the microenvironment using MSC-EVs will be a future cell-free
treatment option to induce lung tissue regeneration and healing in IPF.

Author Contributions: L.S., X.G. and Q.L.: Conception and design, manuscript writing; J.S., Q.L.,
H.F. and S.H.: Manuscript review, writing, final approval of the manuscript. All authors have read
and agreed to the published version of the manuscript.

Funding: This study was supported by funding from the National Natural Science Foundation of
China, No. 81971878; the Opening Project of Military Logistics, No. BLB19J006; and the Tianjin
Natural Science Foundation, No. 20JCQNJC01260; National Key Research and Development Program
of China, No. 2021YFC3002202.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Data sharing is not applicable to this article as no new data were
created or analyzed in this study.

Conflicts of Interest: The author declares no conflict of interest.

References
1. Shenderov, K.; Collins, S.L.; Powell, J.D.; Horton, M.R. Immune dysregulation as a driver of idiopathic pulmonary fibrosis. J. Clin.

Investig. 2021, 131, e143226. [CrossRef]
2. Richeldi, L.; Collard, H.R.; Jones, M.G. Idiopathic pulmonary fibrosis. Lancet 2017, 389, 1941–1952. [CrossRef]
3. Betensley, A.; Sharif, R.; Karamichos, D. A Systematic Review of the Role of Dysfunctional Wound Healing in the Pathogenesis

and Treatment of Idiopathic Pulmonary Fibrosis. J. Clin. Med. 2016, 6, 2. [CrossRef] [PubMed]
4. Raghu, G.; Collard, H.R.; Egan, J.J.; Martinez, F.J.; Behr, J.; Brown, K.K.; Colby, T.V.; Cordier, J.F.; Flaherty, K.R.; Lasky, J.A.; et al.

An official ATS/ERS/JRS/ALAT statement: Idiopathic pulmonary fibrosis: Evidence-based guidelines for diagnosis and
management. Am. J. Respir. Crit. Care Med. 2011, 183, 788–824. [CrossRef] [PubMed]

5. Seifirad, S. Pirfenidone: A novel hypothetical treatment for COVID-19. Med. Hypotheses 2020, 144, 110005. [CrossRef]
6. Lin, X.; Yu, M.; Wu, K.; Yuan, H.; Zhong, H. Effects of pirfenidone on proliferation, migration, and collagen contraction of human

Tenon’s fibroblasts in vitro. Investig. Ophthalmol. Vis. Sci. 2009, 50, 3763–3770. [CrossRef] [PubMed]
7. Shihab, F.S.; Bennett, W.M.; Yi, H.; Andoh, T.F. Pirfenidone Treatment Decreases Transforming Growth Factor-β1 and Matrix

Proteins and Ameliorates Fibrosis in Chronic Cyclosporine Nephrotoxicity. Am. J. Transplant. 2002, 2, 111–119. [CrossRef]
[PubMed]

8. Richeldi, L.; du Bois, R.M.; Raghu, G.; Azuma, A.; Brown, K.K.; Costabel, U.; Cottin, V.; Flaherty, K.R.; Hansell, D.M.; Inoue,
Y.; et al. Efficacy and safety of nintedanib in idiopathic pulmonary fibrosis. N. Engl. J. Med. 2014, 370, 2071–2082. [CrossRef]
[PubMed]

9. Lancaster, L.H.; de Andrade, J.A.; Zibrak, J.D.; Padilla, M.L.; Albera, C.; Nathan, S.D.; Wijsenbeek, M.S.; Stauffer, J.L.; Kirchgaessler,
K.U.; Costabel, U. Pirfenidone safety and adverse event management in idiopathic pulmonary fibrosis. Eur. Respir. Rev. 2017,
26, 170057. [CrossRef] [PubMed]

10. Wynn, T.A. Integrating mechanisms of pulmonary fibrosis. J. Exp. Med. 2011, 208, 1339–1350. [CrossRef]
11. Fernandez, I.E.; Eickelberg, O. New cellular and molecular mechanisms of lung injury and fibrosis in idiopathic pulmonary

fibrosis. Lancet 2012, 380, 680–688. [CrossRef]
12. Greenburg, G.; Hay, E.D. Cytodifferentiation and Tissue Phenotype Change during Transformation__of Embryonic Lens Epithe-

lium to Mesenchyme-like Cells in vitro. Dev. Biol. 1986, 115, 363–379. [CrossRef]
13. Zhao, Y.L.; Zhu, R.T.; Sun, Y.L. Epithelial-mesenchymal transition in liver fibrosis. Biomed. Rep. 2016, 4, 269–274. [CrossRef]

[PubMed]
14. Rout-Pitt, N.; Farrow, N.; Parsons, D.; Donnelley, M. Epithelial mesenchymal transition (EMT): A universal process in lung

diseases with implications for cystic fibrosis pathophysiology. Respir. Res. 2018, 19, 136. [CrossRef] [PubMed]
15. Peng, L.; Wen, L.; Shi, Q.F.; Gao, F.; Huang, B.; Meng, J.; Hu, C.P.; Wang, C.M. Scutellarin ameliorates pulmonary fibrosis through

inhibiting NF-kappaB/NLRP3-mediated epithelial-mesenchymal transition and inflammation. Cell Death Dis. 2020, 11, 978.
[CrossRef] [PubMed]

16. Fingerlin, T.E.; Murphy, E.; Zhang, W.; Peljto, A.L.; Brown, K.K.; Steele, M.P.; Loyd, J.E.; Cosgrove, G.P.; Lynch, D.; Groshong, S.;
et al. Genome-wide association study identifies multiple susceptibility loci for pulmonary fibrosis. Nat. Genet. 2013, 45, 613–620.
[CrossRef] [PubMed]

17. Mathai, S.K.; Newton, C.A.; Schwartz, D.A.; Garcia, C.K. Pulmonary fibrosis in the era of stratified medicine. Thorax 2016, 71,
1154–1160. [CrossRef]

http://doi.org/10.1172/JCI143226
http://doi.org/10.1016/S0140-6736(17)30866-8
http://doi.org/10.3390/jcm6010002
http://www.ncbi.nlm.nih.gov/pubmed/28035951
http://doi.org/10.1164/rccm.2009-040GL
http://www.ncbi.nlm.nih.gov/pubmed/21471066
http://doi.org/10.1016/j.mehy.2020.110005
http://doi.org/10.1167/iovs.08-2815
http://www.ncbi.nlm.nih.gov/pubmed/19264889
http://doi.org/10.1034/j.1600-6143.2002.020201.x
http://www.ncbi.nlm.nih.gov/pubmed/12099512
http://doi.org/10.1056/NEJMoa1402584
http://www.ncbi.nlm.nih.gov/pubmed/24836310
http://doi.org/10.1183/16000617.0057-2017
http://www.ncbi.nlm.nih.gov/pubmed/29212837
http://doi.org/10.1084/jem.20110551
http://doi.org/10.1016/S0140-6736(12)61144-1
http://doi.org/10.1016/0012-1606(86)90256-3
http://doi.org/10.3892/br.2016.578
http://www.ncbi.nlm.nih.gov/pubmed/26998262
http://doi.org/10.1186/s12931-018-0834-8
http://www.ncbi.nlm.nih.gov/pubmed/30021582
http://doi.org/10.1038/s41419-020-03178-2
http://www.ncbi.nlm.nih.gov/pubmed/33188176
http://doi.org/10.1038/ng.2609
http://www.ncbi.nlm.nih.gov/pubmed/23583980
http://doi.org/10.1136/thoraxjnl-2016-209172


Cells 2022, 11, 2322 16 of 22

18. Mushiroda, T.; Wattanapokayakit, S.; Takahashi, A.; Nukiwa, T.; Kudoh, S.; Ogura, T.; Taniguchi, H.; Kubo, M.; Kamatani, N.;
Nakamura, Y.; et al. A genome-wide association study identifies an association of a common variant in TERT with susceptibility
to idiopathic pulmonary fibrosis. J. Med. Genet. 2008, 45, 654–656. [CrossRef]

19. Kadota, T.; Fujita, Y.; Araya, J.; Watanabe, N.; Fujimoto, S.; Kawamoto, H.; Minagawa, S.; Hara, H.; Ohtsuka, T.; Yamamoto, Y.;
et al. Human bronchial epithelial cell-derived extracellular vesicle therapy for pulmonary fibrosis via inhibition of TGF-beta-WNT
crosstalk. J. Extracell. Vesicles 2021, 10, e12124. [CrossRef]

20. Xiao, K.; He, W.; Guan, W.; Hou, F.; Yan, P.; Xu, J.; Zhou, T.; Liu, Y.; Xie, L. Mesenchymal stem cells reverse EMT process through
blocking the activation of NF-kappaB and Hedgehog pathways in LPS-induced acute lung injury. Cell Death Dis. 2020, 11, 863.
[CrossRef]

21. Rana, T.; Jiang, C.; Liu, G.; Miyata, T.; Antony, V.; Thannickal, V.J.; Liu, R.-M. PAI-1 Regulation of TGF-β1-induced Alveolar Type
II Cell Senescence, SASP Secretion, and SASP-mediated Activation of Alveolar Macrophages. Am. J. Respir. Cell Mol. Biol. 2020,
62, 319–330. [CrossRef] [PubMed]

22. Yao, C.; Guan, X.; Carraro, G.; Parimon, T.; Liu, X.; Huang, G.; Soukiasian, H.J.; David, G.; Weigt, S.S.; Belperio, J.A.; et al.
Senescence of Alveolar Type 2 Cells Drives Progressive Pulmonary Fibrosis. Am. J. Respir. Crit. Care Med. 2019, 203, 707–717.
[CrossRef] [PubMed]

23. O’Dwyer, D.N.; Ashley, S.L.; Gurczynski, S.J.; Xia, M.; Wilke, C.; Falkowski, N.R.; Norman, K.C.; Arnold, K.B.; Huffnagle, G.B.;
Salisbury, M.L.; et al. Lung Microbiota Contribute to Pulmonary Inflammation and Disease Progression in Pulmonary Fibrosis.
Am. J. Respir. Crit. Care Med. 2019, 199, 1127–1138. [CrossRef] [PubMed]

24. Organ, S.L.; Tsao, M.-S. An overview of the c MET signaling pathway. Ther. Adv. Med. Oncol. 2011, 3, S7–S19. [CrossRef]
[PubMed]

25. Tzouvelekis, A.; Gomatou, G.; Bouros, E.; Trigidou, R.; Tzilas, V.; Bouros, D. Common Pathogenic Mechanisms Between Idiopathic
Pulmonary Fibrosis and Lung Cancer. Chest 2019, 156, 383–391. [CrossRef] [PubMed]

26. Tsoyi, K.; Liang, X.; De Rossi, G.; Ryter, S.W.; Xiong, K.; Chu, S.G.; Liu, X.; Ith, B.; Celada, L.J.; Romero, F.; et al. CD148 Deficiency
in Fibroblasts Promotes the Development of Pulmonary Fibrosis. Am. J. Respir. Crit. Care Med. 2021, 204, 312–325. [CrossRef]
[PubMed]

27. Conte, E.; Gili, E.; Fruciano, M.; Korfei, M.; Fagone, E.; Iemmolo, M.; Lo Furno, D.; Giuffrida, R.; Crimi, N.; Guenther, A.; et al.
PI3K p110gamma overexpression in idiopathic pulmonary fibrosis lung tissue and fibroblast cells: In vitro effects of its inhibition.
Lab. Investig. 2013, 93, 566–576. [CrossRef]

28. Wei, X.; Han, J.; Chen, Z.Z.; Qi, B.W.; Wang, G.C.; Ma, Y.H.; Zheng, H.; Luo, Y.F.; Wei, Y.Q.; Chen, L.J. A phosphoinositide
3-kinase-gamma inhibitor, AS605240 prevents bleomycin-induced pulmonary fibrosis in rats. Biochem. Biophys. Res. Commun.
2010, 397, 311–317. [CrossRef]

29. Kim, K.K.; Sheppard, D.; Chapman, H.A. TGF-β1 Signaling and Tissue Fibrosis. Cold Spring Harb. Perspect. Biol. 2018, 10, a022293.
[CrossRef]

30. Averyanov, A.; Koroleva, I.; Konoplyannikov, M.; Revkova, V.; Lesnyak, V.; Kalsin, V.; Danilevskaya, O.; Nikitin, A.; Sotnikova,
A.; Kotova, S.; et al. First-in-human high-cumulative-dose stem cell therapy in idiopathic pulmonary fibrosis with rapid lung
function decline. Stem Cells Transl. Med. 2020, 9, 6–16. [CrossRef] [PubMed]

31. Periera-Simon, S.; Xia, X.; Catanuto, P.; Coronado, R.; Kurtzberg, J.; Bellio, M.; Lee, Y.S.; Khan, A.; Smith, R.; Elliot, S.J.; et al.
Anti-fibrotic effects of different sources of MSC in bleomycin-induced lung fibrosis in C57BL6 male mice. Respirology 2021, 26,
161–170. [CrossRef] [PubMed]

32. Gnecchi, M.; Danieli, P.; Malpasso, G.; Ciuffreda, M.C. Paracrine Mechanisms of Mesenchymal Stem Cells in Tissue Repair.
Methods Mol. Biol. 2016, 1416, 123–146. [PubMed]

33. Liu, H.; Liu, S.; Qiu, X.; Yang, X.; Bao, L.; Pu, F.; Liu, X.; Li, C.; Xuan, K.; Zhou, J.; et al. Donor MSCs release apoptotic bodies to
improve myocardial infarction via autophagy regulation in recipient cells. Autophagy 2020, 16, 2140–2155. [CrossRef]

34. Barczyk, M.; Schmidt, M.; Mattoli, S. Stem Cell-Based Therapy in Idiopathic Pulmonary Fibrosis. Stem Cell Rev. Rep. 2015, 11,
598–620. [CrossRef] [PubMed]

35. Caplan, A.I.; Dennis, J.E. Mesenchymal stem cells as trophic mediators. J. Cell Biochem. 2006, 98, 1076–1084. [CrossRef] [PubMed]
36. Weng, Z.; Zhang, B.; Wu, C.; Yu, F.; Han, B.; Li, B.; Li, L. Therapeutic roles of mesenchymal stem cell-derived extracellular vesicles

in cancer. J. Hematol. Oncol. 2021, 14, 136. [CrossRef] [PubMed]
37. Liu, H.; Li, R.; Liu, T.; Yang, L.; Yin, G.; Xie, Q. Immunomodulatory Effects of Mesenchymal Stem Cells and Mesenchymal Stem

Cell-Derived Extracellular Vesicles in Rheumatoid Arthritis. Front. Immunol. 2020, 11, 1912. [CrossRef] [PubMed]
38. Vader, P.; Breakefield, X.O.; Wood, M.J. Extracellular vesicles: Emerging targets for cancer therapy. Trends Mol. Med. 2014, 20,

385–393. [CrossRef]
39. Chen, P.; Wang, L.; Fan, X.; Ning, X.; Yu, B.; Ou, C.; Chen, M. Targeted delivery of extracellular vesicles in heart injury. Theranostics

2021, 11, 2263–2277. [CrossRef] [PubMed]
40. Simon, T.; Jackson, E.; Giamas, G. Breaking through the glioblastoma micro-environment via extracellular vesicles. Oncogene 2020,

39, 4477–4490. [CrossRef]
41. Van Niel, G.; D’Angelo, G.; Raposo, G. Shedding light on the cell biology of extracellular vesicles. Nat. Rev. Mol. Cell Biol. 2018,

19, 213–228. [CrossRef] [PubMed]

http://doi.org/10.1136/jmg.2008.057356
http://doi.org/10.1002/jev2.12124
http://doi.org/10.1038/s41419-020-03034-3
http://doi.org/10.1165/rcmb.2019-0071OC
http://www.ncbi.nlm.nih.gov/pubmed/31513752
http://doi.org/10.1164/rccm.202004-1274OC
http://www.ncbi.nlm.nih.gov/pubmed/32991815
http://doi.org/10.1164/rccm.201809-1650OC
http://www.ncbi.nlm.nih.gov/pubmed/30789747
http://doi.org/10.1177/1758834011422556
http://www.ncbi.nlm.nih.gov/pubmed/22128289
http://doi.org/10.1016/j.chest.2019.04.114
http://www.ncbi.nlm.nih.gov/pubmed/31125557
http://doi.org/10.1164/rccm.202008-3100OC
http://www.ncbi.nlm.nih.gov/pubmed/33784491
http://doi.org/10.1038/labinvest.2013.6
http://doi.org/10.1016/j.bbrc.2010.05.109
http://doi.org/10.1101/cshperspect.a022293
http://doi.org/10.1002/sctm.19-0037
http://www.ncbi.nlm.nih.gov/pubmed/31613055
http://doi.org/10.1111/resp.13928
http://www.ncbi.nlm.nih.gov/pubmed/32851725
http://www.ncbi.nlm.nih.gov/pubmed/27236669
http://doi.org/10.1080/15548627.2020.1717128
http://doi.org/10.1007/s12015-015-9587-7
http://www.ncbi.nlm.nih.gov/pubmed/25896401
http://doi.org/10.1002/jcb.20886
http://www.ncbi.nlm.nih.gov/pubmed/16619257
http://doi.org/10.1186/s13045-021-01141-y
http://www.ncbi.nlm.nih.gov/pubmed/34479611
http://doi.org/10.3389/fimmu.2020.01912
http://www.ncbi.nlm.nih.gov/pubmed/32973792
http://doi.org/10.1016/j.molmed.2014.03.002
http://doi.org/10.7150/thno.51571
http://www.ncbi.nlm.nih.gov/pubmed/33500724
http://doi.org/10.1038/s41388-020-1308-2
http://doi.org/10.1038/nrm.2017.125
http://www.ncbi.nlm.nih.gov/pubmed/29339798


Cells 2022, 11, 2322 17 of 22

42. Xu, R.; Greening, D.W.; Zhu, H.J.; Takahashi, N.; Simpson, R.J. Extracellular vesicle isolation and characterization: Toward clinical
application. J. Clin. Investig. 2016, 126, 1152–1162. [CrossRef] [PubMed]

43. Thery, C.; Witwer, K.W.; Aikawa, E.; Alcaraz, M.J.; Anderson, J.D.; Andriantsitohaina, R.; Antoniou, A.; Arab, T.; Archer, F.;
Atkin-Smith, G.K.; et al. Minimal information for studies of extracellular vesicles 2018 (MISEV2018): A position statement of the
International Society for Extracellular Vesicles and update of the MISEV2014 guidelines. J. Extracell. Vesicles 2018, 7, 1535750.
[CrossRef] [PubMed]

44. Crivelli, B.; Chlapanidas, T.; Perteghella, S.; Lucarelli, E.; Pascucci, L.; Brini, A.T.; Ferrero, I.; Marazzi, M.; Pessina, A.; Torre,
M.L.; et al. Mesenchymal stem/stromal cell extracellular vesicles: From active principle to next generation drug delivery system.
J. Control. Release 2017, 262, 104–117. [CrossRef] [PubMed]

45. Al-Nedawi, K.; Meehan, B.; Micallef, J.; Lhotak, V.; May, L.; Guha, A.; Rak, J. Intercellular transfer of the oncogenic receptor
EGFRvIII by microvesicles derived from tumour cells. Nat. Cell Biol. 2008, 10, 619–624. [CrossRef] [PubMed]

46. Luzio, J.P.; Pryor, P.R.; Bright, N.A. Lysosomes: Fusion and function. Nat. Rev. Mol. Cell Biol. 2007, 8, 622–632. [CrossRef]
47. Henderson, N.C.; Rieder, F.; Wynn, T.A. Fibrosis: From mechanisms to medicines. Nature 2020, 587, 555–566. [CrossRef]
48. Parra, E.R.; Kairalla, R.A.; Ribeiro de Carvalho, C.R.; Eher, E.; Capelozzi, V.L. Inflammatory Cell Phenotyping of the Pulmonary

Interstitium in Idiopathic Interstitial Pneumonia. Respiration 2007, 74, 159–169. [CrossRef]
49. Kapanci, Y.; Desmoulière, A.; Pache, J.C.; Redard, M.; Gabbiani, G. Cytoskeletal protein modulation in pulmonary alveolar

myofibroblasts during idiopathic pulmonary fibrosis. Possible role of transforming growth factor beta and tumor necrosis factor
alpha. Am. J. Respir. Crit. Care Med. 1995, 152, 2163–2169. [CrossRef]

50. Carré, P.C.; Mortenson, R.L.; King, T.E.; Noble, P.W.; Sable, C.L.; Riches, D.W. Increased expression of the interleukin-8 gene by
alveolar macrophages in idiopathic pulmonary fibrosis. A potential mechanism for the recruitment and activation of neutrophils
in lung fibrosis. J. Clin. Investig. 1991, 88, 1802–1810. [CrossRef]

51. Shaykhiev, R.; Otaki, F.; Bonsu, P.; Dang, D.T.; Teater, M.; Strulovici-Barel, Y.; Salit, J.; Harvey, B.G.; Crystal, R.G. Cigarette smoking
reprograms apical junctional complex molecular architecture in the human airway epithelium in vivo. Cell Mol. Life Sci. 2011, 68,
877–892. [CrossRef]

52. Barkauskas, C.E.; Cronce, M.J.; Rackley, C.R.; Bowie, E.J.; Keene, D.R.; Stripp, B.R.; Randell, S.H.; Noble, P.W.; Hogan, B.L. Type 2
alveolar cells are stem cells in adult lung. J. Clin. Investig. 2013, 123, 3025–3036. [CrossRef] [PubMed]

53. Murray, L.A.; Chen, Q.; Kramer, M.S.; Hesson, D.P.; Argentieri, R.L.; Peng, X.; Gulati, M.; Homer, R.J.; Russell, T.; van Rooijen,
N.; et al. TGF-beta driven lung fibrosis is macrophage dependent and blocked by Serum amyloid P. Int. J. Biochem. Cell Biol. 2011,
43, 154–162. [CrossRef] [PubMed]

54. Khalil, N.; Parekh, T.V.; O’Connor, R.N.; Gold, L.I. Differential expression of transforming growth factor-beta type I and II
receptors by pulmonary cells in bleomycin-induced lung injury: Correlation with repair and fibrosis. Exp. Lung Res. 2002, 28,
233–250. [CrossRef] [PubMed]

55. Demayo, F.; Minoo, P.; Plopper, C.G.; Schuger, L.; Shannon, J.; Torday, J.S. Mesenchymal-epithelial interactions in lung develop-
ment and repair: Are modeling and remodeling the same process? Am. J. Physiol. Lung Cell Mol. Physiol. 2002, 283, L510–L517.
[CrossRef] [PubMed]

56. Maniatis, N.A.; Orfanos, S.E. The endothelium in acute lung injury/acute respiratory distress syndrome. Curr. Opin. Crit. Care
2008, 14, 22–30. [CrossRef] [PubMed]

57. Noth, I.; Zhang, Y.; Ma, S.-F.; Flores, C.; Barber, M.; Huang, Y.; Broderick, S.M.; Wade, M.S.; Hysi, P.; Scuirba, J.; et al. Genetic
variants associated with idiopathic pulmonary fibrosis susceptibility and mortality: A genome-wide association study. Lancet
Respir. Med. 2013, 1, 309–317. [CrossRef]

58. Kondoh, Y.; Taniguchi, H.; Yokoi, T.; Nishiyama, O.; Ohishi, T.; Kato, T.; Suzuki, K.; Suzuki, R. Cyclophosphamide and low-dose
prednisolone in idiopathic pulmonary fibrosis and fibrosing nonspecific interstitial pneumonia. Eur. Respir. J. 2005, 25, 528–533.
[CrossRef]

59. Lee, S.H.; Park, M.S.; Kim, S.Y.; Kim, D.S.; Kim, Y.W.; Chung, M.P.; Uh, S.T.; Park, C.S.; Park, S.W.; Jeong, S.H.; et al. Factors
affecting treatment outcome in patients with idiopathic nonspecific interstitial pneumonia: A nationwide cohort study. Respir.
Res. 2017, 18, 204. [CrossRef] [PubMed]

60. Raghu, G. Idiopathic pulmonary fibrosis: Lessons from clinical trials over the past 25 years. Eur. Respir. J. 2017, 50, 1701209.
[CrossRef]

61. Raghu, G.; Brown, K.K.; Costabel, U.; Cottin, V.; du Bois, R.M.; Lasky, J.A.; Thomeer, M.; Utz, J.P.; Khandker, R.K.; McDermott,
L.; et al. Treatment of idiopathic pulmonary fibrosis with etanercept: An exploratory, placebo-controlled trial. Am. J. Respir. Crit.
Care Med. 2008, 178, 948–955. [CrossRef] [PubMed]

62. Martinez, F.J.; de Andrade, J.A.; Anstrom, K.J.; King, T.E., Jr.; Raghu, G. Randomized trial of acetylcysteine in idiopathic
pulmonary fibrosis. N. Engl. J. Med. 2014, 370, 2093–2101. [CrossRef] [PubMed]

63. Parker, J.M.; Glaspole, I.N.; Lancaster, L.H.; Haddad, T.J.; She, D.; Roseti, S.L.; Fiening, J.P.; Grant, E.P.; Kell, C.M.; Flaherty, K.R. A
Phase 2 Randomized Controlled Study of Tralokinumab in Subjects with Idiopathic Pulmonary Fibrosis. Am. J. Respir. Crit. Care
Med. 2018, 197, 94–103. [CrossRef]

64. Swigris, J.O.T.; Scholand, M.; Glaspole, I.; Maher, T.; Kardatzke, D.; Kaminski, J.; Castro, M.; Owens, R.; Neighbors, M.; Belloni, P.
The RIFF study (cohort a): A phase II, randomized, double-blind, placebo-controlled trial of lebrikizumab as monotherapy in
patients with idiopathic pulmonary fibrosis. Am. J. Respir. Crit. Care Med. 2018, 197, A166.

http://doi.org/10.1172/JCI81129
http://www.ncbi.nlm.nih.gov/pubmed/27035807
http://doi.org/10.1080/20013078.2018.1535750
http://www.ncbi.nlm.nih.gov/pubmed/30637094
http://doi.org/10.1016/j.jconrel.2017.07.023
http://www.ncbi.nlm.nih.gov/pubmed/28736264
http://doi.org/10.1038/ncb1725
http://www.ncbi.nlm.nih.gov/pubmed/18425114
http://doi.org/10.1038/nrm2217
http://doi.org/10.1038/s41586-020-2938-9
http://doi.org/10.1159/000097133
http://doi.org/10.1164/ajrccm.152.6.8520791
http://doi.org/10.1172/JCI115501
http://doi.org/10.1007/s00018-010-0500-x
http://doi.org/10.1172/JCI68782
http://www.ncbi.nlm.nih.gov/pubmed/23921127
http://doi.org/10.1016/j.biocel.2010.10.013
http://www.ncbi.nlm.nih.gov/pubmed/21044893
http://doi.org/10.1080/019021402753570527
http://www.ncbi.nlm.nih.gov/pubmed/11936776
http://doi.org/10.1152/ajplung.00144.2002
http://www.ncbi.nlm.nih.gov/pubmed/12169568
http://doi.org/10.1097/MCC.0b013e3282f269b9
http://www.ncbi.nlm.nih.gov/pubmed/18195622
http://doi.org/10.1016/S2213-2600(13)70045-6
http://doi.org/10.1183/09031936.05.00071004
http://doi.org/10.1186/s12931-017-0686-7
http://www.ncbi.nlm.nih.gov/pubmed/29212510
http://doi.org/10.1183/13993003.01209-2017
http://doi.org/10.1164/rccm.200709-1446OC
http://www.ncbi.nlm.nih.gov/pubmed/18669816
http://doi.org/10.1056/NEJMoa1401739
http://www.ncbi.nlm.nih.gov/pubmed/24836309
http://doi.org/10.1164/rccm.201704-0784OC


Cells 2022, 11, 2322 18 of 22

65. Wijsenbeek, M.S.; Kool, M.; Cottin, V. Targeting interleukin-13 in idiopathic pulmonary fibrosis: From promising path to dead
end. Eur. Respir. J. 2018, 52, 1802111. [CrossRef] [PubMed]

66. Wang, Y.; Kuai, Q.; Gao, F.; Wang, Y.; He, M.; Zhou, H.; Han, G.; Jiang, X.; Ren, S.; Yu, Q. Overexpression of TIM-3 in Macrophages
Aggravates Pathogenesis of Pulmonary Fibrosis in Mice. Am. J. Respir. Cell Mol. Biol. 2019, 61, 727–736. [CrossRef] [PubMed]

67. Gordon, S. Alternative activation of macrophages. Nat. Rev. Immunol. 2003, 3, 23–35. [CrossRef] [PubMed]
68. Wynn, T.A.; Chawla, A.; Pollard, J.W. Macrophage biology in development, homeostasis and disease. Nature 2013, 496, 445–455.

[CrossRef]
69. Gordon, S.; Martinez, F.O. Alternative activation of macrophages: Mechanism and functions. Immunity 2010, 32, 593–604.

[CrossRef] [PubMed]
70. Mills, C.D. M1 and M2 Macrophages: Oracles of Health and Disease. Crit. Rev. Immunol. 2012, 32, 463–488. [CrossRef]
71. Duru, N.; Wolfson, B.; Zhou, Q. Mechanisms of the alternative activation of macrophages and non-coding RNAs in the

development of radiation-induced lung fibrosis. World J. Biol. Chem. 2016, 7, 231–239. [CrossRef]
72. Murray, P.J. Macrophage Polarization. Annu. Rev. Physiol. 2017, 79, 541–566. [CrossRef] [PubMed]
73. Chenivesse, C.; Tsicopoulos, A. CCL18—Beyond chemotaxis. Cytokine 2018, 109, 52–56. [CrossRef] [PubMed]
74. Lech, M.; Anders, H.J. Macrophages and fibrosis: How resident and infiltrating mononuclear phagocytes orchestrate all phases of

tissue injury and repair. Biochim. Biophys. Acta 2013, 1832, 989–997. [CrossRef]
75. Marchal-Sommé, J.; Uzunhan, Y.; Marchand-Adam, S.; Valeyre, D.; Soumelis, V.; Crestani, B.; Soler, P. Cutting edge: Nonprolifer-

ating mature immune cells form a novel type of organized lymphoid structure in idiopathic pulmonary fibrosis. J. Immunol. 2006,
176, 5735–5739. [CrossRef] [PubMed]

76. Nuovo, G.J.; Hagood, J.S.; Magro, C.M.; Chin, N.; Kapil, R.; Davis, L.; Marsh, C.B.; Folcik, V.A. The distribution of immunomodu-
latory cells in the lungs of patients with idiopathic pulmonary fibrosis. Mod. Pathol. 2011, 25, 416–433. [CrossRef] [PubMed]

77. Todd, N.W.; Scheraga, R.G.; Galvin, J.R.; Iacono, A.T.; Britt, E.J.; Luzina, I.G.; Burke, A.P.; Atamas, S.P. Lymphocyte aggregates
persist and accumulate in the lungs of patients with idiopathic pulmonary fibrosis. J. Inflamm. Res. 2013, 6, 63–70. [CrossRef]
[PubMed]

78. Papiris, S.A.; Kollintza, A.; Kitsanta, P.; Kapotsis, G.; Karatza, M.; Milic-Emili, J.; Roussos, C.; Daniil, Z. Relationship of BAL
and lung tissue CD4+ and CD8+ T lymphocytes, and their ratio in idiopathic pulmonary fibrosis. Chest 2005, 128, 2971–2977.
[CrossRef]

79. Schrier, D.J.; Phan, S.H.; McGarry, B.M. The effects of the nude (nu/nu) mutation on bleomycin-induced pulmonary fibrosis.
A biochemical evaluation. Am. Rev. Respir. Dis. 1983, 127, 614–617. [CrossRef] [PubMed]

80. Sandler, N.G.; Mentink-Kane, M.M.; Cheever, A.W.; Wynn, T.A. Global gene expression profiles during acute pathogen-induced
pulmonary inflammation reveal divergent roles for Th1 and Th2 responses in tissue repair. J. Immunol. 2003, 171, 3655–3667.
[CrossRef]

81. Shao, D.D.; Suresh, R.; Vakil, V.; Gomer, R.H.; Pilling, D. Pivotal Advance: Th-1 cytokines inhibit, and Th-2 cytokines promote
fibrocyte differentiation. J. Leukoc. Biol. 2008, 83, 1323–1333. [CrossRef] [PubMed]

82. Wynn, T.A. Fibrotic disease and the T(H)1/T(H)2 paradigm. Nat. Rev. Immunol. 2004, 4, 583–594. [CrossRef] [PubMed]
83. Walker, J.A.; McKenzie, A.N.J. TH2 cell development and.d function. Nat. Rev. Immunol. 2018, 18, 121–133. [CrossRef] [PubMed]
84. King, T.E.; Albera, C.; Bradford, W.Z.; Costabel, U.; Hormel, P.; Lancaster, L.; Noble, P.W.; Sahn, S.A.; Szwarcberg, J.; Thomeer,

M.; et al. Effect of interferon gamma-1b on survival in patients with idiopathic pulmonary fibrosis (INSPIRE): A multicentre,
randomised, placebo-controlled trial. Lancet 2009, 374, 222–228. [CrossRef]

85. Hashimoto-Kataoka, T.; Hosen, N.; Sonobe, T.; Arita, Y.; Yasui, T.; Masaki, T.; Minami, M.; Inagaki, T.; Miyagawa, S.; Sawa, Y.; et al.
Interleukin-6/interleukin-21 signaling axis is critical in the pathogenesis of pulmonary arterial hypertension. Proc. Natl. Acad. Sci.
USA 2015, 112, E2677–E2686. [CrossRef]

86. Niu, W.; Xu, Y.; Zha, X.; Zeng, J.; Qiao, S.; Yang, S.; Zhang, H.; Tan, L.; Sun, L.; Pang, G.; et al. IL-21/IL-21R Signaling Aggravated
Respiratory Inflammation Induced by Intracellular Bacteria through Regulation of CD4(+) T Cell Subset Responses. J. Immunol.
2021, 206, 1586–1596. [CrossRef]

87. Chen, J.; Zhang, X.; Xie, J.; Xue, M.; Liu, L.; Yang, Y.; Qiu, H. Overexpression of TGFβ1 in murine mesenchymal stem cells
improves lung inflammation by impacting the Th17/Treg balance in LPS-induced ARDS mice. Stem Cell Res. Ther. 2020, 11, 311.
[CrossRef]

88. Dong, Z.; Lu, X.; Yang, Y.; Zhang, T.; Li, Y.; Chai, Y.; Lei, W.; Li, C.; Ai, L.; Tai, W. IL-27 alleviates the bleomycin-induced pulmonary
fibrosis by regulating the Th17 cell differentiation. BMC Pulm. Med. 2015, 15, 13. [CrossRef]

89. Galati, D.; De Martino, M.; Trotta, A.; Rea, G.; Bruzzese, D.; Cicchitto, G.; Stanziola, A.A.; Napolitano, M.; Sanduzzi, A.; Bocchino,
M. Peripheral depletion of NK cells and imbalance of the Treg/Th17 axis in idiopathic pulmonary fibrosis patients. Cytokine 2014,
66, 119–126. [CrossRef]

90. Boveda-Ruiz, D.; D’Alessandro-Gabazza, C.N.; Toda, M.; Takagi, T.; Naito, M.; Matsushima, Y.; Matsumoto, T.; Kobayashi, T.;
Gil-Bernabe, P.; Chelakkot-Govindalayathil, A.L.; et al. Differential role of regulatory T cells in early and late stages of pulmonary
fibrosis. Immunobiology 2013, 218, 245–254. [CrossRef]

91. Kotsianidis, I.; Nakou, E.; Bouchliou, I.; Tzouvelekis, A.; Spanoudakis, E.; Steiropoulos, P.; Sotiriou, I.; Aidinis, V.; Margaritis, D.;
Tsatalas, C.; et al. Global impairment of CD4+CD25+FOXP3+ regulatory T cells in idiopathic pulmonary fibrosis. Am. J. Respir.
Crit. Care Med. 2009, 179, 1121–1130. [CrossRef]

http://doi.org/10.1183/13993003.02111-2018
http://www.ncbi.nlm.nih.gov/pubmed/30545962
http://doi.org/10.1165/rcmb.2019-0070OC
http://www.ncbi.nlm.nih.gov/pubmed/31162951
http://doi.org/10.1038/nri978
http://www.ncbi.nlm.nih.gov/pubmed/12511873
http://doi.org/10.1038/nature12034
http://doi.org/10.1016/j.immuni.2010.05.007
http://www.ncbi.nlm.nih.gov/pubmed/20510870
http://doi.org/10.1615/CritRevImmunol.v32.i6.10
http://doi.org/10.4331/wjbc.v7.i4.231
http://doi.org/10.1146/annurev-physiol-022516-034339
http://www.ncbi.nlm.nih.gov/pubmed/27813830
http://doi.org/10.1016/j.cyto.2018.01.023
http://www.ncbi.nlm.nih.gov/pubmed/29402725
http://doi.org/10.1016/j.bbadis.2012.12.001
http://doi.org/10.4049/jimmunol.176.10.5735
http://www.ncbi.nlm.nih.gov/pubmed/16670278
http://doi.org/10.1038/modpathol.2011.166
http://www.ncbi.nlm.nih.gov/pubmed/22037258
http://doi.org/10.2147/JIR.S40673
http://www.ncbi.nlm.nih.gov/pubmed/23576879
http://doi.org/10.1016/S0012-3692(15)52722-0
http://doi.org/10.1164/arrd.1983.127.5.614
http://www.ncbi.nlm.nih.gov/pubmed/6189434
http://doi.org/10.4049/jimmunol.171.7.3655
http://doi.org/10.1189/jlb.1107782
http://www.ncbi.nlm.nih.gov/pubmed/18332234
http://doi.org/10.1038/nri1412
http://www.ncbi.nlm.nih.gov/pubmed/15286725
http://doi.org/10.1038/nri.2017.118
http://www.ncbi.nlm.nih.gov/pubmed/29082915
http://doi.org/10.1016/S0140-6736(09)60551-1
http://doi.org/10.1073/pnas.1424774112
http://doi.org/10.4049/jimmunol.2001107
http://doi.org/10.1186/s13287-020-01826-0
http://doi.org/10.1186/s12890-015-0012-4
http://doi.org/10.1016/j.cyto.2013.12.003
http://doi.org/10.1016/j.imbio.2012.05.020
http://doi.org/10.1164/rccm.200812-1936OC


Cells 2022, 11, 2322 19 of 22

92. Chakraborty, K.; Chatterjee, S.; Bhattacharyya, A. Impact of Treg on other T cell subsets in progression of fibrosis in experimental
lung fibrosis. Tissue Cell 2018, 53, 87–92. [CrossRef] [PubMed]

93. Garibaldi, B.T.; D’Alessio, F.R.; Mock, J.R.; Files, D.C.; Chau, E.; Eto, Y.; Drummond, M.B.; Aggarwal, N.R.; Sidhaye, V.; King, L.S.
Regulatory T cells reduce acute lung injury fibroproliferation by decreasing fibrocyte recruitment. Am. J. Respir. Cell Mol. Biol.
2013, 48, 35–43. [CrossRef] [PubMed]

94. Xiong, S.; Pan, X.; Xu, L.; Yang, Z.; Guo, R.; Gu, Y.; Li, R.; Wang, Q.; Xiao, F.; Du, L.; et al. Regulatory T Cells Promote
beta-Catenin–Mediated Epithelium-to-Mesenchyme Transition During Radiation-Induced Pulmonary Fibrosis. Int. J. Radiat.
Oncol. Biol. Phys. 2015, 93, 425–435. [CrossRef] [PubMed]

95. Zhang, J.H.; Deng, J.H.; Yao, X.L.; Wang, J.L.; Xiao, J.H. CD4(+)CD25(+) Tregs as dependent factor in the course of bleomycin-
induced pulmonary fibrosis in mice. Exp. Cell Res. 2020, 386, 111700. [CrossRef]

96. Schiller, H.B.; Mayr, C.H.; Leuschner, G.; Strunz, M.; Staab-Weijnitz, C.; Preisendörfer, S.; Eckes, B.; Moinzadeh, P.; Krieg, T.;
Schwartz, D.A.; et al. Deep Proteome Profiling Reveals Common Prevalence of MZB1-Positive Plasma B Cells in Human Lung
and Skin Fibrosis. Am. J. Respir. Crit. Care Med. 2017, 196, 1298–1310. [CrossRef] [PubMed]

97. Vuga, L.J.; Tedrow, J.R.; Pandit, K.V.; Tan, J.; Kass, D.J.; Xue, J.; Chandra, D.; Leader, J.K.; Gibson, K.F.; Kaminski, N.; et al. C-X-C
motif chemokine 13 (CXCL13) is a prognostic biomarker of idiopathic pulmonary fibrosis. Am. J. Respir. Crit. Care Med. 2014, 189,
966–974. [CrossRef] [PubMed]

98. Menon, M.; Hussell, T.; Ali Shuwa, H. Regulatory B cells in respiratory health and diseases. Immunol. Rev. 2021, 299, 61–73.
[CrossRef]

99. Lu, Y.; Liu, F.; Li, C.; Chen, Y.; Weng, D.; Chen, J. IL-10-Producing B Cells Suppress Effector T Cells Activation and Promote
Regulatory T Cells in Crystalline Silica-Induced Inflammatory Response in vitro. Mediat. Inflamm. 2017, 2017, 8415094. [CrossRef]
[PubMed]

100. Magro, C.M.; Waldman, W.J.; Knight, D.A.; Allen, J.N.; Nadasdy, T.; Frambach, G.E.; Ross, P.; Marsh, C.B. Idiopathic pulmonary
fibrosis related to endothelial injury and antiendothelial cell antibodies. Hum. Immunol. 2006, 67, 284–297. [CrossRef] [PubMed]

101. Cargnoni, A.; Romele, P.; Bonassi Signoroni, P.; Farigu, S.; Magatti, M.; Vertua, E.; Toschi, I.; Cesari, V.; Silini, A.R.; Stefani,
F.R.; et al. Amniotic MSCs reduce pulmonary fibrosis by hampering lung B-cell recruitment, retention, and maturation. Stem Cells
Transl. Med. 2020, 9, 1023–1035. [CrossRef] [PubMed]

102. Ueha, S.; Shand, F.H.; Matsushima, K. Cellular and molecular mechanisms of chronic inflammation-associated organ fibrosis.
Front. Immunol. 2012, 3, 71. [CrossRef] [PubMed]

103. King, T.E.; Pardo, A.; Selman, M. Idiopathic pulmonary fibrosis. Lancet 2011, 378, 1949–1961. [CrossRef]
104. Philp, C.J.; Siebeke, I.; Clements, D.; Miller, S.; Habgood, A.; John, A.E.; Navaratnam, V.; Hubbard, R.B.; Jenkins, G.; Johnson, S.R.

Extracellular Matrix Cross-Linking Enhances Fibroblast Growth and Protects against Matrix Proteolysis in Lung Fibrosis. Am. J.
Respir. Cell Mol. Biol. 2018, 58, 594–603. [CrossRef] [PubMed]

105. Barkauskas, C.E.; Noble, P.W. Cellular mechanisms of tissue fibrosis. 7. New insights into the cellular mechanisms of pulmonary
fibrosis. Am. J. Physiol. Cell Physiol. 2014, 306, C987–C996. [CrossRef]

106. Andersson-Sjöland, A.; de Alba, C.G.; Nihlberg, K.; Becerril, C.; Ramírez, R.; Pardo, A.; Westergren-Thorsson, G.; Selman, M.
Fibrocytes are a potential source of lung fibroblasts in idiopathic pulmonary fibrosis. Int. J. Biochem. Cell Biol. 2008, 40, 2129–2140.
[CrossRef]

107. Maharaj, S.S.; Baroke, E.; Gauldie, J.; Kolb, M.R. Fibrocytes in chronic lung disease–facts and controversies. Pulm. Pharmacol. Ther.
2012, 25, 263–267. [CrossRef] [PubMed]

108. Mansouri, N.; Willis, G.R.; Fernandez-Gonzalez, A.; Reis, M.; Nassiri, S.; Mitsialis, S.A.; Kourembanas, S. Mesenchymal stromal
cell exosomes prevent and revert experimental pulmonary fibrosis through modulation of monocyte phenotypes. JCI Insight 2019,
4, e128060. [CrossRef] [PubMed]

109. Li, T.; Yan, Y.; Wang, B.; Qian, H.; Zhang, X.; Shen, L.; Wang, M.; Zhou, Y.; Zhu, W.; Li, W.; et al. Exosomes derived from human
umbilical cord mesenchymal stem cells alleviate liver fibrosis. Stem Cells Dev. 2013, 22, 845–854. [CrossRef]

110. Liu, L.; Wu, Y.; Wang, P.; Shi, M.; Wang, J.; Ma, H.; Sun, D. PSC-MSC-Derived Exosomes Protect against Kidney Fibrosis In Vivo
and In Vitro through the SIRT6/beta-Catenin Signaling Pathway. Int. J. Stem Cells 2021, 14, 310–319. [CrossRef]

111. Tikhomirov, R.; Donnell, B.R.; Catapano, F.; Faggian, G.; Gorelik, J.; Martelli, F.; Emanueli, C. Exosomes: From Potential Culprits
to New Therapeutic Promise in the Setting of Cardiac Fibrosis. Cells 2020, 9, 592. [CrossRef]

112. Wang, X.; Bai, L.; Liu, X.; Shen, W.; Tian, H.; Liu, W.; Yu, B. Cardiac microvascular functions improved by MSC-derived exosomes
attenuate cardiac fibrosis after ischemia-reperfusion via PDGFR-beta modulation. Int. J. Cardiol. 2021, 344, 13–24. [CrossRef]

113. Li, M.; Zhang, H.P.; Wang, X.Y.; Chen, Z.G.; Lin, X.F.; Zhu, W. Mesenchymal Stem Cell-Derived Exosomes Ameliorate Dermal
Fibrosis in a Murine Model of Bleomycin-Induced Scleroderma. Stem Cells Dev. 2021, 30, 981–990. [CrossRef] [PubMed]

114. Immune Modulation by Exosomes in COVID-19 (IMECOV19). 2022. Available online: https://www.clinicaltrials.gov/ct2/show/
NCT05191381?term=exosome&cond=Lung+Fibrosis&draw=2&rank=1 (accessed on 21 July 2022).

115. Farhat, W.; Hasan, A.; Lucia, L.; Becquart, F.; Ayoub, A.; Kobeissy, F. Hydrogels for Advanced Stem Cell Therapies: A Biomimetic
Materials Approach for Enhancing Natural Tissue Function. IEEE Rev. Biomed. Eng. 2019, 12, 333–351. [CrossRef] [PubMed]

116. Willis, G.R.; Fernandez-Gonzalez, A.; Anastas, J.; Vitali, S.H.; Liu, X.; Ericsson, M.; Kwong, A.; Mitsialis, S.A.; Kourembanas,
S. Mesenchymal Stromal Cell Exosomes Ameliorate Experimental Bronchopulmonary Dysplasia and Restore Lung Function
through Macrophage Immunomodulation. Am. J. Respir. Crit. Care Med. 2018, 197, 104–116. [CrossRef] [PubMed]

http://doi.org/10.1016/j.tice.2018.06.003
http://www.ncbi.nlm.nih.gov/pubmed/30060832
http://doi.org/10.1165/rcmb.2012-0198OC
http://www.ncbi.nlm.nih.gov/pubmed/23002097
http://doi.org/10.1016/j.ijrobp.2015.05.043
http://www.ncbi.nlm.nih.gov/pubmed/26253394
http://doi.org/10.1016/j.yexcr.2019.111700
http://doi.org/10.1164/rccm.201611-2263OC
http://www.ncbi.nlm.nih.gov/pubmed/28654764
http://doi.org/10.1164/rccm.201309-1592OC
http://www.ncbi.nlm.nih.gov/pubmed/24628285
http://doi.org/10.1111/imr.12941
http://doi.org/10.1155/2017/8415094
http://www.ncbi.nlm.nih.gov/pubmed/28831210
http://doi.org/10.1016/j.humimm.2006.02.026
http://www.ncbi.nlm.nih.gov/pubmed/16720208
http://doi.org/10.1002/sctm.20-0068
http://www.ncbi.nlm.nih.gov/pubmed/32452646
http://doi.org/10.3389/fimmu.2012.00071
http://www.ncbi.nlm.nih.gov/pubmed/22566952
http://doi.org/10.1016/S0140-6736(11)60052-4
http://doi.org/10.1165/rcmb.2016-0379OC
http://www.ncbi.nlm.nih.gov/pubmed/29053339
http://doi.org/10.1152/ajpcell.00321.2013
http://doi.org/10.1016/j.biocel.2008.02.012
http://doi.org/10.1016/j.pupt.2011.09.002
http://www.ncbi.nlm.nih.gov/pubmed/21951688
http://doi.org/10.1172/jci.insight.128060
http://www.ncbi.nlm.nih.gov/pubmed/31581150
http://doi.org/10.1089/scd.2012.0395
http://doi.org/10.15283/ijsc20184
http://doi.org/10.3390/cells9030592
http://doi.org/10.1016/j.ijcard.2021.09.017
http://doi.org/10.1089/scd.2021.0112
http://www.ncbi.nlm.nih.gov/pubmed/34428952
https://www.clinicaltrials.gov/ct2/show/NCT05191381?term=exosome&cond=Lung+Fibrosis&draw=2&rank=1
https://www.clinicaltrials.gov/ct2/show/NCT05191381?term=exosome&cond=Lung+Fibrosis&draw=2&rank=1
http://doi.org/10.1109/RBME.2018.2824335
http://www.ncbi.nlm.nih.gov/pubmed/29993840
http://doi.org/10.1164/rccm.201705-0925OC
http://www.ncbi.nlm.nih.gov/pubmed/28853608


Cells 2022, 11, 2322 20 of 22

117. Tan, J.L.; Lau, S.N.; Leaw, B.; Nguyen, H.P.T.; Salamonsen, L.A.; Saad, M.I.; Chan, S.T.; Zhu, D.; Krause, M.; Kim, C.; et al. Amnion
Epithelial Cell-Derived Exosomes Restrict Lung Injury and Enhance Endogenous Lung Repair. Stem Cells Transl. Med. 2018, 7,
180–196. [CrossRef] [PubMed]

118. O’Dwyer, D.N.; Armstrong, M.E.; Trujillo, G.; Cooke, G.; Keane, M.P.; Fallon, P.G.; Simpson, A.J.; Millar, A.B.; McGrath, E.E.;
Whyte, M.K.; et al. The Toll-like receptor 3 L412F polymorphism and disease progression in idiopathic pulmonary fibrosis. Am. J.
Respir. Crit. Care Med. 2013, 188, 1442–1450. [CrossRef] [PubMed]

119. Whyte, M.; Hubbard, R.; Meliconi, R.; Whidborne, M.; Eaton, V.; Bingle, C.; Timms, J.; Duff, G.; Facchini, A.; Pacilli, A.; et al.
Increased risk of fibrosing alveolitis associated with interleukin-1 receptor antagonist and tumor necrosis factor-alpha gene
polymorphisms. Am. J. Respir. Crit. Care Med. 2000, 162 Pt 1, 755–758. [CrossRef] [PubMed]

120. Korthagen, N.M.; van Moorsel, C.H.; Kazemier, K.M.; Ruven, H.J.; Grutters, J.C. IL1RN genetic variations and risk of IPF: A
meta-analysis and mRNA expression study. Immunogenetics 2012, 64, 371–377. [CrossRef] [PubMed]

121. Shentu, T.P.; Huang, T.S.; Cernelc-Kohan, M.; Chan, J.; Wong, S.S.; Espinoza, C.R.; Tan, C.; Gramaglia, I.; van der Heyde, H.; Chien,
S.; et al. Thy-1 dependent uptake of mesenchymal stem cell-derived extracellular vesicles blocks myofibroblastic differentiation.
Sci. Rep. 2017, 7, 18052. [CrossRef]

122. Wolters, P.J.; Collard, H.R.; Jones, K.D. Pathogenesis of idiopathic pulmonary fibrosis. Annu. Rev. Pathol. 2014, 9, 157–179.
[CrossRef] [PubMed]

123. Collard, H.R.; Moore, B.B.; Flaherty, K.R.; Brown, K.K.; Kaner, R.J.; King, T.E.; Lasky, J.A.; Loyd, J.E.; Noth, I.; Olman, M.A.; et al.
Acute exacerbations of idiopathic pulmonary fibrosis. Am. J. Respir. Crit. Care Med. 2007, 176, 636–643. [CrossRef]

124. Dinh, P.C.; Paudel, D.; Brochu, H.; Popowski, K.D.; Gracieux, M.C.; Cores, J.; Huang, K.; Hensley, M.T.; Harrell, E.; Vandergriff,
A.C.; et al. Inhalation of lung spheroid cell secretome and exosomes promotes lung repair in pulmonary fibrosis. Nat. Commun.
2020, 11, 1064. [CrossRef] [PubMed]

125. Wan, X.; Chen, S.; Fang, Y.; Zuo, W.; Cui, J.; Xie, S. Mesenchymal stem cell-derived extracellular vesicles suppress the fibroblast
proliferation by downregulating FZD6 expression in fibroblasts via micrRNA-29b-3p in idiopathic pulmonary fibrosis. J. Cell
Physiol. 2020, 235, 8613–8625. [CrossRef] [PubMed]

126. Sun, L.; Zhu, M.; Feng, W.; Lin, Y.; Yin, J.; Jin, J.; Wang, Y. Exosomal miRNA Let-7 from Menstrual Blood-Derived Endometrial
Stem Cells Alleviates Pulmonary Fibrosis through Regulating Mitochondrial DNA Damage. Oxidative Med. Cell. Longev. 2019,
2019, 4506303. [CrossRef] [PubMed]

127. Kusuma, G.D.; Li, A.; Zhu, D.; McDonald, H.; Inocencio, I.M.; Chambers, D.C.; Sinclair, K.; Fang, H.; Greening, D.W.; Frith,
J.E.; et al. Effect of 2D and 3D Culture Microenvironments on Mesenchymal Stem Cell-Derived Extracellular Vesicles Potencies.
Front. Cell Dev. Biol. 2022, 10, 819726. [CrossRef]

128. Choi, M.; Ban, T.; Rhim, T. Therapeutic use of stem cell transplantation for cell replacement or cytoprotective effect of microvesicle
released from mesenchymal stem cell. Mol. Cells 2014, 37, 133–139. [CrossRef]

129. Bandeira, E.; Oliveira, H.; Silva, J.D.; Menna-Barreto, R.F.S.; Takyia, C.M.; Suk, J.S.; Witwer, K.W.; Paulaitis, M.E.; Hanes, J.;
Rocco, P.R.M.; et al. Therapeutic effects of adipose-tissue-derived mesenchymal stromal cells and their extracellular vesicles in
experimental silicosis. Respir. Res. 2018, 19, 104. [CrossRef]

130. Yang, J.; Hu, H.; Zhang, S.; Jiang, L.; Cheng, Y.; Xie, H.; Wang, X.; Jiang, J.; Wang, H.; Zhang, Q. Human umbilical cord
mesenchymal stem cell-derived exosomes alleviate pulmonary fibrosis in mice by inhibiting epithelial-mesenchymal transition.
Nan Fang Yi Ke Da Xue Xue Bao 2020, 40, 988–994. [PubMed]

131. Xu, C.; Zhao, J.; Li, Q.; Hou, L.; Wang, Y.; Li, S.; Jiang, F.; Zhu, Z.; Tian, L. Exosomes derived from three-dimensional cultured
human umbilical cord mesenchymal stem cells ameliorate pulmonary fibrosis in a mouse silicosis model. Stem Cell Res. Ther.
2020, 11, 503. [CrossRef] [PubMed]

132. Rozier, P.; Maumus, M.; Maria, A.T.J.; Toupet, K.; Jorgensen, C.; Guilpain, P.; Noel, D. Lung Fibrosis Is Improved by Extracellular
Vesicles from IFNgamma-Primed Mesenchymal Stromal Cells in Murine Systemic Sclerosis. Cells 2021, 10, 2727. [CrossRef]
[PubMed]

133. Zhou, J.; Lin, Y.; Kang, X.; Liu, Z.; Zhang, W.; Xu, F. microRNA-186 in extracellular vesicles from bone marrow mesenchymal stem
cells alleviates idiopathic pulmonary fibrosis via interaction with SOX4 and DKK1. Stem Cell Res. Ther. 2021, 12, 96. [CrossRef]
[PubMed]

134. Zhang, E.; Geng, X.; Shan, S.; Li, P.; Li, S.; Li, W.; Yu, M.; Peng, C.; Wang, S.; Shao, H.; et al. Exosomes derived from bone
marrow mesenchymal stem cells reverse epithelial-mesenchymal transition potentially via attenuating Wnt/β-catenin signaling
to alleviate silica-induced pulmonary fibrosis. Toxicol. Mech. Methods 2021, 31, 655–666. [CrossRef] [PubMed]

135. Shi, L.; Ren, J.; Li, J.; Wang, D.; Wang, Y.; Qin, T.; Li, X.; Zhang, G.; Li, C.; Wang, Y. Extracellular vesicles derived from umbilical
cord mesenchymal stromal cells alleviate pulmonary fibrosis by means of transforming growth factor-β signaling inhibition. Stem
Cell Res. Ther. 2021, 12, 230. [CrossRef] [PubMed]

136. Lei, X.; He, N.; Zhu, L.; Zhou, M.; Zhang, K.; Wang, C.; Huang, H.; Chen, S.; Li, Y.; Liu, Q.; et al. Mesenchymal Stem Cell-Derived
Extracellular Vesicles Attenuate Radiation-Induced Lung Injury via miRNA-214-3p. Antioxid. Redox Signal. 2021, 35, 849–862.
[CrossRef] [PubMed]

137. Li, Y.; Shen, Z.; Jiang, X.; Wang, Y.; Yang, Z.; Mao, Y.; Wu, Z.; Li, G.; Chen, H. Mouse mesenchymal stem cell-derived exosomal
miR-466f-3p reverses EMT process through inhibiting AKT/GSK3beta pathway via c-MET in radiation-induced lung injury.
J. Exp. Clin. Cancer Res. 2022, 41, 128. [CrossRef] [PubMed]

http://doi.org/10.1002/sctm.17-0185
http://www.ncbi.nlm.nih.gov/pubmed/29297621
http://doi.org/10.1164/rccm.201304-0760OC
http://www.ncbi.nlm.nih.gov/pubmed/24070541
http://doi.org/10.1164/ajrccm.162.2.9909053
http://www.ncbi.nlm.nih.gov/pubmed/10934117
http://doi.org/10.1007/s00251-012-0604-6
http://www.ncbi.nlm.nih.gov/pubmed/22322675
http://doi.org/10.1038/s41598-017-18288-9
http://doi.org/10.1146/annurev-pathol-012513-104706
http://www.ncbi.nlm.nih.gov/pubmed/24050627
http://doi.org/10.1164/rccm.200703-463PP
http://doi.org/10.1038/s41467-020-14344-7
http://www.ncbi.nlm.nih.gov/pubmed/32111836
http://doi.org/10.1002/jcp.29706
http://www.ncbi.nlm.nih.gov/pubmed/32557673
http://doi.org/10.1155/2019/4506303
http://www.ncbi.nlm.nih.gov/pubmed/31949877
http://doi.org/10.3389/fcell.2022.819726
http://doi.org/10.14348/molcells.2014.2317
http://doi.org/10.1186/s12931-018-0802-3
http://www.ncbi.nlm.nih.gov/pubmed/32895166
http://doi.org/10.1186/s13287-020-02023-9
http://www.ncbi.nlm.nih.gov/pubmed/33239075
http://doi.org/10.3390/cells10102727
http://www.ncbi.nlm.nih.gov/pubmed/34685707
http://doi.org/10.1186/s13287-020-02083-x
http://www.ncbi.nlm.nih.gov/pubmed/33536061
http://doi.org/10.1080/15376516.2021.1950250
http://www.ncbi.nlm.nih.gov/pubmed/34225584
http://doi.org/10.1186/s13287-021-02296-8
http://www.ncbi.nlm.nih.gov/pubmed/33845892
http://doi.org/10.1089/ars.2019.7965
http://www.ncbi.nlm.nih.gov/pubmed/32664737
http://doi.org/10.1186/s13046-022-02351-z
http://www.ncbi.nlm.nih.gov/pubmed/35392967


Cells 2022, 11, 2322 21 of 22

138. Xu, C.; Hou, L.; Zhao, J.; Wang, Y.; Jiang, F.; Jiang, Q.; Zhu, Z.; Tian, L. Exosomal let-7i-5p from three-dimensional cultured human
umbilical cord mesenchymal stem cells inhibits fibroblast activation in silicosis through targeting TGFBR1. Ecotoxicol. Environ.
Saf. 2022, 233, 113302. [CrossRef] [PubMed]

139. Yang, S.; Liu, P.; Gao, T.; Song, D.; Zhao, X.; Li, Y.; Wu, J.; Wang, L.; Wang, Z.; Hao, J.; et al. Every road leads to Rome: Therapeutic
effect and mechanism of the extracellular vesicles of human embryonic stem cell-derived immune and matrix regulatory cells
administered to mouse models of pulmonary fibrosis through different routes. Stem Cell Res. Ther. 2022, 13, 163. [CrossRef]
[PubMed]

140. Morishita, M.; Takahashi, Y.; Nishikawa, M.; Takakura, Y. Pharmacokinetics of Exosomes-An Important Factor for Elucidating
the Biological Roles of Exosomes and for the Development of Exosome-Based Therapeutics. J. Pharm. Sci. 2017, 106, 2265–2269.
[CrossRef] [PubMed]

141. Zhou, L.; Hao, Q.; Sugita, S.; Naito, Y.; He, H.; Yeh, C.C.; Lee, J.W. Role of CD44 in increasing the potency of mesenchymal stem
cell extracellular vesicles by hyaluronic acid in severe pneumonia. Stem Cell Res. Ther. 2021, 12, 293. [CrossRef]

142. Toh, W.S.; Lai, R.C.; Zhang, B.; Lim, S.K. MSC exosome works through a protein-based mechanism of action. Biochem. Soc. Trans.
2018, 46, 843–853. [CrossRef]

143. Lai, R.C.; Tan, S.S.; Yeo, R.W.; Choo, A.B.; Reiner, A.T.; Su, Y.; Shen, Y.; Fu, Z.; Alexander, L.; Sze, S.K.; et al. MSC secretes at least
3 EV types each with a unique permutation of membrane lipid, protein and RNA. J. Extracell. Vesicles 2016, 5, 29828. [CrossRef]

144. Baglio, S.R.; Rooijers, K.; Koppers-Lalic, D.; Verweij, F.J.; Perez Lanzon, M.; Zini, N.; Naaijkens, B.; Perut, F.; Niessen, H.W.;
Baldini, N.; et al. Human bone marrow- and adipose-mesenchymal stem cells secrete exosomes enriched in distinctive miRNA
and tRNA species. Stem Cell Res. Ther. 2015, 6, 127. [CrossRef] [PubMed]

145. Bari, E.; Perteghella, S.; Di Silvestre, D.; Sorlini, M.; Catenacci, L.; Sorrenti, M.; Marrubini, G.; Rossi, R.; Tripodo, G.; Mauri, P.; et al.
Pilot Production of Mesenchymal Stem/Stromal Freeze-Dried Secretome for Cell-Free Regenerative Nanomedicine: A Validated
GMP-Compliant Process. Cells 2018, 7, 190. [CrossRef] [PubMed]

146. Wang, W. Lyophilization and development of solid protein pharmaceuticals. Int. J. Pharm. 2000, 203, 1–60. [CrossRef]
147. Ren, J.; Liu, Y.; Yao, Y.; Feng, L.; Zhao, X.; Li, Z.; Yang, L. Intranasal delivery of MSC-derived exosomes attenuates allergic asthma

via expanding IL-10 producing lung interstitial macrophages in mice. Int. Immunopharmacol. 2021, 91, 107288. [CrossRef]
148. Zhao, R.; Wang, L.; Wang, T.; Xian, P.; Wang, H.; Long, Q. Inhalation of MSC-EVs is a noninvasive strategy for ameliorating acute

lung injury. J. Control. Release 2022, 345, 214–230. [CrossRef] [PubMed]
149. Zoulikha, M.; Xiao, Q.; Boafo, G.F.; Sallam, M.A.; Chen, Z.; He, W. Pulmonary delivery of siRNA against acute lung injury/acute

respiratory distress syndrome. Acta Pharm. Sin. B 2022, 12, 600–620. [CrossRef]
150. Shamili, F.H.; Bayegi, H.R.; Salmasi, Z.; Sadri, K.; Mahmoudi, M.; Kalantari, M.; Ramezani, M.; Abnous, K. Exosomes derived

from TRAIL-engineered mesenchymal stem cells with effective anti-tumor activity in a mouse melanoma model. Int. J. Pharm.
2018, 549, 218–229. [CrossRef] [PubMed]

151. Pascucci, L.; Cocce, V.; Bonomi, A.; Ami, D.; Ceccarelli, P.; Ciusani, E.; Vigano, L.; Locatelli, A.; Sisto, F.; Doglia, S.M.; et al.
Paclitaxel is incorporated by mesenchymal stromal cells and released in exosomes that inhibit in vitro tumor growth: A new
approach for drug delivery. J. Control. Release 2014, 192, 262–270. [CrossRef] [PubMed]

152. Kore, R.A.; Wang, X.; Ding, Z.; Griffin, R.J.; Tackett, A.J.; Mehta, J.L. MSC exosome-mediated cardioprotection in ischemic mouse
heart comparative proteomics of infarct and peri-infarct areas. Mol. Cell. Biochem. 2021, 476, 1691–1704. [CrossRef] [PubMed]

153. Xian, P.; Hei, Y.; Wang, R.; Wang, T.; Yang, J.; Li, J.; Di, Z.; Liu, Z.; Baskys, A.; Liu, W.; et al. Mesenchymal stem cell-derived
exosomes as a nanotherapeutic agent for amelioration of inflammation-induced astrocyte alterations in mice. Theranostics 2019, 9,
5956–5975. [CrossRef] [PubMed]

154. Sun, L.; Fan, M.; Huang, D.; Li, B.; Xu, R.; Gao, F.; Chen, Y. Clodronate-loaded liposomal and fibroblast-derived exosomal hybrid
system for enhanced drug delivery to pulmonary fibrosis. Biomaterials 2021, 271, 120761. [CrossRef] [PubMed]

155. Lu, M.; Xing, H.; Xun, Z.; Yang, T.; Zhao, X.; Cai, C.; Wang, D.; Ding, P. Functionalized extracellular vesicles as advanced
therapeutic nanodelivery systems. Eur. J. Pharm. Sci. 2018, 121, 34–46. [CrossRef]

156. Armstrong, J.P.; Holme, M.N.; Stevens, M.M. Re-Engineering Extracellular Vesicles as Smart Nanoscale Therapeutics. ACS Nano
2017, 11, 69–83. [CrossRef] [PubMed]

157. Zhang, N.; Song, Y.; Huang, Z.; Chen, J.; Tan, H.; Yang, H.; Fan, M.; Li, Q.; Wang, Q.; Gao, J.; et al. Monocyte mimics improve
mesenchymal stem cell-derived extracellular vesicle homing in a mouse MI/RI model. Biomaterials 2020, 255, 120168. [CrossRef]
[PubMed]

158. Li, Q.; Xu, Y.; Lv, K.; Wang, Y.; Zhong, Z.; Xiao, C.; Zhu, K.; Ni, C.; Wang, K.; Kong, M.; et al. Small extracellular vesicles
containing miR-486-5p promote angiogenesis after myocardial infarction in mice and nonhuman primates. Sci. Transl. Med. 2021,
13, eabb0202. [CrossRef]

159. Hung, M.E.; Leonard, J.N. Stabilization of exosome-targeting peptides via engineered glycosylation. J. Biol. Chem. 2015, 290,
8166–8172. [CrossRef] [PubMed]

160. Kooijmans, S.A.A.; Aleza, C.G.; Roffler, S.R.; van Solinge, W.W.; Vader, P.; Schiffelers, R.M. Display of GPI-anchored anti-EGFR
nanobodies on extracellular vesicles promotes tumour cell targeting. J. Extracell. Vesicles 2016, 5, 31053. [CrossRef] [PubMed]

161. Wan, Z.; Zhao, L.; Lu, F.; Gao, X.; Dong, Y.; Zhao, Y.; Wei, M.; Yang, G.; Xing, C.; Liu, L. Mononuclear phagocyte system blockade
improves therapeutic exosome delivery to the myocardium. Theranostics 2020, 10, 218–230. [CrossRef]

http://doi.org/10.1016/j.ecoenv.2022.113302
http://www.ncbi.nlm.nih.gov/pubmed/35189518
http://doi.org/10.1186/s13287-022-02839-7
http://www.ncbi.nlm.nih.gov/pubmed/35413874
http://doi.org/10.1016/j.xphs.2017.02.030
http://www.ncbi.nlm.nih.gov/pubmed/28283433
http://doi.org/10.1186/s13287-021-02329-2
http://doi.org/10.1042/BST20180079
http://doi.org/10.3402/jev.v5.29828
http://doi.org/10.1186/s13287-015-0116-z
http://www.ncbi.nlm.nih.gov/pubmed/26129847
http://doi.org/10.3390/cells7110190
http://www.ncbi.nlm.nih.gov/pubmed/30380806
http://doi.org/10.1016/S0378-5173(00)00423-3
http://doi.org/10.1016/j.intimp.2020.107288
http://doi.org/10.1016/j.jconrel.2022.03.025
http://www.ncbi.nlm.nih.gov/pubmed/35307508
http://doi.org/10.1016/j.apsb.2021.08.009
http://doi.org/10.1016/j.ijpharm.2018.07.067
http://www.ncbi.nlm.nih.gov/pubmed/30075248
http://doi.org/10.1016/j.jconrel.2014.07.042
http://www.ncbi.nlm.nih.gov/pubmed/25084218
http://doi.org/10.1007/s11010-020-04029-6
http://www.ncbi.nlm.nih.gov/pubmed/33423165
http://doi.org/10.7150/thno.33872
http://www.ncbi.nlm.nih.gov/pubmed/31534531
http://doi.org/10.1016/j.biomaterials.2021.120761
http://www.ncbi.nlm.nih.gov/pubmed/33774524
http://doi.org/10.1016/j.ejps.2018.05.001
http://doi.org/10.1021/acsnano.6b07607
http://www.ncbi.nlm.nih.gov/pubmed/28068069
http://doi.org/10.1016/j.biomaterials.2020.120168
http://www.ncbi.nlm.nih.gov/pubmed/32562944
http://doi.org/10.1126/scitranslmed.abb0202
http://doi.org/10.1074/jbc.M114.621383
http://www.ncbi.nlm.nih.gov/pubmed/25657008
http://doi.org/10.3402/jev.v5.31053
http://www.ncbi.nlm.nih.gov/pubmed/26979463
http://doi.org/10.7150/thno.38198


Cells 2022, 11, 2322 22 of 22

162. Belhadj, Z.; He, B.; Deng, H.; Song, S.; Zhang, H.; Wang, X.; Dai, W.; Zhang, Q. A combined “eat me/don’t eat me” strategy based
on extracellular vesicles for anticancer nanomedicine. J. Extracell. Vesicles 2020, 9, 1806444. [CrossRef] [PubMed]

163. Zhang, Y.; Li, Y.; Liu, P.; Gong, D.; Zhou, H.; Li, W.; Zhang, H.; Zheng, W.; Xu, J.; Cheng, H.; et al. Phosphatase Shp2 regulates
biogenesis of small extracellular vesicles by dephosphorylating Syntenin. J. Extracell. Vesicles 2021, 10, e12078. [CrossRef]
[PubMed]

164. Park, K.S.; Svennerholm, K.; Shelke, G.V.; Bandeira, E.; Lasser, C.; Jang, S.C.; Chandode, R.; Gribonika, I.; Lotvall, J. Mesenchymal
stromal cell-derived nanovesicles ameliorate bacterial outer membrane vesicle-induced sepsis via IL-10. Stem Cell Res. Ther. 2019,
10, 231. [CrossRef]

165. Champion, J.A.; Walker, A.; Mitragotri, S. Role of particle size in phagocytosis of polymeric microspheres. Pharm. Res. 2008, 25,
1815–1821. [CrossRef] [PubMed]

166. Porzionato, A.; Zaramella, P.; Dedja, A.; Guidolin, D.; van Wemmel, K.; Macchi, V.; Jurga, M.; Perilongo, G.; de Caro, R.; Baraldi,
E.; et al. Intratracheal administration of clinical-grade mesenchymal stem cell-derived extracellular vesicles reduces lung injury
in a rat model of bronchopulmonary dysplasia. Am. J. Physiol. Cell. Mol. Physiol. 2019, 316, L6–L19. [CrossRef] [PubMed]

167. Aliotta, J.M.; Pereira, M.; Wen, S.; Dooner, M.S.; del Tatto, M.; Papa, E.; Goldberg, L.R.; Baird, G.L.; Ventetuolo, C.E.; Quesenberry,
P.J.; et al. Exosomes induce and reverse monocrotaline-induced pulmonary hypertension in mice. Cardiovasc. Res. 2016, 110,
319–330. [CrossRef] [PubMed]

168. Monsel, A.; Zhu, Y.; Gennai, S.; Hao, Q.; Hu, S.; Rouby, J.; Rosenzwajg, M.; Matthay, M.A.; Lee, J.W. Therapeutic Effects of Human
Mesenchymal Stem Cell-derived Microvesicles in Severe Pneumonia in Mice. Am. J. Respir. Crit. Care Med. 2015, 192, 324–336.
[CrossRef]

169. Qiu, X.; Li, Z.; Han, X.; Zhen, L.; Luo, C.; Liu, M.; Yu, K.; Ren, Y. Tumor-derived nanovesicles promote lung distribution of the
therapeutic nanovector through repression of Kupffer cell-mediated phagocytosis. Theranostics 2019, 9, 2618–2636. [CrossRef]
[PubMed]

170. Gyorgy, B.; Hung, M.E.; Breakefield, X.O.; Leonard, J.N. Therapeutic applications of extracellular vesicles: Clinical promise and
open questions. Annu. Rev. Pharmacol. Toxicol. 2015, 55, 439–464. [CrossRef]

171. Gimona, M.; Pachler, K.; Laner-Plamberger, S.; Schallmoser, K.; Rohde, E. Manufacturing of Human Extracellular Vesicle-Based
Therapeutics for Clinical Use. Int. J. Mol. Sci. 2017, 18, 1190. [CrossRef]

172. Rodrigues, S.C.; Cardoso, R.M.S.; Gomes, C.F.; Duarte, F.V.; Freire, P.C.; Neves, R.; Simoes-Correia, J. Toxicological Profile of
Umbilical Cord Blood-Derived Small Extracellular Vesicles. Membranes 2021, 11, 647. [CrossRef] [PubMed]

173. Rudokas, M.; Najlah, M.; Alhnan, M.A.; Elhissi, A. Liposome Delivery Systems for Inhalation: A Critical Review Highlighting
Formulation Issues and Anticancer Applications. Med. Princ. Pract. 2016, 25 (Suppl. S2), 60–72. [CrossRef] [PubMed]

174. Elhissi, A.; Faizi, M.; Naji, W.; Gill, H.; Taylor, K. Physical stability and aerosol properties of liposomes delivered using an air-jet
nebulizer and a novel micropump device with large mesh apertures. Int. J. Pharm. 2007, 334, 62–70. [CrossRef] [PubMed]

175. Harrell, C.R.; Miloradovic, D.; Sadikot, R.; Fellabaum, C.; Markovic, B.S.; Miloradovic, D.; Acovic, A.; Djonov, V.; Arsenijevic, N.;
Volarevic, V. Molecular and Cellular Mechanisms Responsible for Beneficial Effects of Mesenchymal Stem Cell-Derived Product
“Exo-d-MAPPS” in Attenuation of Chronic Airway Inflammation. Anal. Cell. Pathol. 2020, 2020, 3153891. [CrossRef] [PubMed]

176. Lawson, T.; Kehoe, D.E.; Schnitzler, A.C.; Rapiejko, P.J.; Der, K.A.; Philbrick, K.; Punreddy, S.; Rigby, S.; Smith, R.; Feng, Q.; et al.
Process development for expansion of human mesenchymal stromal cells in a 50L single-use stirred tank bioreactor. Biochem.
Eng. J. 2017, 120, 49–62. [CrossRef]

177. Mizukami, A.; Pereira Chilima, T.D.; Orellana, M.D.; Neto, M.A.; Covas, D.T.; Farid, S.S.; Swiech, K. Technologies for large-scale
umbilical cord-derived MSC expansion: Experimental performance and cost of goods analysis. Biochem. Eng. J. 2018, 135, 36–48.
[CrossRef]

178. Haraszti, R.A.; Miller, R.; Stoppato, M.; Sere, Y.Y.; Coles, A.; Didiot, M.C.; Wollacott, R.; Sapp, E.; Dubuke, M.L.; Li, X.; et al.
Exosomes Produced from 3D Cultures of MSCs by Tangential Flow Filtration Show Higher Yield and Improved Activity. Mol.
Ther. 2018, 26, 2838–2847. [CrossRef] [PubMed]

http://doi.org/10.1080/20013078.2020.1806444
http://www.ncbi.nlm.nih.gov/pubmed/32944191
http://doi.org/10.1002/jev2.12078
http://www.ncbi.nlm.nih.gov/pubmed/33732417
http://doi.org/10.1186/s13287-019-1352-4
http://doi.org/10.1007/s11095-008-9562-y
http://www.ncbi.nlm.nih.gov/pubmed/18373181
http://doi.org/10.1152/ajplung.00109.2018
http://www.ncbi.nlm.nih.gov/pubmed/30284924
http://doi.org/10.1093/cvr/cvw054
http://www.ncbi.nlm.nih.gov/pubmed/26980205
http://doi.org/10.1164/rccm.201410-1765OC
http://doi.org/10.7150/thno.32363
http://www.ncbi.nlm.nih.gov/pubmed/31131057
http://doi.org/10.1146/annurev-pharmtox-010814-124630
http://doi.org/10.3390/ijms18061190
http://doi.org/10.3390/membranes11090647
http://www.ncbi.nlm.nih.gov/pubmed/34564463
http://doi.org/10.1159/000445116
http://www.ncbi.nlm.nih.gov/pubmed/26938856
http://doi.org/10.1016/j.ijpharm.2006.10.022
http://www.ncbi.nlm.nih.gov/pubmed/17123757
http://doi.org/10.1155/2020/3153891
http://www.ncbi.nlm.nih.gov/pubmed/32257769
http://doi.org/10.1016/j.bej.2016.11.020
http://doi.org/10.1016/j.bej.2018.02.018
http://doi.org/10.1016/j.ymthe.2018.09.015
http://www.ncbi.nlm.nih.gov/pubmed/30341012

	Introduction 
	Characteristics of EVs 
	Microenvironment in IPF 
	Inflammatory Microenvironment in IPF 
	Immune Dysregulation in IPF 
	Innate Immune Response 
	Adaptive Immune Response 

	ECM Microenvironment in IPF 

	MSC-EVs Mediated Homeostasis on IPF 
	MSC-EVs Plays an Anti-Inflammatory Role in IPF 
	MSC-EVs Can Modulate the Immune Response in IPF 
	MSC-EVs Regulate ECM Homeostasis in IPF 

	MSC-EVs Treatment Administration for IPF 
	Systemic Delivery of MSC-EVs 
	Direct Delivery of MSC-EVs to Lung 
	MSC-EVs as a Targeted Delivery Vector for IPF Treatment 

	Challenges for Application 
	Conclusions and Prospects 
	References

