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Abstract: Lung diseases are associated with high morbidity and mortality rates, thereby jeopardizing human health and imposing
a great burden on society. Currently, lung diseases are mainly treated with medications, oxygen therapy and mechanical ventilation, but
these approaches are unable to effectively reduce the mortality rate. Therefore, lung transplantation remains the ultimate treatment for
various chronic lung diseases, but this treatment is also hindered by the limited availability of lung sources, immature technology and
a low survival rate after transplantation. With constant changes in the environment, pathogens, type and amount of harmful substances
and the prevalence of respiratory diseases, there is an urgent need to identify alternative treatment methods. Research on stem cell
therapy has been very successful in recent years, and mesenchymal stem cells (MSCs), together with their secretory bodies, play
a significant therapeutic role. Extracellular vesicles of MSCs (MSC-EVs) are also major components of the paracrine secretion of
MSCs, including exosomes, microvesicles, and apoptotic bodies, among which exosomes are the most typical. MSC-EVs are believed
to be present in various tissues of the human body where they can carry proteins, DNA, RNA and biologically active factors, just to
name a few. They can also transmit various biological signals to participate in different biological activities, including the maintenance
of homeostasis within the tissue. Several studies have further demonstrated that MSCs and their generated extracellular vesicles play
an important role in the treatment of diseases. In this paper, the origin, properties and roles of MSCs and MSC-EVs are reviewed, the
mechanisms of different lung diseases, the limitations of current therapeutic options and the roles of MSC-EVs in Chronic Obstructive
Pulmonary Disease, asthma, infectious lung disease, lung cancer, pulmonary fibrosis, pulmonary arterial hypertension, and acute lung
injury/ acute respiratory distress syndrome are also discussed (Figure 1). In addition, the current limitations and possible future
research directions are also discussed in view of providing new ideas for the role of MSC-EVs in the treatment of lung diseases.

Keywords: mesenchymal stem cells, exosomes, lung disease, immunomodulation, epithelial mesenchymal transition (EMT), MSC-EVs

Introduction

The lungs, being highly vulnerable organs, are susceptible to injury and various chronic diseases caused by pathogens,
harmful substances and environmental changes. Indeed, lung infection is a major cause of acute lung injury/ acute
respiratory distress syndrome (ALI/ARDS) which represent two stages of a critically severe and highly mortal disease.’
Similarly, smoking, air pollution and other factors can induce conditions such as emphysema, interstitial lung disease and
lung cancer which can ultimately lead to respiratory failure to death.”* Recently, a large-scale study showed that in
2020-2021, COVID-19 led to a 1.6% decline in the average life expectancy of the global population, with 15.9 million
people dying from the pandemic. COVID-19, therefore, posed a serious threat to human health and was a significant
burden to healthcare systems.* In addition, the outbreak brought respiratory diseases into the limelight, causing wide-
spread fear among people while also generating significant interest among researchers. Conventional treatments based on
the use of surfactants, artificial respiratory support, mechanical ventilation and antibiotics/anti-inflammatory drugs only

provide symptomatic relief and prolong prognosis. However, they have limited effects on damaged airways, on the
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Figure | The origin, types, components, and roles of MSC-EVs in various lung diseases.
Note: This figure is originally drawn by Figdraw platform (www.figdraw.com).

clearance of alveolar fluids as well as on other harmful effects resulting from inflammatory reactions.’ Hence, there is an
urgent need to search for new therapeutic options.

MSCs represent a type of mesoderm-derived multipotent adult stem cells which, compared to human induced
multipotent stem cells or multipotent embryonic stem cells, exhibit a relatively weaker capacity for differentiation and
proliferation.® MSCs have demonstrated immunomodulatory roles,” anti-apoptotic effects® and potential as novel targets
in fibrotic diseases,” thereby making them a central point for research on lung diseases. Initially, MSCs were believed to
home damaged tissues and exert therapeutic effects,' but more recent studies suggested that their paracrine function was
the primary mechanism of their action,'''* with EVs.'* Besides, due to the lower risk of immune rejection, tumor-
igenicity, and pulmonary embolism of MSC-EVs'®>, MSCs are gradually being replaced in medical research. Several
studies have demonstrated that MSC-EVs can be involved in the treatment of pulmonary diseases through different
mechanisms, and the atomized administration of MSC-EVs has a unique advantage of its action in pulmonary diseases,
which has led more and more scholars to focus their attention on it. This article mainly introduces the sources of MSC-
EVs, their functions and the current research progress of MSC-EVs in various respiratory diseases, which provides
a reference for future research.

Mesenchymal Stem Cells and Their Extracellular Vesicles
MSCs are multipotent cells derived from various tissues, including pancreas, thymus, adipose, lung, kidney, liver, spleen,
brain, bone and muscle. These cells possess self-renewal as well as multidirectional differentiation properties and can
transform into at least three different cell types, namely adipocytes, chondrocytes and osteoblasts.'® They can also differentiate
into vascular cell types, endothelial cell and the smooth muscle cells of macrovessels,'” just to name a few. MSCs have an
ability to maintain the growth, viability and multipotential state of certain cells as well as mitochondrial transfer, as they have
been found to secrete pro-stromal factors and cell growth factors.'® MSCs also have anti-inflammatory and immunomodu-
latory, promote tissue repair and regeneration, as well as antioxidant, anti-apoptotic, etc),””'*** have become a highly popular
type of stem cells for use in regenerative medicine,?' involved in the treatment of various diseases.

Different sources of MSCs are known to exhibit different properties, and currently bone marrow, adipose and
umbilical cord, and placenta-derived stem cells are most commonly used in research. An earlier study comparing the
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differences between MSCs from different sources found that Wharton’s Jelly-derived MSCs had the strongest inhibitory
effect on T cell proliferation, the fastest growth rate, the strongest osteogenic differentiation ability, ADMSCs had the
strongest adipogenic ability, and among the immune-related genes, the MHC class II genes, TLR 4, TLR 3, JAG 1,
NOTCH 2, and NOTCH 3 were the weakest expressed in Wharton’s Jelly-derived MSCs.?* It has also been demonstrated
that UCMSCs have a higher rate of proliferation and are able to secrete high concentrations of growth factors, pro-
inflammatory proteins and chemokines. On the other hand, BMSCs secrete detectable amounts of VEGF-D, while
ADMSCs exhibit better pro-angiogenic properties and secrete more extracellular matrix components and
metalloproteinase.”*** MSCs markers are also expressed differently in vivo and in vitro as well as across species.’
However, MSCs of different origins may still share similar phenotypic profiles,” such as CD73, CD105, CD90 positivity
or CD19, CD79, CD11b, CD14, CD34, CD45 and HLA-DR negativity. These markers facilitate the identification of
MSCs, especially when used as a screening condition to distinguish human-derived ones,”® thereby making them
accessible for experimental studies. However, despite being promising, the application of MSCs still have drawbacks
such as genetic instability, tumorigenicity,?” transmission of cytomegalovirus and herpes simplex virus*® as well as host
rejection,” all of which limit their practical applications in clinical practice. As a result, the discovery of MSC-EVs is
gradually replacing the use of MSCs themselves.

Secretory bodies from MSCs include soluble components and encapsulated MSC-EVs which are present in different
body fluids such as saliva, cerebrospinal fluid, breast milk, semen, urine and blood.*® Specifically, these MSC-EVs
consist of apoptotic vesicles, microvesicles and exosomes.'* Apoptotic vesicles are the largest (>1000 nm) and are
formed during apoptosis, while microvesicles are nano-sized (100-1000 nm) and are formed from plasma membrane
outgrowths. Similarly, exosomes are the smallest (30200 nm), originating from the inward outgrowths of endosomal late
membranes in multivacuolloid bodies, and they can carry lipids, proteins, genetic material as well as multiple molecular
components to fulfill biological functions.*' According to reports, MSCs exert their beneficial effects mainly through
EVs, with exosomes being the most characterized MSC-EVs. Furthermore, MSC-EVs possess similar therapeutic effects
to MSCs***? but with lower risks of immune rejection, tumorigenicity and pulmonary embolism."”

MSC-EVs exhibit a homing effect, making them a promising cell-free therapeutic modality that can help in repairing
kidney injury, cardiovascular system damage as well as liver and bone injury through their regenerative function.** In
ischemic tissues, MSC-EVs can also exert pro-lymphangiogenic and pro-angiogenic properties through the transfer of
various miRNAs and proteins.>® In other cases, they can activate autophagy and/or inhibit oxidative stress, necrosis and
apoptosis in injured intestinal, lung, retinal and neuronal cells as well as in hepatocytes and renal epithelial cells by
transferring mRNA and miRNA, hence promoting their survival and regeneration. In addition, MSC-EVs may play a role
in inflammatory and autoimmune diseases through various other mechanisms.>® PPARy is an important transcription
factor involved in regulating lipid and glucose metabolism, inflammation and oxidative stress. Studies have shown that
MSC-EVs may up-regulate PPARy’s mRNA expression, exerting anti-inflammatory and antioxidant effects to attenuate
pulmonary cystic fibrosis.”” MSC-EVs can also cross the blood-brain barrier easily, hence suggesting that they play
a significant role in neurological diseases.*® Altogether, these findings not only demonstrate that MSC-EVs could be
studied as a potential novel therapeutic modality but also highlight their function in respiratory diseases.

Role of MSC-EVs in Various Lung Diseases

The main mechanisms of lung disease include disruption of the alveolar endothelial and epithelial barriers, reduced
clearance of alveolar fluids, release of associated cytokines, chronic inflammation, inflammatory cell infiltration and
remodeling of the airways.*® It has been shown that MSC-EVs can play a significant role in lung diseases through various
mechanisms. For instance, they can ameliorate Chronic Obstructive Pulmonary Disease (COPD) by inhibiting airway
inflammation*® as well as through immunomodulatory effects on T-cells, macrophages and B-cells.*' In addition,
Xiaowei X et al found that the nebulized inhalation of MSC-EVs in mice could inhibit allergic airway inflammation
and airway remodeling more effectively than intravenous injection.*? Recent in vivo and in vitro experiments, preclinical
studies and clinical trials have demonstrated the considerable therapeutic effects of MSC-EVs, but their effectiveness,
safety and more individualized selectivity still requires further investigation. Table 1 summarizes the specific roles of
MSC-EVs in different lung diseases to help understand the molecular mechanisms of MSC-EVs therapy.
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Table | Summary of the Specific Role of MSC-EVs in Different Lung Disease

mice

Disease Species Damage Cell Source Diameter | EV Treatment Group Therapy Time Therapy Mechanism Ref.
Sex (nm) (Method/Dose)

COPD SD male Cigarette Human-UCMSC 153nm 1.t/150-pL vehicle Single after injure Anti-inflammation in part by the expression | [40]
rats smoke (isolated from of PRKCZ, and NF-kf subunits p65 and p50

2.5%10® hUC-MSCs)

COPD SD male Papain-induced | Human -UCMSC | 30-200 nm | i.v/200 ug Single after injure Activated VEGF-VEGFR2-mediated AKT [43]
rats pathway and MEK/ERK pathway

COPD mt-Keima Cigarette Mouse-BMSC 1155 nm i.p/~15ug Daily after injure Reduce mitochondrial dysfunction [44]
mice smoke

Asthmatic C57BL/6 OVA Human - ADMSC | 114-508 i.v/37ug (released by 10° One day after injure Anti-inflammation, modulated airway [45]
female mice ADMSC) remodeling

Asthmatic BALB/c OVA Human-BMSC 30-120 i.v/ 20 pg/mL Week 7 to week 10 Suppress proliferation of airway smooth [46]
mice after injure. muscle cells through the miR-188/JARID2/

Whnt/B-catenin axis

Asthmatic BALB/c OVA/ cfa Human-UCMSC 127.7 i.t/100 pg in 50 pL PBS 21th day when injure Reshaping macrophage polarization by [47]
female mice inhibition of TRAFI

Pneumonia Male E. coli KI Human-BMSC 200 i.t/30 or 60 mL or i. v/ 4h after injure Enhanced phagocytosis of bacteria by Human | [48]
C57BL/6 strain 90 mL monocytes
mice

Pneumonia Male MDR-PA strain | Human-ADMSC 50400 i.t/ 5.5%107 particles/mL 4h after injure Regulation macrophage polarization by [49]
C57BL/6 (40ul) TIRAP-MyD88-NF«B axis.
mice

Pneumonia Female Klebsiella Mouse-ADSC - i.t/70 pg in 100uL PBS 6h after injure Targeting STAT3 signaling by miR-181a-5p [50]
C57BL/6 pneumoniae
mice

Lung cancer BALB/c A549 cells Human-BMSC 60 ~ 260 i.h/200 pg Once every 2 days for | Blocking the EZH2/PI3K/AKT axis [51]
male nude a total of 10 times.
mice

Lung cancer BALB/c A549 cells Human-BMSC 40-150 i.h /10 uLEV (1 x 10° EV/ | Pretreated for Inhibit THBS2 by miR-598 [52]
male nude mL) 96 h before ih
mice

Lung cancer BALB/c H1299 cells Human-UCMSC 60—450 i.h /6 x 10° (200pg) Pretreated for Inhibited the expression of PTEN. By miR- [53]
female nude 12 h before i.h. 410
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Lung fibrosis C57BL/6 Radiation- Mouse-BMSC 90-150 i.v/200 pg 2h before radiation, Inhibiting AKT/GSK3p pathway via c-MET [54]

mice induced then repeated once
two weeks until
sacrifice

Lung fibrosis SD male Silica-induced Mouse-BMSC 30-150 i.v/ImL (20ug/mL) 2th day after injure Attenuating Wnt/B-catenin signaling [55]
rats

Lung fibrosis Wild type Radiation- Human-PMSCs 120 i.v/(100pg in 100 uL PBS) | At day O, 3 and 7 after | Reduced the levels of DNA damage by [56]
C57 mice Induced irradiation. downregulating ATM/P53/P21 signaling.

Lung fibrosis C57BL/6 HOCI Mouse-MSC - i.v/250 ng(or 1500 ng) Single after injure Anti-inflammatory and anti-fibrotic markers. | [57]
mice

Lung fibrosis C57BL/6 Bleomycin- Human-BMSC 35-150 i.v/200 pL; dose, Single Concurrent Systemic modulation of monocyte [58]
mice induced 5% 10° hDF equivalents; with injure phenotypes.

~9.2 x 108 particles)

ALI/ARDS C57BL/6 LPS Mouse-BMSC 50-200 iv/70 pg 4h after injure Inhibiting NF-kB and hedgehog pathways by | [59]
mice miR—23a—3p and miR—182-5p

ALI/ARDS C57BL/6 LPS Mouse-BMSC 150 iv/ 10 nmol/20 g 48h before injure Epithelial cell apoptosis by upregulating [60]
male mice SIRTI expression, via miR—181

ALI/ARDS SD male LPS Mouse-BMSC 90-100 i.t/ 50ul 4h after injure miR—384-5p resulted in relieving autophagy | [61]
rats disorder in alveolar macrophages by

targeting Beclin—|

ARDS C57BL/6 LPS Human-PMSC 133 i.p/1.2—1.3 x 10'° 4h after injure Anti-inflammatory [62]
male and particles
female mice

ALI/ARDS C57BL/6 LPS Human-ADMSC 50-150 i.v/ 200 puL (10 pg/mL) 4h after injure Transferring mitochondrial component to [63]
female mice improve homeostasis of alveolar

macrophages

PAH Wistar male | Monocrotaline- | Human-UCMSC 50-150 i.p/ 25 ug 3 weeks after injure Prevent PAH vascular remodelling via [64]
rats induced regulation of Wnt5a/BMP signalling pathway.

PAH SD male - Monocrotaline- | Mouse-BMSC 40-300 i.v/ 30 pg/100 uL 3 weeks after injure, Attenuate mPAP and mRVP, reduce RV [65]
rats induced once/2 d for 2 weeks | hypertrophy and pulmonary remodeling

Bronchopulmonary | — Hyperoxia- Human WJ-MSC | 30-150 i.v/- Signal at Postnatal day | Modulation of lung macrophage phenotype. | [66]

Dysplasia induced and BMSC

PAH C57BL/ Hyperoxia- Human-UCMSC 30-150 1.v/50ug (total of 250ug) One day before injure | Promote M2 macrophage polarization, [67]
6mouse induced and after I, 3,5, 9 inhibit IL—33/ST2 axis expression.

aro(q

e 32 nH


https://www.dovepress.com
https://www.dovepress.com

Hu et al Dove

MSC-EVs and COPD

COPD became the third main cause of death globally by 2019, as reported by the World Health Organization.®® Current
treatments primarily consist of antibiotics, bronchodilators, glucocorticoids and respiratory support, but these have limited
effectiveness. In addition, acute exacerbation can further deteriorate lung function, ultimately leading to death. The main
pathological features of COPD include small airway lesions and emphysema, with the pathogenesis being influenced by
genetics, age, airway inflammation, protease-antiprotease imbalance, airway remodeling and oxidative stress.®’

Research has shown that the application of MSC-EVs can reduce airway inflammation, decrease immune cell infiltration,
reduce mucus production and prevent emphysema formation.*® Lung tissue apoptosis is an important mechanism in the
development of COPD, especially in emphysema formation,”® with the VEGF/VEGFR?2 signaling pathway possibly playing
a key role.”! For example, human UCMSC-EXO was found to significantly inhibit papain-induced apoptosis in emphysema,
possibly through the ERK pathway and the VEGF/VEGFR2-mediated AKT pathway. Furthermore, miRNA, such as hsa-miR
-146a-5p and hsa-miR-10a-5p, which were differentially expressed in UCMSC-EXO, could also have been important
components of the observed functions.*? Cigarette smoking, a major cause of COPD, leads to emphysema and airway
inflammation through different mechanisms, including apoptosis inhibition, inflammatory responses and oxidative stress,
amongst others.”* In this context, Krishna Prahlad Maremanda et al demonstrated that cigarette smoke affected some of the
early mitochondrial genes involved in the fission/fusion process, increased the level of cytokines in the lungs of mice and
exacerbated the injury response. On the other hand, an MSC+exosome combination treatment improved mitochondrial
dysfunction in mouse lungs, thereby reducing lung inflammation and injury.**

The above findings clearly indicate that MSC-EVs are effective at reducing the occurrence and development of
COPD by controlling oxidative stress as well as through anti-inflammatory, immune suppression and anti-apoptosis
effects, but the precise mechanisms involved remain unclear, thus warranting further experiments.

MSC-EVs and Bronchial Asthma

Asthma, another common chronic lung disease beside COPD, is mainly characterized airway hyperresponsiveness as
well as chronic inflammation of the airways, but unlike COPD, the airflow limitation is reversible during the early stages
of the disease. In this case, the main pathological mechanisms include increased mucus secretion in the airways,
increased vascularity, extravasation of plasma and inward flow of multiple inflammatory cells, hyperplasia of the
airway’s smooth muscle, goblet cell proliferation, reduced integrity of the epithelium and cartilage as well as excessive
subepithelial collagen deposition. Altogether, these different features lead to airway narrowing and thickening of the
airway walls.”> Corticosteroids are central to asthma treatment, but they are not without various side effects.
Furthermore, many patients tend to be Corticosteroids-dependent or even resistant. In this context, the development of
new biological agents can be promising for treating severe asthma, but these therapeutic approaches are still in the
preliminary stages and have limited efficacy.”* Therefore, there is an urgent need to develop new therapeutic approaches.

Previous studies have demonstrated that placental MSCs ameliorate airway hyperresponsiveness and inflammation in
asthmatic rats by modulating Th 17/Treg balance.”> Whereas Ligia Lins de Castro et al found in a mouse model of
asthma induced with OV that ADMSC-EVs decreased collagen fiber deposition in the lung parenchyma and airways,
TGF-f levels in lung tissues, and total cell counts and eosinophil counts as well as in the lung tissue as well as in the
airways equally as did ADMSCs, both compared to systemic administration of ADMSCs reduced CD4+CD25+Foxp3+
regulatory T-cell counts and reduced IL-5, IL-13 and eotaxin levels, whereas ADMSC-EVs significantly reduced
eosinophil counts and decreased CD3+CD4+ T-cell counts, IL-4 and IL-5 levels in lung tissues. This suggests that
ADMSC-EVs can exert similar therapeutic effects of ADMSCs while the specific mechanisms involved are different, and
still need to be further studied by me in the future.*’

Airway smooth muscle cells which represent major components of the airway, are involved in asthma progression. In
particular, ADMSC-EXO were found to be effectively internalized by airway smooth muscle cells, while miR-301a-3p in
ADMSC-EXO significantly inhibited the proliferation and migration of airway smooth muscle cells, stimulated by PDGF-BB
(platelet-derived growth factor-BB). Additionally, in the latter case, enhanced apoptosis and reduced secretion of inflammatory
factors were also noted.”® Airway remodeling, the main cause of asthma’s chronicity and a decline in lung function, can be
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induced by TGF-p through multiple mechanisms.”” For instance, TGF-B1 has been used in some studies for simulating an
asthma-like state in vitro as well as an ovalbumin (OVA )-induced asthma model in mice. In this context, it was found that BMSC-
EXO prevented Bronchial smooth muscle cells from significantly proliferating and migrating abnormally, while decreasing
mucus production and collagen deposition in the lung tissues of mice, with these effects potentially attributed to the miR188/
JARID2/Wnt/-catenin axis.*

The immune system is largely involved in asthma, and MSC-EXO can regulate various immune cells involved in its
pathogenesis.”® Severe steroid-resistant asthma is different from the ordinary one in terms of its severity and difficulty to treat.”
However, a study based on a mouse model of Severe steroid-resistant asthma found that MSC-EXO was effective at regulating
macrophage polarization and reducing the inflammatory cascade response, possibly by targeting TRAFI1 to regulate the
activation of NF-kB and PI3K/AKT signaling pathways. It should nevertheless be noted that systemic depletion of macrophages
weakened the therapeutic effects of MSC-EXO,"” thus providing a basis for further studies on controlling ordinary asthma and
treating steroid-resistant ones.

MSC-EVs and Infectious Lung Diseases

Pneumonia refers to infectious lesions in the lungs caused by various pathogens, such as viruses, bacteria, and fungi, and it can
be classified as hospital-acquired pneumonia or community-acquired pneumonia.*® Besides pulmonary symptoms, pneumo-
nia can also lead to sepsis, cardiovascular diseases and neurological symptoms.®' Advances in diagnostic techniques, new
antimicrobial therapies and prophylactic measures have changed the epidemiology of pneumonia, with a gradual increase in
viral and atypical pathogen infections.®' At the same time, bacterial resistance remains a significant challenge. Previous
studies have highlighted the pro-inflammatory, anti-inflammatory and antiviral effects of EVs in pneumonia, along with their
potential as diagnostic biomarkers and partial therapeutic agents.*” Therefore, MSC-EV:s play an important role in pneumonia.

Unlike community-acquired pneumonia, hospital-acquired pneumonia involves pathogens such as Staphylococcus
aureus, Pseudomonas aeruginosa, Bacillus spp, Escherichia coli and multidrug-resistant bacteria which are critical
components of severe and highly lethal pneumonia.*® MSC-derived microvesicles (MSC-MVs) have been found to
reduce lung inflammation, protein permeability and histological severity, while decreasing bacteremia incidence,
increasing the phagocytosis of E. coli by monocytes and improving mouse survival by secreting keratinocyte growth
factor in E. coli-induced acute lung injury mice.*®. In addition, MSC-EVs significantly increased macrophage phagocy-
tosis and decreased the mortality of mice with multidrug-resistant Pseudomonas aeruginosa-induced pneumonia, with
miR-466 in MSC- EVs possibly playing an essential role for this effect.*” Similar effects were observed in an E. coli-
induced model of human lung pneumonia.®® Ren-Jing Hu et al found that ADMSC-EXO-derived miR-181a-5p could not
only inhibit bacterial growth and dissemination in the lungs of mice infected with Klebsiella pneumoniae, but also
suppress macrophage infiltration in lung tissues as well as inhibit the expression of STAT3 at the post-transcriptional
level, possibly through NLRP3-associated pyroptosis.”® Furthermore, nebulized human MSC-EVs also improved the
survival rate of Pseudomonas aeruginosa-induced lung injury in a mouse model to 80% at 96 h, and all volunteer
subjects tolerated the AMSC-EVs nebulized inhalation well, with no serious adverse events observed.** This suggests
that nebulized inhalation may be particularly effective for MSC-EVs in lung disease treatment.

Viruses are common pathogens causing respiratory infections, but the lack of specific drugs for many viral infections
often results in significantly higher mortality rates among immunocompromised individuals. The sudden outbreak of
COVID-19 was a severe blow to humanity,* and the role of BMSC-EXO in treating neocoronaviral infection has
attracted great interest from researchers. In April 2020, 24 patients with moderate to severe COVID-19 were treated with
BMSC- EXO at a hospital center. The patients were given a single dose of exosomes (15 mL) intravenously, with safety
and efficacy subsequently assessed from day 1 to day 14 after treatment. Overall, survival was 83%, with the cases being
as follows: 17 of the 24 patients (71%) recovered, 3 (13%) were stable but in critical conditions and 4 (16%) died of
causes unrelated to treatment. In addition, all safety endpoints were met since after treatment administration, no adverse
events were observed within 72 hours. Therefore, a single treatment session improved the clinical status and oxygenation
of the patients, with the mean arterial oxygen pressure to fraction of inspired oxygen (PaO2/FiO2) ratio being also higher
by 192%. These findings highlighted BMSC-EXO’s potential in the treatment of severe COVID-19.*° Meiping et al
included seven patients with COVID-19 pneumonia in their study. The patients were given nebulized treatment with
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UCMSC-EXO, with the results confirming that the nebulized administration was safer and did not cause acute allergic or
secondary allergic reactions. Although, in this case, the sample size was insufficient and the difference in efficacy was
not statistically significant, the treatment still promoted the resorption of lung lesions and shortened COVID-19
pneumonia. Furthermore, for patients presenting mild COVID-19 pneumonia, the hospitalization time was shortened.®®
Zhu et al also conducted related clinical experiments. They selected 7 patients with severe COVID-19-related pneumonia
and administered adipose-derived mesenchymal stem cell-derived exosomes (2.0 x 10® nano vesicles) via nebulization
daily for 5 consecutive days. All patients tolerated the treatment well, with no evidence of clinical instability or dose-
related toxicity. This further verifies the safety of MSC-EVs nebulization therapy.®’

The above studies demonstrated the therapeutic potential of MSC-EVs in pulmonary infectious diseases, while
highlighting the importance of miRNAs delivered by MSC-EVs. However, the data and study types are still insufficient,
and are currently limited to COVID-19 as well as a few bacterial pneumonias, However, diseases like tuberculosis,
Staphylococcus aureus, Aspergillus and H. influenzae have not been mentioned. Therefore, the roles and detailed
mechanisms are yet to be explored.

MSC-EVs and Lung Cancer

Lung cancer includes primary and secondary types, with the former being further divided into either non-small cell lung
cancer (NSCLC) which accounts for around 80-85% of cases or small cell lung cancer.®® Treatment currently includes
targeted therapy, immunotherapy, chemotherapy, radiotherapy or even surgery.® Despite the availability of a wide range
of treatment options, the mortality rate is gradually on the rise, with a 2021 survey even placing lung cancer as the
leading cause of cancer mortality rate globally.”® Such a high mortality rate for malignant tumors is largely due to their
invasive and metastatic ability as well as the risk of recurrence and chemotherapy resistance even after early surgery.
Therefore, finding ways to control tumor progression and recurrence is crucial.

The growth, differentiation, invasion and metastasis of lung cancer involve multiple signaling pathways, including the
Whnt/B-catenin, the JAK/STAT, the PI3K/AKT/mTOR and the TGF-B/Smad signaling pathways.”'-** Current research has

found that MSCs play a dual role in tumors,”>**

whereas studies on the effects of MSC-EVs on lung cancer are very
limited. Unlike MSCs, MSC-EVs almost always play a tumor-suppressive role in current studies, except for hypoxia-
induced conditions, where MSC-EVs may promote lung cancer growth/invasion and metastasis, mostly through their
secreted miRNA and circRNA.

It has been demonstrated that a state of EMT reduces cell-cell adhesion, increases cell mobility, improves their
invasiveness and exhibit both stem cell-like properties as well as resistance to apoptosis. As such, EMT can play
a significant role in tumors.”> One study confirmed that after hypoxic BMSC-EVs could transfermiR-193a-3p, miR-210-
3p and microRNA-5100 into lung cancer cells and activate STAT3-induced EMT, thereby promoting metastasis of lung
cancer cells. In addition, they can serve as markers to distinguish cancer patients from non-cancer control ones, or even to
distinguish metastatic lung cancer patients from non-metastatic lung cancer patients.’® This provides a new approach for
the diagnosis of cancer, especially to assess the presence or absence of lung metastasis. In addition, it has been
demonstrated that increased expression of miR-21-5p by MSC-EVs after hypoxic stimulation promotes the development
of non-small cell lung cancer by reducing apoptosis and promoting macrophage M2 polarization.””

In addition to the above miRNAs, various MSC-EVs-derived miRNAs have been shown to exert inhibitory effects on
NSCLC. In this context, Tong Wu et al demonstrated that BMSC-EXO-derived miR-30b-5p could promote NSCLC cell
apoptosis and inhibit tumor growth in nude mice by inhibiting the EZH2/PI3K/AKT axis.”' In contrast, BMSC-EXO-carrying
miRNA-204 inhibited the migration and invasion of NSCLC cells in vitro via the KLE7/AKT/HIF-1a axis.”® Yuan Liang et al
further found that the up-regulation of BMSC-EXO-derived miR-144 inhibited NSCLC cell proliferation, colony formation as
well as the number of S-phase-blocked cells, with these different characteristics confirmed through in vivo experiments.”® The
low expression of miRNA-598 in NSCLC has been linked to poor prognosis of NSCLC patients, but given that MSCS-EVs
transduces miR-598 within NSCLC cells to inhibit their proliferation, migration and invasion, it is likely that they may have
played this role by directly interacting with their target gene THBS2.>> UCMSC-EXO harboring miR-320 a may inhibit lung
cancer cell growth through SOX 4/Wnt/b-linker protein axis.'°® BMSC-EVs-derived let-7i has an inhibitory effect in lung
cancer progression through the KDM 3A/DCLK 1/FXYD 3 axis.'”! The investigators found that UCMSC-EVs co-implanted
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mice showed a similar trend of tumor growth as UCMSC co-implanted mice, both of which promoted the growth of lung
adenocarcinoma cells, which may be related to the fact that the BMSC-EVs-derived miR-410 translocated to lung adeno-
carcinoma cells to directly inhibit the expression of PTEN.>

Chemotherapy represents an effective treatment modality for non-small cell lung cancer, but it can also increase the
proportion of polyploid cancer cells in vivo and even induce chemotherapy resistance in lung cancer. For example, Lili Wang
et al found that the present MSC conditioned medium, MSCs and MSC-EXO had no effects on the proliferation of polyploid
A549 and H1299 cells, but could significantly promote their EMT through the AMPK pathway, cell migration, anti-apoptosis
and autophagy.'®® These results present new insights into the mechanism of tumor metastatic recurrence. So far, the study of
MSC-EVs in lung cancer is limited, and whether it plays a promotional or inhibitory role still needs to be further explored.

MSC-EVs and Pulmonary Fibrosis

Pulmonary fibrosis (PF), a common end stage of many interstitial lung diseases, is influenced by genetics, drugs, radiotherapy,
connective tissue disease as well as organic and inorganic dust, amongst other factors. Idiopathic pulmonary fibrosis is the most
common type of this condition, with the average life expectancy after diagnosis being only 3—5 years. In addition, a significant
number of COVID-19 patients also die of PF during the latter stages of the disease. As far as treatment options for PF are
concerned, they tend to be very limited, with lung transplantation being the ultimate choice. However, lung sources are also
limited, while the success and survival rates are generally low.'%'%* Therefore, there is an urgent need to identify novel and
effective treatment modalities. In recent years, through continuous research, it was found that the treatment of idiopathic
pulmonary fibrosis using MSC-EXO resulted in inhibited proliferation and activation of fibroblasts, reduced collagen over-
expression, inhibited EMT process, inhibited release of inflammatory factors as well as the modulation of immune responses.'

EMT is an important mechanism for PF, and existing evidence points out that damaged alveolar epithelial cells
undergo the EMT process after radiation therapy. This can further be accompanied by the accumulation of collagen and
extracellular matrix proteins which ultimately leads to PE.'®® In this context, Yi L et al experimentally demonstrated that
mouse MSC-EXO could reduce alveolar EMT in vitro and attenuate lung injury in vivo. Additionally, miR-466{-3p in
mouse MSC-EXO could have been dependent on the AKT/GSK3p pathway targeting C-MET (mesenchymal epidermal
transition factor) to eliminate radiation-induced EMT and attenuate PF after radiation.’* Moreover, BMSC-EXO also
attenuated silica-induced PF in rats, possibly by inhibiting the expression of the Wnt/B-catenin pathway.’>

The maturation of myofibroblasts represents an important process in PF development,'®’

and with damaged alveolar
epithelial cells undergo the EMT process being the main source of such myofibroblasts.'”® In particular, those of type 2
alveolar epithelial cell senescence tend to be critical for the pathogenesis of PF.'” For instance, Xudan Lei et al found that
MSC-EVs could downregulate the level of ATM/P53/P21 signaling by miR-214-3p to reduce radiation-induced DNA damage
and attenuate radiation-induced pulmonary vascular injury, inflammation and fibrosis. At the same time, the MSC-EVs
inhibited the development of senescence-associated secretory phenotype and attenuated radiation-induced endothelial cell
damage.’ It has also been demonstrated that UCMSC-EVs could attenuate silica-induced lung inflammation and fibrosis in
mice through the circPWWP2A/miR-223-3p /NLRP3 axis.''° Yaoying Long et al used lentiviruses loaded with CD38 antigen
receptor - CDS8 transmembrane fragment fusion plasmid to transfect MSCs and construct CD38 antigen receptor membrane-
modified MSCs-EVs (CD38- arm - MSCs - ev). In this case, it was found that the CD38- arm - msc-ev was effective in natural
aging mice in vitro while its intraperitoneal administration showed higher expression of the CD38 antigen receptor. Similarly,
the anti-fibrotic miRNA in a natural aging mouse model after drug administration and targeted senescent type 2 alveolar
epithelial cells with high CD38 expression, and was effective in restoring NAD+ levels in vitro. This approach also reversed
the EMT phenotype, and rejuvenated the senescent A549 cells, thereby alleviating various age-associated phenotypes and
attenuating the PF in senescent mice.'” This provides us with a novel approach for applying MSC-EVs in disease research.

Finally, Pauline Rozier et al found that interferon gamma induction enhanced the therapeutic efficacy of MSC-EVs to
improve PF in mice with systemic sclerosis.”” MSC-EXO also modulated the lung macrophage phenotype by shifting the
ratio of lung pro-inflammatory/classical and non-classical monocytes as well as alveolar macrophages towards the
monocyte/macrophage profile in control mice. The transplantation of bone marrow-derived monocytes, pretreated with
MSC-EXO, further attenuated the core features of PF and lung inflammation, suggesting that the beneficial effects of
MSC-EXO may be mediated through a systemic regulation of the monocyte phenotype.”®
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MSC-EVs with ALI/ARDS

ALI refers to acute interstitial lung lesions and pulmonary edema caused by various infections, trauma, shock, amongst

others. In this case, the inability to quickly control the condition can lead to ARDS whose clinical manifestations include
progressive hypoxemia and respiratory distress.''' The main pathological features involve excessive inflammation in the
lungs, capillary endothelial cell injury and apoptosis of alveolar epithelial cells.''? Furthermore, according to a big data in
2016, the overall mortality rate of ARDS reached 40%, while that of severe ARDS was as high as 46.1%."" These
figures underscore the need to identify new and effective treatments.

Research has found that BMSC-EXO could reverse ALI through the NRF-2/ARE and NF-kB signaling pathways.''* Sui et al
found that LncRNA-pretreated BMSC-EXO inhibited the apoptosis of epithelial cells by up-regulating SIRT1 expression,
thereby atenuting LPS-induced lung tissue injury.®® Similarly, MiR-182-5p and MiR-23a-3p, derived from BMSC-EXO,
attenuated LPS-induced lung epithelial cell injury in mouse lungs by negatively regulating the Usp5/Ikbkb axis.> In addition,
it was also found that BMSC-EXO could prevent alveolar macrophage injury, while miR-384-5p in BMSC-EXO could target
Beclin-1 to alleviate autophagic stress in alveolar macrophages, thereby protecting against LPS-induced ALI in vitro and
in vivo.®! Xia, Liangjun et al further found that ADMSC-EXO increased OXPHOS activity, ATP production, the mtDNA levels
of macrophages and the membrane potential of mitochondria in a mouse model of LPS-induced lung injury. The treatment also
alleviated LPS-induced mROS stress in macrophages and promoted the shift of macrophages to an anti-inflammatory phenotype
by restoring mitochondrial integrity which, in turn, attenuated their lung inflammation and injury.*> The above studies have
confirmed that BMSC-EXO can alleviate acute lung injury by modulating different signaling pathways through the delivery of
miRNA and LncRNA mitochondria (Figure 2). Current research primarily uses BMSC-EXO, and it is unclear whether exosomes
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Figure 2 Mechanisms of MSC-EXO in treating ALI/ARDS. MSC- EXO Inhibit alveolar epithelial apoptosis, improve macrophage damage, and regulate macrophage
polarization state.
Note: This figure is originally drawn by Figdraw platform (www.figdraw.com).
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from different cell sources or other EVs components have the same effect. Further research is needed to explore deeper
mechanisms and effects in the future.

Besides, Using a mouse model of LPS-induced ALI conventional MSC-MVs and MSC-MVs lacking Ang-1, Tang et al
successively administered mRNA in the trachea and found that the latter led to the progression of lung inflammation and
failure of pulmonary capillary permeability restoration. Thus, it was concluded that MSC-M Vs could exert a therapeutic effect
on ALI via Ang-1 mRNA."'"® Through intranasal injection of lipopolysaccharides, Paulius Valiukevi-cius et al induced ARDS-
like lung injury in mice and found that human placental MSCs as well as their EVs therapy could improve the integrity of
alveolar barriers and accelerate inflammatory regression in lung tissues, with that EVs therapy being more effective than
human placental MSCs.” In another study, 43 patients with COVID-19 along with ARDS were given MSCs and MSC-EVs in
groups. Overall, they were found to significantly reduce the levels of serum inflammatory markers in COVID-19 patients but
without serious adverse events.''® Although a comprehensive understanding and the underlying mechanism remain unclear,
this work provides a reference for MSC-EVs in clinical trials.

MSC-EVs and Pulmonary Arterial Hypertension

Pulmonary arterial hypertension (PAH) encompasses both primary and secondary changes and can arise from various
chronic lung diseases. Other etiologies include pulmonary embolism, bronchopulmonary dysplasia, heart failure and
metabolic disorders which are characterized by mitochondrial metabolic dysfunction, immune-inflammatory dysregula-
tion, pulmonary vascular remodeling and pulmonary vasoconstriction.''” At the present time, the main therapeutic agents
include calcium channel blockers, endothelin receptor antagonists, prostacyclin analogs, and phosphodiesterase inhibi-
tors-5, which are not yet effective, and the newest tyrosine kinase inhibitors, imatinib and activin signaling inhibitors,
sotericin, are believed to be effective in lowering PAH and improving pulmonary vascular remodeling,''® however, the
long-term safety and efficacy of their use in the clinic still need to be further verified. Therefore, more effective and safer
therapies should be explored, many studies have reported the protective effects of MSC-EVs against PAH.

For instance, Hong Liu et al demonstrated that human UCMSC-EXO could inhibit hypoxia-induced proliferation of
pulmonary artery smooth muscle cells and ameliorate hypoxia-induced pulmonary arterial hypertension by promoting
M2 macrophage polarization and preventing the expression of the IL-33/ST2 axis.®” MSC-EXO can also exhibit
a protective effect on PAH by regulating the Wnt5a/BMP signaling pathway,** while Jian-ying Chen et al used
intravenous injections of rat BMSC-MVs or MSCs to significantly improve the mean right ventricular pressure and
the mean PAH while significantly reducing the thickness index, small pulmonary artery area index and right ventricular
hypertrophy of PAH rats.® In a different study, researchers induced a bronchopulmonary dysplasia model by exposing
neonatal mice to hyperoxia (HYRX; 75% O2) prior to treatment using MSC-EXO. The latter was found to improve lung
function and PAH, while modulating macrophage phenotypic branching and reducing fibrosis and pulmonary vascular
remodeling. An enhanced anti-inflammatory “m2-like” state inhibition as well as a pro-inflammatory “M1” state could be
the likely mechanisms of the observed therapeutic effects.®® These suggest that macrophage activation is critical in PAH
and the protective effect of MSC-EVs on PAH involves signaling pathways such as Wnt5a/BMP and IL-33/ST2, which is
an important entry point in our study.

Limitations and Improvements of MSC-EVs in Clinical Applications
MSC- EVs are affected by a variety of factors during intracellular production, release, extraction, and experimentation,
but there are still many limitations both at the animal and cellular level and in clinical research.

Firstly, it is difficult to generate a completely homogeneous population of EVs during their preparation, and effective
separation, purification and quantification is an ongoing challenge, thus new techniques to improve the separation, purity
and stability of EVs are essential. Currently, the most commonly used method is differential (ultra) centrifugation, and
others include tangential flow filtration, density gradient/padding, size exclusion chromatography, fluid flow-based
separations, separations based on charge and molecular separation, kits, etc.''” In addition, innovative techniques for
isolation of EVs such as fluorescent labeling and subsequent analysis using high-resolution flow cytometry, specialized
flow cytometry, and the use of laser tweezers and Raman spectroscopy can be helpful in improving exosome concentra-
tion and purification.'® Each of the above methods has its own advantages and disadvantages. Even though some efforts
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have been made by researchers for this purpose, for example, Ashley G. et al compared the effect of ultracentrifugation
time on the quality and quantity of MSC-EVs and found that 1-hour differential ultracentrifugation was optimal for
isolation of high-quality and high-quantity MSC- EVs from MSCs medium, and that freshly isolated EVs were more
efficiently taken up by cells than frozen EVs.'?® Another new method, immunoaffinity superparamagnetic nanoparticles
were shown to have significantly higher particle-to-protein masses and ratios than those isolated by conventional
ultracentrifugation, PEG-based precipitation PEG-based precipitation, and commercial Kit commercial Kit (3.2 +
0.8x10%).'2° However, there is still no single method that can perfectly obtain the target EVs, and a combination of
different methods can be tried in the future, which may lead to better results.

Secondly, increasing exosome production is another challenge as clinical translation requires large-scale production
of MSC-EVs. Current approaches to stimulate exosome production include two main levels: (1). genetic manipulation

121 guch

based on exon biogenesis and cycling pathways (2); different environmental stimulants or media compositions,
as adjustments cell inoculation density,'?* triple-D culture,'** hypoxia and ischemia exposure,'** as well as a variety of
genetic modulations, use of hollow fiber systems, different liposome stimulation, etc.'?' In addition to regulating various
reaction processes in organisms by serving as carriers to deliver proteins, DNA, miRNA, LncRNA, circRNA and mRNA,
exosomes can also play an important role in disease treatment by being engineered to carry drugs, antibodies, genes and
to participate in targeted therapy.'?>'*® Specific signals, such as IFN-y, TNF-A and hypoxia can enhance MSCs’

functionality.'?’

the extracellular matrix stiffness could regulate the sorting of functional cargoes into MSC-EVs, thus
affecting their secretion and macrophage uptake. Therefore, by varying the stiffness of the extracellular matrix, different
phenotypes of MSC-EVs could be rationally prepared.'*® Recent experiments have explored new screening methods and
primers for the large-scale production of MSC-EVs in bioreactor manufacturing in view of enhancing their function.'*’
The shelf life of MSC-EXO also represents a challenge, and in this case, the lyophilization of MSC-EXO or the addition
of stabilizers, such as sugar or polyethylene glycol, may be an effective approach to overcome the issue.'*® Finally, in
some experiments, hydrogels were shown to be effective in improving the survival time and the therapeutic effects of
exosomes due to their excellent biocompatibility.'*!-'32

In addition to this, the functional differences of MSC-EVs from different sources, the biodistribution after action, the
optimal dose, the optimal time of action, the appropriate mode of administration and the possible side effects are still
unclear to us and have been explored by some researchers. As with MSCs, the phenotype and function of MSC-EVs and
therapeutic effects can vary depending on their origin.'* It has been found that the proliferative and apoptotic effects on
keratoblastoma by BMSC-EVs, UCMSC-EVs, and ADMSC-EVs differently,'*> ADMSC-EVs had higher proliferation
rates and lower senescence.'>* Exosomes, the most studied EVs, have been shown to enhance the growth of neural
synapses in neurodegenerative lesions more strongly in menstrual-derived exosomes relative to UCMSCS, BMSCs, and
choriocapillaris stem cells-derived exosomes.'*> Personalized selection of MSC-EVs will also become necessary in
future studies, however, there are limited relevant studies at present.

Some studies have summarized the biodistribution of EVs after administration in animals and found that regardless of
the source or size of EVs or the receptor species to which EVs are administered, they are mainly distributed in the liver,
lungs, kidneys, and spleens after injection, but different modes of injection may produce differences in the concentration
and time of distribution of EVs in organs.'*® However, there are no studies related to the biodistribution of MSC-EV's
after nebulized administration and comparison of the same disease using different MSC-EVs administration methods.
Therefore, future studies are essential to better standardize the treatment of MSC-EVs and individualize the use of MSC-
EVs in disease. The cellular origin of EVs, labeling techniques, and animal models can influence the observed
biodistribution, and efficient magnetic labeling allows MRI to track the homing of stem cell-derived extracellular
vesicles after systemic delivery.'*” Zheng Han et al developed a novel labeling strategy to prepare magnetic EVs
superparamagnetic iron oxide nanoparticles coated with a polyhistidine tag, to efficiently separate magnetic EVs from
unencapsulated superparamagnetic iron oxide particles, thus allowing sensitive and specific MRI tracking of systemically
injected therapeutic EVs.'*® This adopted a new approach for biodistribution studies of MSC-EVs.

Detection in the liver and kidney peaked 1 hour after intravenous injection of small EVs, while distribution in the
lungs and spleen peaked at 2—12 hours. Large EVs was most abundant in the lungs, reaching a local peak in the first hour
after administration and decreasing between 2—12 hours.'*° Thus the intravenous mode of administration as well as small
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EVs may be more advantageous in liver disease, whereas large EVs may be more suitable for lung disease due to their
pulmonary distribution advantage. However, it has recently been demonstrated that large UCMSC-EVs activate the
coagulation cascade response in a dose- and TF/CD 142 -dependent manner, which leads to intravascular coagulation,
pulmonary embolism, and acute death in mice, which has not been previously reported, and it has further been found that
modification of the infusion regimen (by slowing down the rate of infusion and by the use of heparin as an anticoagulant)
can be effective in preventing the adverse effects of UCMSC-EVs infusion.'*®. In addition, the homing effect of MSC-
EVs may target the site of inflammation and injury. It has been found that MSC-EVs will exhibit greater pulmonary
targeting in acute lung injury in a state of increased pulmonary vascular permeability and inflammation.'*® In recent
years, some clinics have also used nebulized drug delivery to achieve certain effects, and significant adverse effects have
been found. This property of targeting the site of injury and the feasibility of nebulized treatment may partially overcome
the limitations of tissue and organ distribution of MSC-EVs, thus greatly improving their application in lung diseases.

Summary and Future Outlook

Lung diseases represent a serious threat to human health, MSC-Evs play an important role in the treatment of lung
disease, but the clinical translation process of MSC-EVs is still very challenging. The majority of studies have been
conducted at the cellular and animal levels, and a few clinical studies have been conducted in the specific context of the
new coronavirus outbreak, which have confirmed the role of MSC-EVs in lung disease, however, the data are limited.
How to obtain more standardized MSC-EVs in the future, how to choose the right source, the optimal dose, the duration
of action, and the mode of administration are still challenges we need to solve. In addition to the direct application of the
original MSC-EVs, through different engineering modifications, different biological effects can be exerted, and their
ability to carry targeted drugs can be enhanced, thus playing a unique role in the treatment of lung disease. In conclusion,
the use of MSC-EVs is valuable and promising, and they may become a new and effective modality for the treatment of
various lung diseases.
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