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Abstract
Acute respiratory distress syndrome (ARDS) is a severe respiratory disease associated with high morbidity and mortality 
in the clinic. In the face of limited treatment options for ARDS, extracellular vesicles derived from mesenchymal stem cells 
(MSC-EVs) have recently shown promise. They regulate levels of growth factors, cytokines, and other internal therapeutic 
molecules. The possible therapeutic mechanisms of MSC-EVs include anti-inflammatory, cell injury repair, alveolar fluid 
clearance, and microbe clearance. The potent therapeutic ability and biocompatibility of MSC-EVs have enabled them as an 
alternative option to ameliorate ARDS. In this review, recent advances, therapeutic mechanisms, advantages and limitations, 
as well as improvements of using MSC-EVs to treat ARDS are summarized. This review is expected to provide a brief view 
of the potential applications of MSC-EVs as novel biodrugs to treat ARDS.

Key Points 

Extracellular vesicles derived from mesenchymal stem 
cells (MSC-EVs) can attenuate acute respiratory distress 
syndrome (ARDS) due to their anti-inflammatory and 
cell repair properties.

Biotechnological processing and appropriate administra-
tion routes can further improve the therapeutic effect of 
MSC-EVs and overcome their limitations.

1  Introduction

Acute respiratory distress syndrome (ARDS) is an acute and 
severe condition characterized by excessive alveolocapillary 
permeability and pulmonary edema [1]. ARDS was first 
reported in 1967 based on symptoms of hypoxia, pulmonary 
edema, and alveolocapillary membrane injury [2]. Inflam-
matory and immune dysregulation in ARDS results in the 
release of various cytokines and chemokines [3]. Sepsis, 
multiple traumas, pneumonia, and inhalation of toxic gases 
can cause ARDS, which affects about 3 million people each 
year, and 24% patients receive mechanical ventilation [4]. 
The associated mortality rate is still up to 40% [5, 6]. With 
the outbreak of the coronavirus disease 2019 (COVID-19) 
pandemic in 2019, pulmonary inflammatory diseases have 
garnered much attention. COVID-19 and other infections, 
such as H1N1, may both accompany ARDS as acute respira-
tory symptoms are the initial characteristics of these condi-
tions [7]. Thus, differentiating ARDS induced by COVID-19 
from ARDS induced by other infections is important for 
clinicians and epidemiologists. A retrospective study showed 
that patients with COVID-19 were more prone to nonpro-
ductive cough and constitutional symptoms [8]. Fever, dry 
cough, and obvious fatigue are more common in COVID-19 
patients [9]. Patients with H1N1 exhibited productive cough 
and rhinorrhea [10]. Hence, ARDS induced by COVID-19 
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may more likely present as obvious systemic symptoms with 
fewer productive coughs and slow onset. Ground-glass opac-
ity is also more common in radiologic results of patients 
with COVID-19 than patients with H1N1 [11]. In addition 
to diffuse alveolar damage, cellular fibromyxoid exudates on 
pulmonary pathologic findings are common in COVID-19 
[12]. Ackermann et al. [13] have reported more intussus-
ceptive angiogenesis in samples of COVID-19 than other 
influenzas. However, H1N1 involved extensive hemorrhage 
and necrotizing bronchiolitis [14]. More importantly, the 
severity of respiratory failure is not the same. Patients with 
COVID-19 had higher levels of arterial oxygen tension to 
inspiratory oxygen fraction ratio (PaO2/FiO2 ratio)[2]. More 
severe respiratory failure may translate to higher mortality. 
Therefore, early specific respiratory support is beneficial for 
patients. Patients with ARDS usually have a poor quality 
of life and reduced exercise ability. Moreover, they have an 
increased risk of readmission, burdening the public health 
system [15–17].

ARDS is commonly accompanied by an acute pro-
inflammatory response, making it crucial to inhibit the 
pro-inflammatory response and regulation of immune cells 
[18]. Continuous inflammation will injure the alveolar epi-
thelial–endothelial barrier and cause alveolar fluid accumu-
lation, which will eventually impair gas exchange and result 
in hypoxemia [19]. Effective therapeutics to treat ARDS 
remain to be identified [20]. Although mechanical ventila-
tion, neuromuscular blockade, and extracorporeal membrane 
oxygenation have been applied clinically, the outcomes are 
usually unsatisfactory and even lead to disease progression. 
For example, mechanical ventilation increases the risk of 
ventilation-induced lung injury due to epithelial strain and 
stress [21, 22]. Treatment options for ARDS are limited. 
Several strategies, such as use of anti-oxidants, surfactants, 
and nitric oxide, have not been satisfactory. Thus, more 
specific and compelling methods are required for ARDS 
therapy.

Recently, mesenchymal stem cells (MSCs) have dem-
onstrated promising potential as living biodrugs to counter 
inflammation and dysregulated immune activation [23]. This 
immune regulation ability and the differentiation capabil-
ity of MSCs make them a promising treatment for ARDS 
restoration. However, several inherent limitations, such as 
uncontrollable cell differentiation, proliferation, and low 
engraftment, restrict their clinical application potential to 
treat ARDS [24]. Extracellular vesicles (EVs) produced by 
MSCs (MSC-EVs) are reported to inherit some biofunc-
tions of MSCs, and have reduced safety risks and improved 
pharmacokinetics in circulation compared to MSCs [25]. 
Therefore, MSC-EVs, as a substitute of MSCs, can be used 
for ARDS treatment. MSC-EVs from bone marrow-derived 
MSCs alleviate lung injury, through their anti-inflamma-
tory and immunomodulatory effects [26]. MSC-EVs could 

reduce the severity of ARDS by inhibiting microbial activity 
[27]. They alleviate damage to multiple cell types associ-
ated with lung injury, including immunocytes, microvascular 
endothelial cells, and alveolar epithelial cells. Hence, they 
can be used to treat ARDS through their anti-inflammatory, 
cell injury repair, alveolar fluid clearance, and anti-microbial 
activities [28].

In addition to their inherent therapeutic potential, MSC-
EVs can also act as biocarriers for delivering therapeutic 
drugs for synergistic effects. MSC-EVs carry various “car-
gos,” including nucleic acids, lipids, and proteins. These 
cargos will be delivered to target cells and exert bioactivi-
ties [29]. Such a strategy may allow for precise and cell- or 
tissue-selective delivery of drugs into the patient’s blood-
stream via MSC-EVs [29]. In the present review, the biologi-
cal effects, therapeutic mechanisms, and potential applica-
tions of MSC-EVs for ARDS treatment are summarized. In 
addition, challenges and improvements in using MSC-EVs 
as both biodrugs and biocarriers for ARDS treatment are 
addressed. This review is expected to provide new ideas to 
overcome current obstacles in ARDS treatment (Fig. 1).

2 � ARDS Treatment Using MSCs 
and the Therapeutic Mechanisms

2.1 � MSC‑Based Therapy

MSCs are undifferentiated cells, first isolated from bone 
marrow by Friedenstein et al. in the 1970s [30]. They are 
abundantly present early in life and continuously produce 
differentiated cells during development, constituting tis-
sues and organs [31]. They have a relatively short lifespan, 
which shortens retention time and partly decreases the risks 
of immunogenicity in vivo. These properties make MSCs 
suitable for ARDS treatment [32]. MSCs have been used 
to treat lung injury in the preclinical settings [33–37]. Of 
the 42 registered clinical trials on ARDS treatment, seven 
have been completed, according to the US National Insti-
tutes of Health (https://​clini​caltr​ials.​gov, NCT01775774, 
NCT02804945,  NCT04625738,  NCT04355728, 
NCT04493242, NCT04333368, NCT04400032). These tri-
als reveal the promising potential of MSC-based therapy 
for ARDS treatment. However, there is no consensus on 
the administration dose, route, and source of MSCs in the 
clinical settings [38]. A randomized phase 2a trial demon-
strated that one dose of allogeneic MSCs is safe and effec-
tive for ARDS patients [39]. Compared with the placebo 
group, the MSC-treated group showed improved therapeu-
tic effect regarding the numerical value of Acute Physiol-
ogy and Chronic Health Evaluation III, minute ventilation, 
and positive end-expiratory pressure [39]. A double-blind, 
phase 1/2a, randomized, controlled trial with safety in 6 h, 

https://clinicaltrials.gov
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patient survival at 31 days, and time to recovery as endpoints 
showed no difference between the treatment group and con-
trol group in adverse events. Administration of MSCs sig-
nificantly improved patient survival and decreased inflam-
matory cytokines on day 6 [40]. Thus, MSC therapy has 
made some progress in clinical trials, showing safety and 
potential efficacy. The therapeutic effects are associated with 
the ability of MSCs to detect an injury microenvironment 
and promote tissue regeneration [41]. MSCs possess several 
advantages in ARDS treatment. Firstly, due to their immu-
nomodulatory ability, MSCs inhibit the excessive inflam-
matory responses in ARDS, protecting the pulmonary tissue 
from injury [42]. Secondly, MSCs promote microbe clear-
ance, thereby accelerating recovery from bacterial infection, 
which is the leading cause of ARDS [43]. Finally, MSCs 
may induce alveolar stem or progenitor cells to differentiate 
into alveolar endothelial cells [44]. MSCs can also directly 
differentiate into alveolar endothelial cells, which may 
further benefit the reparation of the injured alveolar cells. 
[45–47]. However, this mechanism of pulmonary injury 
repair needs to be studied further.

Nevertheless, the safety and efficacy of MSC-based thera-
pies remain to be established for ARDS. MSCs can target 
other tissues and alter the microenvironment; MSC-secreted 
hepatocyte growth factor may have a risk of  inducing liver 
cancer [48]. In addition, MSCs can also differentiate into 

cancer-associated fibroblasts and promote tumor growth 
and invasion [49]. Although MSCs have not been found to 
form tumors in clinical trials, the risk requires further studies 
before MSCs are applied to patients [50]. Secondly, MSCs 
have been demonstrated to present antigens when stimulated 
by some factors and may cause immune elimination or other 
responses [51]. For instance, the expression of major histo-
compatibility complex (MHC) II can be induced by a low 
concentration of interferon (IFN)-λ and by MSCs when stim-
ulated by a low concentration of transforming growth factor 
(TGF)-β or high MSC culture density [52]. Thirdly, several 
studies showed low engraftment rates after administration 
of MSCs in vivo, mainly because of inflammation, hypoxia, 
and oxidative stress, resulting in poor regenerative effects of 
MSCs on injured tissue [53–56].

2.2 � Roles of MSC‑EVs

The therapeutic and regenerative effects of MSCs are closely 
associated with growth factors, cytokines, chemokines, cell 
adhesion molecules, hormones, lipid mediators, interleu-
kins (ILs), and EVs [57–60]. EVs are small membrane-
bound or anuclear microparticles released by eukaryotic 
cells [61]. As a highly heterogeneous population, EVs can 
induce a complex response. They are generally divided 
into two categories, ectosomes and exosomes. Ectosomes 

Fig. 1   A schematic illustration 
of extracellular vesicles used 
for acute respiratory distress 
syndrome treatment. The 
therapeutic effects of mesen-
chymal stem cells on damaged 
lung tissue are mainly achieved 
through secreted extracellular 
vesicles. Four main mechanisms 
are involved, including anti-
inflammatory, cell injury repair, 
alveolar fluid clearance, and 
microbe clearance
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are formed through the direct outward budding of plasma 
membrane in the size range of 50–1000 nm. Exosomes origi-
nate from endosomes and are 100 nm on average [62]. The 
more detailed classification of EVs may include exosomes, 
microvesicles, and apoptotic bodies (Table 1) [63]. In the 
present review, EVs refer more to exosomes and microvesi-
cles generated by MSCs.

EVs have demonstrated treatment potential and play cru-
cial roles in the intercellular communication between MSCs 
and injured cells, which may confer them the ability to trans-
fer bioactive contents between donor cells and target cells. 
EVs interact with the target cell by receptor-mediated bind-
ing [58]. The bonded EVs can release their internal contents 
by cell membrane fusing or by direct endocytosis [64]. In 
addition, some ligands on EVs can bind to specific receptors 
on the target cells and active target cells through the down-
stream signal pathway [65].

Additionally, EVs can carry diverse cargos, including 
lipids, various RNAs, multiple species of proteins, and even 
organelles such as mitochondria [25, 66, 67]. These sub-
stances can alter the epigenetic environment and expression 
of proteins within target cells. The proteins delivered by EVs 
can target specific intracellular mechanisms, and the RNAs 
transferred by EVs may induce the translation of mRNAs 
or modulate other translation processes [68]. EVs enriched 
with microRNA (miR)-210 could target the angiogenesis 
gene Efna3, promoting human umbilical vein endothelial 
cell (HUVEC) proliferation and capillary-like structure for-
mation to accelerate vascular regeneration [69]. EVs derived 
from atorvastatin-pretreated MSCs could upregulate miR-
221-3p expression by activating the protein kinase B and 
endothelial nitric oxide synthase (AKT/eNOS) pathway and 
repair the injured pulmonary tissue [70].

ARDS also causes various organ dysfunction syndromes, 
grouped as mitochondrial dysfunction [71]. EVs can convey 
complex information to recipient cells through mitochon-
drial transfer, improving the bacterial clearance capacity of 
alveolar macrophages [72]. Thus, EVs carrying mitochon-
dria may improve the mitochondrial function of recipient 
cells and ARDS treatment [73].

For ARDS treatment, a lack of sufficient relevant studies 
makes it challenging to conclude whether EVs from differ-
ent cell sources exhibit functional differences. However, it 

is possible that MSCs from different sources may differ in 
their mechanism of tissue repair. Periera-Simon et al. [35] 
examined the anti-fibrotic effects of MSCs derived from adi-
pose tissue, chorionic membrane, chorionic villi, and Whar-
ton’s jelly. Except for chorionic membrane-derived MSCs, 
all MSCs decreased the hydroxyproline levels and tumor 
necrosis factor (TNF)-α mRNA expression levels after 10 
days of treatment. Only MSCs derived from adipose tissue 
and Wharton’s jelly inhibited AKT and matrix metallopro-
teinase (MMP)-2 activation. Only adipose-derived MSCs 
rectified miR dysregulation. Antunes et al. [74] revealed that 
MSCs isolated from different mouse tissues exhibited differ-
ent therapeutic effects. Bone marrow- and adipose-derived 
MSCs decreased the abundance of M1 macrophages and 
vascular endothelial growth factor levels. However, only 
bone marrow-derived MSCs increased the abundance of M2 
macrophages. In summary, MSCs from different sources act 
via different pathways in pulmonary diseases. These studies 
show that the source of MSCs has impacts on the therapeutic 
mechanism and outcomes. Thus, EVs generated from dif-
ferent MSCs may have similar results, but still need more 
studies to support them. The biological effects of EVs from 
different sources of MSCs in ARDS treatment are summa-
rized in Table 2.

Additionally, administration routes determine the biodis-
tribution of EVs, which is essential for medical applications 
[75]. The intravenous route is the most common route of 
EV administration [76]. However, most EVs are distributed 
in the liver and are cleared by macrophages [77, 78]. Intra-
peritoneal and subcutaneous injection of EVs is also widely 
reported, with similar biodistribution effects. The accumula-
tion of EVs in the spleen and gastrointestinal tract is higher 
than in the liver for these administration routes [79]. Some 
EVs are absorbed into the circulation after oral adminis-
tration. EVs can also be given through oral administration 
for accumulation in gut [80] and colon [81]. Intranasal 
administration is a unique route for brain-targeted delivery, 
and EVs can rapidly accumulate in the brain [82, 83]. For 
ARDS treatment, the administration route with preferential 
pulmonary accumulation is ideal. Nebulization increases the 
accumulation of adipose-derived MSC-EVs in the lung of 
a mouse model of acute lung injury [84]. Zhang et al. [85] 
have demonstrated that EVs are specifically taken up by pul-
monary macrophages after intratracheal administration. To 
conclude, intratracheal administration and nebulization are 
promising EV administration routes; they lead to accumula-
tion in the lung and may improve therapeutic effects of EVs. 
However, more systematic research is required for further 
application of these potential administration routes.

EVs are more stable and have lower immunogenic-
ity than the cells, addressing the shortcomings of MSC 
therapy for ARDS treatment [86]. These advantages in 
addition to the vital roles played by MSC-EVs in ARDS 

Table 1   Classification of extracellular vesicles

Vesicle Size (nm) Origin Marker

Exosomes 40–200 Cell membrane CD63, CD9
Microvesicles 200–2000 Plasma membrane ARF6, VCAMP3
Apoptotic bodies 500–2000 Plasma membrane, 

endoplasmic 
reticulum

TSP, C3b
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treatment provide a novel strategy of directly using MSC-
EVs instead of MSCs to treat ARDS [87]. More mecha-
nisms and therapeutic outcomes of using MSC-EVs for 
ARDS treatment will be introduced in the following.

3 � Therapeutic Effects and Mechanisms 
of MSC‑EVs in ARDS Treatment

The therapeutic mechanisms of MSC-EVs in ARDS are 
similar to MSC-based therapy, i.e., they exhibit anti-
inflammatory, cell injury repair, alveolar fluid clearance, 
and microbe clearance (Fig. 2).

3.1 � Immunomodulatory and Anti‑inflammatory 
Effects

The exacerbated inflammatory response is the major patho-
logic event during ARDS progression. Therefore, inhibit-
ing inflammation is critical in ARDS treatment. MSC-EVs 
reduce inflammation in sepsis [88, 89], periodontitis [90], 
renal tubular injury [91], and neuronal diseases [92]. MSC-
EVs have been used for ARDS treatment because of their 
potent anti-inflammatory properties.

The anti-inflammatory effects of MSC-EVs are mainly 
associated with their ability to modulate levels of immune 
cells. For example, MSC-EVs target pro-inflammatory 
pathways and chemotaxis inhibiting the expression of 

Table 2   Biological effects of MSC-EVs and their key factors in ARDS treatment

Ang angiopoietin, ARDS acute respiratory distress syndrome, CD cluster of differentiation, FGF fibroblast growth factor, HGF hepatocyte 
growth factor, HUVECs human umbilical vein endothelial cells, IFN interferon, IL interleukin, KGF keratinocyte growth factor, LPS lipopoly-
saccharide, MAPK mitogen-activated protein kinase, miR microRNA, MSC-EVs extracellular vesicles derived from mesenchymal stem cells, 
PGE2 prostaglandin E2, TGF transforming growth factor, TNF tumor necrosis factor

Mechanism Biological effects Model Key factors Cell source References

Anti-inflammatory Regulating B immune 
cells

LPS-induced ARDS 
mouse model

CCL3, CCL4, IL-6, 
IFN-α

Mouse bone marrow [93]

Inhibiting T cell activa-
tion

Immunocytes in vitro IFN-γ, TNFα Human bone marrow [94]

Inducing T cell type 
conversion

Blood mononuclear cells TNFβ, TGF-α, IL-1β Human bone marrow [95]

Promoting anti-inflam-
matory phenotype 
polarization

Macrophages TGF-β, IL-10, PGE2 Human adipose tissue [96]

Promoting mitochondrial 
transfer

Human monocyte-
derived macrophages

CD44, mitochondrial Human bone marrow [18]

Cell injury repair Restoring protein perme-
ability

Human lung microvascu-
lar endothelial cells

Ang-1 mRNA Human bone marrow [98]

Promoting HUVECs pro-
liferation and migration

HUVECs miR-210 Mouse bone marrow [69]

Promoting endothelial 
cells proliferation and 
migration

Streptozotocin-induced 
diabetic rats

miR-221-3p Human bone marrow [70]

Promoting mitochondrial 
transfer

LPS-induced ARDS 
mouse model

Mitochondria Human bone marrow [99]

Improving KGF secretion Escherichia coli-induced 
ARDS mice model

CD44, toll-like receptor 
3 agonist

Human bone marrow [101]

Regulating intercellular 
mRNA

Rat epithelial cells Caspase 3, p38MARK Human umbilical cords [100]

Alveolar fluid clearance Decreasing Syndecan-1 Ex vivo perfused human 
lung model

CD44, Ang-1, Synde-
can-1

Human bone marrow [106]

Upregulating tight-junc-
tion claudin 18

Human lung alveolar 
epithelial cells

Ang-1, HGF Human umbilical cords [107]

Reducing lung protein 
permeability, decreas-
ing inflammatory cells

Ex vivo perfused human 
lung model

FGF-7 Human bone marrow [108]

Microbial clearance Promoting mitochondrial 
transfer

Human monocyte-
derived macrophages

Mitochondria Human bone marrow [18]
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immunoglobulin-related genes and decreasing pulmonary 
B cells in mice [93]. This immune modulation by MSC-EVs 
is related to the recruitment of anti-inflammatory neutro-
phils to the lung tissue. Di Trapani et al. [94] demonstrated 
that MSC-EVs can regulate the activation of T cells in lung 
tissues. The uptake of EVs by T cells would inhibit T cell 
activity. Chen et al. [95] observed that MSC-EVs induced 
the differentiation of T helper (Th) cells into Th type 2 cells. 
EVs extracted from healthy human bone marrow can inhibit 
the release of pro-inflammatory factors, including IL-1β and 
TNFα. EVs can also increase the secretion of anti-inflam-
matory factor TGF-β.

Notably, MSC-EVs can promote the transformation of 
the inflammatory M1 macrophage to the anti-inflammatory 
M2 phenotype. This polarization accelerates the anti-inflam-
matory cytokine release, including TGF-β, prostaglandin E2 
(PGE2), and IL-10. Deng et al. [26] reported that MSC-EVs 
inhibit M1 rather than M2 polarization in ARDS develop-
ment induced by sepsis. MSC-EVs also inhibited hypoxia 
inducible factor 1α (HIF-1α) secretion and downregulated 
several essential proteins of glycolysis expression, such as 
hexokinase 2 (HK2), pyruvate kinase isoform M2 (PKM2), 
and other proteins. The inhibitory effects significantly 

influenced the production of adenosine triphosphate (ATP) 
and lactic acid and regulated macrophage polarization. The 
acute inflammatory response was attenuated by inhibiting 
glycolysis. The in vivo experiment also revealed the ame-
liorative effect of the lipopolysaccharide (LPS)-induced 
ARDS. After treatment with MSC-EVs, the survival rate 
of mice was improved significantly, and the PaO2/FiO2 
ratio also showed a satisfactory improvement. In addition 
to macrophages, MSC-EVs also regulate T cells. Lo Sicco 
et al. [96] reported that MSC-EVs can be efficiently inter-
nalized by macrophages, which promotes the macrophage 
phenotypes switching. Effector T cells secrete IL-17, which 
protects against microbial infections and the development 
of inflammatory disease. EVs increase this type of cytokine 
release by adjusting the ratio between the effector T cells 
and regulatory T cells.

Interestingly, Morrison et al. [18] showed that MSCs 
promote the phagocytic macrophage phenotype through 
EV-mediated mitochondrial transfer, leading to anti-
inflammatory effects. MSCs stimulated by bronchoalveo-
lar lavage fluid could release cluster of differentiation-44 
(CD44)-expressing EVs, enhancing the phagocytic ability 
of M2 macrophages. LPS could enhance the phagocytic 

Fig. 2   A schematic of the pos-
sible mechanisms of mesen-
chymal stem cells for ARDS 
therapeutic effects. ARDS acute 
respiratory distress syndrome, 
EV extracellular vesicles
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ability macrophages similar to bronchoalveolar lavage fluid, 
mainly by enhancing the oxidative phosphorylation in mac-
rophages [18]. The treated macrophages ameliorate lung 
injury in vivo.

3.2 � Repair of Epithelial and Endothelial Cell Injury

In addition to their anti-inflammatory capability, MSC-
EVs repair injured microvascular endothelial and epithelial 
cells, which are the major cause of mortality induced by 
ARDS [97]. Hu et al. [98] observed that MSC-EVs pro-
tected lung microvascular endothelial cells from inflamma-
tory injury. EVs transferred angiopoietin-1 (Ang-1) mRNA 
to recover normal protein permeability and avoid the for-
mation of actin stress fibers. After transfer to the recipient 
cells, the mRNA induced expression of soluble factors to 
assist the restoration of microvascular endothelial perme-
ability. Yu et al. [70] have demonstrated that EVs isolated 
from atorvastatin-pretreated MSCs have a pro-angiogenic 
ability. These EVs could activate the AKT/eNOS pathway 
and upregulate miR-221-3p expression, and the high expres-
sion of miR-221-3p accelerated the migration, proliferation, 
and formation of endothelial cells. Additionally, MSC-EVs 
also improved the angiogenesis of pulmonary endothelial 
cells. Wang et al. [69] revealed that the angiogenic effect 
of MSC-EVs was probably associated with enrichment of 
miR-210 by EVs. The angiogenesis gene Efna3, which can 
promote capillary-like tube formation and proliferation of 
HUVECs, is the target gene of miR-210. The formation and 
proliferation effects were considered key to the regeneration 
of pulmonary vascular cells.

In addition, MSC-EVs attenuate mitochondrial dysfunc-
tion to restore pulmonary microvascular endothelial cell 
injury. Dutra Silva et al. [99] reported that mitochondrial 
transfer relieves ARDS and promotes the repair of the alveo-
lar epithelial-capillary barrier. MSC-EVs contain mitochon-
dria, which are easily intercalated within the endothelial 
barrier. The mitochondrial transfer can alleviate mitochon-
drial dysfunction and barrier integrity reparation, as well as 
restore the level of mitochondrial biogenesis and respiration 
to normal. EVs without mitochondria are not effective. Thus, 
the mitochondrial transfer is essential for pulmonary injured 
endothelial cell recovery. More importantly, the author men-
tioned plasma in vivo could influence MSC-EVs’ therapeu-
tic effects. Therefore, the application of MSC-EVs merited 
further research.

It is essential to restore alveolar epithelial cell functions 
for repairing lung tissue injury. Zhou et al. [100] observed 
that MSC-EVs could ameliorate cell damage and apoptosis 
of the rat renal proximal epithelial cell line NRK-52E. Cis-
platin can cause apoptosis, necrosis, and oxidative stress in 
epithelial cells by activating p38 mitogen-activated protein 
kinase (p38MAPK) and caspase 3 upregulation. However, 

MSC-EVs could attenuate oxidative stress and apoptosis by 
attenuating the effect of cisplatin on the abnormal activation 
of p38MAPK and caspase 3 expression and by activating 
the extracellular signal-regulated kinase 1/2 pathway. The 
studies enhanced the antiapoptosis and antioxidation activ-
ity of MSC-EVs. This study verified the anti-apoptosis and 
antioxidant activity of MSC-EVs, making them useful for 
alveolar epithelial tissue regeneration. Similarly, Monsel 
et al. [101] have demonstrated that MSC-EVs could deliver 
mitochondria to injured alveolar epithelium and increase the 
survival and intracellular ATP generation of alveolar epi-
thelium. Moreover, intravenous injection of MSC-EVs can 
improve the keratinocyte growth factor (KGF)-mediated cell 
survival effect and decrease TNFα secretion in the setting 
of LPS-primed injury of alveolar epithelial type 2 cells. The 
therapeutic effects on other organs have also been demon-
strated [99, 102, 103].

Thus, many studies have demonstrated that increased lev-
els of growth factors, extracellular matrix proteins, and anti-
inflammatory proteins are involved in cell and tissue regen-
eration [104]. MSC-EVs transfer mitochondria, mRNA, and 
miR to regulate intercellular signaling pathways. MSC-EVs 
can enhance the proliferation and migration of epithelial and 
endothelial cells, thus ameliorating ARDS.

3.3 � Promotion of Alveolar Fluid Clearance

Patients with ARDS usually have varying degrees of pul-
monary edema. Hence, promoting alveolar fluid clearance 
is also critical to ameliorate ARDS [105]. EVs secreted 
from MSCs promoted the alveolar fluid clearance, thereby 
improving the recovery of lung injury after ARDS. Gennai 
et al. [106] demonstrated that MSC-EVs enhanced pulmo-
nary edema fluid clearance in a dose-dependent manner, 
which attenuated lung weight gain after ventilation and per-
fusion. They also proved that CD44 improves airway and 
hemodynamic parameters. Administration of anti-CD44 
antibody attenuated the internalization and therapeutic 
effects of EVs. The protection of injured lung cells also indi-
cated the use of MSC-EVs in rehabilitating human donor 
lung. However, the mechanism of alveolar fluid clearance 
needs further research. Loy et al. [107] demonstrated that 
MSC-EVs restored the expression of epithelial ion transport-
ers and alveolar fluid clearance during influenza virus infec-
tion. Alveolar fluid clearance was attenuated by inhibition of 
transporter protein expression and damage to tight junctions.

Umbilical cord-derived MSC-EVs expressed high lev-
els of angiogenesis and pulmonary tissue remodeling fac-
tors, essential for alveolar fluid clearance [108]. MSC-EVs 
reduced lung protein permeability and increased alveo-
lar fluid clearance by promoting the release of fibroblast 
growth factor (FGF)-7. Monocyte-derived macrophages in 
bronchoalveolar lavage fluid promote cytokine production, 
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creating an inflammatory microenvironment in the alveolar 
fluid. Intravenous administration of MSC-EVs decreased the 
number of neutrophils and other inflammatory cells. MSC-
EVs significantly decreased bacterial colony-forming units 
and reduced the inflammation of injured lung tissue induced 
by Escherichia coli (E. coli). Polyinosinic-polycytidylic acid 
could improve the therapeutic effects of MSC-EVs on alveo-
lar fluid clearance, but had a minor impact on lung oxygena-
tion, compliance, and tracheal pressure. Promoting alveolar 
fluid clearance can accelerate anti-inflammation to promote 
recovery from ARDS [109, 110].

To conclude, the promotion of alveolar fluid clearance 
promotes recovery of injured lung tissue in severe ARDS. 
MSC-EVs can transfer intercellular components, such as 
FGF and KGF, to restore lung protein permeability. These 
components can upregulate alveolar fluid transport and 
restore lung protein permeability. Thus, alveolar fluid clear-
ance is improved and benefits ARDS treatment.

3.4 � Antimicrobial Properties

A considerable number of ARDS cases are induced by bac-
terial pneumonia and influenza virus [1]. Acute microbial 
infections can cause severe inflammation and destruction of 
pulmonary tissues, which can eventually develop into ARDS 
[111]. Therefore, the clearance of microbes is critical for the 
treatment of bacteria- or virus-induced ARDS.

MSC-EVs can transfer immunoregulatory substances, 
including proteins, RNAs, and lipids, to recipient cells and 
have a similar regulatory effect to MSCs [112]. MSCs can 
improve innate immune cell function. LL-37, β-defensin-2 
(BD2), and other antimicrobial factors are vital for bacte-
rial clearance [113–115]. LL-37 has antimicrobial properties 
as an essential part of the innate immune system. LL-37 is 
effective against various pathogens, including viruses, bac-
teria, and fungi [116, 117]. BD2 is a microbicidal paracrine 
mediator secreted by MSCs [115]. These active antibacte-
rial substances can be loaded into EVs to achieve antibacte-
rial effects. MSC-EV treatment increased the phagocytosis 
of alveolar macrophages, enhancing microbial clearance 
[108]. Such antibacterial effects of MSC-EVs have also been 
observed in an E. coli-induced infection model. Hao et al. 
[27] showed that MSC-EVs enriched with miR-145 increase 
the production of leukotriene B4 and decrease the activity of 
multidrug resistance-associated protein 1 (MRP1) in mono-
cytes. Enhanced phagocytosis and release of antimicrobial 
agents by monocytes result in antimicrobial effects. Monsel 
et al. [101] found that MSC-EVs can deliver antimicrobial 
substances to decrease the number of inflammatory cells 
and cytokines. MSC-EVs delivered KGF and enhanced 
the phagocytosis of monocytes, enhancing the antimicro-
bial effects of the host immune system. CD44 receptors 
play a crucial role in the cellular uptake of MSC-EVs by 

monocytes. CD44-neutralizing antibodies could abrogate the 
uptake of MSC-EVs and decrease mouse survival, affecting 
ARDS treatment [101].

Viral inhibition also contributes to the antimicrobial prop-
erties of MSC-EVs [18]. MSC-EVs upregulated bacterial 
phagocytosis by macrophages via mitochondrial transfer to 
monocytes and macrophages. This process might be associ-
ated with the increase of oxidative phosphorylation in human 
monocyte-derived macrophages, due to the enhanced phago-
cytic capacity [18]. In the case of viral infection-induced 
ARDS, the underlying mechanism of MSC-EVs attenuates 
viral replication and suppresses the cytokine storm in viral 
infection-induced ARDS [27]. The miRs derived from MSC-
EVs could interact with the viral genome and influence viral 
protein expression to enhance the antiviral effects [118].

In summary, MSC-EVs can treat ARDS due to their 
ability to modulate the inflammatory response, induce the 
regeneration of injured alveolar epithelial endothelial cells, 
accelerate alveolar fluid clearance, and promote microbial 
clearance (Table 2). Nevertheless, the current application of 
natural MSC-EVs is still restricted by several innate limi-
tations of MSC-EVs, such as the limited range of natural 
MSC-EVs’ internal components.

4 � Methods to Improve the Therapeutic 
Efficacy of EVs in ARDS

One of the main limitations of natural MSC-EVs is the 
unsatisfying drug-loading capacity, which restricts their 
therapeutic efficiency [119]. Therefore, improving the load-
ing capacity of MSC-EVs is a potential strategy to enhance 
the therapeutic effects of MSC-EVs. Several methods have 
been developed to enrich the natural and exogenous contents 
of MSC-EVs.

MSC-EVs are secreted by MSCs. Changing the surface 
and intracellular contents of cells could influence MSC-EVs 
efficacy [99]. Toll-like receptor 3 agonist preconditioning 
promoted anti-microbial activity and polarized monocytes 
toward the M2 anti-inflammatory phenotype [101]. IFN-γ-
primed MSCs attenuated ARDS more effectively than naïve 
MSCs by promoting macrophage phagocytosis and clear-
ance of microbes [120]. Furthermore, the immortalization 
of MSCs assisted their proliferation, prevented senility, and 
retained mesenchymal phenotype and multipotency for more 
passages [121, 122]. This strategy may allow MSCs to pro-
duce MSC-EVs with stable quality.

Loading of exogenous drugs can also improve the ther-
apeutic potential of MSC-EVs. There were three major 
strategies to load exogenous drugs: pre-production, per-
production, and post-production [123]. Pre-production load-
ing methods allowed cargos, such as nanoparticles, nucleic 
acids, and molecular drugs, to be shipped into MSCs. Then 
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the secreted EVs containing these therapeutic drugs will 
deliver them to the target cells. Pretreating MSCs with iron 
oxide nanoparticles (IONPs) could generate IONP-loaded 
EVs [124]. These MSC-EVs containing IONPs acted as a 
magnetism-guided navigation vehicle and resulted in the 
production of more growth factors through the c-Jun N-ter-
minal kinase signaling cascade. In addition, the hydrophilic 
core and lipophilic membrane allowed EVs to encapsulate 
a huge amount of drug molecules with different proper-
ties. Silva et al. [125] also reported a hybrid vector for drug 
delivery via EVs. In addition to IONPs, EVs were loaded 
with doxorubicin (DOX), tissue-plasminogen activator, and 
photosensitizers. This drug delivery system has a potential 
application in ARDS treatment.

Genetic modification is another strategy to augment the 
therapeutic potential of MSC-EVs. PGE2 is an inflammatory 
cytokine that activates the E-prostanoid 2 (EP2) receptor 
and promotes the migration of MSCs [126]. Transducing 
MSC-based EP2 genes facilitated the mobilization of MSCs 
and improved the recovery of pulmonary inflammation and 
permeability [127]. As a cytoprotective enzyme, heme oxy-
genase-1 (HO-1) could attenuate pulmonary cell injury 
through its anti-inflammatory and antiapoptotic effects. 
Chen et al. [128] reported that HO-1-modified MSCs pro-
tect against ARDS progression. HO-1-modified MSCs were 
established by lentiviral transduction. These modified MSCs 
secreted MSC-EVs, significantly improved the survival 
of rats, and decreased neutrophil counts and total protein 
concentration in the bronchoalveolar lavage fluid. Hence, 
HO-1-modified MSC-EVs showed additional recovery and 
antiapoptotic properties compared with naïve MSC-EVs. 
Additionally, He et al. [129] focused on angiotensin-con-
verting enzyme 2 (ACE2), which degrades angiotensin II 
to angiotensin (1-7) and protects against pulmonary tissue 
damage. Lentiviral vector transduction of the ACE2 gene 
into MSCs and administration of these MSCs into ACE2-
knockout lung injury model mice resulted in histologic 
improvement in lung tissue and superior anti-inflammatory 
effects 72 h later. Although some of these studies focused on 
diseases other than ARDS, the therapeutic effects of MSC-
EVs remain verified. The paracrine effects uphold the thera-
peutic potential of MSC-EVs.

The per-production strategy involves loading of drugs 
during EV production, with the destruction and reformation 
of the EV membrane structure. Toledano Furman et al. [130] 
reported a method to load TNF-related apoptosis-inducing 
ligand into MSC-EVs. They emptied the cytosolic content 
of MSCs by hypotonic shocking, sonicating the membrane, 
and extruded them through 0.4-μm polycarbonate membrane 
filters to load the cargo. Additionally, DOX and carboplatin 
were also loaded into EVs in a similar manner [131]. How-
ever, the process of destruction and reformation of EVs’ 
membrane structure may destroy the EV membrane and 

cause loss of internal bioactive substances, impairing the 
targeting and delivery properties of MSC-EVs.

With the post-production strategy, the most common 
approach is incubation, which could load lipophilic or 
hydrophilic compounds into EVs. The membrane structure 
and inner core of EVs allow loading of different hydrophilic 
and lipophilic drugs through incubation [132]. Lipophilic 
drugs are easier to fuse with the membrane and pack into 
EVs. Zhuang et al. [82] encapsulated lipophilic curcumin 
into EVs as a drug delivery system by simple incubation. 
Gong et al. [132] loaded DOX into EVs by incubation with 
200 μg/mL of DOX and encapsulated 160 ng DOX per 
microgram of EVs, an acceptable encapsulation efficiency 
for lipophilic drugs. However, this might result in the fusion 
of excessive lipophilic substances and affect the properties 
of the EV membrane. In addition, exceptionally high-molec-
ular-weight, hydrophilic, and nucleic drugs are difficult to 
load due to their inability to cross the EV membrane. Soni-
cation and electroporation are two well-developed methods 
that could improve the encapsulation efficiency and loading 
capacity. Kaneti et al. [133] used high-energy sonication to 
introduce payloads into MSC-EVs. This strategy signifi-
cantly increased the phospholipid yield and the lipid-to-
protein ratio. Pomatto et al. [134] employed electroporation 
of EVs to load miR. By adjusting voltage and pulse, different 
payloads could be loaded into EVs and achieve better load-
ing efficiency with less damage to the EVs.

Preconditioning stimulation is another major factor 
determining both the quantity and composition of EVs. 
Hypoxia-preconditioning could upregulate miR-612 in 
MSC-EVs, which stimulated angiogenesis by targeting the 
3′-untranslated region of TP53 [135]. The enhanced angio-
genesis effect may represent hypoxia-preconditioned MSC-
EVs as potential drugs for regeneration. Duan et al. [136] 
isolated synovial MSCs to explore the therapeutic effects of 
LPS-stimulated MSC-EVs on chondrocytes in osteoarthri-
tis. LPS-stimulated MSC-EVs significantly promoted the 
proliferation and migration of chondrocytes and decreased 
the osteoarthritis severity in a mouse model. In addition to 
the composition of MSC-EVs, the production also can be 
improved by magnetic stimulation. Wu et al. [137] stimu-
lated MSCs by static magnetic fields to obtain MSC-EVs 
loaded with magnetic nanoparticles. The production of 
EVs increased by about 30% after magnetic nanoparticles 
and static magnetic fields stimulation. Enhanced miR-1260 
expression also inhibits HDAC7 and COL4A2 expression to 
improve angiogenesis. Yang et al. [138] reported a cellular-
nanoporation strategy to improve EV production, even from 
cells with low secreting levels of EVs. Electrical stimula-
tion improved the production of EVs by 50-fold. Therefore, 
external stimulation can be a potential strategy to enhance 
the therapeutic abilities of EVs.
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Taken together, several strategies have been reported to 
augment the therapeutic potential of MSC-EVs (Fig. 3). 
However, the application of these modified EVs to treat 
ARDS currently lacks robust evidence. The success of modi-
fied EVs in the treatment of other diseases may inspire the 
potential use of modified EVs for ARDS treatment.

5 � Future Perspective

As a potential method of drug delivery, MSC-EVs have 
similar therapeutic effects to MSCs but without the poten-
tial risks of MSCs. MSC-EVs transfer various substances 
to recipient cells while possessing pro-regenerative and tar-
geting properties [139]. Compared with MSC-based drug 
delivery systems, MSC-EVs have some unique advantages. 
Firstly, MSC-EVs are more controllable biodrugs than 

MSCs, with fewer safety concerns and more stability. Sec-
ondly, the storage of MSC-EVs is easier than that of MSCs, 
facilitating their practical clinical use. MSC-EVs can be 
stored in a refrigerator at −80 ℃ for clinical application and 
remain biologically active. This may avoid issues related to 
storage facilities in hospitals lacking facilities for storing a 
large number of cells. Finally, the nanosized MSC-EVs have 
less risk of elevating pulmonary arterial pressure or causing 
pulmonary embolism. Thus, multiple doses and high-dose 
administration may be considered safe.

As the most-studied clinically applied vehicles, liposomes 
faced with rapid recognition and clearance by immune sys-
tem, limiting the efficacy on inflammatory disease. Existing 
synthetic nanoparticles are more likely to be rapidly elimi-
nated from the circulation by the immune system [140]. 
However, polyethylene glycol has been applied to modi-
fied synthetic nanocarriers. The strategy prolongs half-life 

Fig. 3   Strategies to improve the 
therapeutic efficacy of MSC-
EVs. IFN interferon, MSC-EVs 
extracellular vesicles derived 
from mesenchymal stem cells
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to days in the circulation, but the intrinsic character of the 
carrier is not changed. Naturally occurring EVs in the body 
may be subjected to less immune clearance [141]. EVs can 
undergo surface modification and drug loading through the 
cell metabolic process, which is advantageous for unsta-
ble biodrugs, such as RNAs or proteins. Both nanomedi-
cines and EVs can reduce drug toxicity compared with free 
drugs. This may be related to enhanced targeted distribu-
tion of drugs and the reduction of toxic solvents used to 
dissolve insoluble drugs. Most nanomedicines on the mar-
ket are liposome-related nanocarriers that can load up to 
two therapeutic substances and contain four phospholipid 
components [142]. However, liposomes can carry a wide 
variety of exogenous drugs, such as small molecules, pep-
tides, and nucleic acids [140]. EVs are natural nanoparticles 
released by eukaryotic cells, similar in size and structure to 
liposomes. They can carry complex components, such as 
lipids, proteins, carbohydrates, and internal contents [142]. 
These therapeutic contents may exert more comprehensive 
effects to injured tissue. Blood or plasma contains abun-
dant EVs, and the transfusion causes less adverse immune 
reactions [143]. Therefore, the intravenous administration 
of EVs may pose a reduced safety risk. Although EVs have 
not received clinical approval, existing studies generally con-
clude EVs are safe [39, 40, 144]. More research and clinic 
trials are required to prove the safety of EV therapy.

It is unclear how EV biogenesis, cellular origin, and 
composition affect pharmacokinetics. Systemically injected 
EVs may also lead to rapid clearance due to drug loading 
and modification in vitro [145]. Clinical trials focusing on 
administration methods are required and may reveal the 
mechanisms of immune clearance. Additionally, approved 
nanomedicines may cause hypersensitivity reactions and 
other safety concerns [146, 147]. However, the internal 
cargo of allogeneic EVs may elicit immune reactions, which 
will challenge the clinical application of EVs. The highly 
heterogeneous characteristics of EVs make purification and 
isolation important. Furthermore, EV production is associ-
ated with more biological variability. Both cell source and 
culture medium need to be controlled to obtain stable EVs 
[142]. EVs also require more stringent storage conditions 
than normal nanocarriers. Suitable protective agents and 
storage at −80 °C are essential for EVs preservation [144].

Overall, synthetic nanocarriers have the advantages of 
convenient synthesis, storage, and a higher possibility of 
obtaining clinical approval. However, EVs may exhibit 
better immune escape, have more complex structures and 
internal substances, and precise targeting effects. After 
solving large-scale production, storage, and other obsta-
cles, EVs may become potential biodrugs for therapeu-
tic therapy. Several challenges limit the potential clini-
cal application of MSC-EVs as biodrugs. One obstacle is 
the poor yield of EVs generated by MSCs [108]. A dose 

of EVs for a 70-kg individual is produced from 7 billion 
MSCs, and during the expansion in vitro, the secretion of 
EVs is significantly reduced by MSC senescence [148, 
149]. MSC bioreactors may entail high production costs 
[148, 149]. Furthermore, the potential tumorigenicity of 
MSC-EVs may be a disadvantage [150, 151].

In summary, ARDS has become a major public health 
challenge due to the high morbidity and lack of effective 
treatments. MSC-EVs may be used as biodrugs to treat 
ARDS because of their anti-inflammatory, cell injury repair, 
alveolar fluid clearance, and anti-microbial properties. Com-
pared with other nanodrugs, MSC-EVs inherit the unique 
immune escape and inflammatory targeting characteristics of 
MSCs. The cargos endow MSC-EVs with more diverse reg-
ulatory and therapeutic abilities. MSC-EVs may be widely 
applied once large-scale production, storage, and biocom-
patibility issues are resolved. In addition, MSC-EVs can be 
combined with nanoparticles to achieve advantages of both 
and give MSC-EVs broader development prospects. Despite 
the current challenges in the clinical translation of MSC-
EVs, several strategies have been developed to enhance their 
therapeutic effects, including genetic modification, precon-
ditioning, and exogenous drug loading. Rapid development 
in this area will help to overcome challenges regarding the 
application of MSC-EVs as biodrugs to treat ARDS.
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