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Abstract: Mesenchymal stromal cells (MSCs) and MSC-derived extracellular vesicles (EVs) have
emerged as innovative therapeutic agents for the treatment of sepsis and acute respiratory distress
syndrome (ARDS). Although their potential remains undisputed in pre-clinical models, this has
yet to be translated to the clinic. In this review, we focused on the role of microRNAs contained in
MSC-derived EVs, the EV microRNAome, and their potential contribution to therapeutic mechanisms
of action. The evidence that miRNA transfer in MSC-derived EVs has a role in the overall therapeutic
effects is compelling. However, several questions remain regarding how to reconcile the stochiometric
issue of the low copy numbers of the miRNAs present in the EV particles, how different miRNAs
delivered simultaneously interact with their targets within recipient cells, and the best miRNA
or combination of miRNAs to use as therapy, potency markers, and biomarkers of efficacy in the
clinic. Here, we offer a molecular genetics and systems biology perspective on the function of EV
microRNAs, their contribution to mechanisms of action, and their therapeutic potential.

Keywords: acute lung injury; acute respiratory distress syndrome; extracellular vesicles; exosomes;
mesenchymal stromal cells; microRNA; nano therapy; sepsis; systems biology

1. Introduction

Sepsis and acute respiratory distress syndrome (ARDS) are complex and heteroge-
neous syndromes for which no specific therapies exist. Mesenchymal stromal cell (MSC) ad-
ministration significantly reduces tissue inflammation and remodeling, improves pathogen
clearance, and reduces morbidity and mortality in multiple preclinical models of sepsis
and acute lung injury (ALI, the animal corollary to ARDS) [1]. Significant morbidity and
mortality associated with both syndromes, as well as the lack of specific therapies, explains
the urgency in demonstrating the therapeutic benefit of allogenic delivery of MSCs in the
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clinic. Although multiple studies have identified various targets that, when pharmacologi-
cally or interventionally altered, mitigate various pathological features of sepsis and ARDS
experimentally (in vitro and in vivo) and in Phase I and II clinical trials, none has yielded
effective treatments in Phase III randomized clinical trials.

Since the initial isolation and culture of human MSCs over 1300 registered clinical
trials (clinicaltrials.gov “mesenchymal” 6/5/20) [2] have demonstrated the safety of admin-
istering these cells in humans [3]. Notwithstanding, we have yet to replicate the large effect
sizes predicted from pre-clinical research [4,5], as small and large trials have failed to meet
efficacy endpoints [6]. Inconsistent results have been attributed to product heterogeneity
and irregularities, use of pre-clinical models that may not recapitulate the complexities of
human disease, transferability across species, and/or poor estimation of effect size from
preclinical data leading to inconclusive findings in humans [2,7]. Moreover, although the
potential of MSCs remains undisputed, questions remain concerning their mechanisms
of action (MoA). While understanding the MoA for a new drug is not required for its
regulatory approval [8]—between 10% to 20% of currently Food and Drug Administration
(FDA)-approved drugs have no known target or clear MoA [9]—the knowledge is a tool
that can define the disorders they treat, unlock unknown disease processes, and enable
biological and clinical advances to be made, well beyond phenomenological observations.
Here, we specifically focus on the role of microRNAs (miRs) contained in MSC-derived
extracellular vesicles (EVs). Evs are nanosized, membrane-bound vesicles released from
cells that can transport a range of nucleic acids, lipids, and proteins necessary for cell-to-cell
communication; herein lies their contribution to the MoAs and therapeutic potential of cell-
and cell-free-based therapies.

2. MSCs Are Not Required for Therapeutic Effect in Sepsis/ALI

In preclinical studies of sepsis and ALI, MSCs delivered through a variety of different
routes moderate multiple organ failure and reduce mortality [1]. From the initial studies,
various investigators argued that although the precise MoA remains to be elucidated,
cell engraftment with differentiation, transdifferentiation, or cell fusion were unlikely to
contribute to observed beneficial effects in preclinical models of sepsis/ALI. First, very
low levels of cell persistence could be demonstrated after infusion. Following intravenous
administration, MSCs are efficiently targeted to the lung where they are trapped simply by
size-based filtration in the distal pulmonary arteriolar bed [10]. Using highly sensitive meth-
ods (i.e., quantitative real-time polymerase chain reaction (RT-PCR) for the sex-determining
region Y protein in female recipients [10–12]) or fluorescent labeling approaches [13–15],
cells seem to be present in the lung only up to 28–96 h post-infusion. As reviewed by
Gallipeau and others, after entrapment in the lung, nearly half of the infused MSCs are
promptly phagocytosed by resident macrophages [16–20]. Masterson and colleagues have
recently reviewed the literature on the distribution and fate of exogenously delivered MSCs,
and while there are still important unknowns, it is thought that after disappearing in the
lung, residual cells move to other major organs such as the liver and kidneys, where after a
variable but short period (24 h to 14 days), they can no longer be detectable in the body [21].

Second, whole cells are not required for their therapeutic effect. Over a decade ago,
it became apparent that the cultured supernatant from MSCs can mitigate lung injury
by providing similar protection to that observed with viable whole cells [22,23], even
when aerosolized [24]. In addition to confirming cell homing is not necessary for impart-
ing therapeutic effects [25], this finding strongly supported a paracrine MoA. Multiple
studies have also convincingly demonstrated that the immunomodulatory effect of MSCs
is communicated via MSC and recipient-secreted cytokines and relies on the local mi-
croenvironment [19,26–29], as some of the observed effects depend on a pre-treatment
of MSCs with inflammatory cytokines [27,28,30]. More recent findings indicate that the
cytokine-mediated effects are only one part of the equation, as MSC-derived microparticles
(including exosomes), apoptotic, metabolically inactivated, or even fragmented MSCs and
MSC-membranes have immunomodulatory potential [31–35]. These observations have
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raised important questions regarding the putative direct targets of MSCs and the active
therapeutic “ingredients” contained in an MSC, its secretome-derived “soup” or/and
-derived microparticle/fragments, that confer their beneficial effects.

3. MSC-Derived Secretome

A large portion of MSC’s therapeutic activity is attributed to direct primary signal-
ing through their secretome, comprising a multitude of cytokines, chemokines, growth
factors, and subcellular vesicles; overviews of the current state of knowledge of MSC’s
secreted mediators and how inflammatory priming influences their release have been
published [36–38]. Target identification studies have demonstrated that MSCs have a
wide pleiotropic effect on the pathophysiology of complex syndromes, specifically sepsis
and ALI. Our group has previously published—using a model of polymicrobial sepsis
induced by cecal ligation and puncture (CLP)—that MSC administration alters the expres-
sion of 3968 genes in five different sepsis-target organs (lung, liver, spleen, kidneys, and
heart) [39]. Given about 30,000 as the estimated total number of genes in the mouse genome,
our data suggest that approximately 13% of the septic genome is transcriptionally repro-
grammed after MSC administration [39]. While multiple gain- (overexpressing) and loss-
(silencing)-of-function studies have identified key mediators involved in the therapeutic
effect, including IL-10 [40] and anti-bacterial peptide LL-37 [41], none have emerged as the
single most responsible therapeutic target.

The release of EVs in the secretome represents an immediate cell communication
mechanism that fulfills major criteria to impart MSC-related functions: (a) dissemination of
membrane-bound mediators/signaling molecules; (b) transfer of expression patterns from
one cell to another; and (c) rapid rearrangement of the cell surface. Like all messengers,
EVs can not only immediately modify a phenotype of neighboring cells in a paracrine
fashion but also bring forward an altered micro-milieu to other tissues by transferring the
membrane composition and/or expression pattern to distal organs [42]. Salutary as well as
pathological effects may be imparted by information contained on EVs and their cargo in
the form of circulating nucleic acids (mRNAs and miRs), lipids, and proteins [31,43,44].

Seminal work from Monsel and colleagues demonstrated the therapeutic effects of
human MSC-derived EVs in a mouse model of severe pneumonia [45]. In this model,
the group was able to show that EV delivery significantly enhanced the expression of
keratinocyte growth factor (KGF) in recipients associated with improved survival. A
subsequent clinical trial randomized patients with ARDS to receive recombinant KGF
or placebo. The trial was stopped early because of increased harm in the group that
received KGF [46]. While multiple reasons are usually linked to unsuccessful clinical trials,
results did suggest that the increase in KGF is a meta-phenomenon rather than directly
causal to the improved mortality seen in animal models. Herein lies the difficulty and
the critical importance of understanding and translating promising preclinical data to the
clinic. Together, these data challenge the paradigm that a single, specific MSC-derived
paracrine mediator is responsible for the global pleiotropic effect of MSCs on transcriptional
and network reprogramming in sepsis. A much more plausible explanation is that MSC-
conferred protection from sepsis includes a range of complementary activities, resulting in
the mitigation of the innate and acquired immune and inflammatory responses.

Of particular interest to our group is the potential therapeutic role of regulatory RNAs
contained within EVs. Below, we reviewed the literature implicating epigenetic regulatory
small RNAs, specifically miRs, as important regulators and mediators of the therapeutic
effect of MSC-derived EVs.
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4. MSC-EV Content

MSC-derived EVs act as paracrine mediators of MSCs’ beneficial effects. In a land-
mark publication [47], Phinney and colleagues demonstrated that MSCs are inefficient in
performing mitophagy; using microvesicles to shuttle mitochondrial components out of
the cell. As MSCs outsource mitophagy to recipient macrophages [47], they simultaneously
package anti-inflammatory miRs into smaller EVs (including microRNA let-7f, c and I,
23b, 27b, and 29a). These miRs were shown by the group to inhibit critical pattern and
damage recognition receptors and signaling molecules: Toll-like receptor (TLR)4, MyD88,
TLR9, TLR7, and tumor necrosis factor-alpha (TNF-α) in recipient macrophages. There
is little doubt EVs contain anti-inflammatory miRs, that are produced and released by
MSCs; what is unclear is why the cells would do this, and whether these miRs are actually
therapeutically active?

The fact that RNAs contained inside EVs may impart biological function was first
described in a seminal publication by Valadi and colleagues [48]. This group demonstrated
the presence of mRNA from approximately 1300 genes in exosomes of endocytic origin,
many of which were not present in the cytoplasm of donor cells. Taking advantage of cross-
species-specific sequences in functional genomic experiments, these authors demonstrated
RNA from mast cell exosomes were transferable from mouse to human mast cells and
that after transfer, new mouse proteins were found in the recipient cells, indicating that
transferred exosomal mRNAs occurs and are functional. The presence of Argonaute
2 (AGO2, an essential component of the RNA-induced silencing complex [RISC]) and
miR inside purified Evs remains controversial [49], but studies indicate that following
endocytosis, EV-associated miRs are loaded onto the host cell Argonaute proteins, where
the release of internalized miRs can alter cellular function [50]. In addition, while associated
with the miRISC/AGO2 complex, internalized miRs can bind to their complementary
sequences inside a cell (driving cell–cell communication), modulating cellular responses.
Accordingly, many companies are now exploring miR-based therapeutics. Miravirsen
(produced by Roche/Santaris) and RG-101 (produced by Regulus Therapeutics), designed
to treat hepatitis C, are considered the flagship products of this class of future drugs [51–56].
A successful trial of a miR-221 selective inhibitor for the treatment of refractory advanced
cancer has recently demonstrated the excellent safety profile, promising bio-modulator,
and anti-tumor activity, offering a rationale for further clinical investigation [57].

Much of the controversy around which component of EV payload is biologically active
(contributes to MoA) comes from non-standardized EV preparations. The importance
of this issue cannot be understated [58–60]. The International Society for EVs has estab-
lished clear criteria for isolating, characterizing, and defining microparticles derived from
MSCs [61,62]. Moreover, Dr. Sai Kiang Lim and colleagues have recently published criteria
for defining MSC-derived EVs for therapeutic application, including establishing MSC
origin (concentration of CD73, CD90, and CD105; and absence of non-MSC antigens CD14,
CD34, and CD11b); number of particles per unit weight protein/membrane lipids and
particle diameter (within 50–200 nm); molar/weight ratio of protein to membrane lipids
(e.g., cholesterol and phosphatidylcholine); and presence of biochemically active cargo
(enzyme activity of CD73, unit activity per µg protein) [63]. The fact that MSC-derived EVs
and miRs are therapeutically relevant is not disputed; the issue is whether the miRNAs
that are carried inside EVs are actually the ones imparting their beneficial effects.
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5. EV-microRNAome

In the publication from Valadi and others, the authors determined that each exosome
may carry as many as 100–120 different miRs and that some miRs were expressed to a
greater extent in exosomes compared to donor cells [48]. Baglio and colleagues further
demonstrated that MSCs of different origins have similar small RNA expression profiles;
EV-derived miRs (EV-miRs) or exo-miRs represent about 1–2% of the cellular RNA content,
and multiple highly expressed miRs are precluded from EV sorting [64], suggesting that
the process of packaging miRs into EVs is highly regulated and not simply a mechanism
for managing cellular waste. Quantitative and stoichiometric analysis of the miR content of
EVs demonstrated less than one copy of each microRNA per EV [65]. Using ultrasensitive
total internal reflection-based single-vesicle in situ quantitative and stoichiometric analysis
of tumor-derived EV miRs, He and colleagues demonstrated that each EV may contain as
many as 6 copies of different unique microRNAs [66].

But what is the functional dose of a miR? Based on the literature, the functional dose
may differ for each target [67]; with factors such as the expression levels of the targets,
the number of miR-binding sites on the target mRNA and feedback loops able to shift
this narrow window for effective gene suppression. MiRs may also repress their targets
in a nonlinear manner introducing thresholds in gene expression [68]. Furthermore, as
miRs can work cooperatively or competitively [69], dose-dependent mRNA target selection
becomes even more complicated when combinations of miRs, with potentially overlapping
targets, are taken into account, such as would happen in EVs carrying a variety of different
miRs. Electroporation nano straw delivery, which can bypass biological mechanisms, has
been used to deliver miRs with precise dosage control directly into primary cells [70]. An
example of the importance of dose comes from studies using miR-17-92, which was shown
to decrease the cell viability of colon cancer cell line at low doses (0.00003 µg plasmid) but
increase cell viability at high doses (0.3 µg plasmid) [67]. MiR fold changes as low as 3–4
are sufficient to drive the development of disease in transgenic mice [71], and a 1.5-fold
change in the expression level of a single miR is considered enough to alter phenotype.

Denzler and colleagues showed that when a miR is lowly expressed, only the highest-
affinity sites are sufficiently occupied to mediate repression, but as miR expression increases,
more and more intermediate and low-affinity sites have occupancies sufficient to mediate
repression [72]. Canonical 6-nucleotide (-nt) sites, which typically mediate modest repres-
sion, can nonetheless compete for miR binding, with a potency of 20% of that observed
for canonical 8-nt sites. This suggests there is a strong relationship between site affinity
and miR-dose that is significantly impacted by competition between different miRs for
overlapping binding sites. Moreover, cooperative binding of proximal sites for the same or
different miRs does increase potency, making it very difficult to understand the relationship
between dose and biological effect.

In most clinical studies, EV doses range between 1–10 × 108–12 particles/mL, suggest-
ing that while the copy number inside an EV may be small, the EV dose may deliver a
significant number of therapeutically relevant miRs. Moreover, given that a single miR can
regulate the expression of hundreds of genes, a system biologist’s view of miR networks
suggests that the biological effects of a single functioning miR may significantly amplify
the biological effect at a systems level (Figure 1) [73].
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Figure 1. Systems biology view of microRNA Networks. Figure generated with Cytoscape and
ClueGO by Dr. Afshin Beheshti, Bioinformatician and Principal Investigator, Blue Marble Space
Institute of Science, NASA Ames Research Center, Space Biosciences Research Branch, reproduced
with permission from Dr. Beheshti and NASA Ames Research Center.

6. Evidence That miRs Transferred in MSC-Derived EV Are Functional

Accumulating evidence suggests that miR transfer in MSC-derived EVs plays an
important role in attenuating sepsis-associated lung injury by exerting anti-inflammatory
and anti-apoptotic effects in both in vitro and in vivo models of lung disease. Specifically,
in models of septic and non-septic ALI, several miRs (miR-21-5p, miR-27a-3p, miR-30b-3p,
miR-100, miR-384-5p, miR-145, miR-146, miR-125b-5p, and miR-181a-5p, among others)
transferred in MSC-derived EVs have been identified to be involved in therapeutic actions
(Table 1).

Macrophages are key innate immune cells involved in ARDS inflammatory response,
and many studies have investigated the ability of EVs to modulate macrophage inflamma-
tory state. MiR-145 has been shown to account for the human bone marrow MSC-derived
EV effects in the model of E.coli-induced lung injury. It has been demonstrated that miR-145
packaged in EVs is transferred into murine macrophages to enhance macrophage phago-
cytosis and to reduce E. coli bacterial load through increasing leukotriene B4 levels [74].
Moreover, miR-145 is also responsible for modulating ABCC1, an ATP-binding cassette
multidrug resistance protein [74]. Song and colleagues found that miR-146a was strongly
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upregulated in MSCs by IL-1β licensing and selectively packaged into EVs. This group
showed that miR-146a was transferred to macrophages, resulting in M2 polarization leading
to increased survival in septic mice [75]. Inhibition of miR-146a in MSCs partially negated
the immunomodulatory properties of MSC-derived EVs [75]. Similarly, Yao and colleagues
demonstrated that macrophages are polarized into M2 phenotype by miR-21 transferred
from MSC-derived EVs pre-treated with IL-1β, which significantly enhanced the thera-
peutic effects in experimental sepsis [76]. These macrophages demonstrated decreased
production of IL-8 and TNF-α, increased expression of IL-10, and enhanced phagocytosis
activity [77,78].

In the mouse model of ischemia/reperfusion lung injury, the anti-apoptotic miR-21-5p
in MSC-derived EVs was transported to alveolar macrophages, contributing to macrophage
reprogramming toward M2 macrophages via phosphatase and tensin homolog (PTEN)
and programmed cell death protein 4 (PDCD4) [79]. Such effects were reversed when
MSCs were pretreated with miR-21-5p antagonists, resulting in persistent apoptosis of
pulmonary endothelial cells [79]. Wang and colleagues have shown that miR-27a-3p
packaged in MSC-derived EVs was taken up by alveolar macrophages and directly targeted
nuclear factor kappa B (NF-κB) subunit 1, thereby downregulating NF-kappa B signaling
and promoting M2 macrophage polarization in the murine LPS-induced model of lung
injury [80]. Lentiviral transduction of MSCs with anti-miR-27a-3p or knockdown of miR-
27a-3p in vivo abolished the therapeutic effects of MSC-derived EVs in that model [80].

Ferroptosis is a unique modality of cell death driven by iron-dependent phospholipid
peroxidation. Shen and colleagues reported that adipose tissue MSC-derived EV transfer of
miR-125b-5p rescues pulmonary microvascular endothelial cells ferroptosis and improves
survival in a CLP model of sepsis. Such effects were mediated via the Keap1/Nrf2/GPX4
pathway [81]. Furthermore, Pei and colleagues recently reported that human-umbilical-
cord-MSC-derived EVs prevent inflammation and reduce the severity of lung injury in
the mouse model of sulfur mustard-induced lung injury through the delivery of miR-
146a-5p [82]. In particular, they showed that miR-146a-5p expression levels were markedly
decreased after injury, while it was restored in lung tissue after treatment with MSC-derived
EVs. Moreover, through a series of elegant experiments, the authors deciphered that miR-
146 targeted TRAF6 and mediated the anti-inflammatory effect through modulation of TLR4,
TRAF6, IRAK1, and NF-κB pathways. Overexpression of miR-146a-5p in MSC-derived EVs
significantly attenuated TRAF6 expression, which negatively regulated sulfur mustard-
induced inflammation in vitro and in vivo [82]. MiR-451 is another factor that is highly
abundant in MSC-EVs [83]. This miR was found to inhibit the expression of IL-1β, IL-6, and
TNF-α by suppressing the TLR4/NF-κB signaling pathway in burn-induced ARDS. Such
effects were abrogated when miR-451 expression was suppressed [83]. Furthermore, both
miR-23a-3p and miR-182-5p carried by MSC-EVs were able to reverse LPS-induced injury
and fibrosis by silencing Ikbkb and destabilizing IKKβ, which prevented the downstream
activation of NF-κB and hedgehog pathways [84].

MSC-derived EVs overexpressing miR-30b-3p were protective in the mouse model
of LPS-induced lung injury presumably through inhibition of serum amyloid A3 (SAA3).
This factor is a major component of the acute phase of inflammation and is a direct target
of miR30b-3p. In MLE-12 cells (mouse alveolar type II epithelial cell line), miR30b-3p trans-
ferred from MSC-derived EVs protected cells against LPS-induced injury and enhanced
cellular proliferation [85]. Furthermore, miR-132-3p carried by MSC-derived EVs reduced
LPS-induced injury in mouse lung epithelial cells by targeting TRAF6, inhibiting PI3K/Akt
signaling and enhancing cellular proliferation [86]. In endothelial cells, MSC-EV-derived
miR-126 induced downregulation of the Sprouty-related EVH1 domain-containing protein
1 (Spread-1), which prevented LPS-induced injury and enhanced cell function [87]. MiR-126
was also involved in inhibiting the expression of the alarmin HMGB1, which increased the
expression of tight junction proteins [88]. miR-150 transferred from MSC-derived EVs was
also able to mitigate LPS-induced endothelial injury by regulating caspase-3, Bax-Bcl-2,
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and MAPK signaling [89]. When miR-150 antagomirs were transfected into MSCs, these
immunomodulatory effects were partly reversed [89].

Although the exact role of autophagy in lung injury remains controversial, it may
be a double-edged sword depending on the underlying causes of lung injury and the
stages of disease progression. In this context, Chen and colleagues have demonstrated
that miR-100 is at least partially responsible for the therapeutic effects of Wharton’s Jelly
MSC-derived EVs in the rat model of bleomycin-induced lung injury via enhancement of
autophagy through inhibition of mTOR [90]. MiR-100 overexpression in MSC-EVs reduced
alveolar epithelial cell apoptosis, total protein content, neutrophil counts, and levels of
the proinflammatory cytokines in the bronchoalveolar lavage fluid (BALF) of bleomycin-
injured rats [90]. In contrast, Liu et al. found that bone marrow MSC-derived EVs could
ameliorate LPS-induced ALI in rats by inhibiting autophagy stress in alveolar macrophages
via miR-384-5p [91]. This miRNA was able to impair autophagy by directly targeting
beclin-1, thus alleviating LPS-induced injury [91]. On the other hand, MSC-derived EVs
can transfer miR-223/142 to inhibit the activation of the NLRP3 inflammasome and prevent
the activity of M1 pro-inflammatory macrophages [92].

In our recent study, we analyzed the miR profile of MSC-derived EVs after MSCs were
exposed to BALF samples from ARDS patients [93]. MiR-181a-5p was found to be among
the most highly enriched in the MSC-derived EVs. Further investigation of its functional
role showed that miR-181a-5p transfer resulted in human and murine alveolar macrophage
reprogramming towards an anti-inflammatory state via the PTEN-STAT5-SOCS1 axis. More
importantly, we demonstrated that this pathway was activated in human monocyte-derived
macrophages in the presence of plasma from ARDS patients [93]. We also demonstrated
that in the model of LPS-induced lung injury, EVs lacking miR-181a were not able to
reduce lung injury and inflammatory cell infiltration into the lungs compared to control
EVs. Notably, administration of control EVs was coupled with significant upregulation of
pSTAT5 and SOCS1 expression in alveolar macrophages in vivo. Furthermore, miR-181a
overexpression resulted in significant augmentation of the therapeutic efficacy of EVs
in this model [93]. While gain and loss of function reconstitution experiments provide
evidence that EV-miRs may be more than just an epiphenomenon, the causal link to MoA
is re-enforced by evidence that the parent-MSC macro- and micro-milieu modifies EV-miR
content and function.

Table 1. Biological activity of miRNAs carried by MSC-derived EVs in the in vitro and in vivo models.

MicroRNA Main Biological Activity Reference

miR-145 ↑ macrophage phagocytosis activity [74]

miR-146a ↑ macrophage polarization to M2 anti-inflammatory phenotype [75]

miR-21 ↑ macrophage polarization to M2 anti-inflammatory phenotype [76]

miR-21-5p ↑ macrophage polarization to M2 anti-inflammatory phenotype [79]

miR-27a-3p ↓ NF-kappa B signaling, ↑ macrophage polarization to M2 anti-
inflammatory phenotype [80]

miR-125b-5p ↓ ferroptosis-induced inflammation by regulating Keap1/Nrf2/
GPX4 expression [81]

miR-146a-5p ↑ anti-inflammatory actions by targeting TLR4, TRAF6, IRAK1, and
NF-κB pathways [82]

miR-451 ↓ IL-1β, IL-6, and TNF-α levels by suppressing the TLR4/NF-κB pathway [83]

miR-23a-3p/miR-182-5p ↓ injury and fibrosis by silencing Ikbkb and destabilizing IKKβ [84]

miR-30b-3p SAA3 inhibition, ↑ proliferation, and ↓ apoptosis of alveolar epithelial cells [85]
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Table 1. Cont.

MicroRNA Main Biological Activity Reference

miR-132-3p PI3K/Akt signaling inhibition, ↑ cellular proliferation [86]

miR-126 ↓ Spread-1 expression, ↑ endothelial cell activity, ↓ HMGB1 expression, ↑ tight junction
protein expression [87,88]

miR-150 ↓ endothelial injury by regulating caspase-3, Bax-Bcl-2, and MAPK signaling [89]

miR-100 ↓ alveolar epithelial cell apoptosis [90]

miR-384-5p ↓ autophagy stress in alveolar macrophages [91]

miR-223/142 ↓ NLRP3 inflammasome activation [92]

miR-181a-5p ↑ macrophage polarization to M2 anti-inflammatory phenotype via the
PTEN-STAT5-SOCS1 axis [93]

7. Licensing of MSCs Alters EV miR Content and Therapeutic Activity

The requirement for licensing or activation for MSCs to mediate their immunomodu-
latory or cytoprotective effects is now better understood [28]. In particular, simulation with
IFN-γ, TNF-α, IL-1β or combinations of these cytokines enhances MSC therapeutic efficacy
in vitro and in vivo [14,94,95]. Other pro-inflammatory agents, including MIF [96], TGF-
β1 [97], LPS [98], Poly:I.C. [99], and Pam3CSK4 [100], as well as pharmacological agents
(e.g., eicosapentaenoic acid [101,102]) or biologically relevant samples (e.g., serum and
BALF [20,34,43]), have been shown to enhance MSC immunosuppressive and protective
functions. Exposure to hypoxia has also been used to prime MSCs leading to improved
MSC survival and increased production of anti-inflammatory and cytoprotective media-
tors [103,104]. The therapeutic activity of MSC-derived EVs can also be enhanced using
various alternative licensing approaches [28].

Pro-inflammatory cytokine or thrombin stimulation of MSCs leads to increased EV
production [105–107]. Several licensing strategies reliably enhance MSC-derived EV im-
munoregulatory and therapeutic effects. These priming strategies include pre-exposure
to TNFα, IL-1β, IFN-γ alone or in combination [28,75,76,105,108–117]; TLR ligands such
as LPS [118–120], hypoxia [121,122], or other factors, including thrombin [107], the endo-
plasmic reticulum stress inducer, thapsigargin [123], and the lipophilic photosensitizer,
hexyl-5-aminolevulinate hydrochloride (HAL) in combination with pro-inflammatory cy-
tokines [113]; transfection with miR [124]; or serum from injury models [20,34,43], BALF,
as above; or secretome from LPS-activated cells such as microglia [125]. EVs derived from
licensed or primed MSCs have been investigated in an array of inflammatory conditions
and while the pathogenic factors driving specific diseases may differ, there is a large
consensus across studies demonstrating the protective and immunoregulatory effects of
MSC-derived EVs. Much attention has been centered on the relevance of priming strategies
on macrophage polarization [43,75,76,105,109,113,116,119–123,125] or transition toward
pro-resolution of infection or inflammatory cellular phenotypes [112,118].

Mechanistically, studies have elegantly identified active components contained within
MSC-derived EVs and targeted signaling cascades involved. IL-1β priming of MSCs
significantly enhanced MSC-derived EV protection in CLP models of sepsis [75,76] by
suppressing macrophage activation and promoting M2 polarization, leading to reduced
expression of TNF-α, iNOS and increased expression of IL-10 and ARG-1 [75,76]. These
elegant studies identified different miRs in primed MSC-derived EVs. Elevated levels of
miR-146a were identified in IL-1β-primed MSC-derived EVs and were shown to contribute
to the immunomodulatory effects of IL-1β-primed MSC-derived EVs using miR-146a
mimics and inhibitors [75]. A role for miRNA has also been identified in IFN-γ-primed
MSC-derived EVs in the context of dextran sodium sulfate-induced colitis. EVs secreted
by IFN-γ-primed MSCs showed superior efficacy compared to control MSC-derived EVs.
Inhibiting miR-125a and miR-125b decreased IFN-γ-primed MSC-derived EVs’ capacity to
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suppress Th17 cell differentiation. The importance of miR-125a and miR-125b was verified
using agomirs to abrogate beneficial effects [114].

While the promotion of M2 macrophages is a common effect mediated by primed
MSC-derived EVs in inflammatory conditions, it also features in regenerative models. In
comparison to normoxic MSC-derived EVs, hypoxic (1% O2 culture) MSC-derived EVs ex-
erted greater effects in promoting liver regeneration associated with M2 polarization [122].
MiR-182-5p was significantly enriched in hypoxic MSC-exosomes, and inhibition of miR-
182-5p partially abolished the protective effects. In this setting, M2 polarization involved
Foxo1/TLR4 signaling [122]. These studies demonstrate that whatever therapeutic “ingre-
dients” are being packaged into an EV by MSCs, this process is dose-responsive, suggesting
it may be further manipulated and tailored for therapeutic purposes.

8. Generation of EVs with Favorable Characteristics by Genetically Modifying the
Parental MSCs: Role of EV-miR Content

EVs from lineage-defined MSCs induce lineage-specific changes in target naïve
MSCs [126,127]. The miR cargo of EVs is representative of its parental cell status, and
the differentiated state of the parental MSC confers lineage-defining properties to the
derivative EVs [128,129]. Shirazi and colleagues demonstrated the importance of cellu-
lar and exosomal miRs to MSC functions by knocking down both Dicer and AGO2 in
parental MSCs. Dicer/AGO2 deficient cells markedly reduced the differentiation poten-
tial of MSCs. Treatment of Dicer/AGO2-deficient MSCs with wild-type MSC-derived
exosomes effectively recovered the impaired osteoblastic differentiation. Dicer/AGO2
knockdown reduced the quantity and diversity of miRs present in MSC-exosomes. MiR
sequencing and KEGG analysis implicated the miR-dependent effects on multiple osteoin-
ductive pathways in Dicer/AGO2 deficient cells. Importantly, elegant miR replacement
experiments, where transfection of Dicer/AGO2-deficient MSCs with mimics of miRs
significantly downregulated in Dicer/AGO2-deficient knockdown cells, were shown to
recover/reconstitute functions of exosome-mediated signaling in MSCs [130], providing
robust and compelling in vitro evidence of the critical contribution of exosome-derived
miRs to the biological function of EVs. Whether exomiRs, miRs contained within exo-
somes or EVs, are also functional in vivo can be inferred from pre-clinical studies that
have exploited genetic engineering strategies to modify the activity and therapeutic
potential of EVs.

MSCs have been genetically engineered to overexpress several genes [28,131,132].
These include the first report using angiopoietin 1 [133], heme oxygenase (HO)-1 [134],
superoxide dismutase (SOD) [135], IL-10 [136–138], IL-1RL1 [139], angiotensin-converting
enzyme (ACE)2 [140,141], vascular endothelial growth factor (VEGF) [142], KGF [143], and
hepatocyte growth factor (HGF) [137,144], among others. Compared to unmodified MSCs,
genetically engineered MSCs promoted a greater reduction in inflammation and tissue
injury and improved survival when administered in animal models of ALI or sepsis. This
approach has also been used to engineer and enrich EVs with specific properties. Both gain
and loss of function may be exploited. In a recent model of myocardial dysfunction, rat
adipose-derived MSC-overexpressing stem cell factor (SCF) was successfully used to induce
endogenous regenerative processes and improve cardiac function. EVs from genetically
modified MSCs were isolated, and a total of 95 differentially expressed miRNAs were
identified in intact GFP- or SCF-overexpressing rat MSC EVs [145]. Genetic modification of
MSCs can greatly impact EV miR composition [145].

Gómez-Ferrer and colleagues demonstrated that EVs derived from a genetically
modified MSC line overexpressing hypoxia-inducible factor 1-alpha (HIF-1α) and telom-
erase suppressed the proliferation of activated T-cells more effectively than unmodified
MSCs [146]. In another study by Gong and colleagues, it was demonstrated that EVs pro-
duced by MSCs overexpressing GATA-4 promoted angiogenesis by increasing the tube-like
structure formation and spheroid-based sprouting of human umbilical vein endothelial
cells (HUVECs) compared to EVs obtained from control MSCs (MSCs transduced with
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an empty vector) [147]. Vieira and colleagues modified MSCs to overexpress miR-135b or
miR-210 using a lentiviral vector and found that the modified MSCs secreted EVs with dif-
ferent miR signatures. EVs enriched with miR-210 demonstrated an improved angiogenesis
potential, as assessed by tube formation assays, as well as increased angiogenesis-related
proteins in HUVECs (including e.g., Activin A and Endothelin-1) compared to control
EVs [148]. Genetic engineering has also been used to enhance the production of EVs with
improved stability or enhanced target abilities. For example, by expressing a cardiomyocyte-
binding peptide (Lamp2b fused to a cardiomyocyte-specific peptide) on the EV surface,
Mentkowski and colleagues demonstrated increased delivery of cardioprotective cargo to
cardiomyocytes [149].

Various strategies have also been used to modify the parental cells or EV themselves
to enhance their therapeutic potential, including (i) modifying the EV surface by fusing a
peptide that targets a specific receptor on the recipient cell with an EV-enriched protein
(e.g., Lamp2b); (ii) via chemical conjugation such as metabolically labeled protein or
targeting peptide; or (iii) enhancing the EV cargo release using, for example, a pH-sensitive
fusion peptide expressed on the EV membrane [150]. Certain proteins in the recipient
cell may also play a major role in EV uptake. For example, the expression of heparan
sulfate proteoglycans has been reported to be essential for the uptake of cancer-cell-derived
exosomes [151]. Similarly, inhibition or knockout of sialic acid-binding immunoglobulin-
type lectin resulted in decreased exosome uptake by the recipient cell [152]. There is
increasing evidence that EV glycosylation plays an important role in their uptake by the
recipient cells [153]; however, there is still a great knowledge gap with respect to the EV
glycosylation processes and how genetic modifications of the parental MSCs could be used
to obtain EVs with favorable characteristics. Further investigation is required to clarify
these issues.

Regarding the role of EV-miRs and the role of genetic engineering as a strategy to
tailor EV-miR content for therapeutic purposes, compelling evidence comes from Huag and
colleagues [129]. In a non-sepsis-related model, this group evaluated if pathway-specific
EV engineering can be accomplished via targeted expression of select miRs in MSC EVs. To
accomplish this, the group generated MSCs that constitutively expressed miR-424 in an
EV-specific manner. This was achieved by using sequence motifs present in miRs that con-
trol their localization into exosomes. The protein heterogeneous nuclear ribonucleoprotein
A2B1 (hnRNPA2B1) specifically binds exosomal miRs through the recognition of specific
motifs and controls miR loading into exosomes [154]. The loading of miRs into exosomes
can therefore be modulated by mutagenesis of identified motifs or changes in hnRNPA2B1
expression levels. Preferential targeting of the miR of choice—in this case, miR-424—was
achieved via infection with a lentivirus containing a dual promoter vector encoding for the
miR-424 followed by the EV targeting sequence, resulting in overexpression of miR-424
linked to the exosome localization sequence in parental genetically modified MSCs. Results
showed that miRs can be specifically expressed in EVs without affecting the physical EV
characteristics as well as their ability to be endocytosed by target cells. The EVs engineered
displayed enhanced differentiation potential of naïve MSCs compared to controls, and
over-representation of miR-424 was able to trigger osteogenic differentiation by specifically
enhancing the SMAD1/5/8 pathway that governs BMP2 signaling in vivo. These stud-
ies demonstrate proof-of-concept of the enormous potential for this genetic engineering
approach to exploit different miRs for therapy.

9. Concluding Remarks

In this review, we offer a perspective on how important questions regarding the con-
tribution of EV-miRs to appropriate function may be reconciled with the low copy number,
pleotropic effects, and competing and cooperative activities, using evidence from molecular
genetics and systems biology. Genetic experiments presented offer compelling evidence for
the role of EV-miRs in mediating therapeutically relevant MoA. A systems biologist’s view
of the presence of cooperative and competing miR activity provides an explanatory vision
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of how even low abundance miRs may significantly impact miR networks and function
in recipient cells. The ability to tailor EV-miR content either by licensing or genetically
modifying parent cells opens exciting new avenues for advancing personalized care us-
ing cell-free technologies. How we will translate this exciting new technology to clinical
practice remains to be elucidated. The first in-human trial of genetically modified MSCs
for the treatment of sepsis is currently underway (NCT04961658); results will be critical
in defining how this technology will evolve for the application of EV technologies for the
treatment of sepsis and ARDS.

Author Contributions: Conceptualization, C.C.d.S. and P.R.M.R.; writing—original draft preparation,
C.C.d.S., M.L.-P., K.E., S.R.E., A.K. and P.R.M.R.; writing—review and editing, C.C.d.S., M.L.-P., K.E.,
S.R.E., A.K. and P.R.M.R. All authors have read and agreed to the published version of the manuscript.

Funding: CCDS is funded by the Canadian Institutes of Health Research, The National Research
Council of Canada, and the Nanomedicine Innovation Network. AK is funded by UKRI MRC
MR/S009426/1. PRMR was supported by the Brazilian Council for Scientific and Technological De-
velopment (CNPq) 443824/2018-5, 403485/2020-7, 408124/2021-0, the Rio de Janeiro, State Research
Foundation (FAPERJ) E-26/010.001488/2019, and National Institute of Science and Technology for
Regenerative Medicine 465656/2014-5.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Conflicts of Interest: The authors declare no conflicts of interest.

References
1. Lopes-Pacheco, M.; Robba, C.; Rocco, P.R.M.; Pelosi, P. Current understanding of the therapeutic benefits of mesenchymal stem

cells in acute respiratory distress syndrome. Cell Biol. Toxicol. 2020, 36, 83–102. [CrossRef]
2. Wright, A.; Arthaud-Day, M.L.; Weiss, M.L. Therapeutic Use of Mesenchymal Stromal Cells: The Need for Inclusive Characteriza-

tion Guidelines to Accommodate All Tissue Sources and Species. Front. Cell Dev. Biol. 2021, 9, 632717. [CrossRef]
3. Thompson, M.; Mei, S.H.J.; Wolfe, D.; Champagne, J.; Fergusson, D.; Stewart, D.J.; Sullivan, K.J.; Doxtator, E.; Lalu, M.; English,

S.W.; et al. Cell therapy with intravascular administration of mesenchymal stromal cells continues to appear safe: An updated
systematic review and meta-analysis. EClinicalMedicine 2020, 19, 100249. [CrossRef]

4. Lalu, M.M.; Sullivan, K.J.; Mei, S.H.; Moher, D.; Straus, A.; Fergusson, D.A.; Stewart, D.J.; Jazi, M.; MacLeod, M.; Winston, B.; et al.
Evaluating mesenchymal stem cell therapy for sepsis with preclinical meta-analyses prior to initiating a first-in-human trial. eLife
2016, 5, e17850. [CrossRef]

5. McIntyre, L.A.; Moher, D.; Fergusson, D.A.; Sullivan, K.J.; Mei, S.H.J.; Lalu, M.; Marshall, J.; McLeod, M.; Griffin, G.;
Grimshaw, J.; et al. Efficacy of mesenchymal stromal cell therapy for acute lung injury in preclinical animal models: A systematic
review. PLoS ONE 2016, 11, e0147170. [CrossRef]

6. Galipeau, J.; Sensébé, L. Mesenchymal Stromal Cells: Clinical Challenges and Therapeutic Opportunities. Cell Stem Cell 2018, 22,
824–833. [CrossRef]

7. Zhou, T.; Yuan, Z.; Weng, J.; Pei, D.; Du, X.; He, C.; Lai, P. Challenges and advances in clinical applications of mesenchymal
stromal cells. J. Hematol. Oncol. 2021, 14, 24. [CrossRef]

8. Davis, R.L. Mechanism of Action and Target Identification: A Matter of Timing in Drug Discovery. iScience 2020, 23, 101487.
[CrossRef]

9. Moffat, J.G.; Vincent, F.; Lee, J.A.; Eder, J.; Prunotto, M. Opportunities and challenges in phenotypic drug discovery: An industry
perspective. Nat. Rev. Drug Discov. 2017, 16, 531–543. [CrossRef]

10. Mei, S.H.J.; Haitsma, J.J.; Dos Santos, C.C.; Deng, Y.; Lai, P.F.H.; Slutsky, A.S.; Liles, W.C.; Stewart, D.J. Mesenchymal stem cells
reduce inflammation while enhancing bacterial clearance and improving survival in sepsis. Am. J. Respir. Crit. Care Med. 2010,
182, 1047–1057. [CrossRef]

11. Silva, J.D.; Paredes, B.D.; Araújo, I.M.; Lopes-Pacheco, M.; Oliveira, M.V.; Suhett, G.D.; Faccioli, L.A.P.; Assis, E.; Castro-Faria-Neto,
H.C.; Goldenberg, R.C.S.; et al. Effects of bone marrow-derived mononuclear cells from healthy or acute respiratory distress
syndrome donors on recipient lung-injured Mice. Crit. Care Med. 2014, 42, e510–e524. [CrossRef] [PubMed]

12. Lopes-Pacheco, M.; Ventura, T.G.; de Oliveira, H.D.; Monção-Ribeiro, L.C.; Gutfilen, B.; de Souza, S.A.L.; Rocco, P.R.M.;
Borojevic, R.; Morales, M.M.; Takiya, C.M. Infusion of Bone Marrow Mononuclear Cells Reduces Lung Fibrosis but Not Inflam-
mation in the Late Stages of Murine Silicosis. PLoS ONE 2014, 9, e109982. [CrossRef] [PubMed]

13. Carty, F.; Corbett, J.M.; Cunha, J.P.M.C.M.; Reading, J.L.; Tree, T.I.M.; Ting, A.E.; Stubblefield, S.R.; English, K. Multipotent Adult
Progenitor Cells Suppress T Cell Activation in In Vivo Models of Homeostatic Proliferation in a Prostaglandin E2-Dependent
Manner. Front. Immunol. 2018, 9, 645. [CrossRef] [PubMed]

https://doi.org/10.1007/s10565-019-09493-5
https://doi.org/10.3389/fcell.2021.632717
https://doi.org/10.1016/j.eclinm.2019.100249
https://doi.org/10.7554/eLife.17850
https://doi.org/10.1371/journal.pone.0147170
https://doi.org/10.1016/j.stem.2018.05.004
https://doi.org/10.1186/s13045-021-01037-x
https://doi.org/10.1016/j.isci.2020.101487
https://doi.org/10.1038/nrd.2017.111
https://doi.org/10.1164/rccm.201001-0010OC
https://doi.org/10.1097/CCM.0000000000000296
https://www.ncbi.nlm.nih.gov/pubmed/24633189
https://doi.org/10.1371/journal.pone.0109982
https://www.ncbi.nlm.nih.gov/pubmed/25299237
https://doi.org/10.3389/fimmu.2018.00645
https://www.ncbi.nlm.nih.gov/pubmed/29740426


Cells 2024, 13, 122 13 of 19

14. Carty, F.; Dunbar, H.; Hawthorne, I.J.; Ting, A.E.; Stubblefield, S.R.; Van’t Hof, W.; English, K. IFN-γ and PPARδ Influence the
Efficacy and Retention of Multipotent Adult Progenitor Cells in Graft vs Host Disease. Stem Cells Transl. Med. 2021, 10, 1561–1574.
[CrossRef] [PubMed]

15. De Oliveira, H.D.; De Melo, E.B.B.; Silva, J.D.; Kitoko, J.Z.; Gutfilen, B.; Barboza, T.; De Souza, S.A.L.; Takiya, C.M.; Rocco, P.R.M.;
Lopes-Pacheco, M.; et al. Therapeutic effects of bone marrow-derived mononuclear cells from healthy or silicotic donors on
recipient silicosis mice. Stem Cell Res. Ther. 2017, 8, 259. [CrossRef] [PubMed]

16. Galipeau, J. Macrophages at the Nexus of Mesenchymal Stromal Cell Potency: The Emerging Role of Chemokine Cooperativity.
Stem Cells 2021, 39, 1145–1154. [CrossRef] [PubMed]

17. Enes, S.R.; Hampton, T.H.; Barua, J.; McKenna, D.H.; Dos Santos, C.C.; Amiel, E.; Ashare, A.; Liu, K.D.; Krasnodembskaya, A.D.;
English, K.; et al. Healthy versus Inflamed Lung Environments Differentially Effect MSCs. Eur. Respir. J. 2021, 58, 2004149.
[CrossRef]

18. Matthay, M.A.; Calfee, C.S.; Zhuo, H.; Thompson, B.T.; Wilson, J.G.; Levitt, J.E.; Rogers, A.J.; Gotts, J.E.; Wiener-Kronish, J.P.;
Bajwa, E.K.; et al. Treatment with allogeneic mesenchymal stromal cells for moderate to severe acute respiratory distress
syndrome (START study): A randomised phase 2a safety trial. Lancet Respir. Med. 2019, 7, 154–162. [CrossRef]

19. Park, J.; Kim, S.; Lim, H.; Liu, A.; Hu, S.; Lee, J.H.; Zhuo, H.; Hao, Q.; Matthay, M.A.; Lee, J.W. Therapeutic effects of human
mesenchymal stem cell microvesicles in an ex vivo perfused human lung injured with severe E. coli pneumonia. Thorax 2019,
74, 43–50. [CrossRef]

20. Abreu, S.; Alves, L.; Carvalho, L.; Xisto, D.; Blanco, N.; Castro, L.; Olsen, P.; Lapa E Silva, J.R.; Morales, M.M.; Lopes-
Pacheco, M.; et al. Serum from patients with asthma potentiates macrophage phagocytosis and human mesenchymal stromal cell
therapy in experimental allergic asthma. Cytotherapy 2023, 25, 967–976. [CrossRef]

21. Masterson, C.H.; Curley, G.F.; Laffey, J.G. Modulating the distribution and fate of exogenously delivered MSCs to enhance
therapeutic potential: Knowns and unknowns. Intensive Care Med. Exp. 2019, 7, 41. [CrossRef] [PubMed]

22. Bogatcheva, N.V.; Coleman, M.E. Conditioned Medium of Mesenchymal Stromal Cells: A New Class of Therapeutics. Biochemistry
2019, 84, 1375–1389. [CrossRef] [PubMed]

23. Zhou, Z.; Hua, Y.; Ding, Y.; Hou, Y.; Yu, T.; Cui, Y.; Nie, H. Conditioned Medium of Bone Marrow Mesenchymal Stem Cells
Involved in Acute Lung Injury by Regulating Epithelial Sodium Channels via miR-34c. Front. Bioeng. Biotechnol. 2021, 9, 640116.
[CrossRef] [PubMed]

24. McCarthy, S.D.; Horgan, E.; Ali, A.; Masterson, C.; Laffey, J.G.; MacLoughlin, R.; O’Toole, D. Nebulized Mesenchymal Stem Cell
Derived Conditioned Medium Retains Antibacterial Properties Against Clinical Pathogen Isolates. J. Aerosol Med. Pulm. Drug
Deliv. 2020, 33, 140–152. [CrossRef] [PubMed]

25. Hwang, B.; Liles, W.C.; Waworuntu, R.; Mulligan, M.S. Pretreatment with bone marrow–derived mesenchymal stromal cell–
conditioned media confers pulmonary ischemic tolerance. J. Thorac. Cardiovasc. Surg. 2016, 151, 841–849. [CrossRef]

26. Dunbar, H.; Weiss, D.J.; Rolandsson Enes, S.; Laffey, J.G.; English, K. The Inflammatory Lung Microenvironment; a Key Mediator
in MSC Licensing. Cells 2021, 10, 2982. [CrossRef] [PubMed]

27. Krampera, M.; Le Blanc, K. Mesenchymal stromal cells: Putative microenvironmental modulators become cell therapy. Cell Stem
Cell 2021, 28, 1708–1725. [CrossRef] [PubMed]

28. Lopes-Pacheco, M.; Rocco, P.R.M. Functional enhancement strategies to potentiate the therapeutic properties of mesenchymal
stromal cells for respiratory diseases. Front. Pharmacol. 2023, 14, 1067422. [CrossRef]

29. de Castro, L.L.; Lopes-Pacheco, M.; Weiss, D.J.; Cruz, F.F.; Rocco, P.R.M. Current understanding of the immunosuppressive
properties of mesenchymal stromal cells. J. Mol. Med. 2019, 97, 605–618. [CrossRef]

30. Tindle, C.; Fuller, M.; Fonseca, A.; Taheri, S.; Ibeawuchi, S.-R.; Beutler, N.; Katkar, G.D.; Claire, A.; Castillo, V.; Hernandez, M.; et al.
Adult stem cell-derived complete lung organoid models emulate lung disease in COVID-19. eLife 2021, 10, e66417. [CrossRef]

31. Matthay, M.A. Extracellular Vesicle Transfer from Mesenchymal Stromal Cells Modulates Macrophage Function in Acute Lung
Injury. Basic Science and Clinical Implications. Am. J. Respir. Crit. Care Med. 2017, 196, 1234–1236. [CrossRef]

32. Gennai, S.; Monsel, A.; Hao, Q.; Park, J.; Matthay, M.A.; Lee, J.W. Microvesicles Derived From Human Mesenchymal Stem Cells
Restore Alveolar Fluid Clearance in Human Lungs Rejected for Transplantation. Am. J. Transplant. 2015, 15, 2404–2412. [CrossRef]

33. Weiss, A.R.R.; Dahlke, M.H. Immunomodulation by Mesenchymal Stem Cells (MSCs): Mechanisms of action of living, apoptotic,
and dead MSCs. Front. Immunol. 2019, 10, 1191. [CrossRef]

34. Abreu, S.C.; Xisto, D.G.; de Oliveira, T.B.; Blanco, N.G.; de Castro, L.L.; Kitoko, J.Z.; Olsen, P.C.; Lopes-Pacheco, M.; Morales, M.M.;
Weiss, D.J.; et al. Serum from Asthmatic Mice Potentiates the Therapeutic Effects of Mesenchymal Stromal Cells in Experimental
Allergic Asthma. Stem Cells Transl. Med. 2019, 8, 301–312. [CrossRef]

35. de Carvalho, L.R.P.; Abreu, S.C.; de Castro, L.L.; Andrade da Silva, L.H.; Silva, P.M.; Vieira, J.B.; Santos, R.T.; Cabral, M.R.;
Khoury, M.; Weiss, D.J.; et al. Mitochondria-Rich Fraction Isolated From Mesenchymal Stromal Cells Reduces Lung and Distal
Organ Injury in Experimental Sepsis. Crit. Care Med. 2021, 49, e880–e890. [CrossRef]

36. Moll, G.; Hoogduijn, M.J.; Ankrum, J.A. Editorial: Safety, Efficacy and Mechanisms of Action of Mesenchymal Stem Cell Therapies.
Front. Immunol. 2020, 11, 243. [CrossRef]

37. Ferreira, J.R.; Teixeira, G.Q.; Santos, S.G.; Barbosa, M.A.; Almeida-Porada, G.; Gonçalves, R.M. Mesenchymal Stromal Cell
Secretome: Influencing Therapeutic Potential by Cellular Pre-conditioning. Front. Immunol. 2018, 9, 2837. [CrossRef]

https://doi.org/10.1002/sctm.21-0008
https://www.ncbi.nlm.nih.gov/pubmed/34397170
https://doi.org/10.1186/s13287-017-0699-7
https://www.ncbi.nlm.nih.gov/pubmed/29126438
https://doi.org/10.1002/stem.3380
https://www.ncbi.nlm.nih.gov/pubmed/33786935
https://doi.org/10.1183/13993003.04149-2020
https://doi.org/10.1016/S2213-2600(18)30418-1
https://doi.org/10.1136/thoraxjnl-2018-211576
https://doi.org/10.1016/j.jcyt.2023.05.014
https://doi.org/10.1186/s40635-019-0235-4
https://www.ncbi.nlm.nih.gov/pubmed/31346794
https://doi.org/10.1134/S0006297919110129
https://www.ncbi.nlm.nih.gov/pubmed/31760924
https://doi.org/10.3389/fbioe.2021.640116
https://www.ncbi.nlm.nih.gov/pubmed/34368091
https://doi.org/10.1089/jamp.2019.1542
https://www.ncbi.nlm.nih.gov/pubmed/31730399
https://doi.org/10.1016/j.jtcvs.2015.11.043
https://doi.org/10.3390/cells10112982
https://www.ncbi.nlm.nih.gov/pubmed/34831203
https://doi.org/10.1016/j.stem.2021.09.006
https://www.ncbi.nlm.nih.gov/pubmed/34624232
https://doi.org/10.3389/fphar.2023.1067422
https://doi.org/10.1007/s00109-019-01776-y
https://doi.org/10.7554/eLife.66417
https://doi.org/10.1164/rccm.201706-1122ED
https://doi.org/10.1111/ajt.13271
https://doi.org/10.3389/fimmu.2019.01191
https://doi.org/10.1002/sctm.18-0056
https://doi.org/10.1097/CCM.0000000000005056
https://doi.org/10.3389/fimmu.2020.00243
https://doi.org/10.3389/fimmu.2018.02837


Cells 2024, 13, 122 14 of 19

38. Abreu, S.C.; Lopes-Pacheco, M.; Weiss, D.J.; Rocco, P.R.M. Mesenchymal Stromal Cell-Derived Extracellular Vesicles in Lung
Diseases: Current Status and Perspectives. Front. Cell Dev. Biol. 2021, 9, 600711. [CrossRef]

39. dos Santos, C.C.; Murthy, S.; Hu, P.; Shan, Y.; Haitsma, J.J.; Mei, S.H.J.; Stewart, D.J.; Liles, W.C. Network Analysis of Transcrip-
tional Responses Induced by Mesenchymal Stem Cell Treatment of Experimental Sepsis. Am. J. Pathol. 2012, 181, 1681–1692.
[CrossRef]

40. Németh, K.; Leelahavanichkul, A.; Yuen, P.S.T.; Mayer, B.; Parmelee, A.; Doi, K.; Robey, P.G.; Leelahavanichkul, K.; Koller,
B.H.; Brown, J.M.; et al. Bone marrow stromal cells attenuate sepsis via prostaglandin E 2-dependent reprogramming of host
macrophages to increase their interleukin-10 production. Nat. Med. 2009, 15, 42–49. [CrossRef]

41. Krasnodembskaya, A.; Song, Y.; Fang, X.; Gupta, N.; Serikov, V.; Lee, J.-W.; Matthay, M.A. Antibacterial Effect of Human
Mesenchymal Stem Cells Is Mediated in Part from Secretion of the Antimicrobial Peptide LL-37. Stem Cells 2010, 28, 2229–2238.
[CrossRef]

42. Yáñez-Mó, M.; Siljander, P.R.-M.; Andreu, Z.; Zavec, A.B.; Borràs, F.E.; Buzas, E.I.; Buzas, K.; Casal, E.; Cappello, F.; Carvalho, J.; et al.
Biological properties of extracellular vesicles and their physiological functions. J. Extracell. Vesicles 2015, 4, 27066. [CrossRef]

43. Silva, J.D.; de Castro, L.L.; Braga, C.L.; Oliveira, G.P.; Trivelin, S.A.; Barbosa-Junior, C.M.; Morales, M.M.; dos Santos, C.C.;
Weiss, D.J.; Lopes-Pacheco, M.; et al. Mesenchymal Stromal Cells Are More Effective Than Their Extracellular Vesicles at Reducing
Lung Injury Regardless of Acute Respiratory Distress Syndrome Etiology. Stem Cells Int. 2019, 2019, 8262849. [CrossRef]

44. Sarker, S.; Scholz-Romero, K.; Perez, A.; Illanes, S.E.; Mitchell, M.D.; Rice, G.E.; Salomon, C. Placenta-derived exosomes
continuously increase in maternal circulation over the first trimester of pregnancy. J. Transl. Med. 2014, 12, 204. [CrossRef]

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

46. McAuley, D.F.; Cross, L.M.; Hamid, U.; Gardner, E.; Elborn, J.S.; Cullen, K.M.; Dushianthan, A.; Grocott, M.P.; Matthay, M.A.;
O’Kane, C.M. Keratinocyte growth factor for the treatment of the acute respiratory distress syndrome (KARE): A randomised,
double-blind, placebo-controlled phase 2 trial. Lancet Respir. Med. 2017, 5, 484–491. [CrossRef]

47. Phinney, D.G.; Di Giuseppe, M.; Njah, J.; Sala, E.; Shiva, S.; St Croix, C.M.; Stolz, D.B.; Watkins, S.C.; Di, Y.P.; Leikauf, G.D.; et al.
Mesenchymal stem cells use extracellular vesicles to outsource mitophagy and shuttle microRNAs. Nat. Commun. 2015, 6, 8472.
[CrossRef]

48. Valadi, H.; Ekström, K.; Bossios, A.; Sjöstrand, M.; Lee, J.J.; Lötvall, J.O. Exosome-mediated transfer of mRNAs and microRNAs is
a novel mechanism of genetic exchange between cells. Nat. Cell Biol. 2007, 9, 654–659. [CrossRef]

49. Weaver, A.M.; Patton, J.G. Argonautes in Extracellular Vesicles: Artifact or Selected Cargo? Cancer Res. 2020, 80, 379–381.
[CrossRef]

50. Ghoshal, B.; Bertrand, E.; Bhattacharyya, S.N. Non-canonical argonaute loading of extracellular vesicle-derived exogenous
single-stranded miRNA in recipient cells. J. Cell Sci. 2021, 134, jcs253914. [CrossRef]

51. Hanna, J.; Hossain, G.S.; Kocerha, J. The Potential for microRNA Therapeutics and Clinical Research. Front. Genet. 2019, 10, 478.
[CrossRef]

52. Baumann, V.; Winkler, J. miRNA-based therapies: Strategies and delivery platforms for oligonucleotide and non-oligonucleotide
agents. Future Med. Chem. 2014, 6, 1967–1984. [CrossRef]

53. Chakraborty, C.; Sharma, A.R.; Sharma, G.; Lee, S.-S. Therapeutic advances of miRNAs: A preclinical and clinical update. J. Adv.
Res. 2021, 28, 127–138. [CrossRef]

54. Bonneau, E.; Neveu, B.; Kostantin, E.; Tsongalis, G.J.; De Guire, V. How close are miRNAs from clinical practice? A perspective
on the diagnostic and therapeutic market. EJIFCC 2019, 30, 114–127.

55. Forterre, A.; Komuro, H.; Aminova, S.; Harada, M. A Comprehensive Review of Cancer MicroRNA Therapeutic Delivery
Strategies. Cancers 2020, 12, 1852. [CrossRef]

56. Rupaimoole, R.; Slack, F.J. MicroRNA therapeutics: Towards a new era for the management of cancer and other diseases. Nat.
Rev. Drug Discov. 2017, 16, 203–222. [CrossRef]

57. Tassone, P.; Di Martino, M.T.; Arbitrio, M.; Fiorillo, L.; Staropoli, N.; Ciliberto, D.; Cordua, A.; Scionti, F.; Bertucci, B.;
Salvino, A.; et al. Safety and activity of the first-in-class locked nucleic acid (LNA) miR-221 selective inhibitor in refractory
advanced cancer patients: A first-in-human, phase 1, open-label, dose-escalation study. J. Hematol. Oncol. 2023, 16, 68. [CrossRef]

58. Maumus, M.; Rozier, P.; Boulestreau, J.; Jorgensen, C.; Noël, D. Mesenchymal Stem Cell-Derived Extracellular Vesicles: Opportu-
nities and Challenges for Clinical Translation. Front. Bioeng. Biotechnol. 2020, 8, 997. [CrossRef]

59. Wei, W.; Ao, Q.; Wang, X.; Cao, Y.; Liu, Y.; Zheng, S.G.; Tian, X. Mesenchymal Stem Cell–Derived Exosomes: A Promising
Biological Tool in Nanomedicine. Front. Pharmacol. 2021, 11, 590470. [CrossRef]

60. Bauer, F.N.; Giebel, B. CHAPTER 1. Therapeutic Potential of Mesenchymal Stromal Cell-derived Small Extracellular Vesicles.
In Extracellular Vesicles: Applications to Regenerative Medicine, Therapeutics and Diagnostics; Royal Society of Chemistry: London, UK,
2021; pp. 1–21.

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

https://doi.org/10.3389/fcell.2021.600711
https://doi.org/10.1016/j.ajpath.2012.08.009
https://doi.org/10.1038/nm.1905
https://doi.org/10.1002/stem.544
https://doi.org/10.3402/jev.v4.27066
https://doi.org/10.1155/2019/8262849
https://doi.org/10.1186/1479-5876-12-204
https://doi.org/10.1164/rccm.201410-1765OC
https://doi.org/10.1016/S2213-2600(17)30171-6
https://doi.org/10.1038/ncomms9472
https://doi.org/10.1038/ncb1596
https://doi.org/10.1158/0008-5472.CAN-19-2782
https://doi.org/10.1242/jcs.253914
https://doi.org/10.3389/fgene.2019.00478
https://doi.org/10.4155/fmc.14.116
https://doi.org/10.1016/j.jare.2020.08.012
https://doi.org/10.3390/cancers12071852
https://doi.org/10.1038/nrd.2016.246
https://doi.org/10.1186/s13045-023-01468-8
https://doi.org/10.3389/fbioe.2020.00997
https://doi.org/10.3389/fphar.2020.590470
https://doi.org/10.1080/20013078.2018.1535750
https://www.ncbi.nlm.nih.gov/pubmed/30637094


Cells 2024, 13, 122 15 of 19

62. Raeven, P.; Zipperle, J.; Drechsler, S. Extracellular Vesicles as Markers and Mediators in Sepsis. Theranostics 2018, 8, 3348–3365.
[CrossRef]

63. Witwer, K.W.; Van Balkom, B.W.M.; Bruno, S.; Choo, A.; Dominici, M.; Gimona, M.; Hill, A.F.; De Kleijn, D.; Koh, M.; Lai, R.C.; et al.
Defining mesenchymal stromal cell (MSC)-derived small extracellular vesicles for therapeutic applications. J. Extracell. Vesicles
2019, 8, 1609206. [CrossRef]

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

65. Chevillet, J.R.; Kang, Q.; Ruf, I.K.; Briggs, H.A.; Vojtech, L.N.; Hughes, S.M.; Cheng, H.H.; Arroyo, J.D.; Meredith, E.K.;
Gallichotte, E.N.; et al. Quantitative and stoichiometric analysis of the microRNA content of exosomes. Proc. Natl. Acad. Sci. USA
2014, 111, 14888–14893. [CrossRef]

66. He, D.; Wang, H.; Ho, S.-L.; Chan, H.-N.; Hai, L.; He, X.; Wang, K.; Li, H.-W. Total internal reflection-based single-vesicle in
situ quantitative and stoichiometric analysis of tumor-derived exosomal microRNAs for diagnosis and treatment monitoring.
Theranostics 2019, 9, 4494–4507. [CrossRef]

67. Shu, J.; Xia, Z.; Li, L.; Liang, E.T.; Slipek, N.; Shen, D.; Foo, J.; Subramanian, S.; Steer, C.J. Dose-dependent differential mRNA
target selection and regulation by let-7a-7f and miR-17-92 cluster microRNAs. RNA Biol. 2012, 9, 1275–1287. [CrossRef]

68. Mukherji, S.; Ebert, M.S.; Zheng, G.X.Y.; Tsang, J.S.; Sharp, P.A.; van Oudenaarden, A. MicroRNAs can generate thresholds in
target gene expression. Nat. Genet. 2011, 43, 854–859. [CrossRef]

69. Gebert, L.F.R.; MacRae, I.J. Regulation of microRNA function in animals. Nat. Rev. Mol. Cell Biol. 2019, 20, 21–37. [CrossRef]
70. Pop, M.A.; Almquist, B.D. Controlled Delivery of MicroRNAs into Primary Cells Using Nanostraw Technology. Adv. NanoBiomed

Res. 2021, 1, 2000061. [CrossRef]
71. Jin, H.Y.; Oda, H.; Lai, M.; Skalsky, R.L.; Bethel, K.; Shepherd, J.; Kang, S.G.; Liu, W.-H.; Sabouri-Ghomi, M.; Cullen, B.R.; et al.

MicroRNA-17~92 plays a causative role in lymphomagenesis by coordinating multiple oncogenic pathways. EMBO J. 2013, 32,
2377–2391. [CrossRef] [PubMed]

72. Denzler, R.; McGeary, S.E.; Title, A.C.; Agarwal, V.; Bartel, D.P.; Stoffel, M. Impact of MicroRNA Levels, Target-Site Com-
plementarity, and Cooperativity on Competing Endogenous RNA-Regulated Gene Expression. Mol. Cell 2016, 64, 565–579.
[CrossRef]

73. Vanderburg, C.; Beheshti, A. MicroRNAs (miRNAs), the Final Frontier: The Hidden Master Regulators Impacting Biological
Response in All Organisms Due to Spaceflight. Available online: https://three.jsc.nasa.gov/Encyclopedia/Article/80 (accessed
on 30 October 2023).

74. Hao, Q.; Gudapati, V.; Monsel, A.; Park, J.H.; Hu, S.; Kato, H.; Lee, J.H.; Zhou, L.; He, H.; Lee, J.W. Mesenchymal Stem
Cell–Derived Extracellular Vesicles Decrease Lung Injury in Mice. J. Immunol. 2019, 203, 1961–1972. [CrossRef]

75. Song, Y.; Dou, H.; Li, X.; Zhao, X.; Li, Y.; Liu, D.; Ji, J.; Liu, F.; Ding, L.; Ni, Y.; et al. Exosomal miR-146a Contributes to the
Enhanced Therapeutic Efficacy of Interleukin-1β-Primed Mesenchymal Stem Cells Against Sepsis. Stem Cells 2017, 35, 1208–1221.
[CrossRef]

76. Yao, M.; Cui, B.; Zhang, W.; Ma, W.; Zhao, G.; Xing, L. Exosomal miR-21 secreted by IL-1β-primed-mesenchymal stem cells
induces macrophage M2 polarization and ameliorates sepsis. Life Sci. 2021, 264, 118658. [CrossRef]

77. Morrison, T.J.; Jackson, M.V.; Cunningham, E.K.; Kissenpfennig, A.; McAuley, D.F.; O’Kane, C.M.; Krasnodembskaya, A.D.
Mesenchymal stromal cells modulate macrophages in clinically relevant lung injury models by extracellular vesicle mitochondrial
transfer. Am. J. Respir. Crit. Care Med. 2017, 196, 1275–1286. [CrossRef]

78. Ionescu, L.; Byrne, R.N.; van Haaften, T.; Vadivel, A.; Alphonse, R.S.; Rey-Parra, G.J.; Weissmann, G.; Hall, A.; Eaton, F.; Thébaud,
B. Stem cell conditioned medium improves acute lung injury in mice: In vivo evidence for stem cell paracrine action. Am. J.
Physiol. Cell. Mol. Physiol. 2012, 303, L967–L977. [CrossRef]

79. Li, J.; Wei, L.; Han, Z.; Chen, Z. Mesenchymal stromal cells-derived exosomes alleviate ischemia/reperfusion injury in mouse
lung by transporting anti-apoptotic miR-21-5p. Eur. J. Pharmacol. 2019, 852, 68–76. [CrossRef]

80. Wang, J.; Huang, R.; Xu, Q.; Zheng, G.; Qiu, G.; Ge, M.; Shu, Q.; Xu, J. Mesenchymal Stem Cell-Derived Extracellular Vesicles
Alleviate Acute Lung Injury Via Transfer of miR-27a-3p. Crit. Care Med. 2020, 48, e599–e610. [CrossRef]

81. Shen, K.; Wang, X.; Wang, Y.; Jia, Y.; Zhang, Y.; Wang, K.; Luo, L.; Cai, W.; Li, J.; Li, S.; et al. miR-125b-5p in adipose derived stem
cells exosome alleviates pulmonary microvascular endothelial cells ferroptosis via Keap1/Nrf2/GPX4 in sepsis lung injury. Redox
Biol. 2023, 62, 102655. [CrossRef]

82. Pei, Z.; Cen, J.; Zhang, X.; Gong, C.; Sun, M.; Meng, W.; Mao, G.; Wan, J.; Hu, B.; He, X.; et al. MiR-146a-5p delivered by hucMSC
extracellular vesicles modulates the inflammatory response to sulfur mustard-induced acute lung injury. Stem Cell Res. Ther. 2023,
14, 149. [CrossRef] [PubMed]

83. Liu, J.-S.; Du, J.; Cheng, X.; Zhang, X.-Z.; Li, Y.; Chen, X.-L. Exosomal miR-451 from human umbilical cord mesenchymal stem
cells attenuates burn-induced acute lung injury. J. Chin. Med. Assoc. 2019, 82, 895–901. [CrossRef] [PubMed]

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

https://doi.org/10.7150/thno.23453
https://doi.org/10.1080/20013078.2019.1609206
https://doi.org/10.1186/s13287-015-0116-z
https://doi.org/10.1073/pnas.1408301111
https://doi.org/10.7150/thno.33683
https://doi.org/10.4161/rna.21998
https://doi.org/10.1038/ng.905
https://doi.org/10.1038/s41580-018-0045-7
https://doi.org/10.1002/anbr.202170063
https://doi.org/10.1038/emboj.2013.178
https://www.ncbi.nlm.nih.gov/pubmed/23921550
https://doi.org/10.1016/j.molcel.2016.09.027
https://three.jsc.nasa.gov/Encyclopedia/Article/80
https://doi.org/10.4049/jimmunol.1801534
https://doi.org/10.1002/stem.2564
https://doi.org/10.1016/j.lfs.2020.118658
https://doi.org/10.1164/rccm.201701-0170OC
https://doi.org/10.1152/ajplung.00144.2011
https://doi.org/10.1016/j.ejphar.2019.01.022
https://doi.org/10.1097/CCM.0000000000004315
https://doi.org/10.1016/j.redox.2023.102655
https://doi.org/10.1186/s13287-023-03375-8
https://www.ncbi.nlm.nih.gov/pubmed/37254188
https://doi.org/10.1097/JCMA.0000000000000189
https://www.ncbi.nlm.nih.gov/pubmed/31800531
https://doi.org/10.1038/s41419-020-03034-3
https://www.ncbi.nlm.nih.gov/pubmed/33060560


Cells 2024, 13, 122 16 of 19

85. Yi, X.; Wei, X.; Lv, H.; An, Y.; Li, L.; Lu, P.; Yang, Y.; Zhang, Q.; Yi, H.; Chen, G. Exosomes derived from microRNA-30b-3p-
overexpressing mesenchymal stem cells protect against lipopolysaccharide-induced acute lung injury by inhibiting SAA3. Exp.
Cell Res. 2019, 383, 111454. [CrossRef] [PubMed]

86. Liu, J.-H.; Li, C.; Cao, L.; Zhang, C.-H.; Zhang, Z.-H. Exosomal miR-132-3p from mesenchymal stem cells alleviated LPS-induced
acute lung injury by repressing TRAF6. Autoimmunity 2021, 54, 493–503. [CrossRef]

87. Wu, X.; Liu, Z.; Hu, L.; Gu, W.; Zhu, L. Exosomes derived from endothelial progenitor cells ameliorate acute lung injury by
transferring miR-126. Exp. Cell Res. 2018, 370, 13–23. [CrossRef]

88. Zhou, Y.; Li, P.; Goodwin, A.J.; Cook, J.A.; Halushka, P.V.; Chang, E.; Zingarelli, B.; Fan, H. Exosomes from endothelial progenitor
cells improve outcomes of the lipopolysaccharide-induced acute lung injury. Crit. Care 2019, 23, 44. [CrossRef]

89. Xu, J.; Xu, D.; Yu, Z.; Fu, Z.; Lv, Z.; Meng, L.; Zhao, X. Exosomal miR-150 partially attenuated acute lung injury by mediating
microvascular endothelial cells and MAPK pathway. Biosci. Rep. 2022, 42, BSR20203363. [CrossRef]

90. Chen, W.-X.; Zhou, J.; Zhou, S.-S.; Zhang, Y.-D.; Ji, T.-Y.; Zhang, X.-L.; Wang, S.-M.; Du, T.; Ding, D.-G. Microvesicles derived from
human Wharton’s jelly mesenchymal stem cells enhance autophagy and ameliorate acute lung injury via delivery of miR-100.
Stem Cell Res. Ther. 2020, 11, 113. [CrossRef]

91. Liu, X.; Gao, C.; Wang, Y.; Niu, L.; Jiang, S.; Pan, S. BMSC-Derived Exosomes Ameliorate LPS-Induced Acute Lung Injury by
miR-384-5p-Controlled Alveolar Macrophage Autophagy. Oxid. Med. Cell. Longev. 2021, 2021, 9973457. [CrossRef]

92. Zhang, D.; Lee, H.; Wang, X.; Groot, M.; Sharma, L.; Dela Cruz, C.S.; Jin, Y. A potential role of microvesicle-containing miR-223/142
in lung inflammation. Thorax 2019, 74, 865–874. [CrossRef]

93. Su, Y.; Silva, J.D.; Doherty, D.; Simpson, D.A.; Weiss, D.J.; Rolandsson-Enes, S.; McAuley, D.F.; O’Kane, C.M.; Brazil, D.P.;
Krasnodembskaya, A.D. Mesenchymal stromal cells-derived extracellular vesicles reprogramme macrophages in ARDS models
through the miR-181a-5p-PTEN-pSTAT5-SOCS1 axis. Thorax 2023, 78, 617–630. [CrossRef] [PubMed]

94. Corbett, J.M.; Hawthorne, I.; Dunbar, H.; Coulter, I.; Chonghaile, M.N.; Flynn, C.M.; English, K. Cyclosporine A and IFNγ

licencing enhances human mesenchymal stromal cell potency in a humanised mouse model of acute graft versus host disease.
Stem Cell Res. Ther. 2021, 12, 238. [CrossRef] [PubMed]

95. Hackel, A.; Aksamit, A.; Bruderek, K.; Lang, S.; Brandau, S. TNF-α and IL-1β sensitize human MSC for IFN-γ signaling and
enhance neutrophil recruitment. Eur. J. Immunol. 2021, 51, 319–330. [CrossRef] [PubMed]

96. Hawthorne, I.J.; Dunbar, H.; Tunstead, C.; Schorpp, T.; Weiss, D.J.; Enes, S.R.; dos Santos, C.C.; Armstrong, M.E.; Donnelly, S.C.;
English, K. Human macrophage migration inhibitory factor potentiates mesenchymal stromal cell efficacy in a clinically relevant
model of allergic asthma. Mol. Ther. 2023, 31, 3243–3258. [CrossRef] [PubMed]

97. Lynch, K.; Treacy, O.; Chen, X.; Murphy, N.; Lohan, P.; Islam, M.N.; Donohoe, E.; Griffin, M.D.; Watson, L.; McLoughlin, S.; et al.
TGF-β1-Licensed Murine MSCs Show Superior Therapeutic Efficacy in Modulating Corneal Allograft Immune Rejection In Vivo.
Mol. Ther. 2020, 28, 2023–2043. [CrossRef]

98. Kurte, M.; Vega-Letter, A.M.; Luz-Crawford, P.; Djouad, F.; Noël, D.; Khoury, M.; Carrión, F. Time-dependent LPS exposure
commands MSC immunoplasticity through TLR4 activation leading to opposite therapeutic outcome in EAE. Stem Cell Res. Ther.
2020, 11, 416. [CrossRef]

99. Mastri, M.; Shah, Z.; McLaughlin, T.; Greene, C.J.; Baum, L.; Suzuki, G.; Lee, T. Activation of Toll-like receptor 3 amplifies
mesenchymal stem cell trophic factors and enhances therapeutic potency. Am. J. Physiol. Physiol. 2012, 303, C1021–C1033.
[CrossRef]

100. Yu, H.C.; Chiang, B.L. Toll-like receptor 2 ligation of mesenchymal stem cells alleviates asthmatic airway inflammation. J. Allergy
Clin. Immunol. 2018, 142, 284–287.e5. [CrossRef]

101. Abreu, S.C.; Lopes-Pacheco, M.; da Silva, A.L.; Xisto, D.G.; de Oliveira, T.B.; Kitoko, J.Z.; de Castro, L.L.; Amorim, N.R.;
Martins, V.; Silva, L.H.A.; et al. Eicosapentaenoic acid enhances the effects of mesenchymal Stromal cell therapy in experimental
allergic asthma. Front. Immunol. 2018, 9, 1147. [CrossRef]

102. Silva, J.D.; Lopes-Pacheco, M.; de Castro, L.L.; Kitoko, J.Z.; Trivelin, S.A.; Amorim, N.R.; Capelozzi, V.L.; Morales, M.M.; Gutfilen,
B.; de Souza, S.A.L.L.; et al. Eicosapentaenoic acid potentiates the therapeutic effects of adipose tissue-derived mesenchymal
stromal cells on lung and distal organ injury in experimental sepsis. Stem Cell Res. Ther. 2019, 10, 264. [CrossRef]

103. Lee, J.H.; Yoon, Y.M.; Lee, S.H. Hypoxic Preconditioning Promotes the Bioactivities of Mesenchymal Stem Cells via the HIF-1α-
GRP78-Akt Axis. Int. J. Mol. Sci. 2017, 18, 1320. [CrossRef]

104. Sun, J.; Wei, Z.Z.; Gu, X.; Zhang, J.Y.; Zhang, Y.; Li, J.; Wei, L. Intranasal delivery of hypoxia-preconditioned bone marrow-
derived mesenchymal stem cells enhanced regenerative effects after intracerebral hemorrhagic stroke in mice. Exp. Neurol. 2015,
272, 78–87. [CrossRef] [PubMed]

105. Gómez-Ferrer, M.; Villanueva-Badenas, E.; Sánchez-Sánchez, R.; Sánchez-López, C.M.; Baquero, M.C.; Sepúlveda, P.; Dorronsoro,
A. HIF-1α and Pro-Inflammatory Signaling Improves the Immunomodulatory Activity of MSC-Derived Extracellular Vesicles.
Int. J. Mol. Sci. 2021, 22, 3416. [CrossRef]

106. Nakao, Y.; Fukuda, T.; Zhang, Q.; Sanui, T.; Shinjo, T.; Kou, X.; Chen, C.; Liu, D.; Watanabe, Y.; Hayashi, C.; et al. Exosomes
from TNF-α-treated human gingiva-derived MSCs enhance M2 macrophage polarization and inhibit periodontal bone loss. Acta
Biomater. 2021, 122, 306–324. [CrossRef] [PubMed]

https://doi.org/10.1016/j.yexcr.2019.05.035
https://www.ncbi.nlm.nih.gov/pubmed/31170401
https://doi.org/10.1080/08916934.2021.1966768
https://doi.org/10.1016/j.yexcr.2018.06.003
https://doi.org/10.1186/s13054-019-2339-3
https://doi.org/10.1042/BSR20203363
https://doi.org/10.1186/s13287-020-01617-7
https://doi.org/10.1155/2021/9973457
https://doi.org/10.1136/thoraxjnl-2018-212994
https://doi.org/10.1136/thoraxjnl-2021-218194
https://www.ncbi.nlm.nih.gov/pubmed/35948417
https://doi.org/10.1186/s13287-021-02309-6
https://www.ncbi.nlm.nih.gov/pubmed/33853687
https://doi.org/10.1002/eji.201948336
https://www.ncbi.nlm.nih.gov/pubmed/32845509
https://doi.org/10.1016/j.ymthe.2023.09.013
https://www.ncbi.nlm.nih.gov/pubmed/37735872
https://doi.org/10.1016/j.ymthe.2020.05.023
https://doi.org/10.1186/s13287-020-01840-2
https://doi.org/10.1152/ajpcell.00191.2012
https://doi.org/10.1016/j.jaci.2017.12.996
https://doi.org/10.3389/fimmu.2018.01147
https://doi.org/10.1186/s13287-019-1365-z
https://doi.org/10.3390/ijms18061320
https://doi.org/10.1016/j.expneurol.2015.03.011
https://www.ncbi.nlm.nih.gov/pubmed/25797577
https://doi.org/10.3390/ijms22073416
https://doi.org/10.1016/j.actbio.2020.12.046
https://www.ncbi.nlm.nih.gov/pubmed/33359765


Cells 2024, 13, 122 17 of 19

107. Sung, D.K.; Chang, Y.S.; Sung, S.I.; Ahn, S.Y.; Park, W.S. Thrombin Preconditioning of Extracellular Vesicles Derived from
Mesenchymal Stem Cells Accelerates Cutaneous Wound Healing by Boosting Their Biogenesis and Enriching Cargo Content.
J. Clin. Med. 2019, 8, 533. [CrossRef] [PubMed]

108. Hackel, A.; Vollmer, S.; Bruderek, K.; Lang, S.; Brandau, S. Immunological priming of mesenchymal stromal/stem cells and
their extracellular vesicles augments their therapeutic benefits in experimental graft-versus-host disease via engagement of PD-1
ligands. Front. Immunol. 2023, 14, 1078551. [CrossRef] [PubMed]

109. Li, J.; Pan, Y.; Yang, J.; Wang, J.; Jiang, Q.; Dou, H.; Hou, Y. Tumor necrosis factor-α-primed mesenchymal stem cell-derived
exosomes promote M2 macrophage polarization via Galectin-1 and modify intrauterine adhesion on a novel murine model. Front.
Immunol. 2022, 13, 945234. [CrossRef] [PubMed]

110. Lu, Z.; Chen, Y.; Dunstan, C.; Roohani-Esfahani, S.; Zreiqat, H. Priming Adipose Stem Cells with Tumor Necrosis Factor-Alpha
Preconditioning Potentiates Their Exosome Efficacy for Bone Regeneration. Tissue Eng. Part A 2017, 23, 1212–1220. [CrossRef]

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

112. Varkouhi, A.K.; Jerkic, M.; Ormesher, L.; Gagnon, S.; Goyal, S.; Rabani, R.; Masterson, C.; Spring, C.; Chen, P.Z.; Gu, F.X.; et al.
Extracellular Vesicles from Interferon-γ-primed Human Umbilical Cord Mesenchymal Stromal Cells Reduce Escherichia coli-
induced Acute Lung Injury in Rats. Anesthesiology 2019, 130, 778–790. [CrossRef]

113. Wang, L.; Qi, C.; Cao, H.; Zhang, Y.; Liu, X.; Qiu, L.; Wang, H.; Xu, L.; Wu, Z.; Liu, J.; et al. Engineered Cytokine-Primed
Extracellular Vesicles with High PD-L1 Expression Ameliorate Type 1 Diabetes. Small 2023, 19, e2301019. [CrossRef] [PubMed]

114. Yang, R.; Huang, H.; Cui, S.; Zhou, Y.; Zhang, T.; Zhou, Y. IFN-γ promoted exosomes from mesenchymal stem cells to attenuate
colitis via miR-125a and miR-125b. Cell Death Dis. 2020, 11, 603. [CrossRef] [PubMed]

115. Zhang, J.; Lu, Y.; Mao, Y.; Yu, Y.; Wu, T.; Zhao, W.; Zhu, Y.; Zhao, P.; Zhang, F. IFN-γ enhances the efficacy of mesenchymal
stromal cell-derived exosomes via miR-21 in myocardial infarction rats. Stem Cell Res. Ther. 2022, 13, 333. [CrossRef] [PubMed]

116. An, J.-H.; Li, Q.; Bhang, D.-H.; Song, W.-J.; Youn, H.-Y. TNF-α and INF-γ primed canine stem cell-derived extracellular vesicles
alleviate experimental murine colitis. Sci. Rep. 2020, 10, 2115. [CrossRef]

117. Cheng, A.; Choi, D.; Lora, M.; Shum-Tim, D.; Rak, J.; Colmegna, I. Human multipotent mesenchymal stromal cells cytokine
priming promotes RAB27B-regulated secretion of small extracellular vesicles with immunomodulatory cargo. Stem Cell Res. Ther.
2020, 11, 539. [CrossRef]

118. Kink, J.A.; Forsberg, M.H.; Reshetylo, S.; Besharat, S.; Childs, C.J.; Pederson, J.D.; Gendron-Fitzpatrick, A.; Graham, M.; Bates, P.D.;
Schmuck, E.G.; et al. Macrophages Educated with Exosomes from Primed Mesenchymal Stem Cells Treat Acute Radiation
Syndrome by Promoting Hematopoietic Recovery. Biol. Blood Marrow Transplant. 2019, 25, 2124–2133. [CrossRef]

119. Xu, R.; Zhang, F.; Chai, R.; Zhou, W.; Hu, M.; Liu, B.; Chen, X.; Liu, M.; Xu, Q.; Liu, N.; et al. Exosomes derived from
pro-inflammatory bone marrow-derived mesenchymal stem cells reduce inflammation and myocardial injury via mediating
macrophage polarization. J. Cell. Mol. Med. 2019, 23, 7617–7631. [CrossRef]

120. Zhang, P.; Wu, P.; Khan, U.Z.; Zhou, Z.; Sui, X.; Li, C.; Dong, K.; Liu, Y.; Qing, L.; Tang, J. Exosomes derived from LPS-
preconditioned bone marrow-derived MSC modulate macrophage plasticity to promote allograft survival via the NF-κB/NLRP3
signaling pathway. J. Nanobiotechnol. 2023, 21, 332. [CrossRef]

121. Qian, W.; Huang, L.; Xu, Y.; Lu, W.; Wen, W.; Guo, Z.; Zhu, W.; Li, Y. Hypoxic ASCs-derived Exosomes Attenuate Colitis by
Regulating Macrophage Polarization via miR-216a-5p/HMGB1 Axis. Inflamm. Bowel Dis. 2023, 29, 602–619. [CrossRef]

122. Xu, J.; Chen, P.; Yu, C.; Shi, Q.; Wei, S.; Li, Y.; Qi, H.; Cao, Q.; Guo, C.; Wu, X.; et al. Hypoxic bone marrow mesenchymal stromal
cells-derived exosomal miR-182-5p promotes liver regeneration via FOXO1-mediated macrophage polarization. FASEB J. 2022,
36, e22553. [CrossRef]

123. Joo, H.; Oh, M.-K.; Kang, J.Y.; Park, H.S.; Chae, D.-H.; Kim, J.; Lee, J.-H.; Yoo, H.M.; Choi, U.; Kim, D.-K.; et al. Extracellular
Vesicles from Thapsigargin-Treated Mesenchymal Stem Cells Ameliorated Experimental Colitis via Enhanced Immunomodulatory
Properties. Biomedicines 2021, 9, 209. [CrossRef] [PubMed]

124. Pan, Q.; Kuang, X.; Cai, S.; Wang, X.; Du, D.; Wang, J.; Wang, Y.; Chen, Y.; Bihl, J.; Chen, Y.; et al. miR-132-3p priming enhances
the effects of mesenchymal stromal cell-derived exosomes on ameliorating brain ischemic injury. Stem Cell Res. Ther. 2020, 11, 260.
[CrossRef] [PubMed]

125. Markoutsa, E.; Mayilsamy, K.; Gulick, D.; Mohapatra, S.S.; Mohapatra, S. Extracellular vesicles derived from inflammatory-
educated stem cells reverse brain inflammation—Implication of miRNAs. Mol. Ther. 2022, 30, 816–830. [CrossRef] [PubMed]

126. Bartel, D.P. MicroRNAs: Genomics, biogenesis, mechanism, and function. Cell 2004, 116, 281–297. [CrossRef]
127. Narayanan, R.; Huang, C.-C.; Ravindran, S. Hijacking the Cellular Mail: Exosome Mediated Differentiation of Mesenchymal

Stem Cells. Stem Cells Int. 2016, 2016, 3808674. [CrossRef]
128. Huang, C.-C.; Kang, M.; Narayanan, R.; DiPietro, L.A.; Cooper, L.F.; Gajendrareddy, P.; Ravindran, S. Evaluating the Endocy-

tosis and Lineage-Specification Properties of Mesenchymal Stem Cell Derived Extracellular Vesicles for Targeted Therapeutic
Applications. Front. Pharmacol. 2020, 11, 163. [CrossRef]

129. Huang, C.-C.; Kang, M.; Leung, K.; Lu, Y.; Shirazi, S.; Gajendrareddy, P.; Ravindran, S. Micro RNA based MSC EV engineering:
Targeting the BMP2 cascade for bone repair. Front. Cell Dev. Biol. 2023, 11, 1127594. [CrossRef]

130. Shirazi, S.; Huang, C.-C.; Kang, M.; Lu, Y.; Ravindran, S.; Cooper, L.F. The importance of cellular and exosomal miRNAs in
mesenchymal stem cell osteoblastic differentiation. Sci. Rep. 2021, 11, 5953. [CrossRef]

https://doi.org/10.3390/jcm8040533
https://www.ncbi.nlm.nih.gov/pubmed/31003433
https://doi.org/10.3389/fimmu.2023.1078551
https://www.ncbi.nlm.nih.gov/pubmed/36875112
https://doi.org/10.3389/fimmu.2022.945234
https://www.ncbi.nlm.nih.gov/pubmed/36591221
https://doi.org/10.1089/ten.tea.2016.0548
https://doi.org/10.3390/cells10102727
https://doi.org/10.1097/ALN.0000000000002655
https://doi.org/10.1002/smll.202301019
https://www.ncbi.nlm.nih.gov/pubmed/37209021
https://doi.org/10.1038/s41419-020-02788-0
https://www.ncbi.nlm.nih.gov/pubmed/32733020
https://doi.org/10.1186/s13287-022-02984-z
https://www.ncbi.nlm.nih.gov/pubmed/35870960
https://doi.org/10.1038/s41598-020-58909-4
https://doi.org/10.1186/s13287-020-02050-6
https://doi.org/10.1016/j.bbmt.2019.07.026
https://doi.org/10.1111/jcmm.14635
https://doi.org/10.1186/s12951-023-02087-8
https://doi.org/10.1093/ibd/izac225
https://doi.org/10.1096/fj.202101868RRR
https://doi.org/10.3390/biomedicines9020209
https://www.ncbi.nlm.nih.gov/pubmed/33670708
https://doi.org/10.1186/s13287-020-01761-0
https://www.ncbi.nlm.nih.gov/pubmed/32600449
https://doi.org/10.1016/j.ymthe.2021.08.008
https://www.ncbi.nlm.nih.gov/pubmed/34371179
https://doi.org/10.1016/S0092-8674(04)00045-5
https://doi.org/10.1155/2016/3808674
https://doi.org/10.3389/fphar.2020.00163
https://doi.org/10.3389/fcell.2023.1127594
https://doi.org/10.1038/s41598-021-85306-2


Cells 2024, 13, 122 18 of 19

131. Varkouhi, A.K.; Monteiro, A.P.T.; Tsoporis, J.N.; Mei, S.H.J.; Stewart, D.J.; dos Santos, C.C. Genetically Modified Mesenchymal
Stromal/Stem Cells: Application in Critical Illness. Stem Cell Rev. Rep. 2020, 16, 812–827. [CrossRef]

132. Mei, S.H.J.; dos Santos, C.C.; Stewart, D.J. Advances in Stem Cell and Cell-Based Gene Therapy Approaches for Experimental
Acute Lung Injury: A Review of Preclinical Studies. Hum. Gene Ther. 2016, 27, 802–812. [CrossRef]

133. Mei, S.H.J.; McCarter, S.D.; Deng, Y.; Parker, C.H.; Liles, W.C.; Stewart, D.J. Prevention of LPS-induced acute lung injury in mice
by mesenchymal stem cells overexpressing angiopoietin. PLoS Med. 2007, 4, 1525–1537. [CrossRef] [PubMed]

134. Chen, X.; Wu, S.; Tang, L.; Ma, L.; Wang, F.; Feng, H.; Meng, J.; Han, Z. Mesenchymal stem cells overexpressing heme oxygenase-1
ameliorate lipopolysaccharide-induced acute lung injury in rats. J. Cell. Physiol. 2019, 234, 7301–7319. [CrossRef] [PubMed]

135. Chen, H.-X.; Xiang, H.; Xu, W.-H.; Li, M.; Yuan, J.; Liu, J.; Sun, W.-J.; Zhang, R.; Li, J.; Ren, Z.-Q.; et al. Manganese Superoxide
Dismutase Gene-Modified Mesenchymal Stem Cells Attenuate Acute Radiation-Induced Lung Injury. Hum. Gene Ther. 2017, 28,
523–532. [CrossRef] [PubMed]

136. Wang, C.; Lv, D.; Zhang, X.; Ni, Z.-A.; Sun, X.; Zhu, C. Interleukin-10-Overexpressing Mesenchymal Stromal Cells Induce a Series
of Regulatory Effects in the Inflammatory System and Promote the Survival of Endotoxin-Induced Acute Lung Injury in Mice
Model. DNA Cell Biol. 2018, 37, 53–61. [CrossRef]

137. Islam, D.; Huang, Y.; Fanelli, V.; Delsedime, L.; Wu, S.; Khang, J.; Han, B.; Grassi, A.; Li, M.; Xu, Y.; et al. Identification and
modulation of microenvironment is crucial for effective mesenchymal stromal cell therapy in acute lung injury. Am. J. Respir. Crit.
Care Med. 2019, 199, 1214–1224. [CrossRef]

138. Jerkic, M.; Masterson, C.; Ormesher, L.; Gagnon, S.; Goyal, S.; Rabani, R.; Otulakowski, G.; Zhang, H.; Kavanagh, B.P.; Laffey, J.G.
Overexpression of IL-10 enhances the efficacy of human umbilical-cord-derived mesenchymal stromal cells in E. coli pneumosepsis.
J. Clin. Med. 2019, 8, 847. [CrossRef]

139. Martínez-González, I.; Roca, O.; Masclans, J.R.; Moreno, R.; Salcedo, M.T.; Baekelandt, V.; Cruz, M.J.; Rello, J.; Aran, J.M. Human
mesenchymal stem cells overexpressing the IL-33 antagonist soluble IL-1 receptor-like-1 attenuate endotoxin-induced acute lung
injury. Am. J. Respir. Cell Mol. Biol. 2013, 49, 552–562. [CrossRef]

140. He, H.; Liu, L.; Chen, Q.; Liu, A.; Cai, S.; Yang, Y.; Lu, X.; Qiu, H. Mesenchymal Stem Cells Overexpressing Angiotensin-Converting
Enzyme 2 Rescue Lipopolysaccharide-Induced Lung Injury. Cell Transplant. 2015, 24, 1699–1715. [CrossRef]

141. Min, F.; Gao, F.; Li, Q.; Liu, Z. Therapeutic effect of human umbilical cord mesenchymal stem cells modified by angiotensin-
converting enzyme 2 gene on bleomycin-induced lung fibrosis injury. Mol. Med. Rep. 2015, 11, 2387–2396. [CrossRef]

142. Chen, Y.-B.; Lan, Y.-W.; Chen, L.-G.; Huang, T.-T.; Choo, K.-B.; Cheng, W.T.K.; Lee, H.-S.; Chong, K.-Y. Mesenchymal stem
cell-based HSP70 promoter-driven VEGFA induction by resveratrol alleviates elastase-induced emphysema in a mouse model.
Cell Stress Chaperones 2015, 20, 979–989. [CrossRef]

143. Chen, J.; Li, C.; Gao, X.; Li, C.; Liang, Z.; Yu, L.; Li, Y.; Xiao, X.; Chen, L. Keratinocyte growth factor gene delivery via mesenchymal
stem cells protects against lipopolysaccharide-induced acute lung injury in mice. PLoS ONE 2013, 8, e83303. [CrossRef]

144. Cao, X.-P.; Han, D.-M.; Zhao, L.; Guo, Z.-K.; Xiao, F.-J.; Zhang, Y.-K.; Zhang, X.-Y.; Wang, L.-S.; Wang, H.-X.; Wang, H. Hepatocyte
growth factor enhances the inflammation-alleviating effect of umbilical cord-derived mesenchymal stromal cells in a bronchiolitis
obliterans model. Cytotherapy 2016, 18, 402–412. [CrossRef]

145. Zubkova, E.; Evtushenko, E.; Beloglazova, I.; Osmak, G.; Koshkin, P.; Moschenko, A.; Menshikov, M.; Parfyonova, Y. Analysis of
MicroRNA Profile Alterations in Extracellular Vesicles From Mesenchymal Stromal Cells Overexpressing Stem Cell Factor. Front.
Cell Dev. Biol. 2021, 9, 754025. [CrossRef]

146. Gómez-Ferrer, M.; Amaro-Prellezo, E.; Dorronsoro, A.; Sánchez-Sánchez, R.; Vicente, Á.; Cosín-Roger, J.; Barrachina, M.D.;
Baquero, M.C.; Valencia, J.; Sepúlveda, P. HIF-Overexpression and Pro-Inflammatory Priming in Human Mesenchymal Stromal
Cells Improves the Healing Properties of Extracellular Vesicles in Experimental Crohn’s Disease. Int. J. Mol. Sci. 2021, 22, 11269.
[CrossRef]

147. Gong, M.; Wang, M.; Xu, J.; Yu, B.; Wang, Y.-G.; Liu, M.; Ashraf, M.; Xu, M. Nano-Sized Extracellular Vesicles Secreted from
GATA-4 Modified Mesenchymal Stem Cells Promote Angiogenesis by Delivering Let-7 miRNAs. Cells 2022, 11, 1573. [CrossRef]

148. Vieira, J.M.F.; Zamproni, L.N.; Wendt, C.H.C.; Rocha de Miranda, K.; Lindoso, R.S.; Won Han, S. Overexpression of mir-135b
and mir-210 in mesenchymal stromal cells for the enrichment of extracellular vesicles with angiogenic factors. PLoS ONE 2022,
17, e0272962. [CrossRef]

149. Mentkowski, K.I.; Lang, J.K. Exosomes Engineered to Express a Cardiomyocyte Binding Peptide Demonstrate Improved Cardiac
Retention in Vivo. Sci. Rep. 2019, 9, 10041. [CrossRef]

150. Joshi, B.S.; Ortiz, D.; Zuhorn, I.S. Converting extracellular vesicles into nanomedicine: Loading and unloading of cargo. Mater.
Today Nano 2021, 16, 100148. [CrossRef]

151. Christianson, H.C.; Svensson, K.J.; van Kuppevelt, T.H.; Li, J.-P.; Belting, M. Cancer cell exosomes depend on cell-surface heparan
sulfate proteoglycans for their internalization and functional activity. Proc. Natl. Acad. Sci. USA 2013, 110, 17380–17385. [CrossRef]

152. Saunderson, S.C.; Dunn, A.C.; Crocker, P.R.; McLellan, A.D. CD169 mediates the capture of exosomes in spleen and lymph node.
Blood 2014, 123, 208–216. [CrossRef]

https://doi.org/10.1007/s12015-020-10000-1
https://doi.org/10.1089/hum.2016.063
https://doi.org/10.1371/journal.pmed.0040269
https://www.ncbi.nlm.nih.gov/pubmed/17803352
https://doi.org/10.1002/jcp.27488
https://www.ncbi.nlm.nih.gov/pubmed/30362554
https://doi.org/10.1089/hum.2016.106
https://www.ncbi.nlm.nih.gov/pubmed/27806643
https://doi.org/10.1089/dna.2017.3735
https://doi.org/10.1164/rccm.201802-0356OC
https://doi.org/10.3390/jcm8060847
https://doi.org/10.1165/rcmb.2012-0406OC
https://doi.org/10.3727/096368914X685087
https://doi.org/10.3892/mmr.2014.3025
https://doi.org/10.1007/s12192-015-0627-7
https://doi.org/10.1371/journal.pone.0083303
https://doi.org/10.1016/j.jcyt.2015.12.006
https://doi.org/10.3389/fcell.2021.754025
https://doi.org/10.3390/ijms222011269
https://doi.org/10.3390/cells11091573
https://doi.org/10.1371/journal.pone.0272962
https://doi.org/10.1038/s41598-019-46407-1
https://doi.org/10.1016/j.mtnano.2021.100148
https://doi.org/10.1073/pnas.1304266110
https://doi.org/10.1182/blood-2013-03-489732


Cells 2024, 13, 122 19 of 19

153. Williams, C.; Pazos, R.; Royo, F.; González, E.; Roura-Ferrer, M.; Martinez, A.; Gamiz, J.; Reichardt, N.-C.; Falcón-Pérez, J.M.
Assessing the role of surface glycans of extracellular vesicles on cellular uptake. Sci. Rep. 2019, 9, 11920. [CrossRef] [PubMed]

154. Villarroya-Beltri, C.; Gutiérrez-Vázquez, C.; Sánchez-Cabo, F.; Pérez-Hernández, D.; Vázquez, J.; Martin-Cofreces, N.; Martinez-
Herrera, D.J.; Pascual-Montano, A.; Mittelbrunn, M.; Sánchez-Madrid, F. Sumoylated hnRNPA2B1 controls the sorting of miRNAs
into exosomes through binding to specific motifs. Nat. Commun. 2013, 4, 2980. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1038/s41598-019-48499-1
https://www.ncbi.nlm.nih.gov/pubmed/31417177
https://doi.org/10.1038/ncomms3980
https://www.ncbi.nlm.nih.gov/pubmed/24356509

	Introduction 
	MSCs Are Not Required for Therapeutic Effect in Sepsis/ALI 
	MSC-Derived Secretome 
	MSC-EV Content 
	EV-microRNAome 
	Evidence That miRs Transferred in MSC-Derived EV Are Functional 
	Licensing of MSCs Alters EV miR Content and Therapeutic Activity 
	Generation of EVs with Favorable Characteristics by Genetically Modifying the Parental MSCs: Role of EV-miR Content 
	Concluding Remarks 
	References

