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Abstract: Extracellular vesicles form a complex intercellular communication network, shuttling a
variety of proteins, lipids, and nucleic acids, including regulatory RNAs, such as microRNAs. Transfer
of these molecules to target cells allows for the modulation of sets of genes and mediates multiple
paracrine and endocrine actions. EVs exert broad pro-inflammatory, pro-oxidant, and pro-apoptotic
effects in sepsis, mediating microvascular dysfunction and multiple organ damage. This deleterious
role is well documented in sepsis-associated acute kidney injury and acute respiratory distress
syndrome. On the other hand, protective effects of stem cell-derived extracellular vesicles have
been reported in experimental models of sepsis. Stem cell-derived extracellular vesicles recapitulate
beneficial cytoprotective, regenerative, and immunomodulatory properties of parental cells and
have shown therapeutic effects in experimental models of sepsis with kidney and lung involvement.
Extracellular vesicles are also likely to play a role in deranged kidney-lung crosstalk, a hallmark of
sepsis, and may be key to a better understanding of shared mechanisms underlying multiple organ
dysfunction. In this review, we analyze the state-of-the-art knowledge on the dual role of EVs in
sepsis-associated kidney/lung injury and repair. PubMed library was searched from inception to
July 2022, using a combination of medical subject headings (MeSH) and keywords related to EVs,
sepsis, acute kidney injury (AKI), acute lung injury (ALI), and acute respiratory distress syndrome
(ARDS). Key findings are summarized into two sections on detrimental and beneficial mechanisms of
actions of EVs in kidney and lung injury, respectively. The role of EVs in kidney-lung crosstalk is
then outlined. Efforts to expand knowledge on EVs may pave the way to employ them as prognostic
biomarkers or therapeutic targets to prevent or reduce organ damage in sepsis.

Keywords: sepsis; acute kidney injury; acute respiratory distress syndrome; extracellular vesicles;
mesenchymal stromal cell; regenerative medicine

1. Introduction
1.1. General Features and Biological Activities of Extracellular Vesicles

Extracellular vesicles (EVs) are microparticles that are created by cytosol, which are
surrounded with a bilayer membrane with protein and lipid composition and released
by cells into the extracellular environment. Vesiculation is a well-maintained process
throughout evolution, which is present in plants, prokaryotes, and eukaryotes [1]. EVs
have been described in almost all fluids of the human body in physiological or pathological
circumstances. Since the EV cargo include selectively sorted molecules, such as lipids,
proteins, and nucleic acids, the transfer of these molecules among cells by EVs is feasible
and represents a key component of intercellular communication. This review discusses the
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current understanding of the role of EVs in kidney and lung acute dysfunction in relation
to sepsis. Moreover, it provides the newest evidence on the role of EVs from stem cells as a
novel therapeutic target in this complex clinical scenario.

EVs consist of heterogeneous populations of vesicles of different size, morphology, and
composition originating from various cell compartments [2]. The membrane vesicles with
size between 30 and 100 nm derived from the cell multivesicular bodies are called exosomes.
They bud from endosomal membranes of multivesicular bodies, fuse with the surface of
the cell, and are released into the extracellular space [3]. Ectosomes consist of various
populations of vesicles originated by plasma membrane shedding into the extracellular
environment [4,5]. Ectosomes, also called microvesicles or microparticles, comprise vesicles
of size between 50 and 250 nm that are released from healthy cells and vesicles with size up
to 1 um, including the pre-apoptotic vesicles [4,5]. Vesicles derived from cells undergoing
apoptosis, with size between 1 and 5 pm, and containing nuclear fragments are named
apoptotic bodies [6]. The biogenesis of the diverse classes of EVs has not been completely
explained. It has been suggested that some elements of the endosomal sorting complex
required for transport (ESCRT) machinery and proteins implicated in multivesicular body
sorting, such as apoptosis-linked gene 2-interacting protein X (ALIX), tumor susceptibility
gene 101 (TSG101), and vacuolar protein sorting-associated 4 (VPS4) are implicated not
only in the biogenesis of exosomes, but also of ectosomes. In addition, a study showed
another mechanism of exosome biogenesis independent from ESCRT machinery [7].

The EV cargo is complex and comprises a variety of biological active proteins, lipids,
and nucleic acids. The cargo composition reflects the type and condition of the cell of
origin and the physiological or pathological state. In general, EVs share some proteins
normally expressed by all EVs similar to those associated with their formation from multi-
vesicular bodies (TSG101 and ALIX), proteins related to membrane transport and fusion
(GTPases, annexins, and flotillin), tetraspanins (CD9, CD63, CD81), major histocompatibil-
ity complexes I and II, growth factors and receptors, signaling and cell adhesion molecules,
transcription factors and cytokines. Moreover, EVs express molecules characteristic of cells
from which they derive and the presence of the molecular signature of the cell of origin
has been exploited for diagnostic purposes [8]. In addition, it has been demonstrated that
nucleic acids are a relevant component of the EV cargo and their transfer to target cells
may induce phenotypic and functional changes [9,10]. Cargo sharing between different
cells represents a mechanism of cell-to-cell communication involved in physiological and
pathological processes [11]. The biological activities of EVs are related to the transfer of
transcripts that may target pathways in the recipient cells and may include not only regu-
latory RNAs, such as mRNAs, microRNAs, and long-noncoding RNAs, but also growth
factors [12]. Moreover, EVs may be exploited for therapeutic purposes using engineered
EVs [13] or native EVs, such as those derived from stem/progenitor cells [14-16]. In the
last years, several studies demonstrated that most of the biological activities of EVs are
correlated with the horizontal transfer of their RNA cargo to target cells [9,11]. In particular,
the role of specific mRNAs and miRNAs carried by stem cell-derived EVs to injured tissues
(mostly in experimental AKI models) was confirmed [9,10,17].

Recent studies showed that EVs are key regulators of immune system in sepsis,
which is released by a variety of both immune and non-immune cells and are involved in
mechanisms of sepsis-induced multi-organ failure, including kidney and lung damage [18].

1.2. Sepsis and Multi-Organ Failure—New Potential Mechanisms

Sepsis is characterized by an abnormal immune response secondary to bacterial, viral
or fungal infection, causing multi-organ dysfunction syndrome (MODS) and death [19].
Between 1997 and 2017, sepsis was the leading cause of mortality in intensive care unit (ICU)
patients [20]. Mortality ranges from 25-30% to 50% in patients with septic shock [21,22],
but it can reach 90% in MODS with four or more dysfunctional organ systems [23].
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Antibiotic therapy, fluid resuscitation, and vasopressor treatment are the mainstay
of therapy, whereas renal replacement therapy (RRT) and mechanical ventilation may be
required for concomitant renal or respiratory failure.

The mechanisms underlying the evolution from sepsis to MODS are not yet fully elu-
cidated. Disruption of redox homeostasis resulting in oxidative stress, combined with over-
inflammation, is thought to cause mitochondrial and microvascular dysfunction [23,24].
Hypotension due to peripheral vasodilation, a hallmark of sepsis, may be poorly respon-
sive to norepinephrine [25] and result in tissue hypoxia and generalized mitochondrial
dysfunction [24].

Kidney and lung are often involved when MODS develops; the etiopathogenetic
peculiarities of sepsis-associated acute kidney injury (s-AKI) and acute respiratory distress
syndrome (ARDS) will be separately analyzed in the next paragraphs to discuss the role
of EVs as both detrimental mediators of organ damage and potential therapy in this
challenging setting.

2. Sepsis-Associated Acute Kidney Injury

According to KDIGO, AKl is defined as an increase in serum creatinine by 0.3 mg/dL
within 48 h or as an increase in serum creatinine to >1.5 times from baseline, known or
presumed to have occurred within the previous 7 days or a urine volume <0.5 mL/kg/hour
for 6 h [26]. AKI is common in septic patients and associated with increased morbidity and
mortality [27]. In a recent study of 1243 patients with septic shock, 69.1% developed AKI
by KDIGO criteria and the development of s-AKI is associated with a 5-fold increase in
60-day mortality [28]. Risk factors for s-AKI include advanced age, CKD, cardiovascular
disease, diabetes and heart failure. On the other hand, AKI per se can increase the risk of
sepsis, its severity, and related adverse outcomes [29].

An important point is that the dysfunction of other organs is one of the main causes
of poor outcomes from AKI: The inflammatory response following AKI, due to the loss of
tubular function, has been shown to induce early and late cardiovascular, brain, lung, liver,
and immune dysfunction even in the absence of progression toward CKD [30-32].

In the last years, s-AKI has been shown to be not only a consequence of ischemic
damage due to hypoperfusion, but also of pathogenic mechanisms that are more toxic and
immunologic in nature. These include microvascular damage and intrarenal redistribution
of renal blood flow, activation of immune cells and complement system with massive
release of inflammatory molecules causing renal tubular epithelial cell (RTECs) dysfunction
and damage (cell cycle arrest, dedifferentiation, activation of autophagy and mitophagy,
loss of polarity, apoptosis) [33].

In particular, the EV-mediated horizontal transfer of different RNA subtypes to injured
microvascular endothelial cells (ECs) and RTECs may play a pivotal pathogenetic role in
these processes. Our group has previously demonstrated that plasma of patients with
severe sepsis and septic shock contains circulating pro-apoptotic and pro-inflammatory fac-
tors responsible for a direct damage of human glomerular and tubular epithelial cells [34].
At least part of these septic plasma-induced functional and lethal alterations might be
ascribed to the presence of circulating EVs, which can be considered as tangible damage
associated molecular patterns (DAMPs) molecules. In the condition of increased glomeru-
lar permeability, EVs can reach tubular lumen and exert their detrimental activities on
ECs located in peritubular capillaries, thus contributing to microvascular derangement,
thrombo-inflammation, and consequent bioenergetic alterations of RTECs [35].

On the other hand, over the last years regenerative medicine has acquired a key
role in different experimental models of acute tissue damage, including AKI [36]. Of
note, the protective mechanisms exerted by stem cells (5Cs) on kidney injury are mainly
ascribed to the release of paracrine mediators, such as growth factors and EVs. Several
studies in experimental AKI models showed a protective effect of hematopoietic and
mesenchymal stem cells (MSC) released from bone marrow and other sources, including
adipose tissue, cord blood, placenta, etc. Similar results were obtained using progenitor
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cells of mesenchymal origin isolated from the kidney and committed to endothelial and
tubular epithelial cell differentiation or directly employing kidney-derived EVs isolated
from urine [37].

The pathogenetic role of EVs and the therapeutic potential of SC-derived EVs in s-AKI
will be analyzed in Sections 2.1 and 2.2, respectively.

2.1. Role of EV's as Mediator of Renal Damage in s-AKI

As previously highlighted, both detrimental and beneficial effects of EVs in s-AKI can
be mainly ascribed to the transfer of RNA subtypes to target cells. In this section, we will
analyze the detrimental role of EVs in s-AKI, focusing on miRNAs which appear to be
involved in kidney damage.

Although there is limited evidence of a specific role of EVs as mediator of renal
damage in s-AK], it is plausible that many EV-related biological activities described in
ischemic and toxic AKI may also apply to this setting. EVs can indeed modulate key
intra-renal mechanisms involved in s-AKI, such as microvascular dysfunction, thrombo-
inflammation, hypoxic and/or oxidant stress, altered crosstalk between RTECs and immune
cells, cytokine-driven tubular damage.

A role of circulating EVs in these mechanisms of tissue injury may at least in part
explain some findings observed in experimental AKI models and corroborated by clinical
observations. In particular, the dissociation between renal function and blood flow in s-AKI
has been clearly demonstrated. Indeed, AKI develops in the presence of a normal or even
increased renal blood flow, suggesting that mechanisms other than hypoperfusion should
sustain tissue damage, thus highlighting the role of circulating mediators. s-AKI seems to
be different from other forms of AKI due to an increased mortality rate and a propensity to
progression toward CKD, through mechanisms of accelerated kidney senescence [38,39].

On this basis, we will herein focus on the role of EVs as mediators of some of these
peculiar aspects of renal damage in s-AKI [35,40].

2.1.1. EVs and Microvascular Dysfunction

As previously described, s-AKI is characterized by heterogeneous zones of sluggish
blood flow, which are associated with areas of RTECs oxidative stress, despite normal or
even increased renal blood flow [40].

This microvascular derangement recognizes multiple contributing factors, such as
endothelial dysfunction and damage (shedding of glycocalyx) and consequent capillary
leak, leukocyte adhesion, activation of coagulation, and thrombo-inflammation [41].

EVs can be involved in several aspects of this pathophysiological process, as demon-
strated for other inflammatory renal diseases [42] as well as for lung during sepsis [43].

Increased circulating levels of EVs in sepsis (mainly derived from PLTs and ECs) can
directly affect the endothelial production of nitric oxide, prostacyclin, and inflammatory
cytokines by modulating the expression of related specific genes (nitric oxide synthases,
cyclooxygenase-2, and nuclear factor-«kB, respectively). This leads to impaired vasorelax-
ation, increased oxidative and nitrosative stress (described in more detail in Section 2.1.2),
rolling and adhesion of leukocytes and PLTs to the endothelium [44]. Consequently, hemo-
dynamic alterations develop in systemic and renal microcirculation, with sluggish or
intermittent blood flow [45].

In addition to these effects, EVs have strong pro-thrombotic and pro-coagulant proper-
ties in sepsis and are involved in pathogenesis of diffuse intravascular coagulation (DIC)
through several mechanisms. EVs released by PLTs, but also ECs and monocytes, can
expose phosphatidylserine on their surface, catalyzing the interaction between coagulation
factors and tissue factor (TF), a major trigger of the extrinsic pathway of the coagulation
cascade. EVs with this pro-coagulant phenotype can lead to thrombi formation in the
microcirculation of different organs, including the kidney [46,47].

Of interest, PLT-derived EVs appear to be elevated in sepsis patient and to inversely
correlate with renal function [48].
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All these EV-mediated effects are likely to contribute to detrimental hemodynamic alter-
ations of s-AKI, leading to redistribution of intra-renal perfusion and medullary hypoxia [49].

Similar alterations of endothelial function have been recently observed in COVID-19,
another disease characterized by significant lung-kidney interactions similar to bacterial
sepsis. SARS-CoV-2 can enter ACE-2 expressing ECs in glomerular and peritubular capil-
laries and trigger inflammation (e.g., release of IL-1 and IL-6), coagulation and complement
cascade [50]. In this setting, several PAMPs and DAMPs may cooperate to induce endothe-
lial dysfunction in the lung and in the kidney with similar mechanisms [51]. It has been
shown that the spike protein of SARS-CoV-2 is able to modulate LPS aggregation, thus
enhancing its pro-inflammatory properties [52]. Of interest, platelet-derived EV count is
higher in COVID-19 patients and represents an independent predictor of outcome. More-
over, proteomic analysis of EVs from plasma of COVID-19 patients identified several
molecules involved in immune response, inflammation, activation of coagulation and
complement cascade, in addition to the presence of SARS-CoV-2 RNA; this suggests that
EVs may be used by the virus as an endocytosis route to spread infection and represent an
important mediator of microvascular damage [53,54].

2.1.2. EVs and Oxidative Stress

Both endothelial and PLT-derived EVs can affect redox reactions as they carry nicoti-
namide adenine dinucleotide phosphate (NADPH) oxidase (NOX) subunits catalyzing
production of superoxide anion and other ROS in sepsis [55].

EV-induced oxidative stress can injure not only EC, but also RTEC during sepsis. PLT-
derived EVs can induce copper/zinc superoxide dismutase in kidneys and other organs to
a higher extent than observed in healthy state [44].

Endothelial EVs may exert anti-angiogenic effects through similar mechanisms ampli-
fying ROS release and oxidative stress [56,57].

Of interest, angiotensin 2 can directly induce the release of endothelial EVs in sepsis
through a pathway, including NADPH oxidase, whereas EVs themselves can in turn
stimulate ROS release by ECs, creating a feedforward mechanism of EV-mediated vascular
damage [58].

Moreover, urinary EVs (uEVs) have been shown to carry a specific miRNA profile
which correlates with ischemia-reperfusion injury of s-AKI [59].

Considered together, these elements suggest a biological role of RNA subtypes carried
by circulating EVs in the induction of s-AKI. In particular, the absence of overt necrosis or
apoptosis has led to the hypothesis that RTECs may deploy defense mechanisms to survive
the insult, suggesting that the defense against infection also depends on the capacity of
cells and tissues to limit damage [35,60]. In this setting, RTECs are immunologically active
cells, capable of presenting antigens, but also dedicated to the clearance of inflammatory
mediators [61].

During AKI, PAMPs and DAMPs, including EV's, may also contribute to mitochondrial
dysfunction and delay in the repair of injured tissues [62]. Indeed, mitochondria generate
ATP to support tubular function, including antioxidant responses, autophagy, and mito-
chondrial quality control. Nicotinamide adenine dinucleotide (NAD+) is essential for the
preservation of tubular health and integrity mainly through the expression of PGC1-alpha,
a key-protein for mitochondrial biogenesis [63].

2.1.3. EVs and Immune Dysfunction

In addition to direct effects on kidney resident cells, such as ECs and TECs, circulat-
ing plasma EVs may also exert some indirect effects in s-AKI through modulation of the
immune response. EVs can exert a dual effect: on the one hand, they can promote inflam-
mation, whereas, on the other hand, they can mediate immunosuppression in sepsis [18].

The first aspect appears to be relevant to kidney damage. Chemotactic and pro-
inflammatory effects can be determined by molecules carried by circulating PMN-derived
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EVs (such as monocyte chemoattractant protein 1 and galectin-3), PLT-derived EVs (RANTES
and P-selectin), and EC-derived EVs (IL-8) [42,64].

RTECs are the most represented cell type within the kidney and play a key role in
s-AKI by releasing EVs which can activate neighboring macrophages, mediating a crosstalk
between these two cell types. Of note, macrophages polarization is an important aspect in
pathogenesis of sepsis. M1-macrophages generate a pro-inflammatory milieu which favors
bacteria phagocytosis but related cytokines correlate with mortality in severe sepsis. On
the other hand, M2 macrophages are predominant in the reparative phase and in healthy
kidneys [65].

At kidney level, RTEC-derived EVs can polarize macrophages toward M1 pheno-
type, inducing them in turn to release EVs which promote tubular injury and interstitial
inflammation [66].

Specific miRNAs, such as miR-19b-3p, are highly expressed in RTEC-derived EVs
and mediate macrophage activation through targeting NF-«kB/suppressor of cytokine
signaling-1 (SOCS-1) in an LPS-induced AKI mouse model [67]. The miR-19b-3p/SOCS-1
axis appears to play a critical pathologic role in tubulointerstitial inflammation, as con-
firmed by the correlation of high levels of miR-19b-3p-carrying EVs with severity of this
pathological aspect also in diabetic nephropathy [68].

In a similar way, miR-23 transferred by hypoxic RTEC-derived EVs can promote M1
polarization of kidney resident macrophages [69].

Increased release of EVs that transfer CCL2 mRNA from BSA-treated RTECs to
macrophages is another mechanism leading to macrophage migration and tubulointerstitial
inflammation [70].

On the other hand, M1 macrophages regulate AKI by secreting EVs enriched in miR-
93-5p, which directly influence pyroptosis in RTECs, completing this crosstalk between
RTECs and macrophages [71,72].

Of note, EVs also represent an intra-nephron, paracrine communication system con-
necting tubular cells of different segments between them and with interstitial cells [73].

After a systemic injury, EVs from proximal RTEC can mediate interaction with in-
filtrating macrophages and fibroblasts within the interstitial compartment, promoting
inflammation and evolution toward interstitial fibrosis. This mechanism may contribute to
AKI-CKD transition [74].

On the other hand, proximal RTEC-released EVs after stimulation with fenoldopam
can reach distal tubular cells, reduce their ROS production and modulate expression of
solute-transporting proteins, suggesting a regulatory role within repair responses [66].

In conclusion, EVs mediate major recognized mechanisms of s-AKI damage (microvas-
cular and immune dysfunction, oxidative stress) through a variety of actions involving ECs,
RTECs, macrophages and other immune cells (Figure 1). A better characterization of EV
content (especially miRNAs) could help improve our knowledge of the pathophysiology of
s-AKI and potentially provide new therapeutic targets.

2.2. Role of Stem Cell-Derived Extracellular Vesicles as a Potential Therapeutic Tool in s-AKI

Mounting evidence indicates a potential therapeutic role of EVs derived from MSC
and other stem cell types in pre-clinical models of ischemic and toxic AKI, whereas there is
still a paucity of data on the role of EVs in the specific setting of s-AKI repair.

In the former models, EVs can shuttle miRNAs and other genetic material into injured
RTECs and ECs and epigenetically re-program them. This leads to activation of multiple
signaling pathways and confers beneficial effects, which can be categorized within three
main areas [75-77]:

e  Renal protection: inhibition of oxidative stress, apoptosis, and fibrogenesis; promotion
of autophagy [78].

e  Renal regeneration: stimulation of cell proliferation, migration, tubular dedifferentia-
tion, angiogenesis [79].
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e Immunomodulation: anti-inflammatory and immunosuppressive effects, through
induction of M2 macrophages and T-regulatory cells (Treg) [80] and modulation of
NK cells [36,81].

The combination of these effects can promote repair of injured RTECs. Of note, pre-
treatment with RN Aase consistently abolished them, indicating a crucial role of mRNAs
and/or miRNAs transfer [82].

Other ]’
infections
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Bacer HSP: $100A8/9, 47 il B /"!I"
products LPS, o, L33, 16 : ‘ e = PP
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Tubular
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Figure 1. Kidney injury mediators in sepsis (Created with Biorender.com, accessed on 28 August
2022).

Ferguson et al. actually identified 23 top-miRNAs which seem to mediate their
main actions, targeting 5481 genes [83], and miRNA repertoire carried by SC-derived EVs
employed as AKI therapy has been published [84].

Consistent with this background, initial evidence suggests that EVs from different
cell types can have beneficial effects in s-AKI and pivotal miRNAs are being identified, as
described in Table 1.

Table 1. Main pre-clinical studies assessing the efficacy of treatment with EVs in s-AKI models.

EV Strain and Model Mechanisms Treatment Effects Reference

e reduction in endothelial cell apop-

EPC-EVs injected in a CLP EV-carried miR-21-5p modulates tosis and oxidative stress [85]
rat model RUNX1 axis e improved renal function and patho-
logical lesions
EPC-EVs injected in EV-carried mi-RNA-93-5p conferred
LPS-induced mouse model endothelial protection via the e reduction in inflammation [86]
of s-AKI with MOD KDM6B/H3K27me3/TNF-« axis
EPC-EVs injected in EV-carried mi-RNA-93-5p alleviates o o
LPS-induced HK-2 LPS-induced HK-2 cell injury e reduction in apoptosis, inflamma- [87]

cell injury targeting miR-93-5p /OXSR1 axis tion, and oxidative stress
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Table 1. Cont.

EV Strain and Model

Mechanisms Treatment Effects Reference

Rat model of s-AKI in vivo;
LPS-induced sepsis model
in HK-2 cells in vitro

miR-22-3p downregulates HMGBI,
p-p65, TLR4, and pro-inflammatory L .
cytokines (IL-16, IL-6, TNF-x), both reduction in inflammation and
in vivo and in vitro. apoptqs1s L ) ) [88]
It can also repress PTEN, a protein e protection in mitochondrial function

involved in mitophagy regulation

Human MSC-EVs increased e reduced inflammation
s-AKI mouse model expression of miR-146b in kidney e improved morphological damage [89]
through CLP tissue and consequently reduced e improved renal function and 72-h
IRAKT1 level and NF-«B activity survival
s-AKI mouse model AT-EVs activate SIRT1 signaling e improved renal function and sur- [90]
through CLP pathway blunting inflammation vival
S-Al(rlern;gresiesgzc:rfilcwuh Exosomal miR-21 integrates into duced tubul .
e RTECs and targets PDCD4/NF-«kB ~ ® Treduced tubular apoptosis [91]
pre-conditioning and PTEN/AKT pathways e reduced inflammation
pre-treatment
MSC-EVs from healthy controls o
transferred TFAM in recipient cells ~ ® stabilization and reduced leakage
and restored TFAM-mtDNA complex of mtDNA. . L
s-AKI mouse model e reduced mitochondrial oxidative [92]

stability, reversing mitochondrial

oxidative phosphorylation defects stress in i.njured RTECS
after s-AKI e reduced inflammation

List of Abbreviations: AT-EVs: Adipose tissue-derived extracellular vesicles; CLP: Cecal ligation and puncture;
EPC: Endothelial progenitor cell; EV: Extracellular vesicle; HMGB-1: High mobility group box 1; IRAK1: Inter-
leukin (IL)-1 receptor-associated kinase; LPS: Lipopolysaccharide; MOD: Multiple organ dysfunction; mtDNA:
Mitochondrial DNA; MSCs: Mesenchymal stromal cell; OXSR1: Oxidative stress responsive kinase 1; PTEN:
Phosphatase and tensin homologue; RTEC: Renal tubule epithelial cell; RUNX1: Runt-related transcription factor
1; s-AKI: Sepsis-associated acute kidney injury; TFAM: Mitochondrial transcription factor A; SIRT1: Sirtuinl.

For example, endothelial progenitor cell (EPC)-derived EVs proved to alleviate s-
AKI modulating miR-21-5p /runt-related transcription factor 1 (RUNX1) axis in a cecal
ligation and puncture (CLP) rat model. Elevation of miR-21-5p improved renal function
and pathological lesions, reducing tissue apoptosis and oxidative stress. Moreover, EPC-
derived EVs containing miR-21-5p modulated syndecan-1 and heparinase-1, both markers
of endothelial glycocalyx damage [85].

Furthermore, EPC-derived EVs carrying miR-93-5p conferred endothelial protection
in an LPS-induced mouse model of s-AKI with MOD [86] and blunted LPS-induced HK-2
cell injury in another model [87]. This miRNA physiologically downregulates thioredoxin-
interacting protein (TXNIP), a physiological inhibitor of thioredoxin antioxidant activity,
which is pathologically enhanced in diabetes and cardiovascular disease and involved in
inflammation [93].

A recent study confirmed that exosomal miR-93-5p released from macrophages, in
which it is differentially expressed, directly regulated TXNIP and thus influenced pyroptosis
in RTECs [71].

Many long non-coding RNAs have been found to play crucial roles in s-AKI by
modulating miRNAs. For example, “nuclear-enriched abundant transcript 1”7 (NEAT-1),
which is upregulated in LPS-induced human tubule epithelial HK-2 cells, results in miR-
93-5p inhibition and consequently it aggravates LPS-induced injury in HK-2 cells by
modulating miR-93-5p / TXNIP axis [94].

In addition, miR-22-3p is significantly downregulated in a rat model of s-AKI in vivo
and LPS-induced sepsis model in HK-2 cells in vitro. Moreover, miR-22-3p can suppress
inflammatory response and apoptosis downregulating HMGB1, p-p65, TLR4, and pro-
inflammatory cytokines (IL-13, IL-6, TNF-«), both in vivo and in vitro. Furthermore, it
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can repress phosphatase and tensin homologue (PTEN), a protein involved in mitophagy
regulation, thus playing a protective role in s-AKI [88].

Human MSC-EVs significantly improved renal function, morphological damage, and
even 72-h survival (from 28% to 45%) in a sepsis mouse model through CLP. Of interest,
MSC-EVs increased expression of miR-146b in kidney tissue and consequently reduced
interleukin-1 receptor-associated kinase (IRAK1) level and NF-«B activity, resulting in
blunted inflammatory response [89].

Adipose-tissue derived-EVs (AT-EVs) have also proved effective in a CLP mouse
model, activating SIRT1 signaling pathway and improving renal function and survival [90].

EVs derived from mice pre-treated with remote ischemic preconditioning, elicited by
brief periods of IRI in femoral arteries, appear to protect against s-AKI through miR-21,
which integrate into RTECs and target the downstream PDCD4/NF-«kB and PTEN/AKT
pathway [91].

MSC-EVs attenuated mtDNA damage and inflammation after AKI and this effect
was partially dependent on the mitochondrial transcription factor A (TFAM) pathway.
Moreover, loss of TFAM led to downregulation of multiple anti-inflammatory miRNAs and
proteins in MSC-EVs [92].

3. Role of Extracellular Vesicles in Sepsis-Associated ARDS

ARDS is defined as the presence of respiratory failure in a patient with bilateral
opacities at chest imaging, within 1 week of a known clinical insult or new or worsening
respiratory symptoms. Cardiac failure or fluid overload must be excluded as the leading
cause of respiratory impairment and lung edema. ARDS is classified according to hypoxia
severity into a mild, moderate or severe form if the ratio between the partial pressure
of arterial oxygen and the fraction of inspired oxygen (PaO,/FiO;) is among 200 and
300 mmHg, among 100 and 200 mmHg or below 100 mmHg, respectively [95]. ARDS
may be triggered by a wide range of noxious stimuli, with sepsis as the most frequent
etiology, thus in fact contributing to the worst outcomes [96-98]. In fact, data from the
LUNGSAFE study, an international, multicenter, prospective cohort study conducted in
2014 on a sample of 459 ICUs and enrolling more than 29,000 ICU patients, showed that
among 4499 patients with hypoxemic respiratory failure, about 3000 (10%) subjects satisfied
the ARDS criteria according to the Berlin definition of ARDS. Several risk factors for ARDS
development were recognized and pneumonia and extrapulmonary sepsis accounted for
60% and 16% of cases, respectively [96]. Data from the 2017 Global Burden of Diseases,
Injuries, and Risk Factors Study, estimating the incidence of sepsis and sepsis-related
deaths in every year from 1990 to 2017 across 195 countries, showed that lower respiratory
tract infections were the second most common underlying cause of sepsis in 2017 and
the most common underlying cause of sepsis-related deaths in every year from 1990 to
2017 [20]. Therefore, it can be deduced that sepsis in general represents the leading cause
of ARDS in more than 75% of cases. In addition, the worldwide emergence in the last two
decades of pandemics driven by viral pathogens—namely HIN1 Influenza A after 2009
and SARS-CoV-2 after 2019—determined an increase in terms of pneumonia-related ARDS
incidence during epidemic and pandemic waves [97,99,100].

ARDS is characterized by alveolar epithelial and endothelial barrier damage [101,102],
leading to the accumulation of protein-rich alveolar edema, impairment of the surfactant
homeostasis, and dysregulation of the active epithelial fluid transport system, which is
implied in edema reabsorption and resolution of the respiratory failure [103]. The activation
of macrophage, neutrophil, and monocyte leads to a sustained inflammation, perpetuating
tissue injury. Depending on the intensity of noxious stimuli and of dysregulated inflamma-
tory response, pulmonary fibrosis may occur in the late phase of ARDS, with poor patient
outcome [101,102].

Treatment relies basically on supportive therapy, focusing on protective ventilatory
strategies aimed at avoiding further iatrogenic lung damage (i.e., ventilator-induced-lung
injury) and conservative fluid balance. Rescue therapies, such as prone positioning, neu-
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romuscular blockade, and extra-corporeal membrane oxygenator (ECMO) are reserved
for refractory or worsening moderate-to-severe cases. Presently, no pharmacologic ther-
apy showed benefits in terms of survival. The administration of mesenchymal stem cells
and/or their secretome with the aim of helping to restore the injured lung tissue is fueling
significant expectation [102].

The pathogenetic role of EVs and the therapeutic potential of SC-derived EVs in ARDS
will be analyzed in Sections 3.1 and 3.2, respectively.

3.1. Role of EV's as Mediators of Lung Damage in Sepsis-Associated ARDS

Different types of lung cells release EVs involved in tissue damage in the course of
sepsis-associated ARDS.

Alveolar macrophages (AMs) are the main source of innate immune system activation
against invading respiratory pathogens or pro-inflammatory sterile insults to the lungs.
They greatly contribute to acute lung injury (ALI) through overwhelming inflammation and
can be activated by EVs released from damaged cells of lung epithelial /endothelial barrier.
Furthermore, they secrete EVs which further aggravate lung injury. In a mouse model of
hyperoxia-induced ALI, isolated AMs treated with EVs derived from lung epithelial cells
released pro-inflammatory mediators, such as IL-6, TNF-«, and MIP-2 [104]. Interestingly,
time course of EVs released from different alveolar cells has been described. One hour after
LPS administration, AMs were the main source of EVs, followed 3 h later by a prevailing
production of EVs from epithelial cells and neutrophils. AM-derived EVs induced ICAM-1
expression in epithelial cells in vitro, as well as ALI after intratracheal administration in
mice. These data suggest the potential role of pro-inflammatory AM-derived EVs cargo in
initiating the early phases of lung injury [105].

EV profile also changes according to the nature of the lung insult, suggesting that
EVs may serve as a biomarker of high-permeability lung edema. Lung exposure to ster-
ile (i.e., oxidative stress and acid aspiration) and infectious stimuli (i.e., LPS and Gram
negative bacteria) induced the release of EVs from lung alveolar type-I epithelial cells or
AMs, respectively. Regardless of their origin, both types of EVs contributed to in vivo
macrophage recruitment, leading to overwhelming lung inflammation [106]. However,
EVs released in high-permeability lung oedema are different from those in hydrostatic
pulmonary oedema. In fact, EVs were more abundant in BALF of ARDS patients compared
with patients with hydrostatic oedema and had greater pro-coagulant activity, mediated by
a higher expression of TF [107]. Compared with septic patients without lung involvement,
patients with sepsis-related ARDS had higher number of CD14+/CD81+ monocyte-derived
EVs in BALF and this signature was associated with dismal outcome [108].

Furthermore, patients at early and late phases of ARDS can display a characteristic
EV profile that differs from patients undergoing mechanical ventilation. EVs containing
secretory phospholipase A2 (sPLA2) were present in BALF of patients with early ARDS,
together with higher expression of its specific mRNA, i.e., PLA2G2A and were associated
with clinical severity [109]. Exosomes carrying specific micro-RNAs (miRNAs) have been
shown in the fibrotic late phase of ARDS. Compared with healthy volunteers, miR-425
was reduced in plasma exosomes from ARDS patients. To elucidate the role of this specific
miRNA in the pathophysiology of the fibrotic phase of ARDS, an in vitro analysis showed
that inhibition of miR-425 in a cell line of human fibroblasts induced collagen expression
and promoted fibroblast proliferation [110].

An interesting aspect is the role of secretory autophagosomes (SAPs), double-membrane
vesicles which can be regarded as EVs and exacerbate lung injury. SAPs were secreted
by LPS-treated AMs and their intratracheal administration induced lung injury through
IL-1f secretion [111]. EVs extracted from BALF of mice treated with intratracheal LPS
showed an increased expression of miRNA-466. In vitro transfection of bone-marrow-
derived macrophages with miRNA-466 increased the release of IL-1f after LPS stimulation.
This finding suggests that miRNA-466 might have an important role in inflammasome
activation, an essential mechanism of lung injury [112].
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Specific miRNAs have also been characterized in EVs after lung viral infections.
Compared with healthy volunteers, nine specific miRNNAs have been found significantly
upregulated or downregulated in the BALF of patients with Influenza H1N1-associated
ARDS. In particular, miR-17-5p downregulated epithelial antiviral factors, such as Mx1
and E2F1 in lung epithelial cells infected by Influenza A virus, thus promoting a potential
pro-viral effect [113]. A complex network of cell-to-cell interaction mediated by miRNAs in
plasmatic EVs has been found in patients with COVID-19 associated ARDS. Downregula-
tion of five specific EV-associated miRNAs in blood led to the activation of target molecules
in ARDS patients, including IL-8 (CXCLS), which is a well-known mediator of neutrophil
recruitment into the lung [114].

Pulmonary endothelium is a dynamic receptor-effector tissue sensor and responds
to signals from extracellular environments. EVs are clue effectors of the interaction of
lung endothelium with adjacent and circulating cells and mediators to modulate local
immune-thrombosis, inflammatory cell adhesion, and integrity of alveolar units. In a rat
model of LPS-induced lung injury, EVs of endothelial origin were higher in plasma [115]
and their intravenous injection was characterized by higher levels of pro-inflammatory
cytokines (IL-1p and TNF«), neutrophilic infiltration, and enhanced myeloperoxidase
activity in the lungs [116]. Endothelial cells incubated with EVs had lower nitric oxide (NO)
production, suggesting that EV-mediated impaired vasodilation (i.e., endothelial-derived
microparticles) might have a role in ARDS pathogenesis [117].

Ex vivo ventilation and perfusion of human donor lungs rejected for clinical transplan-
tation represents a platform to better understand lung pathophysiology and to test new
treatments [118]. In an ex vivo human model, Liu et al. showed that EVs collected from the
BALF of lungs challenged with E. coli bacteria were able to induce acute lung injury on
naive ventilated and perfused lungs, given through both intravenous and intrabronchial
route. Most EVs were derived from endothelial cells and platelets, with a reduced con-
tribution from monocytes, epithelial cells, and lymphocytes. Of interest, administration
of hyaluronic acid reduced lung injury minimizing inflammation; the mechanism of this
protection seems to be associated with a direct binding of hyaluronic acid to EVs with less
uptake of EVs by human monocytes [119].

3.2. Role of Stem Cell-Derived Extracellular Vescicles as a Potential Therapeutic Tool in
Sepsis-Associated ARDS

EVs derived from human MSCs were added in vitro to murine AMs that were subse-
quently administered intranasally to LPS-treated mice. Pre-treated AMs were protective
against endotoxin-induced lung injury in terms of lower cell count, absolute neutrophils
count, total proteins, and TNF-« in BALF [120].

The endosomal protein p18, which is expressed in the pulmonary endothelial cells,
has a role in pulmonary endothelial integrity. Endothelial-derived EVs released from cells
overexpressing the protein p18 protected the cell monolayer from LPS-induced permeabil-
ity. The expression profile of miRNAs in EVs from p18 overexpressing cells was different
compared with controls. In fact, specific miRNAs (i.e., miR-30a-5p, miR-96-5p, and miR-
137-5p) attenuated or even completely blocked (i.e., let-7i-5p) endothelial permeability after
LPS challenge in vitro [121]. These findings suggest that given the pivotal role of endothe-
lium as a first barrier involved after tissue injury, endothelium-derived EVs may work
as biomarkers of ongoing damage. Moreover, EVs derived from engineered endothelial
cells may carry protective factors to stabilize the endothelial/epithelial barrier. A synthesis
of pre-clinical in vitro and in vivo studies assessing the efficacy of MSC-derived EVs in
ALI/ARDS models is shown in Table 2.
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Table 2. Synthesis of pre-clinical in vitro and in vivo studies assessing the efficacy of MSC-derived EVs in ALI/ARDS models.
Population EV Strain Lur;fol(;zr y Intervention Arms  Intervention Details hiif:lizlesén Treatment Effects Reference
MSC-EV . .
Vs, Apoptosis e  WBCs and neutrophils reduction
Neg shRNA MSC-EV modulation via in BALF
Rats WIMSC-EV BLMIT B e MSC-EV IT PI3K/AKT/mTOR  ® TNF-oand IL-6 reduction in BALF [122]
HGF shRNA signaling pathway ~ ® EV therapeutic effects may be partly
MSC-EV mediated by HGF mRNA
e Improved histologic lung injury score
Glveolvsis through and wet-to-dry ratio
bm-MSCs exosomes H}IIF—lzc inhibiti 0%1 e Increased oxygenation and reduced
Mice bm-MSCs naive LPS IP bm-MSCs EV naive IT 50 pHg or bm-MSCs Macrophage pro-inﬂammatory CKSin lung [123]
exosomes IT 100 .p . & e Improved survival
& polarization p
e Inhibition of glycolysis in lung and
macrophage polarization
24 h CdM h-MSCs e Enhanced survival
Rats h-MSCs E. coli IT ABhCAMB-MSCs M 1v 300 L, Macrophage s Secretome did not reduce lung injury, [124]
Vs phagocytosis BALF protein and neutrophils,
h-MSCs pro-inflammatory CKs, E. coli counts
EV naive o Total protein and cell counts reduction
Vs. 5 Restored in BALF
Mice h-bm-MSCs LPSIT EV with EV {rinlgé >1<\/[150C5and mitochondrial 3 Neutrophﬂs reduction in BALF [125]
dysfunctional function e Therapeutic effects mediated by
mitochondria mitochondria
mu-MSCs . e Enhanced arterial oxygenation
Rats mu-MSCs VILI vs. MSCs IV 107, IL-6 modulation * Reduced neut.rop hil in BALF . [126]
CdM CAM 1V 500 pL e No effects on inflammatory cytokines
L]

CdM was not as effective as MSCs
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Table 2. Cont.
Population EV Strain Lung Injury Intervention Arms  Intervention Details Mechanism Treatment Effects Reference
Model Analyzed
Young MSCs-EV improved lung
ADSCs from young histology and reduced neutrophils
donor (25 YO) in BALF
. ) MSCs EV 100 pg IV Macrophage
Mice hu-ADSCs LPSIT s 30 min after LPS polarization .Young M SCS'E\_/ reduced IL1-B and [127]
ADSCs from older increased IL-10 in BALF
donor (72 YO) Young MSCs-EV favored the M2
macrophages’ phenotype
BALF inflammation reduction
mu-MSCs CdM Promotes the M2 anti-inflammatory
Mice mu-MSCs LPSIT vs. CdM IT 30 uL Macrophage AMs phenotype [128]
polarization : )
mu-MSCs IGF-I mediated mechanism
Attenuated lung inflammation
Exo MSCs NTF IT Redtucec}ll .}Iistologicialtfiamage and
. Exo MSCs naive vs. 50 uL, 3 h after LPS Immune modulation neutrophil accumu ation
Mice hu-bm-MSCs LPSIT Exo MSCs NTF 3 days until 72 h balancing factors Decreased IFN_Y’ IL-6, TNF-a, and [129]
.. RANTES levels in BALF
post-injury )
Improved oxygenation levels
. . . Reduced apoptosis in lun,
Tight junction pPop &
bm-MSCs-EV IV dg sf1]m ction epithelial cells
Mice bm-MSCs SM SC bm-MSCs-EV naive 20 mg/kg 24 h after anﬁ ADODLOSIS Repaired adherents and tight [130]
injection of SM ; nhlli) iil:ji on junction integrity
Maintained vascular barrier integrity
72-h survival increase through KGF
By Enhanced ge:i:liaticcl)n anfl re<}:111.11c§d ké;:ielgial load
. . EVIVO0uL4h macrophage- educed neutrophis m
Mice hu-bm-MSCs E. coli IT hu-br;?l.\/[S Cs after injury mediated bacterial Decre.ase in bacterial load. [131]
phagocytosis Anti-inflammatory IL-10 increased,
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Table 2. Cont.
Population EV Strain Lung Injury Intervention Arms  Intervention Details Mechanism Treatment Effects Reference
Model Analyzed
Effect of EV e Reduced alveolar collapse and
preconditioning with neutrophil cell counts in lung tissue
mu-bm-MSCs EV serum from ARDS e Reduced higher total cell, macrophage,
Mice mu-bm-MSCs LPSIT vs. EV 1V released by mice and neutrophil counts in BALF [132]
LPS IP mibmMSCs 10° cells EV effect in o The effects of MSCs and EV differed
pulmonary or according to ARDS aetiology
extrapulmonary e Greater overall improvement from
ARDS MSCs in comparison with EV
e Decrease in neutrophil accumulation in
lung tissues
Mice mu-MSCs LPSIT mu-MSCs CdM CdM IV 200 pL Neutrophil apoptosis ~ * Pro—mﬂammatory CKs reduction in [133]
lung tissues
e Enhancement of apoptosis in
BALF neutrophils
HLMVECs o Ang-1 mRNA mediates the therapeutic
vs. effects of EV
Neg SIRNA h-MSCs s Macrophage e Decreased lung inflammation and
Mice mu-bm-MSCs LPSIT vs. HLMVECsIT 2 x 10 polarization puln:lonary oedema ' [134]
Ang-1SiRNA e Pro-inflammatory MIP2 reduction
e Reduced albumin levels in BALF
e Improved survival
IFNy-primed EV e Attenuated lung injury
Rats hu-MSCs naive E. coli IT vs. EVIT 100 x 10°/Kg I\flacmp }:ag.e e Restoration of NO synthase [135]
naive EV phagocytosis .

Enhancement of phagocytosis and
bacterial killing
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Table 2. Cont.
Population EV Strain Lung Injury Intervention Arms  Intervention Details Mechanism Treatment Effects Reference
Model Analyzed
PGS BV e b A
. Vs. hu-MSCs exosomes ¢ Llhb/ L6, 1L-17, an reduction
Mice hu-MSCs LPSIT hu-MSCs EV + IT 50 g 4 h after LPS Autophagy in BALF . . [136]
autophagy inhibitor e Autophagy might mediate
ALl recovery
miR-126-mediated e Improved arterial oxygenation and
EPC-EV . lung histolo
dulat f & gy
Rats bm-EPCs LPSIT vs. EPC-EV IV 10 ug moch anon of o  Decreased lung wet-to-dry ratio [137]
RAF/ERK signaling o
EPC-EV + GW4869 pathway o Decreased total protein in BALF
o Endothelial function improvement
MSC-EV IT e BALF inflamattory response reduction
MS C‘-IISEV v KGF protein at48h .
Mice hu-MSCs E.coli IT i MSC-EV 30 uL IT expression through ~ ® Eectreasg in e:‘t_faVasculagﬁgg water [138]
. MRNA modulation  ® estored protein permeabili
KGF siRNA- over 24 h
Pre-treated o BALF KGF protein increased

List of Abbreviations: ADSCs: Adipose-derived mesenchymal stem cells; ALI: Acute lung injury; Ang: Angiopoietin; ARDS: Acute respiratory distress syndrome; BLM: Bleomycin;
bmEPCs: Bone marrow-derived endothelial progenitor cells; bm-MSCs: Bone marrow MSCs; EPC: Endothelial progenitor cells; EVs: Extra-cellular vesicles; Exo MSCs NTEF: Small
EVs derived from NurOwn MSC-NTF cells; Exo MSCs: EVs derived from undifferentiated MSCs; h-: Human; HIF-1a: Hypoxia-inducible factor 1-alpha; HLMVECs: Human
lung microvascular endothelial cells; hu-: Human umbilical; IN: Intranasal; IP: Intraperitoneal; IT: Intratracheal; IV: Intravenous; LPS: Lipopolysaccharide; LXA4: Lipoxin A4;
MCP-1: Monocyte chemoattractant protein 1; mu-: Murine; NTF: Neurotrophic and immunomodulatory factors secreting MSCs; PBMC: Peripheral blood mononuclear cell; PBS:
Phosphate-buffered saline; RANTES: Regulated on activation normal T-cell expressed and secreted; SM: Sulphur mustard; VILI: Ventilator-induced lung injury; WJMSC: Wharton's Jelly
mesenchymal stem cells.
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Recent data show that a pattern of circulating EVs characterize a protective endotype
of ARDS. In a prospective observational study of 33 ARDS patients, long-term survivors
had a circulating sub-phenotype characterized by MSC-derived EVs in blood containing
higher RUNX1 isoform p66 (a transcription factor known to be involved in angiogenesis
and MSCs proliferation), compared with patients who did not survive. The protective
effect of RUNXI1 isoform p66 seems to be associated with the induced ability of ECs to
proliferate [139]. Higher levels of leukocyte-derived EVs in the blood of 52 ARDS patients
were independently associated with improved adjusted survival at 28 days [140]. In
addition, elevated EV concentration in plasma was independently associated with reduced
risk of developing ARDS [141]. These data were expanded in a study showing that patients
who underwent esophagectomy and further developed ARDS had higher concentration
of endothelial-derived CD31 + EVs in BALF compared with healthy subjects. Considered
together, these studies suggest that the secretome of monocytes and ECs play a role in
ARDS pathogenesis and in identifying those patients who are at risk of developing the
syndrome [108]. Table 3 showed a synthesis of clinical trials assessing the safety and efficacy
of intravenous treatment with MSCs and MSC-derived EVs in human subjects with ARDS.

Table 3. Synthesis of clinical trials assessing the safety and efficacy of intravenous treatment with
MSCs and MSC-derived EVs in human subjects with ARDS.

Clinical Context and

Study Design n . e Intervention Treatment Effect Reference
Inclusion Criteria
10 pL = EV secreted by
6 I d alveolar fluid
e  EVLP in rejected lungs 10° MSCs 111crease atveolar ful
. . s Four treatment arms: clearance
Prospective with E. coli-induced Reduced lung protein
interventional n=237 pneumonia ) (1) 200 uL MSC EVs permeability [142]
(ex vivo) e MSCs pre-treatment with (2) 400 uL MSC EVs Enhanced antimicrobial
TLR-3 agonist (TLR3+) (3) 200 L TLR-3+ MSC activity
EVs
(4) 200 uL NHLF EV Reduced PAP
Oxygenation and lymphocyte
Prospective COVID-19 patients 15mL of ExoFlo™ count improvement
interventional n=24 e Dyspnoeafor>72h (bnr: MgC ;?osgmes) Serum D-dimer, C-reactive [143]
(single arm) e  Down trending P/F protein, and ferritin reduction
NC decrease/LC increase
No EV-related SAE
Improved survival rate in
Critically ill COVID-19 T arm (2.5 times overall,
n=40 patients with pneumonia 10°/kg UC-MSCs (T arm) 45 timgs 1n patients with ]
RCT (n=20C e  Patients with leuco- and vs. NS (C arm) comorbidities) [144]
n=20T) lymphopenia Significantly decreased IL-6
in the recovered patients in
the T arm
No difference in
infusion-associated AE
< 94% i betw
e No SAF esocited with
n=24 e Bilateral infiltrates on d -MSCs > 2 MSCs .
RCT (n=12C CXR or bilateral ground administrations _(T arm) Improved survival, SAE-free [145]
n=12T) glass opacities on a chest vs. vehicle solution NS survival, and
CT scan (Carm) time-to-recovery in T arm
GM-CSF, IENY, IL-5, IL-6,
IL-7, INFo, TNF(3, PDGE-BB,
and RANTES (T arm, day 6)
- No infusion toxiciti SAE
RCT (” = ézC e ARDS patients 10° cells/ kg inotllllc; }Esals; oxicities or [146]
n= . : .
n=6T) e P/F<200 mmHg adipose-derived MSCs Serum SP-D day 5 lower than 0
day 0in T arm
Three treatment arms:
Prospective e  ARDS patients (1) 1 x 10° UC-MSCs/kg No SAE in the three arms )
Phase 1 CT =9 e P/F<200mmHg Minor non-life-threatening [147]

(2) 5 x 106 UC-MSCs/kg
(3) 1 x 107 UC-MSCs/kg

AE in 3 patients
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Table 3. Cont.
Study Design n Ci;rlllc:sli(?:rg:iﬁl:gd Intervention Treatment Effect Reference
e  Three treatment arms,
administration of
= . 1 x 10° BMD-MSCs/kg:
O_pgn lab_e ! (nn: 4311C : ?/7113\1 3 %%Efrgglems (1) 3 infusions earl; g e  Higher survival rate T group [148]
clinical trial n=17T) & stage ’ e NoSAE in a 5-year follow-up
(2) 3infusions, late stage
(3) 4infusions, late stage
Two treatment arms:
Phase 1/2 n=6 e  ARDS patients *
multicentre RCT (n=3C1 e P/F< %)OO mmHg (1) 300 x 10° MAPC e No AE and SAE related to
Cohort 1 and 2 n=3C2) ) 900 x 10° MAPC treatment
[149]
Phase 1/2 n =230 ARDS patients e 900 x 10° MAPC (T arm) e One possibly related,
multicentre RCT (n=10C e P/F<200 mmHg vs. placebo (C arm) non-serious AE in T arm
Cohort 3 n=20T)

List of Abbreviations: MSCs: Mesenchymal stem cells; EVs: Extracellular vesicles; EVLP: Ex vivo lung perfusion;
IV: Intravenous; TLR-3: Toll-like receptor 3; NHLF: Normal human lung fibroblasts; PAP: Pulmonary arterial
pressure; P/F: PaO, /FiO, ratio; bm-MSCs: Bone marrow MSCs; NC: Absolute neutrophil count; LC: Absolute
lymphocyte count; SAE: Serious adverse events; RCT: Randomized controlled trial; C: Control arm; T: Treatment
arm; UC-MSCs: Umbilical cord MSCs; NS: Normal saline; SPO2: Peripheral arterial oxygen saturation; CXR:
Chest X-ray; CT: Computed tomography; AE: Adverse events; ARDS: Acute respiratory distress syndrome; SP-D:
Surfactant protein D; BMD-MSCs: Blood menstrual-derived MSCs; MAPC: Multipotent adult progenitor cells.

4. Potential Role of Extracellular Vesicles in Kidney-Lung Crosstalk and Future
Therapeutic Perspectives

Inter-organ crosstalk between kidney and lung in critically ill patients has been the
focus of intense research over the past years. On the one hand, AKI can affect the lung by
altering the fluid and acid-base balance and through release and/or decreased clearance of
inflammatory mediators. On the other hand, ARDS in a septic patient can worsen renal
function through altered hemodynamics (hypoxia and hypercapnic acidosis, systemic con-
gestion), neurohormonal dysregulation (activation of renin-angiotensin system, ADH, sym-
pathetic system), biotrauma associated with mechanical ventilation and increased alveolar-
capillary permeability (systemic release of IL-6 and other pro-inflammatory molecules),
oxidative stress, accelerated tissue senescence. In particular, mechanical ventilation can
add a further damage and around 30-60% of patients treated with it eventually require
RRT [150].

While significant progress has been made in elucidating mechanisms of this complex
syndrome, the role of EVs in this setting is still undefined. However, it is biologically
plausible that EVs are involved in the mutual exchange of deleterious mediators between
kidney and lung, through endocrine actions (Figure 2). On the other hand, some evidence
suggest that they may also exert protective actions and have the potential to limit organ
damage [151].

On this basis, it is possible to envisage a potential therapeutic use of EVs to modulate
inter-organ crosstalk in sepsis and dampen systemic inflammation. For example, an inter-
esting option is the possibility of promoting AM polarization toward a pro-resolving M2
phenotype, with anti-inflammatory features. MSC-derived EVs can transfer mitochondria
to AM and induce a switch from M1 to M2 phenotype [120] and specific EV-shuttled
miRNAs (miR146a) have been associated with this process [152]. The presence of similar
reparative mechanisms based on M2 macrophage both in the lung and in the kidney could
pave the way to EV-based therapies that are effective on both organs [66] (Figure 3).

The pleiotropic actions of EVs make them a unique and versatile therapeutic tool,
capable of simultaneous modulation of diverse pathogenetic aspects, ranging from endothe-
lial dysfunction and thrombo-inflammation to tubular oxidative stress and macrophage
phenotype. Increasing knowledge of EV actions on important activators of innate immu-
nity, such as RTEC and AM, is strengthening the rationale for this therapy. EV-mediated
crosstalk between RTEC and neighboring macrophages and between lung epithelial cells
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and AM is a key mechanism of damage in AKI and ALI, respectively. The potential of
blunting this process with MSC-EVs or of employing EPC-EVs or endothelial-derived
EVs to protect EC from LPS-induced permeability is intriguing as it represents a truly
“etiopathogenetic” treatment.

Cyto-protection, tissue regeneration, and immunomodulation are three intertwined
effects which appear to be partly shared in renal and pulmonary setting. Therefore, EV
therapy may be a general tool to prevent and/or treat organ damage in sepsis, possibly
even beyond kidney and lung.

Immunomodulatory properties of EVs may not only interfere with local mechanisms
of damage, but also at a broader level with distant organ crosstalk and inflammatory
dysregulation, a hallmark of sepsis. Expansion of T reg and inhibition of NK activity, for
example, may shift the balance toward the control of inflammation.

Future clinical studies should cope with crucial aspects which could help expand
the implementation of this therapy: the possibility of EVs manipulation to enrich them
with drugs or protective miRNAs to target specific cell types (for example, ECs) of lung
or kidney [153]; standardized methods for EV isolation and storage; preconditioning
procedures to enhance their therapeutic properties; definition of dose-response relation-
ship; availability of new biomarkers to assess effectiveness of MSC-derived EVs after

administration [32,154].

-

P
.
.

Cytokine storm and i
blood cell-related EVs 208
; .

ARDS-related Activate \ AK"E'Sfted
EVs blood cells C J

O
40 €

i Cytokine storm and

5 s blood cell-related EVs
\ . A
‘
AKI

Figure 2. Potential role of EVs in kidney-lung crosstalk (Created with BioRender.com, accessed on
28 August 2022).
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Figure 3. Potential therapeutic use of EVs to modulate kidney-lung crosstalk in sepsis and systemic
inflammation (Created with BioRender.com, accessed on 28 August 2022).

5. Conclusions

EVs mediate a complex intercellular communication network in sepsis, shuttling a vari-
ety of key mediators, such as miRNAs. Paracrine or endocrine transfer of these molecules to
target cells allows for the modulation of sets of genes, resulting in broad pro-inflammatory,
pro-oxidant, and pro-apoptotic effects underlying microvascular dysfunction and multiple
organ failure. This detrimental role is well documented both in septic AKI and ARDS and
specific miRNAs are characterized which account for similar mechanisms of kidney and
lung damage. On the other hand, organ-protective effects of SC-derived EVs have been
reported in sepsis. These recapitulate cytoprotective, reparative and immunomodulatory
properties of parental cells and have shown beneficial effects in experimental models of
kidney and lung damage. This review summarizes the current knowledge on this dual,
multi-faceted role and first emphasizes EV involvement in kidney-lung crosstalk. On this
basis, EVs may represent a multi-level, comprehensive therapy of sepsis, with a potential
for modulating pathogenetic mechanisms of both AKI and ALI in this setting.
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Abbreviations
AKI acute kidney injury
ALI acute lung injury

BALF bronco-alveolar lavage fluid
CKD chronic kidney disease

CLP cecal ligation and puncture

DAMP  damage-associated molecular pattern
DC dendritic cell

EC endothelial cell

EMT epithelial-to-mesenchymal transition
EndMT  endothelial-to-mesenchymal transition
EPC endothelial progenitor cell

EV extracellular vesicles

ICU intensive care unit

IL interleukin

IRI ischemia-reperfusion injury

LPS lipopolysaccharide

mDNA  mitochondrial DNA

MOD multi-organ dysfunction

miRNA  microRNA

NEAT-1 nuclear-enriched abundant transcript 1
NRF-2 nuclear factor erythroid 2-related factor 2
PAMP pathogen-associated molecular pattern
PMN polymorphonuclear cell

PMT pericyte-to-mesenchymal transition
ROS reactive oxygen species
RRT renal replacement therapy

RTEC renal tubular epithelial cells

RUNX1  runt-related transcription factor 1 axis
s-AKI sepsis-associated AKI

SASP senescence-associated secretory phenotype
SC stem cell

SOCS-1  suppressor of cytokine signaling-1

TGFB-1  transforming growth factor 3-1

TLR Toll-like receptors

TXNIP  thioredoxin-interacting protein
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