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Abstract
Due to the continued high incidence and mortality rate worldwide, there is a need to develop new strategies for the quick, 
precise, and valuable recognition of presenting injury pattern in traumatized and poly-traumatized patients. Extracellular 
vesicles (EVs) have been shown to facilitate intercellular communication processes between cells in close proximity as well as 
distant cells in healthy and disease organisms. miRNAs and proteins transferred by EVs play biological roles in maintaining 
normal organ structure and function under physiological conditions. In pathological conditions, EVs change the miRNAs 
and protein cargo composition, mediating or suppressing the injury consequences. Therefore, incorporating EVs with their 
unique protein and miRNAs signature into the list of promising new biomarkers is a logical next step. In this review, we 
discuss the general characteristics and technical aspects of EVs isolation and characterization. We discuss results of recent 
in vitro, in vivo, and patients study describing the role of EVs in different inflammatory diseases and traumatic organ injuries. 
miRNAs and protein signature of EVs found in patients with acute organ injury are also debated.
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Introduction

Severe trauma is one of the disorders with the great-
est healthcare and economic impact in society today [1]. 
Worldwide, it is the leading cause of mortality in young 
adults, and involves the highest incidence of potential life 
years lost. In traumatized and poly-traumatized patients, 
quick, precise, and valuable recognition of presenting injury 
pattern is of outmost need for proper patient management 
as delayed diagnosis may cause secondary complications 
and exaggerate mortality and morbidity. Recently, inten-
sive efforts have been made to identify indicators that are 
associated with the pathological processes of the disease 
and organ injury [2]. The heterogeneity of the injury cases 
makes it difficult to accurately assess the level of trauma, 
predict the clinical outcome, and optimize the therapy for 
individual patients; therefore ,the search of certain specific 
and sensitive biomarkers, which will help to overcome these 

difficulties is continuing. Exosomes (Exos), one subclass of 
EVs, which was described long time ago, and which role was 
re-considered recently, now appeared to be a promising bio-
marker candidate for the broad range of diseases. Despite the 
growing number of evidences confirming the role of Exos in 
physiological intercellular communication and their poten-
tial as biomarkers in some diseases and cancer entities [3], 
less is known about their role as mediators and markers of 
acute organ injury in the traumatized patients. In the fol-
lowing sections, we aim to provide an overview of existing 
literature with the focus on the role of Exo/EVs during acute 
organ injury. We focus on inflammatory diseases includ-
ing sepsis and systemic inflammatory response syndrome 
(SIRS), traumatic brain injury, acute cardiac damage, acute 
respiratory distress syndrome (ARDS), and acute liver and 
kidney injury. Next to the individual organ damage, we also 
review studies focused on multiple trauma and Exos.

Extracellular vesicles

Since the first reference of EVs in platelet-free serum in 
1946 by Chargaff et al. [4], the understanding of EVs bio-
genesis, structure, and functions has been significantly 
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improved. According to the “Minimal information for stud-
ies of extracellular vesicles 2018” (MISEV2018), EVs is 
“the generic term for particles naturally released from the 
cell that are delimited by a lipid bilayer and cannot replicate, 
i.e., do not contain a functional nucleus” [5]. Historically 
EVs were classified to three major classes—Exos, microves-
icles (MVs), and apoptotic bodies (ApoEVs) according to 
their cellular origin (Fig. 1) [3]. Exosomes and MVs are both 
released by healthy cells, whereas ApoEVs resulted from 
the apoptotic process, when the cell’s cytoskeleton breaks 
up and causes the membrane to bulge outward. Exos with a 
size of 30–150 nm are the smallest subpopulation of EVs; 
they are released upon fusion of multivesicular bodies with 
the plasma membrane and further exocytosis. Due to their 
endocytotic origin, Exos are commonly enriched in endo-
some-associated proteins such as Rab GTPases, SNAREs, 
Annexins, and Flotillin. Some of these proteins (e.g., Alix 
and Tsg101) are commonly used as exosome markers. Tet-
raspanins family of membrane proteins (CD9, CD63, and 
CD81) is also abundantly present in Exos and considered to 
be used as a markers [3, 6, 7]. MVs are shed from the plasma 

membrane by budding; they vary in size between 100 and 
800 nm and are enriched in CD63, CD81, and Annexin V 
proteins. The biggest in size population of EV are ApoEV, 
ranging in size between 200 and 5000 nm and express-
ing Annexin V [3, 6, 7]. Despite the big number of study 
focused on ApoEVs’ characterization, there are still striking 
discrepancies in the literature in the characterization and 
isolation of ApoEVs [8]. Since there are no specific mark-
ers for different subtypes of EVs, which would distinguish 
endosome-origin Exos and plasma membrane-derived MVs, 
International Society of EVs urged to consider use of opera-
tional terms for EV subtypes, which refer to physical char-
acteristics of EVs (f.ex. size), or biochemical composition 
(f.ex. CD63+/CD81+-EVs) or cellular origin (f.ex. platelet 
EVs), unless authors can establish reliable specific markers 
of subcellular origin [5].

EVs have gained widespread interest due to their ability 
to carry bioactive components such as RNAs, DNA, and 
proteins. However, besides their luminal cargo, EVs can also 
carry a significant surface cargo encompassing DNA and 
especially proteins such as for example CD41+ for platelets, 

Fig. 1   Extracellular vesicles (EVs): exosomes (Exos), microvesi-
cles (MVs), and apoptotic bodies (ApoEVs). Schematic drawing of 
biogenesis and uptake of EVs. Exos are the smallest vesicles (30–
150  nm in diameter) originating by endocytosis. MVs (also called 
microparticles) have size of 100–800 nm in diameter and are released 
from cell membrane by budding. ApoEVs (0.2–5  µm in diameter) 

are released from cell membrane surface in late stage of apoptosis. 
Membrane of Exos and MVs beside others contain MHC, tetraspa-
nins CD9, CD63, CD81, and cell-specific receptor proteins. Exoso-
mal cargo is enriched with broad range of RNAs, DNAs, and protein 
molecules
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CD144+ for endothelial cells, or CD45+ for leukocytes 
derived EVs [9]. Both, Exos and MVs, are known to facili-
tate intercellular communication processes between cells in 
close proximity as well as distant cells. EVs cargo is actively 
loaded prior to the release from parental cell [6, 10, 11] 
and could significantly influence target cells’ metabolism, 
function, and life span [6, 12, 13]. EVs can contain proteins 
such as cytokines, chemokines, heat shock and major histo-
compatibility complex (MHC) proteins, lipids, messenger 
RNA (mRNA), and microRNAs (miRNAs). Since EVs are 
present in most biological fluids (blood, urine, saliva, semen, 
bronchoalveolar lavage, bile, ascitic fluid, breast milk, and 
cerebrospinal fluid (CSF) [14, 15]), they hold promise as a 
diagnostic tool. They can be isolated from the small amount 
of biological fluids and clinical samples and their cargo, 
which represents tissue-specific molecules with higher sta-
bility, can serve as disease-specific biomarkers. Further-
more, since their release and composition can be modulated 
by environmental factors, they can also serve as markers for 
disease status and treatment outcomes [14, 15].

EVs isolation and characterization methods

Similarity in some of EVs subtype characteristics (overlap-
ping size, biochemistry, surface markers) makes search of 
disease-specific EVs biomarker technically challenging [3, 
5]. The broad range of isolation and characterization meth-
ods together with inconsistence in the EVs definition in 
modern scientific literature provide additional complexity 
to this search [5]. Among different methods used for EVs 
isolation, there are four major groups focused on the isola-
tion of the smallest subtype-Exos: ultracentrifugation, ultra-
filtration, affinity, and osmotic precipitation-based methods. 
The most widely used method for exosome isolation is dif-
ferential (ultra-) centrifugation [16]. The separation of Exos 
from different samples with this method is based on serial 
and differentiated centrifugation with g-forces rising up to 
100.000g. Although differential centrifugation (ultracentrif-
ugation) is effective for the isolation of Exos, the technique 
is time-consuming, labor-intensive, and heavily instrument-
dependent for both research laboratories and clinical set-
tings alike [17, 18]. Density gradient ultracentrifugation is 
a modification of this technique aimed at increased purity 
of isolated Exos. In this method, the sample is added to an 
inert gradient medium for centrifugal sedimentation and 
particles are separated on the basis of their buoyant densi-
ties by density gradient ultracentrifugation using sucrose or 
iodixanol [19, 20]. While the purity and quality of Exos 
isolation is increased with this technique, low yield due to 
the multiple-step protocols is commonly observed. Ultra-
filtration is often used as a purification technique after EV 
isolation for example by ultracentrifuge. Depending on the 

size of MVs, this method allows the separation of Exos from 
proteins and other macromolecules. Nevertheless, micro-/
ultrafiltration is also applicable for exosome isolation [11, 
21]. This method is a fast, simple technique which does not 
need any expensive equipment and can concentrate large 
sample volumes [22–25]. However, it is characterized by 
lower exosome quality and suboptimal RNA purity as com-
pared to ultracentrifugation [26]. Affinity-based immuno-
magnetic beads isolation method is based on the specific 
binding between monoclonal antibodies, loaded on magnetic 
beads and certain receptor molecules present on the surface 
of the Exos. Antibody coated beads against, for example, 
the tetraspanin proteins CD9, CD63, or CD81 are incubated 
with samples from which Exos are to be isolated. Then, the 
exosome–magnetic bead complexes are loaded onto a col-
umn, which is placed in a magnetic field. Therefore, the 
magnetically labeled Exos are retained within the column, 
while other cell components (unlabelled) run through [27]. 
The advantage of this approach is that it is target-specific and 
ensures the integrity of the extracted Exos. The method is 
also relatively easy to carry out and does not require expen-
sive equipment. Additionally, this method allows selection 
and extraction of specific exosome fractions. However, the 
difficulties of exosome elution from the beads, and the need 
of sophisticated analytical tools to analyze Exos extracted 
from patient material together with expensive reagents make 
this method not user-friendly for point-of-care testing [20, 
25, 27, 28]. Osmotic precipitation—an alternative technique 
that is increasingly being applied to isolate Exos—is the 
use of precipitants such as polyethylene glycol combined 
with low-speed centrifugation to pellet Exos for subsequent 
processing [29, 30]. This method is simple and fast and 
requires only a basic equipment [19, 20]; however, the purity 
of isolated exosome is compromised impairing downstream 
analysis. In addition, the polymer substance present in the 
isolate may interfere with downstream experiments [22, 31].

Exosome characterization methods could be divided 
into biophysical characterization of exosomal size range; 
molecular approaches to characterize the surface proteins 
and methods developed for analysis of exosomal cargo com-
position. The most common technique to determine the size 
and concentration of Exos in a sample is the Nanoparti-
cle Tracking Analysis (NTA). The method is based on the 
Brownian motion of particles, which move rapidly in a liquid 
sample and act as point refractors when they pass through a 
laser beam. Videos can be recorded and a detailed differen-
tial particle-size distribution graph can be produced using 
analytical software [32]. A quite similar method is Dynamic 
Light Scattering (DLS), which is also based om the Brown-
ian motion of small particles [27], but instead of scattered 
light, DLS uses the fluctuation in the intensity of scattered 
light to measure exosome size [33–35]. Another biophysical 
approach, commonly used to characterized morphology and 
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size of the exosome is Electron microscopy [transmission 
(TEM) and scanning (SEM) electron microscopy] [36]. In 
addition, Flow Cytometry is often used to characterize EVs 
by mean of size, and absolute number; however, the limited 
sensitivity and resolution of flow cytometers should be con-
sidered. For smaller particles, such as Exos some approaches 
like the use of latex beads coated with monoclonal antibod-
ies, which can bind and “pull-out” Exos can be introduced 
to allow their analysis by flow cytometry [37, 38]. Several 
methods have been developed for analysis of exosomal 
RNA cargo. Those methods include microarray analysis, 
next-generation sequencing (NGS), and digital droplet PCR 
(ddPCR) [36]. With regard to proteins, the protein content 
of Exos could be analyzed by Western blotting, proteomic 
technology, and fluorescence-based cell sorting [36].

The role of EVs during systemic 
inflammation and organ injury

Below, we provide an overview of the in vitro, in vivo and 
patients’ study, investigating the role of EVs as mediators, 
biomarkers, and/or therapeutics in traumatic injury. To avoid 
additional discrepancy in the nomenclature of EVs, we uti-
lize the original author’s nomenclature used in the studies.

EVs in sepsis/SIRS

According to the trauma register of the German Society of 
Traumatology (DGU-Polytraumaregister), more than 6% of 
multiple injured patients additionally develop septic com-
plications and 20% of them develop multiple organ failure 
[39–41]. Sepsis is a systemic response of the immune sys-
tem, in which Exos and MVs, originating from different type 
of cells, were shown to play diverse roles. Thus, the positive 
correlation of the increased production of platelet-MVs and 
poor outcome was shown in endotoxemia pig model [42]. In 
patients with septic shock, increased levels of platelet- and 
leukocyte-derived EVs and low level of endothelial cells-
specific MVs were correlated with unfavorable outcome. 
One of the explanations of such correlation could be that 
in these patients, platelet-derived Exos are enriched with 
reactive oxygen species, which could induce vascular cell 
apoptosis [43]. Similarly, monocyte-derived microparticles 
(tissue factor+ and CD13+) were shown to be significantly 
increased in patients with trauma and severe sepsis [44]. 
This increase correlated significantly with the injury sever-
ity score (ISS) and acute physiology and chronic health 
evaluation score (APACHE II) in trauma patients; and with 
APACHE II and the international society of thrombosis 
and homeostasis (ISTH) overt disseminated intravascular 
coagulation (DIC) diagnostic criteria in sepsis patients [44]. 
In addition, MVs were shown to be important part of host 

protective mechanism in sepsis. Neutrophil-derived alpha-
2-macroglobulin (A2MG)-containing MVs were shown to 
be elevated in plasma from patients with sepsis and their 
immunomodulatory role was verified in vivo. Administration 
of A2MG-enriched microparticles to mice with microbial 
sepsis provided protection against hypothermia, reduced 
bacterial titers, elevated immunoresolvent lipid media-
tor levels in inflammatory exudates, and reduced systemic 
inflammation [45].

Regardless of the role EVs are playing during the sepsis, 
it is less known, how different EVs could provide pro- or 
anti-inflammatory effects. According to the ExoCarta data-
base (http://www.exoca​rta.org), Exos transfer cytokines, 
such as interleukins IL-1β, IL1α, IL-18, IL-32, IL-6, IL-8, 
macrophage migration inhibitory factor, tumor necrosis fac-
tor (TNF), vascular endothelial growth factor (VEGF), frac-
talkine, and chemokine ligands CCL2, CCL3, CCL4, CCL5, 
and CCL20; all known to be associated with the develop-
ment of different inflammatory diseases [46]. Next to the 
inflammatory response via cytokines, also the complement 
system could play important role in EVs-associated effects 
[12]. It is well known that activation and interaction of the 
complement system with the other cascades such as coagula-
tion lead to both pro- and anti-inflammatory reactions, which 
can affect morbidity and mortality in diseases, including 
trauma injury and sepsis [47–49]. MHC-bearing MVs could 
also function in this way; for example, it was described that 
non-survivors of septic shock exhibit increased numbers of 
EVs bearing complement component 5a receptor (C5aR) as 
compared with sepsis survivors [49].

In addition, EVs cargo miRNAs were shown to play an 
important role in mediation of sepsis in several in vitro, in 
vivo and patients’ studies. Recently, it was proposed and 
confirmed in sepsis mouse model that miRNAs from sepsis 
plasma Exos promote inflammation by inducing cytokine 
production via TLR7-MyD88 signaling [50]. The pro-
inflammatory role of exosomal miR-155 was shown in LPS-
induced sepsis in mice [51]. This was confirmed in in vitro 
study, where the treatment of RAW cells with miRNA-155 
inhibitor results in significant reduction of LPS-induced 
TNFα production [52]. Also in septic patients, it was shown 
that miR-155 is associated with a high sepsis-related organ 
failure assessment (SOFA) score and correlates with the 
appearance of immunomodulating CD39+Tregs [53]. miR-
146a was shown to play an opposite role and reduce the pro-
inflammatory response in LPS-induced sepsis in mice [51].

Another view on possible role of EVs during the sepsis 
could be gained from the studies using EVs as therapeutics. 
It was shown that overexpressed in MSC-derived EVs, miR-
223 mediates cardio-protection during sepsis via downregu-
lation of Semaphorin-3A and Stat3 [54]. Pre-treatment of 
MSC with Il-1β was shown to enhance the production of 
miR-146a-enriched Exos, which leads to increase of septic 

http://www.exocarta.org


1529Extracellular vesicles as mediators and markers of acute organ injury: current concepts﻿	

1 3

mice survival [55]. LPS pre-treated MSC-derived Exos 
were suggested to have improved regulatory abilities for 
macrophage polarization and resolution of chronic inflam-
mation by shuttling let-7b miRNA [56].

Summarizing the above, EVs play an important role in the 
development of sepsis and septic organ failure. In particular, 
EVs microRNAs miR-155 and miR-146a are mediators of 
inflammation, and might be good targets for future thera-
peutics, targeted on decrease of septic organ damage and 
mortality.

EVs in injury and trauma

EVs in traumatic brain injury

Traumatic brain injury (TBI) causes 37% of injury-related 
death in trauma patients [57]. Therefore, TBI is a major 
cause of mortality and morbidity particular in the younger 
population and is associated mainly with long-term-disabil-
ities in survivors [58–60]. The cell–cell communication in 
the brain strongly depends on paracrine mechanisms medi-
ated, in particular, via EVs [61], which are known to be 
released from all brain cells: neurons, astrocytes, microglia, 
and oligodendrocytes [62–65].

Neuroinflammation is an important step in TBI develop-
ment, which was shown to be mediated by EVs [63]. For 
example, microglia-originated EVs, containing pro-inflam-
matory molecules, such as miR-155 and IL-1ß, are systemi-
cally detectable 24 h after TBI [63]. The role of EVs as a 
regulator of the immunological response in TBI was proofed 
in in vivo experiments, showing that transfer of astrocyte-
shed EVs from inflammatory brain damaged animal into 
healthy animal leads to neuroinflammation [63]. An altera-
tion in the permeability of the blood brain barrier is another 
crucial step in the development of TBI, in which EVs and 
their cargo could play a role. In case of systemic inflamma-
tion, TNF-α increase could lead to increased permeability of 
the blood–brain barrier that in turn make Exos able to cross 
the blood–brain barrier and therefore induce inflammatory 
processes in brain tissue [66]. miR-132-containing neuron-
derived Exos were shown to regulate blood–brain barrier 
permeability by affecting expression of vascular endothe-
lial cadherin [67]. EVs and EVs miRNAs were found to 
play role in blood–brain communication during peripheral 
inflammation. It was shown that choroid plexus epithelium 
cells could sense and transmit information about the periph-
eral inflammatory status to the central nervous system via 
the release of EVs into the cerebrospinal fluid, which trans-
fer this pro-inflammatory message (miR-1a, miR-146, miR-
9, and miR-155) to recipient brain cells [55].

Exosomal miRNAs play an important role in TBI estab-
lishment and usually have specific expression pattern during 

TBI that make them good candidates as biomarkers of this 
type of trauma. For example, it was shown that IL-1β-
induced acute neuroinflammation and oxidative stress are 
characterized by the presence of astrocytes-released Exos. 
These Exos are enriched with specific subset of 22 miR-
NAs, known to influence inflammation and apoptosis via 
targeting BCL-1, TLR-4, BCL2L1, Bcl-2-associated X 
protein (BAX), and caspase 3 proteins [68]. In mice TBI 
model, the significant difference in the expression of miR-
129-5p, miR-212-5p, miR-9-5p (all up-regulated in TBI) 
and miR-152-5p, miR-21, miR-374b-5p, and miR-664-3p 
(all down-regulated in TBI) was detected [69]. Moreover, 
the expression of miR-21 was shown to be increased at dif-
ferent time-points after TBI systemically and in neurons [69, 
70]. In rodent TBI model, specific EVs miRNA expression 
pattern (significantly increased miR-21, miR-146, miR-7a, 
and miR-7b; decreased miR-212) indicates the presence of 
an enhancement loop among neuroinflammation and EVs 
[71]. In another study, around 50 exosomal miRNAs were 
described to be altered after TBI (31 up-regulated and 19 
down-regulated) [72].

Beside miRNAs, also EVs cargo proteins might be con-
sidered as TBI biomarkers. The presence in exosomal cargo 
of classical neurotrauma biomarkers including ubiquitin 
C-terminal hydrolase L1 (UCHL1), Tau, Occludin, and 
amyloid β proteins was shown to be associated with a poor 
outcome and neurological deficit after TBI [73–75]. Exo-
somal Tau protein level was shown to correlate with cog-
nitive, affective, and somatic post-concussive symptoms in 
US veterans with TBI [74]. Also exosomal IL-10 level cor-
relates with behavioral symptoms after TBI [76]. In patients 
with severe TBI, MVs were shown to be enriched with glial 
fibrillary acid protein (GFAP) and aquarporin-4 [77], but 
not with neuron-specific enolase (NSE), although systemic 
increase of NSE is well known as a common biomarker of 
brain injury [77]. Generally, EV-derived markers of neuro-
damage hold a great potential as TBI biomarkers as they 
provide more dynamic view of damage as common systemic 
biomarkers [76, 78].

MSC-derived exosome is considered as a cell-free 
therapeutic tool to reduce inflammatory consequences of 
TBI. Bone marrow stromal cells (BMSCs)-derived Exos 
were shown to inhibit expression of the pro-apoptotic pro-
tein BAX and the pro-inflammatory cytokines TNF-α and 
IL-1β, while enhancing the expression of the anti-apoptotic 
protein BCL-2, and thus to ameliorate early inflammatory 
response following brain injury [79]. Furthermore, BMSCs-
Exos could modulate microglia/macrophage polariza-
tion by downregulating the expression of inducible nitric 
oxide synthase (INOS) and upregulating the expression 
of CD206 and arginase-1 [79]. MSC-derived Exos loaded 
with neuroprotective miR-216a-5p were shown to inhibit 
neuroinflammation and promote neuronal regeneration and 
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in particular recovery of sensorimotor function and spatial 
learning ability [80]. MSC exosome-treated TBI rats show 
significant improvement in spatial learning as measured by 
the modified Morris water maze test and sensorimotor func-
tional recovery [81]. Furthermore, exosome treatment was 
demonstrated to significantly increase the number of newly 
generated endothelial cells in the lesion boundary zone and 
dentate gyrus, as well as reduce neuroinflammation, promote 
angiogenesis, and reduce the damaging response after TBI 
[81]. Next to influencing neuroinflammation, EVs, released 
from hypoxia-pre-treated MSCs, could shift M1 to M2 phe-
notype in microglia. This phenotype switch, described as 
anti-inflammatory and neuroprotective, is mediated by EVs 
miR-216a-5p which inhibits TLR-4/NF-kB and activates 
phosphoinositid-3 kinase (PI3K)/Akt signaling pathways 
[82].

Summarizing the above, EVs could influence neuroin-
flammation, permeability of blood–brain barrier, autophagy, 
and polarization of microglia phenotype, and are therefore 
important players in TBI. EVs and EV cargo components 
hold great potential to be a diagnostic and therapeutic tool 
in TBI. However, until now, the most of the studies were 
conducted in animal models; therefore, the roles of EVs in 
TBI first need to be investigated in patients.

EVs in acute cardiac injury

The incidence of cardiac contusion in patients with chest 
trauma ranges from 3 up to 76% [83, 84]. The definition 
of cardiac damage includes the increase of cardiac dam-
age marker troponin and a functional impairment [85]. The 
traumatic damage of the heart is an independent predictor 
of a poor outcome including in-hospitalization, ICU-time, 
need for catecholamines, and death [86, 87]. Many cell types 
are known to be involved in a physiological heart function 
including cardiomyocytes, endothelial cells, fibroblasts, vas-
cular smooth muscle cells, neuronal cells, immune cells, and 
stem cells [88]. The communication between these specific 
cells besides others is mediated via MVs.

Cardiomyocyte-shed EVs have a size ranging from 40 to 
300 nm, and contain Caveolin-3 and Flotillin-1 proteins on 
the surface [89]. The cargo of these vesicles was shown to be 
enriched with sarcomeric and mitochondrial proteins, such 
as tropomyosin, myomesin, as well as cardiac-type myosin 
binding proteins [90]. The cargo and number of cardiomyo-
cytes-released EVs could vary significantly as a reaction to 
the external stimulus and stress conditions, such as hypoxia, 
inflammation, or injury. Hypoxia was shown to be respon-
sible for the increased release of TNF-α-containing Exos 
from cardiomyocytes [91]. These cardiomyocyte-derived 
EVs also contain heat shock protein HSP-60, which could 
be responsible for cardiomyocytes apoptosis and, via TLR 
activation, for pro-inflammatory reaction [88, 90]. Next to 

hypoxia, stimulation of cardiomyocytes with growth factors, 
such as transforming growth factor (TGF)-β, could lead to 
the enrichment of EVs cargo with TGF-signaling pathway 
proteins, which could mediate cellular hypertrophy and pro-
liferation [92].

Beside the injury-mediating role, cardiomyocyte-shedded 
EVs could play protective and/or regenerative role. EV-
derived miR-34a was shown to abolish the doxorubicin-
induced cardiomyocyte senescence via upregulation of the 
phosphatase 1 nuclear targeting subunits [93]. EVs, derived 
from embryonic stem cell, are able to inhibit doxorubicin-
induced cardiotoxicity by attenuation of TLR4-NLRP3 
inflammasome-mediated cell death [94]. Cardiomyocyte-
specific microRNAs are known to play an important role 
in the cardiac cell–cell communication [95]. miR-208 and 
miR-499, regulating the expression of sarcomeric genes, 
and miR-1 and miR-132, involved in ion channel regula-
tion, were shown to have anti-apoptotic, anti-fibrotic, and 
anti-oxidative effects [96–101]. Exosomal miR-194 was 
found to impair mitochondrial activity in obese mice and 
cardiac function and reduced ejection fraction and increased 
N-terminal prohormone of brain natriuretic peptide (NT-
proBNP) in humans [102].

EVs and their cargo might serve as markers of cardiac 
damage. In the experimental setting, it was shown that 
doxorubicin treatment of cardiomyocytes induce release of 
EVs, containing brain/heart isoforms of glycogen phosphate 
(PYGB). These specific EVs were detectable earlier as, for 
example, the common marker of cardiac injury-troponin 
and therefore suggested to be an early indicator of cardiac 
injury [103]. Several proteins were found to be up-regulated 
in EVs in plasma of myocardial infarction patients (com-
plement C1qA, complement C5, apolipoprotein D, apoli-
poprotein C-III, platelet glycoprotein IB alpha chain, and 
platelet basic protein) [104]. These EVs are now discussed 
as potential new diagnostic tool in acute damage of the heart, 
for example, in myocardial infarction or traumatic cardiac 
injury [104].

Different authors consider MSC-derived EVs as a promi-
nent therapeutic tool, because they were found to reduce 
apoptosis, increase cell proliferation, improve functional 
recovery, reduce infarct size and fibrosis, stimulate vascu-
larization, and suppress inflammation after acute myocardial 
infarction [105]. The intramyocardial injection of MSC-EVs 
was shown to markedly enhance blood flow recovery, fol-
lowing by infarct size reduction and cardiac systolic and 
diastolic performance preservation in an acute myocardial 
infarction (MI) rat model [106]. In similar model, EVs 
derived from protein kinase B (Akt)-overexpressing MSC 
were found to provide significant pro-angiogenetic effect 
due to cargo of platelet‐derived growth factor D (PDGF‐
D), known to strongly improve cardiac function [107]. By 
the regulation of Bcl-2 protein family expression human 
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umbilical cord MSC-Exos were able to protect myocardial 
cells from apoptosis, promote angiogenesis, and, therefore, 
improve cardiac systolic function in acute myocardial infarc-
tion model [108]. In vitro, MSC-derived EVs were shown 
to stimulate cardiomyocytes proliferation and inhibition of 
H2O2-induced apoptosis [109]. The role of miRNAs in thera-
peutic effects of MSC-Exos was described in several studies. 
Thus, exosomal miR-19a was shown to target phosphatase 
and tensin homolog (PTEN) gene expression, which results 
in the activation of the Akt and ERK cell survival signaling 
pathways [110]. The anti-apoptotic role of exosomal miR-
122 was described in the context of ischemic heart disease 
in vitro and in vivo [111].

Overall, cardiac EVs and their cargo play multiple roles 
during cardiac damage. They were shown to participate 
at different steps following injury that makes them good 
cardiac damage-biomarker candidates. Despite numerous 
studies focused on therapeutic effect of Exos in myocardial 
infarction, the study investigating the role of EVs/EVs cargo 
in traumatic cardiac contusion is scarce and needs further 
expansion.

EVs in acute respiratory distress syndrome (ARDS)

ARDS is a life-threatening heterogeneous syndrome with 
complex pathology and mechanism. According to the Ber-
lin Definition, ARDS is classified into mild, moderate, and 
severe stages, based on respiratory insufficiency, hypoxic 
respiratory failure, the Horovitz index, and bilateral pul-
monary infiltrates detected radiographically [112]. 8.1% of 
intensive-care unit (ICU) patients develop an ARDS within 
the first 48 h after admission and therefore need an invasive 
mechanical ventilation [113]. The detailed knowledge about 
the mechanisms, mediators, and biomarkers of this disease 
will help clinicians to improve the diagnostics and treat-
ment approaches for ARDS. The following section aims to 
summarize studies describing the roles of EVs in the ARDS 
development.

EVs in lung injury can originate from multiple cell 
types, including alveolar and bronchial epithelial cells, 
endothelial cells, alveolar macrophages, neutrophils, lym-
phocytes, fibroblasts, and blood cells [47]. The cell origin 
of EVs influence their cargo and therefore the role they are 
playing in the development of lung injury. The increased 
permeability of lung epithelium is one of the most impor-
tant steps in the development of ARDS, likely triggered by 
endothelial cell-released EVs. In murine acute lung injury 
(ALI) model and in patients with severe sepsis-induced 
ALI, it was shown that MVs, originating from endothelial 
cells, are enriched with Sphingosine-1-phosphate receptor 
3 (S1P3) protein, known to increase permeability of lung 
epithelium [114]. Similar EVs were detected in ventila-
tion induced lung injury model and in endotoxin (LPS) 

exposure experiments in vitro which makes these EVs a 
good ALI biomarker candidate linked to disease sever-
ity and outcome [115]. The inverse correlation between 
elevated level of circulating EVs and the risk of ARDS 
development was found in septic cohort of critically ill 
patients [116]. Next to the endothelium, also other cell 
types are involved in EVs mediation of lung injury reac-
tion. For example, neutrophil activation, playing a cru-
cial role in the development of ARDS could be induced 
by EVs. It was shown that MVs derived from stored red 
blood cell induce neutrophils priming and activation, 
when injected in healthy mice, which further could lead 
to adverse effects, including lung injury [117]. In human, 
RBC-released EVs also lead to increase of CD11b expres-
sion in neutrophils, increased superoxide production, and 
enhanced phagocytotic ability [117]. Also, monocytes and 
macrophages were found to release EVs in the context of 
ARDS development. Monocyte-released EVs were shown 
to upregulate the synthesis of pro-inflammatory media-
tors via activation of NF-kB [118]. In the context of chest 
trauma, Shi et al. (2020) recently described that M1 mac-
rophages, but not M0-derived EVs induce macrophage 
polarization [119].

The mechanism of EV-mediated ARDS is manifold and 
not fully investigated yet; nevertheless, some studies sug-
gest that microRNAs could play crucial role in the devel-
opment of acute lung injury. For example, miR-17/221 in 
shuttling EVs were shown to modulate macrophage integrin 
β1 recycling, which leads to macrophage recruitment and 
lung inflammation [120]. Also EVs miR-211 and miR-320 
activate alveolar macrophages and initiate pro-inflammatory 
cytokine secretion [120]. Reduction of miR-425 in Exos of 
ARDS patients was found to causes aberrant fibroblast pro-
liferation, collagen synthesis, and fibrosis via modulating 
TGF-β/Smad signaling [121]. EV-derived miR-126, miR-
27a, miR-146a, and miR-155 were found to predict ARDS 
in patients with community-acquired pneumonia [122]. The 
presence of miR-92a-3p, miR-320a, miR-221-3p, miR-145p, 
miR-342-3p, miR-10-5p, and miR-422a in EVs was found to 
be specific for oxidative stress-induced ARDS [123]. In acid 
inhalation-induced lung injury model, miR-221-3p, miR-
320a, miR-92a-3p, miR-17-5p and miR18-5p were enriched 
in EVs in bronchoalveolar lavage fluid (BALF) [120].

Next to the studies reporting lung injury-mediating role 
of EVs, there are few showing regenerative potential of 
EVs in the context of this injury. In LPS-induced ARDS 
model, MSCs derived EVs (CD44+) were shown to suppress 
cytokine production (TNF-alpha and IL-8), increase the 
number of M2 alveolar macrophages, and augment phago-
cytic ability of monocyte-derived macrophages [124]. Alve-
olar macrophages, pre-treated with MSC-EVs, and injected 
in LPS-treated mice were shown to reduce inflammation and 
lung injury [124].
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EVs in acute kidney injury

Acute kidney injury (AKI) is recognized as one of the most 
serious complications among hospitalized patients with 
acute illness and those undergoing major surgery [125]. 
According to the KDIGO (Kidney Disease Improving Global 
Outcomes) criteria, AKI is present in 18% of all hospitalized 
patients leading to in-hospital mortality of 11% [126]. EVs 
gained a wide attention as a source of pathogenic molecules, 
biomarkers, and therapeutic compounds in AKI. Within the 
kidney, EVs can originate from blood cells, podocytes or 
tubular epithelial cells, renal tubular cells, renal tissues, and 
glomerular endothelial cells, and could be detected within 
the circulation, urine, or in the kidney tissue (reviewed in 
[127]).

In several in vivo studies, urinary exosomal proteins and 
RNAs were found to be a potential biomarker for AKI diag-
nosis and severity prediction. For example, urinary exosomal 
AQP-1 and AQP-2 proteins and mRNAs were shown to be 
significantly decreased in animals with ischemia/reperfu-
sion-induced AKI [128, 129], and aquaporins were found 
to reflect the progressive development of AKI [130]. miR-
16, miR-24, and miR-200c in urinary Exos were correlated 
with an early (injury) phase, whereas miR-125 and miR-351 
were found at the late (fibrotic) stage of AKI in ischemia/
reperfusion injury rat model [131]. In patients’ study, EVs 
were suggested as potential marker of renal impairment. 
Thus, in patients with sepsis-induced AKI, an increase in 
total and platelet-derived (CD41+/CD13+) microparticles 
was reported [132]. Endothelial and leucocyte-derived MVs 
were found to be increased in patients with disseminated 
intravascular coagulation [133]. In septic patients, early 
systemic increase of vesicles was associated with improved 
survival [134]. Multiple organ failure during sepsis was 
associated with lower amount of platelet-derived EVs and 
high systemic concentrations of granulocyte- and erythro-
cyte-derived EVs [135].

In patients with kidney injury EVs, protein cargo is 
changed and could provide specific signature of this injury. 
EVs from patients with acute tubular necrosis have high 
levels of EV-derived Na+/H+-exchanger isoform 3 protein 
compared to healthy controls-EVs [136]. Fetuin A in uri-
nary Exos of ICU patients was found to correlate with the 
appearance of AKI. Noteworthy, exosomal Fetuin A, but 
not free Fetuin A was detectable in the urine before mor-
phologic injury developed [137]. The EV-derived activating 
transcription factor 3 (ATF3) was identified as marker of 
acute tubular injury [138]. In another study, Exos derived 
from patients with sepsis-induced AKI were shown to carry 
high amounts of neutrophil gelatinase-associated lipocalin 
(NGAL) and activating transcription factor 3 [139].

Another component of EVs cargo, microRNAs, was 
also found to be associated with renal function in kidney 

diseases. In urine from patients with chronic kidney dis-
ease, EV-derived microRNAs miR-29 and miR-200 were 
significantly reduced as compared to healthy individuals. 
This reduction was found to correlate with decreased renal 
function and the degree of tubular-intestinal fibrosis [140]. 
End-stage chronic kidney disease was found to be associated 
with overexpression of EV-derived miR-133, which is linked 
to inflammation and renal endothelial dysfunction [141]. 
Development of fibrosis in kidney diseases was shown to be 
associated with the microRNAs Let-7cp, miR-532-3p, miR-
429, miR-143-3p, miR-770-5p, miR-224-5p, and let-7a-5p 
in plasma-derived Exos [142]. In patients with diabetic type 
I-caused kidney disease, miR-130a and miR-145a were sig-
nificantly increased in urine Exos [143]. These observations 
show some correlation between a risk factor for the kidney 
disease comorbidities and exosomal microRNAs profile, but 
in case of AKI further studies needed to validate similar 
possibility.

There is an increasing evidence implicating the kidney-
protective role of Exos, particularly those derived from 
MSCs, for attenuation and/or prevention of AKI. EVs from 
glomerular MSC were found to stimulate tubular regenera-
tion in AKI [144]. EVs derived from human bone-marrow 
MSCs improved the recovery from AKI in a mouse model 
of glycerol-induced acute tubular injury and stimulate pro-
liferation of tubular epithelial cells in vitro [145]. Further-
more, application of human bone-marrow- or umbical-cord 
MSC-Exos enhanced the recovery of renal function in a gen-
tamicin or cisplatin-induced AKI models, and the protective 
effects were mediated by RNA carried by the Exos/MVs 
[146–148]. The critical role of microRNAs in exosome-
promoted recovery after AKI was proofed in experiments 
via depletion of microRNAs in EVs in Drosha-knockdown 
cells [149].

To summarize, EVs not only play a role in the patho-
genic mechanisms of kidney diseases, but also serves as the 
valuable source of potential non-invasive biomarkers for 
diagnostics and prognostics. Nevertheless, whereas some 
microRNAs were described as potential markers in chronic 
kidney disease, it is still little known about specific exosomal 
microRNA cargo in context of AKI. The MSC-released EVs 
provide the therapeutic potential in regeneration after AKI. 
It should be noted that there is still no study investigating 
EVs in trauma-induced AKI or rhabdomyolysis.

EVs in liver injury

Liver is one of the most frequently injured organs in abdomi-
nal trauma. There is a paradigm shift in the management of 
liver trauma due to advancements of diagnostic and thera-
peutic modalities. Nowadays, the traditional standard bio-
markers for liver injury are based on the measurement of 
hepatic enzymes in plasma or serum including AST, ALT, 
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alkaline phosphatase (AP), and gamma-glutamil-transpepti-
dase (γGT) [150]. However, serum or plasma levels of these 
enzymes do not always reflect the stage of liver disease, 
therefore causing significant limitations in the diagnosis and 
staging of different chronic and acute liver disorders.

Both types of liver epithelia (i.e., hepatocytes and chol-
angiocytes), natural killer T (NKT) cells, hepatic stellate 
cells, Kupffer cells, adult liver stem cells, and hepatic sinu-
soidal endothelial cells are exosome-shedding and/or exo-
some-target cells [151–156]. In one proteomic analysis, it 
was shown that primary hepatocytes secrete exosome-like 
vesicles containing among others the proteins, specific only 
for hepatocyte-derived populations, such as ASGR recep-
tor, apolipoproteins, and paraoxonases [157]. Moratti et al. 
demonstrated that plasma exosome sPTPRG protein repre-
sents a novel candidate protein biomarker whose increased 
expression is associated to hepatocyte damage [158]. Such 
specific molecular signature of liver-derived Exos may be 
useful to discriminate and purify hepatocyte-derived Exos 
from different body fluids to diagnose specific liver disease 
(non-alcoholic steatohepatitis, alcohol-related liver disease, 
cirrhosis, and hepatitis C virus infection) [3].

EVs miRNAs could also serve as a biomarker of liver 
injuries or chronic diseases. For example, increased serum 
levels of EVs miR-122 was shown to correlate with ala-
nine aminotransferase (ALT) in different liver injury models 
(alcohol, paracetamol, and TLR9 ligands as CpG dinucleotid 
and LPS-induced) [7, 159]. miR-122, Let7f, and miR-34a 
were found in alcoholic steaotohepatitic liver-released EVs 
[160]. In patients with chronic liver disease, miR-122 and 
miR-192 appeared in systemic EVs, whereas a correspond-
ing decrease in expression of these miRNAs was observed 
in the liver [161]. In drug-induced liver injury, stressed 
hepatocytes were shown to release miR-122 containing 
hepatocyte-derived Exos, which mediate an early immune 
response, also in the absence of overt hepatocellular tox-
icity [162]. Even subtoxic levels of acetaminophen were 
found to lead to significant changes in liver-specific RNAs 
in hepatocyte-derived EVs [162]. In alcohol-intoxicated 
trauma patients with a liver injury, the total number of EVs, 
EVs miR-122 and let7f, and several inflammatory cytokines 
like IL-6 and IL-33 were increased [163]. Furthermore, it 
was hypothesized and demonstrated in alcoholic steato-
hepatitis (ASH) mice model that hepatocyte-shedded EVs 
could contain unique miRNAs pattern, providing a specific 
“barcode” for the specific type of liver disease [3]. The pro-
regenerative role of hepatocyte-derived Exos was shown in 
ischemia/reperfusion injury- and partial hepatectomy-mice 
models [164]. miRNA-214 in Exos, released from hepatic 
stellate cells, was found to be responsible for the regulation 
of CCN-2-dependent fibrogenesis [165]. EVs were found 
to play important role in the development of alcoholic liver 
disease (ALD) by increasing the numbers of inflammatory/

M1 Kupffer cells and infiltrating monocytes while reducing 
the percentage of CD206+ CD163+ (anti-inflammatory/M2) 
Kupffer cells [166].

Intravenously injected Exos preferentially accumulate in 
the liver and reduce renal clearance, making them particu-
larly suitable for the treatment of liver diseases [167]. In the 
case of liver injury, Exos liver uptake is enhanced [168], 
so that Exos can be rapidly and predominantly distributed 
in the liver to maximize their therapeutic effect. Studies 
have shown that Exos derived from different origin-MSCs 
inhibit the activation of related signaling pathways in acute 
liver failure (ALF). For example, human endometrial mes-
enchymal cell-derived Exos significantly reversed mouse 
ALF by up‐regulating STAT3 and inhibiting the NF‐κB 
pathway [169]. Exos isolated from adipose tissue-derived 
mesenchymal stem cells were found to significantly improve 
liver biochemical indicators in LPS/GalN‐induced fulmi-
nant hepatitis [170]. Human bone-marrow mesenchymal 
stem cell Exos attenuate hepatocyte apoptosis by promoting 
autophagy and, therefore, effectively reduce liver cell dam-
age after ALF [171]. Chorionic plate‐derived MSCs Exos, 
which overexpress microRNA‐125b, help liver regeneration 
by inhibiting activation of Hedgehog (Hh) signaling [172].

In summary, due to specific molecular signature, liver-
originated EVs are prominent novel biomarkers and thera-
peutic targets in different liver comorbidities.

EVs in polytrauma

Trauma, often referred as society-neglected disease, is still 
one of the leading causes of death and disability worldwide, 
especially in the younger patients. With rising injury count 
and severity, mortality and morbidity arise, as well [173, 
174]. Circulating in plasma EVs are of interests to physi-
cians treating trauma patients as they could display an organ 
damage. They could be also involved in post-traumatic com-
plications such as venous thromboembolism and promote 
development of infectious complications and multi-organ 
dysfunction syndrome. EVs also seems to play a crucial role 
in fracture healing in multi trauma patients, promoting cross 
talk in the process of coagulation, inflammation, angiogen-
esis, and osteogenesis (reviewed in [175]).

In one of the first study focused on the role of EVs in 
multiple trauma patients performed in 2001, Ogura et al. has 
shown that the amount of platelet-derived (CD62P+) micro-
particles was significantly increased in the sera of severely 
injured patients as compared to the healthy volunteers [176]. 
Authors confirmed the role of platelets-derived micropar-
ticles by showing that ionomycin increases microparticle 
formation and platelet-polymorphonuclear leukocyte- and 
monocytes-binding, whereas N-formyl-methionyl-leucyl-
phenylalanine (FMLP), which affects the leukocytes, has no 
effect on the above parameters. The same group of authors 



1534	 B. Weber et al.

1 3

Table 1   Summary of EVs—microRNA (miRNAs) found in systemic inflammation and organ injury in in vitro, in vivo and patients studies

Disease EV-derived miRNA Role

SIRS/sepsis
LPS-induced sepsis (mice)
In vitro

miR-155 (pro-inflammatory miRNA) Promotes endotoxin-induced inflammation in 
mice [51]

Increases IL-6 production; increases TNF-α 
production and decreases SOCS1 mRNA 
expression in RAW macrophages stimulated 
with LPS in vitro [52]

LPS-induced sepsis (mice)
CLP-induced sepsis

miR-146 (anti-inflammatory miRNA) Reduces the pro-inflammatory response to LPS 
[51]

miR-146a was transferred to macrophages, 
resulted in M2 polarization, and finally led to 
increased survival in septic mice [55]

Septic cardiomyopathy (in vitro) miR-233 (anti-inflammatory) miR-233 leads to downregulation of Sema3A 
and Stat3 leading to cardio protection 
(reduced inflammation/cell death) [54]

Treatment of LPS-induced sepsis Let-7b (anti-inflammatory) LPS‑preconditioned mesenchymal stromal cells 
modify macrophage polarization by exosomal 
Let-7b via TLR4/NF-κB/STAT3/AKT regula-
tory signaling pathway [56]

TBI
Blood brain barrier permeability miR-132 Influences adherent junction (VE-Cadherin) of 

the blood brain barrier, increases permeability 
[66, 67]

Systemic inflammation miR-146, miR-155 (neuroinflammatory) Systemic inflammation leads to increased 
release of EVs in cerebrospinal fluid contain-
ing neuroinflammatory miRNAs miR-146 and 
miR-155 [184]

TBI (rats) miR-129-5p, miR-212–5p, miR-9-5p Up-regulated after TBI [69, 72]
TBI (rats) miR-152-5p, miR-21, miR-374b-5p Down-regulated after TBI [69, 72]
TBI (mice) miR-155 (neuroinflammatory) Microglial-derived, contribute to progressive 

neuroinflammatory response [185]
TBI (mice) miR-124-3p (anti-neuroinflammatory) Inhibits neuronal inflammation; promote neurit 

outgrowth after scratch injury, improves neu-
rologic outcome [186]

TBI (patients, mice, in vitro) miR-873 Inhibits neuroinflammation by inhibition of 
NF-kB signaling and s transform M1 micro-
glia into M2 phenotype [187]

Traumatic spinal cord injury miR-216a-5p (MSC-derived, therapeutic) Inhibits neuroinflammation, promotes neuronal 
regeneration, inhibits TLR-4/NF-kB, activates 
PI3K/Akt signaling pathway, initiates the shift 
of microglia M1 to M2 phenotype [82]

Cardiac injury
Cardiac hypertrophy (in vitro) miR-21 Downregulates sorbin and SH3 domain contain-

ing protein 2  cardiac hypertrophy [188]
Cardiac injury (mice) miR-155 (inflammatory) miR-155 inhibits fibroblast proliferation by 

downregulation of son of sevenless 1 expres-
sion, promotes inflammation [189]

Doxorubicin-induced cardiomyopathies (in 
vitro)

miR-34a Abolishes the doxorubicin-induced cardio-
myocyte senescence via upregulation of the 
phosphatase 1 nucelar targeting subunits [93]

Cardiac injury (obese mice) miR-194 Impairs ATP production and basal oxygen 
consumption, impaired cardiac function, 
increased NT-proBNP in humans [102]

Hypoxic stress (in vitro) miR-19a (anti-apoptotic) Targets PTEN which results in the activation 
of the Akt and ERK cell survival signaling 
pathway   reduces apoptosis [110]
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has later demonstrated an increase of polymorphonuclear 
leukocyte (PMNL)-derived (CD11b+) microparticles in 
a comparable cohort of trauma patients as early as 2 days 
after trauma [177]. Trauma-induced coagulopathy follow-
ing severe injury is known to be associated with increased 
bleeding and mortality. It was hypothesized that injury might 
result in alteration of cellular phenotypes and release of cell-
derived microparticles, which have procoagulant, thrombin 
generation, and clotting functions. To better understand the 
body’s early response to trauma at a cellular level, Prospec-
tive, Observational, Multicenter, Major Trauma Transfusion 
(PROMMTT) study was aimed to characterize MP pheno-
types and thrombin generation in severely injured trauma 
patients at admission, and relate significant changes to coag-
ulopathy and bleeding [178]. The authors have found that 
while differences in platelet-derived microparticles counts 

did not reach statistical significance, red blood cell-derived, 
leukocyte-derived, and endothelial-derived microparticles 
counts were significantly higher in trauma patients compared 
to controls. Furthermore, in this study, the increased number 
of tissue factor-bearing MPs (TFMP) was found to be a pre-
dictor of substantial bleeding early after acute trauma [178]. 
In similar study, circulating procoagulant MVs of red cell 
(CD 235a/Annexin V+) and platelets (CD41+/Annexin V+) 
origin, rich in phospholipid, were found to be significantly 
elevated following traumatic injury and remained elevated at 
72 h post injury. In contrast to other studies, endothelial cell- 
and leucocyte/tissue factor-MVs numbers were not elevated 
following trauma in these patients. Patients who died in this 
study due to pro-thrombotic disorder were found to have sig-
nificantly reduced amount of procoagulant platelet-derived 
and red blood cell-derived MVs, that suggest the association 

Table 1   (continued)

Disease EV-derived miRNA Role

Ischemic heart disease (mice) miR-122 (anti-apoptotic, MSC-derived) Anti-apoptotic by direct targeting of methyl 
CpG binding protein 2 [111]

ARDS
Community-acquired pneumonia (patients) miR-126, miR-27a, miR-146a and miR-155 Good predictors of ARDS development, miR-

126 is a predictor of 28-days mortality [122]
Oxidative stress-induced ARDS (mice) miR-320a, miR-221-3p, miR-145p, miR-

342-3p
Up-regulated in oxidative-stress-induced ARDS 

[123]
Acid-induced ARDS (mice) miR-221-3p, miR-17-5p (inflammatory) miR-17/221 modulates macrophage ß1 integrin 

recycling  macrophage recruitment  lung 
inflammation [120]

ARDS miR-211 and miR-320 (inflammatory) Activate alveolar macrophages  pro-inflamma-
tory cytokines [120]

LPS  lung macrophages (in vitro/mice) miR-221/222 Epithelial cell proliferation [190]
Acute kidney injury
Chronic kidney injury (patients) miR-29, miR-200 (urine) Correlates with renal function and the degree of 

tubular-intestinal fibrosis [140]
End-stage chronic kidney disease (patients) miR-133 (plasma) miRNA is linked to inflammation and renal 

endothelial dysfunction [141]
Kidney fibrosis (rats) Let-7cp, miR-532-3p, miR-429 and let-7a-5p 

(plasma)
Up-regulated [142]

Diabetic kidney disease (diabetic patients) miR-130a and miR-145a (urine) Up-regulated [143]
Acute liver injury
Liver injury (mice) miR-122 Correlates with ALT in different liver injury 

models most abundant liver micro RNA [7, 
159, 160]

Inflammatory liver disease (mice) miR-155 and miR-146 Up-regulated in inflammatory liver diseases 
[159]

Alcoholic steaotohepatitis (patients + mice) miR-122, Let7f, miR-34a Up-regulated in plasma [160]
Chronic liver disease (mice) miR-122 and miR-192 Up-regulation accompanied with decrease in the 

liver, promotes liver fibrosis in mice [161]
Liver injury (patients + mice) miR-214 CCN-2-dependant fibrogenesis [165]
Drug-induced liver injury (rats) miR-122 Early immune response, also in absence of overt 

hepatocellular toxicity [162]
Alcohol intoxication, liver injury (patients) miR-122/let7f Up-regulated together with the inflammatory 

cytokines IL-6 and IL-33 [163]
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between fewer CD41+/AnnV+ MVs, hypocoagulability, and 
mortality [48]. In 2017, Kuravi et al. provided insights in the 
total EVs load in blood of patients suffering severe traumatic 
injury, with follow-up from within hours up to 28 days [9]. 
The authors showed a significant increase in total number 
of circulating EVs and higher number of EVs derived from 
platelets (CD41+), leukocytes (CD45+) and endothelial 
cells (CD144+) in these trauma patients over the 28 days. 
Correlation between EVs count and clinical outcome of 
trauma patients was established by Matusmoto et al. [44]. 
They showed that an increased number of monocyte-derived 
TF+/CD13+ microparticles correlate significantly with ISS 
and APACHEII patients score in the acute phase in trauma 
patients which suggest that this type of MVs is important in 
the pathogenesis of early SIRS following trauma.

EVs of MSCs and platelets origin are currently consid-
ered as a potential treatment approach for trauma patients. In 
a mice model of hemorrhagic shock and lung injury, the sys-
temic application of MSCs or MSC-derived EVs was shown 
to modulate cytoskeletal signaling and to attenuate lung 
vascular permeability after hemorrhagic shock [179]. Also 
platelet-derived EVs were found to decrease endothelial cell 
permeability and to restore endothelial cell junctions after 
thrombin challenge in vitro and in a tail snip hemorrhage 
model [180]. Results of the study in a rat model of traumatic 
hemorrhagic shock suggest that platelet-derived EVs could 
be a potential tool to improve the severe trauma outcome, as 
they maintain hemodynamic stability and attenuate uncon-
trolled bleeding [181].

Although some research showed participation of EVs in 
the development of multiple trauma consequences, none of 

them are focused on the characterizing the active component 
of these particles—cargo proteins and RNAs. These under-
lies the need for more detailed research in this field.

EVs as diagnostic/prognostic markers 
in acute organ injury

Summarizing the above, the field of trauma/acute organ injury 
research is rapidly evolving; however, to date, there are no 
biomarkers that are associated with diverse aetiologies, clini-
cal presentations, and degrees of severity of trauma injuries, 
which would help in treatment selection. Recent years showed 
a marked increase in the number of publications focused on the 
role of EVs as mediators and biomarkers of traumatic injuries. 
A good traumatic injury biomarker should be a specific, sensi-
tive, and stable molecule, which can be obtained in a relatively 
non-invasive way and used to detect identity and severity of 
organ injury and predict prognosis. One good candidate for 
such marker are EVs miRNAs. For a long time due to their 
high abundance and their role as regulators of gene expres-
sion, circulating microRNAs have been proposed as potential 
markers in a broad spectrum of diseases [182]. EVs miRNAs, 
in comparison to circulating free miRNAs (often released 
from damaged/dying cells [183]), are released for intercellu-
lar communication, which is more stable due to encapsulation 
in lipid membrane and considered to be better liquid biopsy 
biomarkers for disease diagnosis and prognosis as circulating 
free miRNAs. In Table 1, we summarize the studies showing 
the presence of specific EVs miRNAs expression pattern in 
different traumatic injuries. In Fig. 2, we show that some of 

Fig. 2   Extracellular vesicles in acute organ injuries: cargo content 
and therapeutic effects. Summary of the proteins and miRNAs cargo 
content of EVs in traumatic brain, acute cardiac, acute lung, acute 
kidney, and liver injuries. microRNAs which expressions were found 

to be most altered in organ trauma are highlighted in red. Up-regu-
lated (arrow up) and down-regulated (arrow down) genes after EVs 
therapeutic treatments
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such miRNAs are specific for only one type of organ injury, 
whereas others (like miR-155, miR-126, miR-146, miR-21, 
and miR-122) could be found in EVs cargo in different organ 
injuries (red). Future study should be aimed to expand the list 
of such miRNAs as well as to proof their specificity and sensi-
tivity as markers of individual organ injuries and polytrauma.

Other good candidates for such marker are cell-specific 
EVs in circulation, as they are bearing origin-specific subsets 
of proteins that likely correlated to cell-type-associated func-
tions. EVs were shown to have protein signatures that closely 
reflect the associated clinical pathophysiology in cancer dis-
eases [191], and it seems to be consistent to expect EVs with 
similar properties in other diseases and injuries. In case such 
EVs with specific protein signatures would be identified, they 
can add to the list of potential good biomarkers. We summa-
rized cell-type specific EVs, detected in circulation in patients 
with systemic inflammation and with different organ injuries 
in Table 2. Further studies should enrich this list, proof their 
specificity, and describe their function.

Conclusion

EVs with their unique miRNAs and proteins signatures are 
of great interest as biomarkers for the wide range of diseases 
and pathologies. We believe that scientific efforts in this 
field should be focused on development of simple and robust 
methods for isolation and characterization of circulating 
EVs; compilation and replenishment of databases, contain-
ing information about disease/injury-specific EVs, and such 
study should use standard and ubiquitous EVs nomenclature. 
If such combined efforts are made, we will soon receive a 
set of new biomarkers that will help accurately assess the 
level of trauma, predict the clinical outcome, and optimize 
the therapy for individual patients.
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