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Abstract

Traumatic injury is a major cause of morbidity and mortality worldwide, despite sig-
nificant advances in treatments. Most deaths occur either very early, through massive
head trauma/CNS injury or exsanguination (despite advances in transfusion medicine),
or later after injury often through multiple organ failure and secondary infection.
Extracellular vesicles (EVs) are known to increase in the circulation after trauma and
have been used to limited extent as diagnostic and prognostic markers. More intrigu-
ingly, EVs are now being investigated as both causes of pathologies post trauma, such
as trauma-induced coagulopathy, and as potential treatments. In this review, we high-
light what is currently known about the role and effects of EVs in various aspects of
trauma, as well as exploring current literature from investigators who have begun to
use EVs therapeutically to alter the physiology and pathology of traumatic insults. The
potential effectiveness of using EVs therapeutically in trauma is supported by a large
number of experimental studies, but there is still some way to go before we understand

the complex effects of EVs in what is already a complex disease process.

KEYWORDS
exosomes, injury, microparticles, microvesicles, treatment

1 | INTRODUCTION

Abbreviations: AKT, sprotein kinase B; AL, acute lung injury; aPTT, activated partial

Trauma remains one of the leading causes of death around the globe

thromboplastin time; ARDS, acute respiratory distress syndrome; BAX, BCL2-associated X

Protein; BBB, blood-brain barrier; BBBS, Basso, Beattie, Bresnahan (BBB) Locomotor Rating
Scale; BCL2, B-cell lymphoma 2 gene; BM, bone marrow; BMSCs, bone marrow stromal cells;
CCl, controlled cortical impact; CT, clotting time; DC, dendritic cell; DVT, deep vein
thrombosis; ECFCs, endothelial colony-forming cells; ED, emergency department; EDEVs,

and is the leading cause of death in those between 1 and 45 years of age
in the United States.! The overall most common cause of death among

patients with traumatic injuries is CNS injury, followed by exsanguina-

endothelial-derived extracellular vesicles; EoT, endotheliopathy of trauma; EpCAM, epithelial
cell adhesion molecule; EVs, extracellular vesicles; FasL, Fas ligand; FFP, fresh frozen plasma;
FPLT, fresh platelets; INR, international normalized ratio; ISS, injury severity score; LDEVs,
leukocyte-derived EVs; LR, lactated ringer; MALAT 1, metastasis-associated lung
adenocarcinoma transcript 1; MiRs, microRNA (miRNA); ML, mesenteric lymph; MLEVs,
mesenteric lymph extracellular vesicles; mNSS, modified neurologic severity score; MOF,
multiple organ failure; MPs, microparticles; MSC, mesenchymal stem cells; mTOR,
mechanistic target of rapamycin kinase; MVs, microvesicles; MWM, Morris water maze; NS,
normal saline; NSC, neural stem cells; P2 X7, purinergic type 2 receptor X7; PDE4B,
phosphodiesterase 4B; PDEVs, platelet-derived extracellular vesicles; PIK3R2,
phosphoinositide-3-kinase regulatory subunit 2; PMN, polymorphonuclear leukocytes; PPL,
procoagulant phospholipid; PS, phosphatidylserine; PT, prothrombin time; PTEN, phosphate
and Tensin homolog; RDEVs, RBC (erythrocyte)-derived Extracellular Vesicles; RhoA, Ras
homolog family member A; SCI, spinal cord injury; siRNA, small interfering RNA; SIRS,

tion and organ failure, respectively.? Traditionally, the temporal distri-
bution of mortality due to trauma was trimodal, with immediate/acute,
early, and late peaks.? Taken together, neurologic injuries and circu-
latory collapse compromise 80% of both immediate and early deaths.
Most deaths occur at the scene or within a few hours-days from trans-
port to the hospital and were deemed unavoidable.3“ Late deaths,

systemic inflammatory response syndrome; SPRED1, Sprouty-related EVH1
Domain-containing Protein 1; TBI, traumatic brain injury; TF, tissue factor; TFBEVs, tissue
factor-bearing extracellular vesicles; TIC, trauma-induced coagulopathy; VEGF, vascular
endothelial growth factor; VEGF-A, vascular endothelial growth factor As.
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which are considered possibly preventable, are due to organ failure,
including acute respiratory distress syndrome (ARDS) and multiple
organ failure (MOF), and infections/sepsis, and are important targets of
ongoing studies. With advancements in research leading to enhanced
care, the late peak is nearly eliminated, and the distribution is now
chiefly bimodal.”> However, unchanged are the immediate and early
deaths, with the peak of early deaths only occurring earlier, accen-
tuating the enormity of injuries to the central nervous system and
circulation. Most deaths still occur promptly following trauma, and
the “golden hour” is still of pertinence and constitutes a domain in
which advances in treatment can result in considerable improvement
in trauma survival and outcomes. For this reason, there is considerable
interest in finding novel innovative and effective therapeutic strategies
to alter mortality both early and late after trauma.

Extracellular vesicles (EVs), phospholipid bilayer membrane-

6 serve as means of

enclosed spherical extracellular structures,
cell-to-cell communication, carrying their messages in their cargo of
proteins, lipids, and nucleotides.” Moreover, EVs often carry surface
markers, receptors, and proteins characteristic of their cell of origin.®
All cells release EVs under both physiologic and pathologic conditions,
including after trauma and hemorrhagic shock, and so are often
considered as good biomarker candidates given their regular detection
in all bodily fluids.” The growing body of research indicates that
these vesicles have distinct roles and carry out definitive functions.©
Consequently, there is an emerging appeal to apply this knowledge
clinically and use EVs in the diagnosis, prognosis, and treatment of
various diseases.' 112

Based on their mechanism of biogenesis and size, EVs can
be classified into 3 main groups: (i) exosomes, (ii) microvesicles
(MVs)/microparticles (MPs), and (iii) apoptotic bodies.'® Considerable
variation also exists between the multiple isolation methods for EVs,
and this inevitably has led to disparities in the size, yield, stability, func-
tionality, and purity of the resultant samples being described and ana-
lyzed within the literature. Because of this lack of uniformity in the iso-
lation and characterization methods used in the reported studies, and
so as to abolish any equivocation about which type of EVs are being
referred to, we use the term EVs throughout this review as an umbrella
term encompassing exosomes, MPs, and MVs.

In this narrative review, we discuss the emerging potential of EVs
in the treatment of trauma, summarizing the current literature on
EV-based therapeutics in animal models for hemostasis, inflammation,
acute lung injury (ALI), traumatic brain injury (TBI), and spinal cord
injury (SCI) in the setting of trauma. A literature search was conducted
using PubMed for all articles published prior to February 2021 using
various search terms for EVs (EV, MV, MP, exosome, and ectosome) and
“trauma” or “injury”. Summarized are the ones that dealt with the treat-

ment of traumatic injury using EVs.

2 | EFFECT OF TRAUMA ON EV RELEASE

Several studies have shown that the levels of EVs are elevated after

injury.1#-17 Kuravi et al.’® examined total circulating EV numbers in

severely injured trauma patients over a period of 4 weeks and inves-
tigated EV cell of origin by assessing cell-specific markers on the iso-
lated EVs by flow cytometry. They were able to show that patients
with injury severity scores (ISSs) > 20 (i.e., major trauma) had elevated
circulating EV numbers compared with healthy controls, and that the
EVs isolated were primarily derived from endothelial cells, platelets,
and leukocytes.'® This elevation in the number of circulating EVs fol-
lowing traumatic injury could be the result of cellular activation and
active release of EVs, or cellular damage to tissues, blood cells, and ves-
sel walls.1¢ Interestingly, EV concentration was independent of total
platelet and leukocyte cell numbers, suggesting a process of activa-
tion specific to trauma that increases EV release. EV levels remained
elevated for up to 28 days after injury,'® which may suggest ongo-
ing activation of cells and release of EVs, as well as a potential role
of EV in pathologic processes post trauma. Another study by Frohlich
et al.1” also showed evidence of a positive correlation between injury
severity and the levels of platelet-derived EVs (PDEVs) and endothelial-
derived EVs (EDEVs), which were characterized using flow cytometry.
Polytrauma patients (I1SSs > 16) showed EDEVs levels that were 13.1-
and 8.5-times higher than those found in healthy patients and single-
system trauma patients (ISSs < 16), respectively. Similarly, when com-
pared with those of healthy individuals, PDEVs values were, respec-
tively, 3.5 folds and 10 folds higher in single-system trauma patients
and polytrauma patients. It is still unknown whether EV number is
related to outcome independently of trauma severity, which repre-
sents one of the gaps in current knowledge in the field. Studies are also
needed to explore the effect, or lack of one therefore, sex has on EVs or
their contents in trauma.

3 | EVS IN HEMOSTASIS

Following major traumatic injury, hemorrhage is responsible for more
than 80% of deaths in the operating room, the majority of first-hour
mortality and nearly 50% of 24-h mortality following the initiation of
care.’® Trauma-induced coagulopathy (TIC), a condition consisting of
impaired clotting cascade with profound, continuous bleeding, affects
1 in 4 trauma patients and puts them at risk for higher transfusion
requirements, prolonged hospital stay, increased complications, and
quintuple the 24-h mortality rate.1?20

The pathogenesis of TIC is multifactorial, with the endothelium (lin-
ing of blood vessels) being intimately related to the dysfunction of
coagulation. Subsequent to critical injury and the resultant hemor-
rhagic shock (decreased oxygen perfusion to tissues), the glycocalyx
on the endothelium breaks down, resulting in syndecan-1 shedding
and evidence of other pathways of endothelial cell activation. These
effects precipitate disruption of coagulation cascade regulation, leak-
age of endothelial barrier, increased inflammation, tissue damage, and
organ failure, and altogether poorer outcomes in trauma patients. This
syndrome has been termed the endotheliopathy of trauma (EoT),20-22
which may result either from TIC or contribute to the genesis of TIC.

EV shedding from various cells is intensified as a result of cellular

activation and injury, and EVs are now being investigated as both
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culprits in the pathogenesis of complications of trauma such as TIC and
EoT, and also as a potential savior for these conditions if used thera-
peutically. As part of the PROMMTT trial (Prospective Observational
Multicenter Major Trauma Transfusion), the Cohen group evaluated
the cell of origin of EVs using flow cytometry in 180 trauma patients
compared with 65 relatively uninjured patients.!> PROMMTT patients
were found to have elevated RBC-derived EVs (RDEVs), EDEVs, and
leukocyte-derived EVs (LDEVs). The number of tissue factor (TF)-
bearing EVs (TFBEVSs) increased in trauma patients compared with
control, uninjured patients, as well as increased thrombin generation,
an important indicator of clotting and coagulation efficiency. The per-
centages of EVs from different cell origins was also altered significantly
in trauma patients.> Platelet EVs percentage dropped from 87% in
the control group to 64%, RDEVs percentage increased from 6% to
10%, LDEVs percentage went from 6% to 12%, and EDEVs increased
from 1% to 14% in trauma patients. Absolute numbers of EVs are
hard to define, but percentages in this study are certainly revealing
of a potential role for endothelial cell EVs in response to trauma. A
subset of the trauma patients was found to be coagulopathic (defined
as having abnormal clotting profiles with an INR [international nor-
malization ratio—an indicator of prothrombin time {PT}] > 3 or aPTT
[activated partial thromboplastin time] > 35 s) and had higher bleeding,
as defined by the need for blood/RBC transfusion, and also increased
mortality.!® Interestingly, this subset had significantly lower PDEVs,
TFBEVs, and decreased thrombin. As thrombin generation is necessary
for hemostasis, these patients had increased rates of clinically signifi-
cant bleeding and mortality. It is hard to know whether the decrease
represents reduced release in these patients, or a consumptive deficit
with microthrombi trapping EVs in organs leaving systemic defects.
Trauma patients often receive large amount of blood products as
part of their resuscitation, and recent research has focused in identi-
fying the presence of EVs in these blood products, and the role they
may play in coagulation and TIC after severe hemorrhage and injury.
Matijevic et al., with a focus on EVs, studied the content and func-
tionality of thawed fresh frozen plasma (FFP)2% from the initial thaw
(FFP-0) until day 5 of storage (FFP-5). Functionality studies included
plasma thrombin generation, thromboelastography for clotting prop-
erties, and prothrombinase assay to measure procoagulant activity of
EVs. Platelets formed the majority of residual cells in FFP-0 and high
levels of platelet EVs were noted (4408 x 103/L). In comparison, FFP-
5 revealed a 50% decline in EV numbers, a 29% decline in procoagu-
lant activity, and a 56% decline in potential thrombin generation. Their
studies also showed FFP-5 had reduced clotting speed and a longer
time to reach maximum clot size on thromboelastography, a measure-
ment of hemostasis ability.2® Filtration of EVs decreased thrombin gen-
eration, which was restored upon replacement of the removed EVs.23
They concluded that reduced prohemostatic ability of FFP-5 can be
partially explained by the decrease in EV concentration with storage,
and hence speculation that EV presence in thawed plasma can be
advantageous and protective in the initial management of hemorrhagic
shock.23 This provides evidence of the potential for EVs in a hemor-
rhage setting to be beneficial and the possibility of effective use as a

therapeutic.

BIOLOGY

The presence of phosphatidylserine (PS) on EVs has also been impli-
cated in their ability to induce clotting in trauma patients. PS, which
is asymmetrically scattered on the inner surface of the platelet cell
membrane, loses its asymmetry and is expressed on the cell surface
of EVs released by activated platelets.?4=2¢ As a result of this expo-
sure, PS acts as a catalyst facilitating the congregation of coagula-
tion factors into complexes, thereby promoting coagulation and throm-
bin generation. Windelgv et al.2® examined the relationship between
PS-positive (PS*) PDEV levels in trauma patients and clot formation
and transfusion requirements in these patients. Low PS*PDEVs lev-
els were associated with reduced clot formation and higher need for
RBCs transfusion over 24 h. However, interestingly there was no asso-
ciation between platelet aggregation and levels of PS*PDEVs, which
suggests that platelet functionis not altered by the levels of PS*PDEVs,
and that their effects may be on platelet interaction with other cells, for
example, polymorphonuclear leukocyte (PMNs), or perhaps on coagu-
lation in another way that remains to be elucidated. These findings also
indicate that PDEVs may play a vital role in regulating development of
TIC, especially the early phase, and that giving patients PSTPDEVs may
be beneficial early after severe hemorrhage or trauma. Other stud-
ies have also correlated levels of EVs with survival after trauma. One
study investigated if a correlation between the levels of EVs and 24-h
mortality and 24-h transfusion requirements exists.2” They found that
lower EV levels at admission were correlated with higher transfusion
requirements, and that, over time, increased or maintained EV levels
were found in survivors, whereas decreased levels were found in non-
survivors. Similarly, a separate study showed that markedly lower lev-
els of PDEVs and reduced thrombin generation potential of EVs were
found in nonsurvivors of traumatic injury in comparison to patients
who survived.'* EVs could potentially provide a nidus to hemostasis as
illustrated in Figure 1.

The role of EVs in inducing coagulation is not necessarily straight-
forward and may involve complex cell activation and interactions. To
investigate some of these mechanisms, Caspers et al.28 pooled the
plasma of 20 trauma patients from which EVs were extracted. Using
flow cytometry, they measured the surface markers to create a phe-
notype profile of the EVs secreted after injury. Then, the isolated EVs
were added in low and high concentration to an in vitro assay of
lethal triad (acidosis, coagulopathy, and hypothermia), and coagulation
analysis of EVs was done to investigate their procoagulative activity.
Results showed that the most abundant phenotype was PDEYV, fol-
lowed by EDEV and monocyte-derived EVs, all of which expressed
TF.28 The addition of EVs in either low or high concentration did not
result in significant changes to standard coagulation assays, initiation
of coagulation, clot stability, or kinetics. However, the addition of EVs
in high concentration caused a significant increase in P-selectin expres-
sion and platelet activation, which enhanced their contribution to clot
formation.?8 These data suggest that use of EVs as a therapeutic strat-
egy to alter coagulation may need some more investigation associated
with understanding mechanisms of their effects on multiple cell types
in hemorrhage and trauma.

In an attempt to employ the prohemostatic properties of EVs, 2

groups have designed and carried out experiments in which EVs were
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FIGURE 1

Extracellular vesicles, a potential nidus to hemostasis. Subsequent to traumatic injury, tissue-factor-bearing extracellular vesicles

trigger the clotting cascade via the extrinsic pathway. The loss of phosphatidylserine asymmetry allows it to act as a catalyst for activated factors
Xa and Va, ultimately leading to thrombin generation and fibrin formation. “Created with BioRender.com.”

used as treatments. Our group has been interested in understanding
the hemostatic and thrombotic properties of trauma-derived PDEVs.
Our group found increased numbers of circulating PDEVs isolated
following human and murine trauma, and this was associated with
increased thrombin generation and platelet aggregation.?” We also
carried out adoptive transfer experiments in age and sex-matched
mice using our established model of polytrauma.?? This severe model
has been shown to induce TIC, and includes induced hemorrhagic
shock, ongoing bleeding via a liver laceration, and bilateral femoral
pseudofracture.?? Isolated PDEVs from mice that underwent poly-
trauma (1-4 x 108 per mouse) or control (vehicle injection alone) were
injected via the penile vein into healthy mice 30 min before bleed-
ing time was assessed using a tail-tip bleeding assay. Bleeding time in
PDEV-injected mice was significantly decreased. Similarly, in a mouse
model of uncontrolled hemorrhage after a liver laceration, there was
marked reduction in blood loss in the PDEV-treated group (4 x 108
PDEV given 30 min before resection of the left middle lobe of the
liver) compared with the PBS control group.2? Lopez et al.%° also used
a similar model of liver laceration in rats to show that human PDEVs
exhibited prohemostatic properties in vivo. In their study, they also

sought to draw comparison between the effects of PDEV administra-

tion compared with fresh platelets (FPLT), commonly given to trauma
patients as part of the resuscitation protocol for severe hemorrhage.3°
They resected roughly 50% of the middle liver lobe and then admin-
istered either PDEVs, FPLT, or vehicle control after 60 s via the jugu-
lar vein. The PDEV-treated rats had significantly decreased blood loss
and significant improvement in mean arterial blood pressure, plasma
protein concentration, lactate level, and base excess, compared with
either control or FPLT-treated rats. Once again, these findings suggest
PDEVs are at least partly responsible for the therapeutic advantages
of platelet transfusion in the treatment of hemorrhage, and that, addi-
tionally, they attenuate ischemia and metabolic acidosis and maintain
hemodynamic stability. These studies highlight the potential of giving
PDEVs in acute hemorrhage to improve outcomes.

4 | EVSIN HYPERCOAGULATION AND
THROMBOSIS

Not only can severe trauma cause hypocoagulation, but particularly
in hemorrhage survivors, a late, hypercoagulable state of TIC can

also follow major trauma.?’ Hypercoagulation is often aggravated
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by microthrombotic events, including an end stage, disseminated
intravascular coagulation like phenotype—in this case, a consumptive
coagulopathy—systemic inflammatory response syndrome (SIRS), and
ARDS, and macrothrombotic events such as venous thromboembolism,
including deep vein thrombosis (DVT) and pulmonary embolism.3!

One of the risk factors for thrombotic complications posttrauma
is having prolonged procoagulation in phospholipid assays.1*1¢ Ele-
vated levels of EVs from trauma patients were found to similarly affect
phospholipid assays compared with healthy controls.?¢ Kuravi et al.1¢
also correlated the quantity of procoagulant phospholipid (PPL) in the
plasma of patients and controls with clotting time (CT), using an auto-
mated assay. CTs were proportional to the amount of PPL present in
the sample, as well as a positive correlation between CT and EV counts.
This was further correlated in patients where coagulation was has-
tened ondays 1 and 3 following injury when EVs were also elevated. Lit-
tle overlap was detected in responses to trauma of control EVs suggest-
ing procoagulant EVs do indeed promote hypercoagulability in trauma
patients. These findings suggest that EVs may affect hypercoagulation
after trauma, which has implications for potential use of EVs as a ther-
apeutic to regulate coagulation in trauma patients.

The relationship between EVs, thrombin generation, and injury
severity was examined by Park et al.32 in blunt trauma patients.32
They observed that the concentration of plasma procoagulant EVs and
peak thrombin generation in blunt trauma patients correlated posi-
tively with injury severity.32 Interestingly, the standard clotting assays
(PT, aPTT) for these patients were within the normal range. In their
prospective study of 443 trauma patients with average ISS 13, they
noted that thrombin peak height (337.6 vs. 320.6, p 0.0081), as well
as time to peak thrombin generation (4.73 vs. 5.11 min, p < 0.001)
were significantly greater and shorter, respectively, compared with
healthy volunteers.®® Subgroup analysis confirmed that decreased
thrombin peak height and time to peak height were positively asso-
ciated with greater injury severity. Trauma patients also had a signif-
icantly greater total number of procoagulant PSTEVs and PDEVs by
12 h after the acute injury period.33 These findings suggest that blunt
trauma predisposes individuals to accelerated thrombin generation,
and increased procoagulant EVs, which corresponds with hypercoag-
ulable states found post injury in trauma. Our group further inves-
tigated the role of trauma-induced PDEVs using a mouse model of
inferior vena cava ligation and induced DVT.2? Animals were given
10 x 108 posttrauma-isolated PDEVs via the tail vein 30 min before
inferior vena cava ligation. Clots were collected and analyzed at 24 h
after ligation and we found that PDEVs localized to the clot site and
also enhanced clot formation.2? Similar analysis of EDEVs by Frohlich
et al.’” found that EDEV levels were negatively correlated with aPTT,
INR, and rotational thromboelastometry—intrinsic temogram CT, sug-
gesting enhanced clot formation and a procoagulative effect. Interest-
ingly, they also shed light on effects of EDEVs in destruction of clots
via fibrinolysis, as they also showed evidence of a negative correlation
with fibrinogen temogram values.'” All these studies have major impli-
cations when determining whether EVs could and should be used as a
therapeutic for hemorrhage, given the known potential complications

associated with hypercoagulation after trauma.

BIOLOGY

5 | EVS AND TRAUMA-INDUCED
INFLAMMATION

Major trauma leads to a pronounced immunologic dysfunction and an
altered host defense system.3* In an attempt to remove injured cells
and tissues and reestablish hemostasis, an immune response is evoked
and is followed by the initiation of repair and healing processes.3”
It was previously postulated that trauma induced innate immune
hyperinflammatory responses that preceded hypoinflammatory
responses modulated by adaptive immunity.3* However, it has now
been demonstrated that pro- and anti-inflammatory responses are
induced concurrently rather than sequentially, and both commence
promptly after injury.3¢ Many cell types and signaling mechanisms have
been associated with both hyper-and hypoinflammation, and recently,
it has been appreciated that much of the signaling may involve EVs.
This is an obvious important area of research as immune dysregulation
has been implicated in the onset of MOF and posttrauma infection,
both of which are major factors in posttrauma late morbidity and
mortality.

Mesenteric lymph (ML) has been implicated as an important con-
duit used by inflammatory mediators from hypoxic/damaged intestine
to activate systemic immune responses after trauma/hemorrhage.®’
Several studies have focused on analysis of MLEVs in trauma and
hemorrhage models. Kojima et al.’® gathered MLEVs at 3 time-
points (preshock, shock, during resuscitation) in a rat model of
trauma/hemorrhagic shock with resuscitation. In comparison with
baseline (preshock), the concentration of EVs increased 2-fold dur-
ing shock and decreased 4-fold following resuscitation.3® Interest-
ingly, EVs seem to be the component of ML having the most inflam-
matory signaling capacity, as MLEVs isolated during resuscitation
increased dose-dependent monocyte NFxB expression 8-fold com-
pared with EV-depleted ML.3% MLEVs isolated during resuscitation
also markedly increased TNF-a production in macrophages compared
with baseline or shock MLEVs or corresponding EV-lacking ML.38
The same group also investigated cell surface marker expression
on MLEVs obtained either pre- or postshock.3? Their data suggest
high levels of epithelial cell-specific marker (EpCAM) and CDé63 in
both pre- and postshock samples, suggesting MLEVs originate pri-
marily in intestinal epithelial cells, which is not surprising. In addi-
tion, postshock MLEVs expressed high levels of MHC-1I and Fas ligand
(FasL) on their surface. Importantly, this study also showed postshock
MLEVs induced a 2-fold increase in apoptosis in cultured DCs and
reduced LPS-mediated dendritic cell (DC) expression of CD80/CD86
and DC antigen-presenting capacity and ability to stimulate lym-
phocyte proliferation.3? It therefore seems that intestinal epithelial-
derived MLEVs can induce proinflammatory responses and help blunt
adaptive immune responses, and this may occur by affecting DC sur-
vival and activation. Worth mentioning here is that bacteria have
been shown to produce EVs, but, to date, we found no published
research to identify if their contribution increases following trauma
or intestinal ischemia secondary to shock. This could be an impor-
tant future area of investigation to determine if bacterial EVs affect

outcome.
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Blood collected from trauma patients on admission to the emer-
gency department showed lower levels of circulating EVs when
compared with controls.*? This contradicts what was shown by many
previous studies and can be possibly due to early sample collection or
development of EV-cell complexes that would not be detected. Flow
cytometry showed that the majority of EVs from trauma patients were
of platelet origin, suggesting an important role for PDEV in host immu-
nity after trauma. LPS was used to stimulate whole blood obtained
from healthy donors, to which either EV-depleted or EV-rich plasma
was added. When compared with plasma of healthy controls, the resul-
tantimmune response, as measured by levels of IL-6, IL-10, and TNF- ¢,
was dampened when trauma patient plasma was used. Furthermore, a
significant decrease in IL-6 and TNF-a was observed when EV-depleted
plasma of either healthy or trauma patients was used. Similarly, Ogura
et al.*! showed that increased PDEVs are associated with SIRS after
trauma. Activated platelets augmented EV generation and intensified
P-selectin-dependent platelet-leukocyte (both monocyte and PMN)
interaction.*! Blood samples from trauma patients and healthy con-
trols showed that following severe injury PMNs are activated and
increased production of PMN-EVs as well as their oxidative activity on
days 2-5 after trauma.*2 CD11b expression was increased on PMN-
EVs with a diameter < 1.0 um, whereas CD62L was increased on all
sizes of EVs from 1 day to up to 10 days after trauma.*2 Variables repre-
senting systemic vascular endothelial damage, blood thrombomodulin
and soluble e-selectin levels, were measured and showed no significant
change between the time points.*? Circulating EVs after trauma were
also shown by others to be proinflammatory.'® Trauma patient plasma
containing EVs increased adhesion of PBMC, but not PMN, to HUVEC
monolayers when compared with plasma of healthy controls. These
data suggest that EVs induced by trauma are generally proinflamma-
tory, potentially increase leukocyte migration across endothelium and
increase proinflammatory signaling in multiple cell types.

6 | TRAUMATIC ALI

Often, lungs are the first to be impacted in MOF after trauma, fol-
lowed by the kidneys and the liver.*3 Other organs typically involved
are the brain and heart.** The causes of ALl after trauma are numer-
ous, including: lung contusion and tissue damage from the traumaiitself;
systemic hemorrhagic shock, hypoperfusion and systemic inflamma-
tion; posttrauma sepsis or infection; or even after resuscitation with
blood products (transfusion-associated ALI) and volume overload.*> At
the very end of the spectrum that ALI comprises is ARDS, which is
a major cause of acute respiratory failure after trauma.*®*’” ARDS is
induced primarily via a dysregulated immune response following sys-
temic or local trauma, which can activate and injure alveolar endothe-
lium and epithelial type | and Il pneumocytes leading to infiltration of
inflammatory cells.*¢ Injury to type | alveolar cells and endothelium
directly impairs the alveolar-capillary barrier, increasing the perme-
ability to fluid and inflammatory cell migration. Injury to type Il alve-
olar cells results in diminished surfactant secretion and diminished

clearance of alveolar fluid. Altogether this results in pulmonary edema,

which severely impairs gaseous exchange in the lung and gives rise to
hypoxemia.*® This inflammatory exudative phase can further advance
to a proliferative phase during which fibrin deposits are seen through-
out the lung, and this decreases the pulmonary compliance and abil-
ity to bring air into the lungs.*” Remodeling is induced, and this can
result in lung fibrosis where lungs become laden with scarring.*” The
current treatment of ARDS is predominantly supportive, consisting of
fluid management, supplemental oxygen, which is often followed by
intubation and mechanical ventilation, neuromuscular blockade, and
prone positioning.*8 ARDS is experienced by 30% of trauma patients,
and trauma patients with ARDS have a 3-fold higher mortality rate than
those without.*> Hence, there is intense research investigating novel
treatment strategies that are highly necessary.

Dysregulated immune responses after trauma are thought to
be induced by inflammatory mediators that are gut-derived and
transported in the ML,%8 and evidence suggests that inflammatory
responses by immune cells are regulated by biologic actions of ML.*?
Deitch et al.3” provided seminal work in animal models of trauma and
hemorrhage to show that ML diversion or ligation of the lymphatic
duct reduces priming of systemic neutrophils, reduces vascular perme-
ability, and reduces resultant lung injury, thus highlighting the crucial
role of the gut and ML in SIRS, and in particular the gut-lung axis in
ALI. MLEVs from trauma/hemorrhagic shock plasma can activate NF-
xB activation in alveolar macrophages similarly to monocytes, and this
alsoresultsinincreased production of proinflammatory cytokines from
macrophages.*? In vivo, intravenous injection of MLEVs isolated after
trauma/hemorrhage induced inflammatory cell infiltration, altered pul-
monary vascular permeability and histologic evidence of ALl compared
with ML lacking EVs or MLEVs from nontrauma animals.*’ Figure 2
summarizes the effects of MLEVs isolated after resuscitation oninflam-
mation and lung injury.

In the lung, EVs can also originate from alveolar epithelial cells, pul-
monary vascular endothelial cells, and alveolar macrophages under
both physiologic and pathologic conditions.*” ARDS increases EVs pro-
duction by different types of cells, as can be identified in both the vas-
cular and alveolar compartments.*” As detailed above in this review,
ample evidence suggests that circulating EVs have proinflammatory
and procoagulant properties, and also the ability to cause endothelial
dysfunction and vascular leakage after trauma, which in the lung con-
tributes to the pathophysiology of ARDS.#” At the same time, there is
abundant research demonstrating that certain types of EVs, can elicit
anti-inflammatory, anticoagulatory, and barrier-improving activity.*’
Although EVs have largely been viewed in the context of lung as
prospective diagnostic and prognostic markers,*” we should not dis-
miss potential therapeutic benefits. Considerable effort is underway to
define more clearly the role of EVs in both the pathogenesis and resolu-
tion of ARDS, and with improved understanding may come novel ther-
apeutic opportunities.

Many cell types have been described for derivation of EVs for
use in treatment of animal experimental models. At present, the
most studied cell type is the mesenchymal stem cell (MSC) as it has
been described numerous times how EVs exhibit and exert actions

close to those of their cell of origin.°® MSCs are multipotential
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stem cells that can develop into numerous nonhematopoietic cell
types including chondrocytes, adipocytes, myoblasts, or osteoblasts,
and are a cell of great interest in regenerative medicine and tissue
engineering.®!

Several groups have shown promising data for the use of EVs in
treating traumatic ALl Li et al.’2 showed that pretreatment with
bone marrow (BM)-derived MSC-EVs can increase survival in a rat
model of traumatic ALI. One potential mechanism of MSC-EV effect
was shown to be through the inhibition of purinergic type 2 recep-
tor, P, X7, which is up-regulated in rats with traumatic ALI. This group
showed that MSC-EVs contained inhibitory micro-RNAs (miRs), includ-
ing miR-124-3p. Loss-of-function/gain-of-function studies involving
both miR-124-3p and P,X; showed improved survival in the rats
where either P,X; was silenced, or MSC-EVs contained miR-124-
3p,°2 with multiple markers of reduced lung injury, inflammation and
immune cell activation and migration. Potter et al.>® showed that
MSC-EVs have the potential to be used in the treatment of hemor-

rhagic shock-induced ALL. In their in vivo mouse model, they examined

the impact of human MSC versus human MSC-EVs on the endothe-
lial permeability of lung vasculature in a fixed-pressure hemorrhagic
shock model. They found that, when given intravenously, both MSC
and MSC-EVs markedly reduced lung endothelial permeability, as well
as reduced cytoskeletal rearrangement.’® Interestingly, analysis of
phosphorylated-protein expression profiles in lung tissues from their
in vivo model, showed that MSC and MSC-EVs induced different pat-
terns of protein phosphorylation compared with no treatment, with
MSC-EVs treatment resulting in a heatmap closer to sham (unin-
jured) animals. In vitro, human lung microvascular endothelial cells
treated with MSC-conditioned media impeded thrombin from affect-
ing endothelial cell permeability, and this did not occur when cells
were treated with MSC-EVs.>3 Taken together, their findings suggest
that different signaling pathways and mechanisms are activated by
MSC-EVs in comparison with MSC, and further studies are clearly
required to strengthen our understanding of the part EVs play in the
bigger picture of ARDS and to utilize their therapeutic potential in its
treatment.
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6.1 | EVsinTBI

TBI occurs in 2 stages: a primary phase and a secondary phase.”*~>/
The primary phase is caused by the direct physical force and its resul-
tant injury to the brain, with intracranial hemorrhage, parenchymal
damage, and axonal shearing.’® Although medical therapies cannot
prevent this primary phase from occurring, better understanding of
the biochemical consequences of this phase of TBI could result in
improved diagnostic tests to understand the extent of such aninjury for
prognostic reasons. The secondary phase, however, is characterized by
neuroinflammation related to the host’s attempt to restore structural
integrity and improve function in the injured tissue, leading to excito-
toxicity, blood-brain barrier disruption, oxidative stress, and mitochon-
drial dysfunction.>¢ Although this response is adaptive as an attempt to
heal from the injury, hyperinflammation and coagulopathy can lead to
worsened outcomes for TBI patients.>>°’ A mechanistic understand-
ing of the components of this response is of great interest as they could
be potential therapeutic targets where intervention could lead to bet-
ter functional outcomes in TBI patients.

As will be discussed in this section, EVs are of interest in TBI for
numerous reasons. First, they are an early product of injury and could
therefore be used for diagnostic purposes, to quantify the extent of
damage after a traumatic injury. Furthermore, EVs have been impli-
cated as causes of pathology after TBI, with studies identifying poten-
tial targets for intervention that could mitigate the damage caused.
Finally, EVs derived from multiple sources are being investigated as a
possible biologic therapy for TBI, promoting healing and return to func-
tion while avoiding hypercoagulability or hyperinflammation that can
cause long-term damage in TBI patients.

A field of study that has become of more popular interest in the last
several years is how protein Tau is related to TBI, especially in the set-
ting of media interest in chronic traumatic encephalopathy as it relates
to professional athletes and other patients who undergo repeated TBI.
Tau is well known to be implicated in the development of Alzheimer’s
disease, and it has been found that TBI can accelerate the develop-
ment of Alzheimer’s pathology.”® Wang et al.”? found that after TBI,
there was an increase in both total and phosphorylated Tau in brain
EVs. Furthermore, treatment with EVs derived from mice with wild-
type Tau after TBI worsened already-poor motor function impairment
and cognitive functionimpairment in TBI mice, whereas treatment with
EVs derived from Tau-knockout mice after TBI did not.>? This implies
that Tau-loaded EVs may have a dose-dependent effect on worsening
neurologic outcomes after TBI. More work needs to be done to better
delineate the function of Tau in TBI and the role of EVs in tauopathy.

Although EVs may be implicated in multiple forms of pathology after
TBI,>*>> they are also being investigated as the source of potential
therapeutics after TBI as well.29-¢° The first method by which EVs are
being studied for such use is as a vector for the delivery of oligonu-
cleotides, small molecules, or proteins. Wang et al.¢? found that EVs
could be used as therapeutic vectors when modified to contain plas-
mids expressing proteins to decrease apoptosis. In this study, when

these EVs were given intraventricularly to mice after TBI, the mice had

improved excitatory postsynaptic currents in the hippocampus, as well
asimproved cognitive and motor function. While intraventricular deliv-
ery of EVs would be feasible in those patients with severe enough TBI
to warrant external ventricular drain placement, use of intravenously
delivered EVs (as discussed further in this section) may be more use-
ful across the spectrum of TBI populations. By creating designer EVs
based on new developments in research, they may be used as vectors
for gene therapy in TBI, similar to the way in which EVs are already
being investigated or are approved for drug delivery in other disease
processes including cancer and neurodegenerative diseases.®¢-68

Another therapeutic avenue being explored by other investigators
is the use of naturally derived EVs, without artificial modification, as
potential therapies for TBI. Naturally derived EVs are an attractive
potential therapeutic as they are known to have low immunogenic-
ity and toxicity, and as they are known to be tolerated as they are
endogenously produced, regulatory approval may be easier to obtain
than for those EVs that are synthesized or modified.®?7° Furthermore,
as the therapies would be specifically EV based as opposed to being
true cell therapy, there is even more interest as there is no concern
for uncontrolled cell division.”! Gao et al.¢* found that human umbil-
ical cord endothelial colony-forming cell (ECFC)-derived EVs could be
given intravenously to mice after TBI, with multiple beneficial effects.
Mice treated with these EVs had decreased brain edema, improved
neurologic functional recovery as evidenced by beam-walking and cor-
ner tests, and reduced injury-induced blood-brain barrier permeability
through reduced degradation of tight junctions.

MSCs with their potential for differentiation promote repair in the
injury bed, and secrete a variety of neuroprotective trophic factors
(such as vascular endothelial growth factor [VEGF], brain-derived neu-
rotrophic factor, and others) shown to promote neuronal regeneration
and repair in animal studies.”? Zhang et al.* found that rat-derived
MSC EVs given intravenously 24 h after injury improved functional
recovery in a rat model of TBI, with better spatial learning and sen-
sorimotor functional recovery as evaluated by the modified neuro-
logic severity score (mNSS) test. In a subsequent study, the same group
showed that human-derived MSC-EVs given to rats starting day 1 after
injury did not actually decrease the cortical lesion volume caused by
the TBI.%3 Despite this, they again showed improvement in spatial
learning and mNSS scores, and also identified increased angiogenesis
and reduced neuroinflammation in MSC-EV-treated animals. Similarly,
Kim et al.®* found that human-derived MSC-EVs given to mice shortly
after TBI decreased inflammatory cytokines in the brain 12 h after the
injury. Furthermore, they also found preservation of pattern separa-
tion function and spatial learning ability in these mice 1 month after the
TBI. Niet al.®® found that rat-derived MSC-EVs given immediately after
TBI reduced brain tissue loss at 3 and 14 days and improved functional
recovery as well. These findings were related to decreased inflamma-
tory cytokine production, as well as a shift from the inflammatory M1
to the anti-inflammatory, reparative M2 phenotype in microglia. The
mechanisms by which MSC-derived EVs have these numerous effects
after TBI require further study, but the work so far clearly demon-

strates that this is a potentially valuable therapeutic avenue.
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Both MSC- and ECSC-derived EVs are of particular interest because
of the underlying cell line’s pluripotency and the ability to drive the
cell’s production of the EV of interest. However, the ability to produce
these targeted EVs on a scale to allow for generalized medical use is not
atrivial matter. One rate-limiting factor for the production of these nat-
urally derived EVs is the ability to create large-scale cultures in the face
of limited number of passages before there could be a change in the bio-
logic properties of the cells.”%73 Oncogenic immortalization of these
celllines could potentially mitigate this issue, as well as the use of biore-
actors to be able to increase the scale of EVs isolated from MSCs.”3
These limitations will need to be probed further on a systems level to
be able to make this promising research widely applicable.

The studies discussed represent only a small number of the studies
undertaken to investigate the use of EVs in TBI treatment which are

summarized in Table 1.

6.2 | EVsinSCI

In many ways the pathophysiology of SCI shares features with that
of TBL.7# Injury is divided into a primary and secondary phases, with
the former comprising the initial physical tissue insult that results in
mechanical damage to the spinal cord tracts, and the latter encom-
passing the consequences of the resultant immune response and neu-
roinflammation, which can bring about its own deleterious effects.”*
As surgical treatment with urgent decompression and stabilization
remains the only means to treat primary SCI aside from injury preven-
tion and avoidance,”* research into SCI therapies have predominantly
focused on the mitigation of secondary injury and modulation of the
immune milieu following SCl in order to promote healing.

It is within this context that EV-based therapies have been studied.
As indicated above in studies investigating treatments for TBI, much
of the extant literature involves study of the use of EVs generated from
MSCs. However, MSCs themselves are significantly limited in their abil-
ity to traverse the brain-spinal cord barrier, and therefore lose some
degree of therapeutic potential in their inability to reach the injury site
unless administered intrathecally or directly to the site of SCI.”>

Accordingly, it had been conjectured that some of the benefit of
intravenously administered MSCs derives from EV-related paracrine
signaling, and this spurred a body of literature demonstrating that
administration of MSC-derived EVs can influence the cellular microen-
vironment of the injured spinal cord and correlate with improved out-
comes. The major theme of these microenvironment changes seems
to be toning down the acute inflammatory response and creation of
conditions more conducive to neuronal recovery.”® Zhao et al.”” eval-
uated the use of BM MSC-EVs in a rat model of transection-type SCI,
and noted an improvement in functional outcomes (as measured by the
Basso, Beattie, Bresnahan locomotor rating scale [BBBS], a common
validated metric of motor function following rodent SCI) in injured rats
that received MSC-EVs compared with those receiving vehicle only.
Notably, this coincided with attenuation of expected elevations in com-
plement protein levels and complement mRNA synthesis within the

injured spinal cord, and an overall decrease in injured cord phosphory-

BIOLOGY

lated NF-xB in the group treated with MSC-EVs, prompting the conclu-
sion that some aspect of EV-based paracrine signaling mediated these
findings.”” Sun et al.”® found similar results in a murine model of blunt
SCI where the intervention, human umbilical cord MSC-derived EVs,
produced down-regulation of inflammatory cytokines such as TNF- «,
IL-6, and IFN- y, while also producing improved functional BBBS out-
comes. Notably, a decrease in acute inflammation has also been demon-
strated with the use of neural stem cell (NSC)-derived EVs in a murine
model of SCI, where the EV group had decreased levels of TNF- «, IL-
6, and proapoptotic markers like Bax and caspase-3. This conclusion
in this study was that NSCEVs produce decreased inflammation via
an increase in autophagy, as inhibition of autophagosome formation
with 3-methyladenine in an in vitro experiment where primary neu-
rons were treated with NSCEVs functionally negated the previously
observed anti-inflammatory effects of the EVs.”?

The end result of these alterations of the injury site cytokine milieu
seems to be a shift in immune cell phenotypes and the induction of
a proresolution environment. One established mediator of secondary
injury is the A1 astrocyte, a proinflammatory phenotype adopted by
astrocytes in the setting of acute neuroinflammation, largely stim-
ulated by NF-xB pathway activation.”* Their privileged position as
necessary components of the blood-CNS barrier necessitates their
involvement in the margination and extravasation of neutrophils and
the initiation of the acute inflammatory response. A1 astrocytes also
contribute to the formation of glial scar within the injury bed, which
in part serves to limit inflammation to the injury bed itself, but also
impedes recovery and regeneration within this space. Furthermore, A1
astrocytes are independently neurotoxic, promoting death of mature
neurons, neuronal precursors, and mature oligodendrocytes, and are
posited to be the driving force behind neuronal death following axonal
disruption.89 With this in mind, several groups have elucidated the
effects of MSC-EVs on glial phenotypes, finding a general suppres-
sion of Al astrocytes which have correlated to more limited injury.
Wang et al.8! conducted a series of in vitro experiments wherein they
cocultured astrocytes obtained from rats subjected to blunt SCI with
MSCs or MSC-EVs, finding a reduction in Al astrocyte phenotypes in
groups exposed to MSCs or MSC-EVs compared with controls. They
subsequently redemonstrated these findings in vivo by administer-
ing MSC-EVs to rats subjected to SCI, observing improved motor out-
comes and decreased injury bed A1 astrocytes in the MSC-EV group.
Based on in vitro analysis, they concluded that the mechanism of this
effect was likely through inhibition of p65 phosphorylation and nuclear
transport.8? Liu et al.82 noted similar findings in a similar model of
rat blunt SCI, showing a decrease in Al reactive astrocytes in ani-
mals treated with BM MSC-EVs. They also noted improved motor out-
comes, decreased glial scar formation, reduced apoptosis, and resulted
in smaller lesion size in these animals at 28 days after SCI, implying
that suppression of Al reactive astrocytes encourages a proresolution
environment within the injury bed.22 Finally, the Romanelli group®?
detected a decrease in reactive astrogliosis following administration
of MSC-EV in a rat SCI model, which correlated with decreased glial
scarring and lesion size. They further noted in vitro and in vivo evi-

dence of direct interaction between the MSC-EVs and microglia, which
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reduced IL-13 and IL-6 induction (normally a very early biochemical
hallmark of SCI).8% There is also evidence that MSC-EVs colocalize with
M2-phenotype macrophages after intravenous administration, provid-
ing more context for a therapeutic mechanism that relies on altering
the immunologic milieu of the injury bed to better allow for neuronal
regeneration.®*

Another mechanism of EV action in the therapy of SCI appears to
involve the stimulation of angiogenesis and the strengthening of the
brain-CNS barrier. It is known that the brain-CNS barrier is disrupted
in the course of SCI due partly to the inciting trauma, but also due to
pericyte migration away from damaged vascular units in the course
of the acute immune response. This results in increased permeability
of the brain-CNS barrier and may even serve to enlarge the lesion by
virtue of the altered circulatory dynamics.8® It is thought that the per-
icyte migration is mediated by NF-xB signaling, and Lu et al.”®> have
demonstrated that the decrease in NF-xB signaling associated with
MSC-EV use in rat SCI produced a resultant decrease in the degree of
pericyte migration observed as well as a decrease in the permeability
of the brain-CNS barrier.

Several groups have used EVs from cell types other than MSC to
produce similar effects. For example, Zhong et al.2¢ used EVs derived
from NSC as a therapeutic intervention in a mouse SCI model, find-
ing that these EVs contained a high concentration of VEGF-A, which
was associated with decreased injury lesion size, improved microvas-
cular regeneration, and improved functional motor outcomes. Notably,
all of these findings were negated when using EVs derived from NSC
in which VEGF-A had been transcriptionally silenced.2¢ One group
used EVs derived from cultured pericytes to demonstrate decreased
lesion size and a decrease in injury site edema following SCl in a mouse
model.8” Following an analysis of protein expression, they concluded
that this decrease in edema and lesions size occurred in the context
of EV-mediated normalization of expressed tight junction-associated
claudin-5 protein levels. The authors concluded that the pericyte-
derived EVs contributed to vascular endothelial stability through this
regulation of tight junctions, though it is not clear whether this effect
is unique to pericyte-derived EVs (in the context of the pericyte’s role
in the neurovascular unit) or a nonspecific effect of EVs derived from
other lineages.8”

Given this extensive evidence of EV-mediated paracrine signal-
ing, some groups have focused on studying miRNA, which have been
demonstrated to be abundant within EVs and serve as a major means of
cell-cell communication between the EV-spawning cell and other cell
types.88 Zhou et al.8? focused on miR-21-5p, a specific miRNA known
to induce antiapoptotic effects. In a rat model of SCI, MSC-EV pro-
duced results consistent with the studies described before: decreased
lesion size, improved functional outcomes, and decreased neuronal
apoptosis.2? However, the authors also noted an abundance of miR-
21-5p present within MSC-EVs. They subsequently computationally
determined (and experimentally confirmed using inhibitors against
miR-21-5p) that this specific miRNA was likely to influence expres-
sion of FaslL, an important component of proapoptotic signaling via

the death-ligand pathway.8? Similar results were obtained by another

BIOLOGY

group that additionally identified miR-19b as a potent effector of PTEN
suppression, a mechanism suspected to encourage neuronal regenera-
tion within the context of SCI.7°

Other research into the therapeutic properties of EVs in SCI has
focused on the modification of EVs prior to their use as SCI therapies.
In several cases, the modification has involved targeting miRNA sig-
naling by enriching EVs with specific miRNAs. After prior studies in a
zebrafish SCI model determined a role for miR-133b in promoting neu-
ronal regeneration via a RhoA-dependent mechanism, Li et al.”! sought
to evaluate the hypothesis that miR-133b modified MSC-EVs would
improve functional recovery and attenuate neuronal loss in a rat SCI
model via RhoA down-regulation. Their findings supported this hypoth-
esis, though interestingly the control MSC-EVs failed to demonstrate
any meaningful improvement in functional outcome or lesion size, in
contrast to much of the published data detailed earlier.”* Huang et al.?2
targeted a different miRNA, miR-126, finding that MSC transfected
with this miRNA produced EVs with high miR-126 content, and their
use inrats subjected to SCl was associated with improvements in lesion
size and functional BBBS status, which they attributed to angiogenesis
and inhibition of programmed cell death mediated by down-regulation
of SPRED1 and PIK3R2. Another group performed a similar experi-
ment using small interfering RNA (siRNA) directed against PTEN, cap-
italizing on a base of literature demonstrating PTEN down-regulation
as a key target in allowing CNS neuronal regeneration.”® Their study
in a rat SCI model found an improvement in axonal growth, improved
lesion bed vascularity, and a decrease in reactive astrogliosis—all con-
sistent with a proresolution, proregenerative cellular milieu.”?

Aside from transfecting MSCs with small RNA components, groups
have also explored different culture conditions for EV-generating cells,
which can alter EV contents on the basis of the cellular response
induced by the specific context of the culture modification. Ruppert
et al.” performed a study similar to others described previously, using
MSC-EV in arat model of SCI, but also had a separate treatment cohort
where the MSCs were cultured with inflammatory stimulation from
TNF-a and IFN-y. Overall, there were similar results seen between the
inflammatory group and the noninflammatory MSC-EVs with respect
to motor recovery (both significantly increased compared with con-
trols) though the former were associated with improved sensory recov-
ery as well.”* All MSC-EV groups produced decreased inflammation at
the injury site, and the authors demonstrated that the MSC response
to preconditioning with inflammatory stimulus allowed for creation
of EVs with a higher proportion of immunomodulating cytokines and
miRNA.?* Ma et al.?” cultured NSC with insulin-like growth factor 1
and observed the subsequent production of EVs rich in miR-219a-2-3p.
In rats with SCI, use of these EVs were associated with reduced lesion
size and improved BBBS functional outcomes in the context of miRNA-
mediated Yin Yang 1 down-regulation and resultant decreased activa-
tion of the NF-xB pathway.”>

Overall, there is strong evidence suggesting an EV-based approach
to treatment of SCl is promising. This could be a huge advance for SCI
patients as there is currently little available to specific induce good out-

comes after SCI.
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Although the nascent EV-based therapies provide a promising era of
novel treatment modalities that can potentially cause a substantial
decrease in the burden of trauma morbidity and mortality, our under-
standing and experience of the field are still in their infancy. Numer-
ous studies established the stability of EVs in the circulation and dur-
ing storage, and demonstrated their ability to be lyophilized and still
retain their activity and functionality.”®-?¢ These characteristics of
EVs, in addition to their low immunogenicity, excellent biocompatibil-
ity, and ability to cross biologic barriers make EVs a superior therapeu-
tic option.??~101 Still, transitioning into translational studies requires
us to obtain answers for extensive questions relating to: finding the
optimal isolation and characterization methods for EVs; determining
the optimal dosing strategies for EVs that may be dependent on injury
site and desired outcome; ideal route of administration; importance of
therapeutic windows; understanding and identifying EV contents that
may have beneficial and desired effects, while limiting adverse effects;
ideal cell source for EVs; side effects of EV treatments both short and
long term; potential antidotes and ways to mitigate potential adverse
effects; effect of donor age and sex on EV contents and function; poten-
tial for modification of contents to optimize therapeutic effect; and
developing artificial EV-like nanoparticles. One thing that would clearly
benefit the progression of therapeutic use of EVs is introducing strin-
gent guidelines and scientific standards designed to allow better repro-
ducibility of studies and ensure safety and therapeutic potential of any
suggested treatments. There are still a multitude of obstacles to over-
come before we are able to implement EV usage clinically, but the
potential of using EVs in a range of disease processes, as well as in
trauma, is clearly both intriguing and exciting.
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