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ABSTRACT—Despite advancements in critical care and resuscitation, traumatic injuries are one of the leading causes of death
around the world and can bring about long-term disabilities in survivors. One of the primary causes of death for trauma patients
are secondary phase complications that can develop weeks or months after the initial insult. These secondary complications typ-
ically occur because of systemic immune dysfunction that develops in response to injury, which can lead to immunosuppression,
coagulopathy, multiple organ failure, unregulated inflammation, and potentially sepsis in patients. Recently, extracellular vesicles
(EVs) have been identified asmediators of these processes because their levels are increased in circulation after traumatic injury
and they encapsulate cargo that can aggravate these secondary complications. In this review, we will discuss the role of EVs in
the posttrauma pathologies that arise after burn injuries, trauma to the central nervous system, and infection. In addition, we will
examine the use of EVs as biomarkers for predicting late-stage trauma outcomes and as therapeutics for reversing the patho-
logical processes that develop after trauma. Overall, EVs have emerged as critical mediators of trauma-associated pathology
and their use as a therapeutic agent represents an exciting new field of biomedicine.
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INTRODUCTION

Globally, trauma is the one of the leading causes of death and
produces an enormous economic burden with an annual economic
cost of 4.2 trillion dollars in the United States (1). Traumatic inju-
ries are severe injuries that happen suddenly and require immediate
medical intervention. These types of injuries include a variety of
disease mechanisms related to burn injury and mechanical or pen-
etrating trauma. Trauma-related mortality follows a bimodal distri-
bution, with immediate/early, and late peaks of mortality after in-
jury (2). The immediate mortality (at injury) and early mortality
are mainly due to severe central nervous system (CNS) injury or ex-
sanguination. Deaths that occur late after injury are due to multiple
organ system failure (MOSF) or sepsis, which can occur weeks after
the original insult (2). Major contributors to MOSF after trauma in-
clude immune dysfunction and hypercoagulation. Improvements in
prehospital care have greatly reduced mortality associated with
traumatic injuries (3). However, significant room for improve-
ment remains to better survival and outcomes during the later phase
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of recovery. To establish strategies that improve survival late after
trauma, it is imperative to identify mediators of immune dysfunction
and hypercoagulability that can serve as therapeutic targets to reduce
posttraumaMOSF and/or biomarkers that can improve disease classi-
fication, predict outcomes, and guide therapies.

Recently, extracellular vesicles (EVs) have been identified as
critical mediators of the complications that occur after traumatic
injury. Extracellular vesicles are spherical structures enclosed by
a phospholipid bilayer and are secreted by nearly all cell types
(4). Several categories of EVs have been established; however,
the three main classes include exosomes, microvesicles (MVs),
and apoptotic bodies. Exosomes (40–120 nm) and are released from
multivesicular bodies directly into extracellular space. Microvesicles
bud from the plasma membrane and range from 100 nm to 1 μm in
diameter. Apoptotic bodies are the largest EV type (500 nm to 2 μm)
that are released by dying cells and can package cellular organelles
(4). Figure 1 illustrates the differences in size of these EVs, secretion
mechanisms, cargo, and their impact on recipient cells. Extracellular
vesicles are the keymediators of cell-to-cell communication through
their transportation of a diverse array of biological cargo. This in-
cludes DNA, mRNA, miRNA, histones, long noncoding RNAs,
proteins, and bioactive lipids (4).While such cargo of EVs canmediate
communication between cells, EVs can also contain damage-associated
molecular patterns (DAMPs) and pathogen-associated molecular
patterns (PAMPs) that can induce responses in immune and non-
immune cell types. After traumatic injuries, the concentration of
plasma EVs typically increases and can promote immune dys-
function (6) and enhance coagulation (7). Extracellular vesicles
also contain surface markers that reflect their cell of origin, enabl-
ing them to serve as high definition and informative biomarkers. Fur-
thermore, exogenous EVs can also be administered therapeutically,
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FIG. 1. Overview of EV sizes, secretionmechanisms, cargo, and uptake/ effect on recipient cells.Exosomes are a small class of EVs (40–120 nm) released
fromcells after amultivesicular body (MVB) fuseswith the plasmamembraneandare enriched inmiRNAs, protein, and someDAMPs.Microvesicles are 0.1- to 1-μmdiameter
EVs that bud from theplasmamembrane in a highly regulated fashion containingmiRNAs, proteins,DAMPs, and someorganelles, suchasmitochondria. Apoptotic bodiesare
large EVs, which are released from cells upon programmed cell death.While all EV classes can contain miRNA,mRNA, DAMPs, lipids, and proteins, apoptotic bodies
are large enough that they can also encapsulate larger cellular organelles and histones (5). DAMP, damage-associated molecular pattern; EV, extracellular vesicle.
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opening a new field of biomedicine (8). Therefore, EVs are an at-
tractive area of research for understanding late trauma-associated
pathology and mortality.

In this review, we will discuss the emerging field that is focused
on the role of EVs after severe forms of trauma, such as severe burn
injury, CNS trauma, and posttrauma sepsis. In addition, we assess
the current evidence for the use of EVs as biomarkers to predict out-
comes after trauma. Finally, we will discuss the potential for EVs as
therapeutic targets as well as their possible use as a drug-delivery ve-
hicle for treating traumatic injuries and reprogramming immune cell
types late after trauma. Extracellular vesicles show promise as bio-
markers for late-stage trauma outcomes, risk of comorbidities, and
for informing diagnostic and therapeutic efforts. If understood
in their entirety, EVs could serve as therapeutic targets or poten-
tially be harnessed for use as therapeutic agents.
EXTRACELLULAR VESICLES AS MEDIATORS
IN TRAUMA

Extracellular vesicles mediate immune dysfunction after
severe burn injury

The systemic response to traumatic injuries can result in organ
dysfunction or MOSF. Multiple organ system failure involves im-
mune dysregulation and is one of themost difficult clinical scenarios
tomanage. Severe burn injury is a prime example of how a traumatic
injury can lead to immune dysfunction and systemic responses through-
out the body. According to the Centers for Disease Control and Preven-
tion, there are approximately 450,000 burns each year in the United
States that require medical attention, resulting in close to 3,500
deaths (9). Moreover, burn patients have some of the longest hospital
stays compared with other debilitating injuries, highlighting the need
for research aimed at improving diagnostic and therapeutic efficacy
(10). This may be accomplished by gaining a better understanding
into the underlying immune dysfunction after burn injury.

The immune dysfunction after burn injury is complex and in-
volves multiple events related to the initial tissue damage. After a
severe burn injury, tissue damage leads to the release of DAMPs,
such as hyaluronic acid, dsDNA, and high mobility group box 1
(HMGB1) (11,12). These DAMPs can then activate toll-like recep-
tors to induce the release of inflammatory cytokines that lead to ep-
ithelial and immune cell activation to cause a compounding pos-
itive feedback loop. In the acute phase of burn injury (<72 hours),
patients can develop systemic inflammatory response syndrome
(SIRS) due to the release of DAMPs and proinflammatory cyto-
kines, which promote barrier and organ dysfunction (13). After the
acute phase, most patients develop compensatory anti-inflammatory
response syndrome (CARS). Compensatory anti-inflammatory
response syndrome can last for weeks or months, and patients
are often left immunosuppressed and susceptible to infection dur-
ing this time (14). There have been great advancements in critical
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care, resuscitation, and burn wound management that have led to
significant reductions in mortality early after burn injury. Thus,
the primary cause of death for burn patients currently is due to
hospital-acquired infections that occur during the later CARS
phase (13). For this reason, current therapeutic efforts have focused
on limiting the intensity or duration of immune dysregulation after
severe burn injury. Extracellular vesicles, the main vessels for cell-
to-cell communication, have recently been established as important
drivers of immune dysregulation after severe burn injuries.

Extracellular vesicles have emerged recently as novel media-
tors of immune dysfunction that can influence the pathology after
burn injury (6). We and others have found that circulating EV
levels change after burn injury and participate in burn pathology.
After a severe burn injury, there are increased numbers of circulat-
ing plasma EVs (6,15,16). Furthermore, there is a positive corre-
lation between the level of circulating EVs and severity of burn
injury, with increased EV concentrations corresponding to increases
in percentage of total body surface area burn, and these concentra-
tions correlate with postburn sepsis, wound infection, and admission
to intensive care units (15,16). Inhalation injury due to smoke or
chemical fume inhalation often occurs at the time of burn injury
and increasesmorbidity andmortality for patients (14). Patients with
a combined burn and inhalation injurywere found to have a substan-
tially higher number of circulating EVs (16). Thus, plasma EVnum-
bers are increased after burn injury and can predict disease course
and severity. These studies also suggest that EVs play a func-
tional role in systemic responses after injury.

New studies have identified functional roles for EVs in im-
mune responses after burn injury. Extracellular vesicles isolated
during either the SIRS or CARS phase after severe burn injury
were found to elicit immune responses that reflect the pathology
of these two phases (6). By transferring EVs isolated from plasma
early after burn injury to uninjured mice, there was a significant
increase in the expression of IL-6, MCP-1, IL-10, interferon- γ
(IFN-γ), and IL-8 in recipient mice. Thus, transfer of EVs isolated
early after severe burn injury can invoke an immune response in a
manner similar to burn injury alone, suggesting that EVs are pow-
erful immunomodulators that drive the immune dysfunction ob-
served after burn injury (6). Furthermore, the in vitro transfer of
these EVs onto macrophages resulted in induction of the proin-
flammatory cytokines MCP-1, IL-12p70, IL-6, and IFN-γ as well
as the innate immune genes MyD88, MCP-1, IL-6, and NFκβ1.
However, transfer of EVs isolated during the later phases of burn
injury onto macrophages resulted in different patterns of cytokine
secretion and gene expression (6). In addition, EVs isolated late af-
ter burn injury reduced the phagocytic capacity of macrophages
and suppressed their proinflammatory response to lipopolysaccha-
ride (LPS). Thus, EVs isolated early after burn recapitulate the
immediate/early SIRS response, while EVs isolated late reproduced
features of the immunosuppressive CARS phase. In addition to im-
mune responses, EVs promote burn-induced endothelial barrier dys-
function. Extracellular vesicles isolated after burn impaired the bar-
rier function of endothelial cells as measured by a transendothelial
electrical resistance assay (16). Based on these studies, the alter-
ations in the cargo of EVs could be an adjuvant or a driver of
pathologic responses after severe burn injury.

Extracellular vesicles transfer several immunomodulatory
molecules such as HMGB1 after severe burn injury (17). High
mobility group box 1 is a nuclear histone binding protein that is
often secreted after tissue injury, necrotic cell death, or cellular
stress (11). High mobility group box 1 is also capable of forming
heterocomplexes with other immune molecules, such as IL-1β,
which can lead to more potent immune responses. In a mouse
model of severe cutaneous burn injury, HMGB1 and IL-1β were
found to be elevated within plasma EVs, but not EV-depleted
plasma (17). This was similarly observed in human burn patients
who had sustained a more than 20% total body surface area cutane-
ous burn, with IL-1β reaching peak concentrations 24 to 48 hours
after injury. Furthermore, there was an increase in HMGB1 and
IL-1β heterocomplexes in plasma EVs after burn injury that en-
hanced expression of proinflammatory IL-6 and IFN-β in human
THP-1 monocytes, two key cytokines that drive the immune re-
sponse observed after burn injury (17). Specifically, IL-6 corre-
lates with burn mortality (18). These findings suggest that the
HMGB1/IL-1β EV heterocomplexes play an important role in
the immune response to severe burn injury. Together, these stud-
ies implicate EVs in immune and barrier dysfunction after severe
burn injury. Future work should further define the role EVs play
in postburn pathology and whether modulating EV signaling im-
proves outcomes after burn injury.
Extracellular vesicles as mediators in CNS trauma

Traumatic brain injuries
In the United States, there are approximately 2.8 million emer-

gency department visits and hospitalizations for a traumatic brain
injury (TBI) each year, resulting in 56,000 deaths (19). Similar to
severe burn injury, TBI is classified by two phases. The primary
phase is caused by sudden trauma to the brain that causes tissue
injury due to hemorrhaging and physical damage. Neurological
damage associated with TBI continues to develop during the sec-
ondary phase, which is the phase where most hospital deaths oc-
cur (20). The primary cause of brain injury during this phase is
due to brain swelling (21). Furthermore, the secondary phase is
characterized by neuroinflammation that is activated to repair
the site of injury and restore barrier integrity. However, this neu-
roinflammation can exacerbate the initial injury by increasing ox-
idative stress and disrupting the blood-brain barrier (BBB), which
can persist for years after injury (22). While this response is
meant to heal and repair the injured tissue, unregulated neuroin-
flammation and coagulopathy can cause increases in morbidity
and mortality in TBI patients (23). A better understanding of the
complex immune responses that occur during the secondary phase
of TBI could lead to the identification of new therapeutic targets
that may improve health outcomes in TBI patients. Recent evi-
dence has demonstrated that EVs play an important role in exacer-
bating complications during the later phase of TBI.

Cell-to-cell communication is pivotal for regulating the immune
response after TBI and EVs are the critical mediators involved in
this communication. During the secondary phase of injury after
TBI, a robust inflammatory response occurs that results in the mi-
gration and activation of peripheral immune cells and resident glia
to the site of injury (24). While this inflammation is important for
healing at the injury site, a severe and unregulated neuroinflamma-
tory response following TBI can cause further damage. After TBI,
there is a significant increase in circulating EV levels in both human
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patients and mice (25,26). In humans, this increase in circulating
EVswas found at the time of admission, with a decline over the next
72 hours. This trend was consistent for platelet-, endothelial-, and
leukocyte-derived EVs (26). In mice, there was a surge in EV con-
centrations within 24 hours after TBI, with a shift in size of the EVs
fromMVs to exosomes, that could be caused by barrier breakdown
or inflammation in the CNS (25). Thus, EV concentrations in the pe-
riphery in both mice and humans increase early after TBI and could
implicate EVs as regulators of the second, proinflammatory, and
coagulopathic phase of TBI.

To evaluate the changes in EV content after TBI, next-generation
sequencing was used to analyze the miRNA content in EVs isolated
7 days after TBI in mice (27). An increase in miR-21, miR-146,
miR-7a, and miR-7b was found in the injured cortical hemisphere
compared with sham mice. miR-21 showed the largest fold change,
and the increase in expression was primarily localized to neurons
(27). miR-21 is a strong stimulator of toll-like receptor 7/8 (28)
and has been previously identified as being proinflammatory and
neurotoxic (29). Exposure of microglia in vitro to neuron-derived
EVs that highly express miR-21 induced proinflammatory M1
microglia polarization (30). This proinflammatory polarization
of microglia resulted in the release of neuroinflammatory factors
and encouraged the apoptosis of neuronal cells (30). Thus, TBI
causes changes in EV miRNA content that can result in further
aggravation of neuroinflammation and neuronal damage. Besides
neurons being a source of EVs after TBI, EVs derived from mi-
croglia have also been shown to be elevated early after TBI in
mice (31). These EVs contained proinflammatory molecules such
as miR-155, IL-1β, and TNF-α. Injection of these EVs into naive
mice caused an inflammatory response in the brain (31), suggest-
ing that microglia release EVs that exacerbate neuroinflammation
following TBI. Therefore, EVs secreted both from neurons andmi-
croglia after TBI promote further tissue injury.

One of the most serious consequences following TBI is coag-
ulopathy (23). Nearly one third of patients hospitalized for a TBI
will develop clinically significant coagulopathy (23). One of the
major contributors to coagulopathy is platelet dysfunction. Extra-
cellular vesicles, many of which are platelet-derived, have indepen-
dent thrombotic activity and their release after TBI can influence
platelet function. In a mouse model of TBI, it was found that
EVs released after TBI cause platelet hypoaggregation (32). These
researchers also found that the EVs released after TBI contained
the Adenosine diphosphate (ADP) P2Y12 receptor, a key receptor
for increasing the sensitivity of platelet aggregation (32). When
co-treating these EVs with an ADP P2Y12 receptor antagonist, the
post-TBI platelet hypoaggregationwas ameliorated. On the contrary,
EVs released from the brain into circulation after TBI enrichedwith
tissue factor promote hypercoagulation (33). Thus, EVs can con-
tribute to both platelet dysfunction and hypercoagulation after TBI.

The late phase of TBI is the main period where significant
damage to the brain and BBB occurs. Extracellular vesicles can
also contribute to increases in BBB permeability after TBI. The
BBB is primarily made up of highly specialized brain endothelial
cells that are known to respond to mechanical forces. Both the early
and late phases of TBI can trigger alterations in the BBB. Extracel-
lular vesicles released by these brain endothelial cells can impact the
structure of the BBB or be used as a potential marker for changes in
the BBB. Utilizing an in vitro model of rapid tissue deformation in
human-brain endothelial cells, a time dependent release of EVs from
these cells was observed (34). These EVs contained tight junction
proteins (occludin) and endothelial markers (e.g., ICAM-1 and
PECAM-1) that were released following the stretch procedure.
In a controlled-cortical impact mouse model of TBI, the au-
thors further found that there was an increase in circulating
occludin-containing EVs in the plasma of these mice (34).

Though the main problems after TBI are related to the brain or
coagulopathy, complications may also occur that impact organ
systems throughout the body. One of the most common complica-
tions after TBI is secondary acute lung injury (ALI) that develops
in 20–25% of patients (35). The mechanism underlying how TBI
can induce ALI remains unclear; however, attention has been
placed on EVs as being a driver of this secondary complication
(36,37). A robust release of DAMPs post-TBI can promote ALI.
In a mouse model of TBI, an increase in the AIM2 inflammasome
and HMGB1 expression in lungs was observed, with EVs being
implicated as a major cause for the increased expression in the
lungs (37). Extracellular vesicles isolated from serum after severe
TBI increased inflammasome production and inducedALI in naive
recipient mice. However, combined treatment of naive mice with
TBI EVs and enoxaparin, a heparin that can inhibit EV uptake, re-
duced inflammasome activation and prevented ALI from occurring
(37). To corroborate these findings, EVs were isolated from the se-
rum of human subjects that were diagnosed with a TBI. Human
TBI EVs caused pyroptotic cell death through inflammasome sig-
naling in human lungmicrovascular endothelial cells (38). Another
characteristic of ALI is the disruption of the blood-air-barrier
(BAB), which results in deficiencies in gas exchange at the alveo-
lar capillaries in the lung. Kerr et al. (2019) found that EVs released
from the brain can cause inflammation in the lung as well as
disrupting the integrity of BAB (38). Additional studies have also
revealed that the brain EVs present after TBI can disrupt this endo-
thelial barrier through a synergistic interaction with platelets (33).
Further characterization of these EVs illustrated that they contained
mitochondria, which preferentially bind to platelets (39). These
platelets bound to EVs containing mitochondria that reduced
the expression of tight junction proteins and impact the barrier integ-
rity of endothelial cells, contributing to ALI (39). These studies indi-
cate that EVs released from the brain after TBI can alter the BAB
and thus can play a role in the development of ALI. Together, these
studies implicate EVs in multiple facets of TBI pathology including
neuronal damage, neuroinflammation, coagulopathy, and ALI (Fig. 2).

Spinal cord injury
Spinal cord injury (SCI) is another severe form of trauma to the

CNS. There are approximately 17,000 SCI cases in the United
States each year, and there is an estimated 363,000 SCI survivors
living in the United States (40,41). While advancements in critical
care and symptommanagement have slightly reducedmortality as-
sociated with SCI (40), mortality rates are still high and there is a
drop in life expectancy for survivors (42). Currently, there is a pau-
city of effective treatments to handle the long-term complications
associated with SCI. One of the main reasons for this is because
there is not a comprehensive understanding of the complex pathol-
ogy following this form of neurotrauma. Traumatic injury to the
spinal cord develops similarly to TBI, with the primary phase oc-
curring because of a mechanical or penetrating force that causes



FIG. 2. The impact of EVs released after traumatic injuries and sepsis on organ systems throughout the body. After various traumatic injuries, EVs are
released that contain a variety of different cargo capable of promoting immune dysfunction, coagulopathy, and inflammation at the site of injury or systemically. This
includes DAMPs, miRNAs, cytokines, tissue factor, and P2Y12. After trauma, EVs can predispose a patient to sepsis, which subsequently results in the release of
EVs enriched with CRP, phosphatidylserine, DAMPs, and key miRNAs that negatively impact coagulation and lung function (5). CRP, C-reactive protein; DAMP,
damage-associated molecular pattern; EV, extracellular vesicle.
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immediate damage to the neural tissue. Subsequently, the second-
ary phase begins where inflammation and immune dysfunction ex-
acerbate the damage caused by the initial trauma over time (43).
The secondary phase is a window wherein therapeutic interventions
could improve morbidity and mortality for patients. Similar to burn
injury and TBI, EVs participate in the progression of the secondary
phase of SCI by delivering cargo that alters the function of cells in
the CNS and throughout the body.

To our current knowledge, there have not been any studies to
date evaluating the impact of SCI on the circulating EV concen-
trations in human patients. However, there has been work explor-
ing the impact of SCI on circulating EV concentrations in rodents.
After thoracic contusion SCI in adult male mice, total EV numbers
were decreased 1 day after injury before recovering to normal
physiological levels over time. However, there was a significant in-
crease in plasma tetraspanin CD81+ EVs after SCI before returning
to sham levels by day 14 after injury (44). The source of these EVs
was thought to originate from astrocytes at the site of injury, be-
cause local astrocytes had dramatic decreases in CD81 surface ex-
pression. Despite the limited amount of data on the circulating EV
concentrations after SCI, there have been numerous studies evalu-
ating the alterations in EV cargo after this form of trauma.

One of the major complications that develops during the sec-
ondary phase of SCI is unregulated neuroinflammation that can ag-
gravate the initial injury. Extracellular vesicles also participate in
this process. In a rat model of SCI, alterations in the miRNA con-
tent of EVs in the serum 6 hours after injury were analyzed. In this
study, 217 miRNAs were found to be differentially expressed be-
tween sham rats and SCI rats, with 78 being upregulated and 139
downregulated. These miRNAs have postulated functions related to
axonal guidance, Wnt signaling, and long-term potentiation (45).
These EVs could contribute to the pathology of SCI by influencing
these signaling pathways. Furthermore, during the analysis of the
miRNA content of these EVs, the miRNA profile reflected those
that were previously identified in EVs derived from astrocytes af-
ter in vitro stimulation with IL-1β or TNF-α (45,46). To further
corroborate these findings, EVs isolated from either SCI mice
or sham mice were intracerebroventricularly injected into naive
mice. After 24 hours, mice injected with SCI EVs had increased
expression of key inflammatory genes as well as increased intracel-
lular IL-1β and IL-1α levels in brain astrocytes (44). In another
study, authors found that the C-Cmotif chemokine ligand 2, a cy-
tokine involved in the regulation of the migration and penetration
of leukocytes, was encapsulated and secreted in EVs by astro-
cytes after SCI (47). The secretion of this cytokine acted on both
microglia and neurons, encouraging microglial activation and
neuronal apoptosis. The subsequent activation of microglia led
to the release of IL-1β, which further stimulated apoptosis in neu-
rons, acting as a positive feedback loop (47). While astrocytes
have been primarily studied as a source of EVs after SCI, other cell
types might also participate in the secretion of EVs after SCI. Thus,
similar to TBI, EVs play a key role in immune responses and patho-
logic progression after SCI.

Extracellular vesicles promote the progression of sepsis
and septic shock

Sepsis is a potentially life-threatening condition that is caused
by a dysregulated response to infection, which can cause tissue dam-
age, organ failure, and death (48). Nearly 1.7 million adults are af-
fected by sepsis in the United States each year and 270,000 of these
people will die as a result (49). Early diagnosis and prediction of pa-
tients at risk for sepsis are difficult, and there are limited therapeutic
countermeasures (50). The risk of developing sepsis in patients un-
dergoing treatment for trauma is of particular concern for clinicians.
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While the mortality rates associated with sepsis has decreased over-
all (51), this rate has remained unchanged in trauma patients (52).
Similar to severe burn injury and CNS injuries, EVs play a role
in the progression of sepsis. However, because both pathogens
and the host use EVs as signaling vehicles, it is difficult to pin-
point which EVs from the host exacerbate sepsis (50). Here, we
will primarily discuss EVs that originate from the host that influ-
ence the development of—and pathology associated with sepsis.

Septic patients have substantially higher concentrations of cir-
culating EVs than matched controls, and EV numbers correlate
with the severity of sepsis (53). The primary sources of plasma
EVs released during sepsis are platelets and circulating immune cells,
such as macrophages, dendritic cells, neutrophilic granulocytes, and
natural killer cells (54,55). However, recent studies have found that
EVs released from the astrocytes and perhaps neurons could possibly
contribute to sepsis-related complications (56). Lin et al. measured ex-
pression of glial fibrillary acidic protein (GFAP) and neuron-specific
enolase in plasma EVs. Because GFAP is localized in hepatic stel-
late cells and spinal cord astrocytes, and neuron-specific enolase is
in platelets and erythrocytes (57,58), this study cannot definitively
identify the brain as the source of these EVs. However, the authors
did find EVs isolated directly from brain parenchymal tissue using
gentle digestionmethods did promote hypercoagulation in plasma as
well as lung, liver, and kidney injury in naivemice. Further evidence
that suggests postsepsis EVs can be harmful. In preclinical and clin-
ical sepsis, lymphocyte apoptosis is common and is promoted by
the release of caspase-1 from circulating EVs in septic patients
(59). Thus, EVs can promote sepsis-associated pathology.

One of the major complications in septic patients that clini-
cians must combat is sepsis-induced lung injury. Sepsis is one
of the leading causes of ALI and acute respiratory distress syn-
drome in hospitals, and the lung is considered to be one of the
most vulnerable organs during sepsis (60). Extracellular vesicles
are a possible contributor to the development of sepsis-induced
lung injury. In one study, the intratracheal administration of EVs
released from LPS-stimulated alveolar macrophages into naive
mice increased lung injury parameters, such as bronchoalveolar
fluid protein and neutrophil counts (61). There was also an in-
crease in ICAM-1 expression on both type I and type II epithelial
cells, which is indicative of deficiencies in epithelial cell barrier
function (61). Furthermore, dendritic cells that were activated
by LPS stimulation secreted EVs that, in turn, caused the secre-
tion of chemokines by epithelial cells (62). While the release of
cytokines is important for the innate immune response, excess cy-
tokine secretion can intensify septic complications (63). In another
study, EVs derived from septic patients caused the secretion of in-
flammatory factors in THP-1 monocytes (64). Analysis of the EV
contents in these septic patient samples found that they were
enriched for miR-210, which induced inflammation and apoptosis
in bronchial epithelial cells (64). These principal studies provide a
link between EVs and lung complications in septic patients.

Another severe and fatal clinical complication of sepsis is dis-
seminated intravascular coagulation. Approximately 35% of sep-
tic patients develop this serious condition that involves consump-
tion of coagulation factors and platelets, which can lead to clotting
in blood vessels throughout the body. Disseminated intravascular
coagulation reduces the blood supply to organs and contributes
to organ failure (65). Because of the procoagulant activity of
EVs, they could be involved in the development and pathology
of disseminated intravascular coagulation (66). Phosphatidylser-
ine on the surface of EVs derived from platelets, leukocytes,
and endothelial cells could contribute to sepsis-induced coagulop-
athy (67). Zhang et al. found that EVs isolated from septic patients
had elevated levels of phosphatidylserine on their surface and that
these EVs increased thrombin formation in vitro on cultured endo-
thelial cells (67). Furthermore, an additional study found that plate-
let derived EVs promoted thrombin generation. However, this ef-
fect was negated by annexin V, which binds and inactivates phos-
phatidylserine (68). Furthermore, EVs contain DNA, histones, and
other components, such as C-reactive protein (CRP) that cause
procoagulant activity (69,70). Thus, EVs secreted during sepsis
are most likely contributing to sepsis-induced coagulopathy.
EXTRACELLULAR VESICLES AS BIOMARKERS AND
PROGNOSTICS IN TRAUMATIC INJURIES

As detailed previously, EVs carry important signaling mole-
cules that can promote complications after trauma. Therefore,
characterization of EV contents could identify potential biomark-
ers of disease severity and complication risk. As such, EV bio-
markers have been identified in the settings of severe burn injury,
blast induced TBI, SCI, and sepsis that could predict disease se-
verity and outcomes (12,50,71,72).

In severe burn injury, both plasma EV contents and concentrations
could serve as predictive markers. After severe burn injury, EV
concentrations were positively correlated with burn size (12,16).
liquid chromatography tandem mass spectrometry proteomic as-
sessment of plasma EVs from 50 burn patients found increased
levels of both serum amyloid A1 (SAA1) and CRP in EVs 72 hours
after injury, which correlated with length of hospital stay in females
(12). Importantly, SAA1 and CRP in EV-depleted plasma did not
associate with disease outcomes, suggesting SAA1 and CRP in
plasma EVs are superior prognostic biomarkers. In another study,
43 miRNAs were found to be differentially expressed in the der-
mal interstitial fluid of a human ex vivo skin model of a deep
partial-thickness burn. miR-497, anmiRNA upregulated in hypertro-
phic scars, was persistently downregulated after burn. The degree of
loss of miR-497 could be used an indicator for the regenerative ca-
pacity of an individual’s injured tissue a burn injury (73). This be-
comes important, because there is currently no diagnostic metric to
help burn surgeons decide when to surgically restore wounds after
burn injury. Because dermal interstitial fluid can be collected safely
and noninvasively, the EVs from this biofluid could be used in the
future to assist surgical decision making.

Extracellular vesicles have also been investigated as potential
biomarkers in TBI. Traumatic brain injury diagnosis and progno-
sis are determined using neurological and neuroimaging tech-
niques, such as the Glasgow Coma Scale, computed tomography
scans, and magnetic resonance imaging. However, these techniques
have several limitations, such as the low sensitivity of computed to-
mography and the inability to perform magnetic resonance imaging
if metal fragments are present. Furthermore, these approaches fail to
clearly assess other physiological parameters of TBI. To circumvent
this, recent work has examined the composition of EVs present in
cerebral spinal fluid (CSF) or plasma after TBI as a means of poten-
tially determining injury severity (74). Extracellular vesicles in CSF
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of patients diagnosed with severe TBI were collected for up to
10 days after injury and found previously identified TBI biomarkers,
such as GFAP andαII-spectrin breakdown products (75,76), as well
as new candidates such as C1qb (74). Future work should attempt to
associate such EV contents with patient outcomes. Other studies
have assessed plasma EVs in patients with TBI. Puffer et al. found
that after TBI, GFAPwas increased in plasma EVs as well as numer-
ous miRNAs related to molecular and cellular functions (77). Col-
lecting CSF or plasma is invasive and not easily accessible; thus,
there have been other studies to evaluate the presence of biomarkers
indicative of TBI using more readily accessible collection methods.
For instance, in plasma EVs isolated after TBI, there were increases
in EV p-tau, tau, Aβ42, and IL-10 (78,79). Recently, a positive cor-
relation between plasma EVs containing neurofilament light and
TBI severity was recently seen in a military population (80).
Within 1 year of injury, plasma EV neurofilament light was found
to be superior to GFAP in discriminating between patients of differ-
ing TBI severity (80). Extracellular vesicles in the saliva of TBI pa-
tients have also been assessed and revealed an injury-dependent up-
regulation of the CDC2, CSNK1A1, and CTSD transcripts (81).
These transcripts all have established roles in neurodegenerative dis-
eases correlating with TBI, suggesting a role for salivary EVs in di-
agnosing TBI, especially mild cases of TBI that are not severe
enough to be detected by traditional methods. However, compared
with TBI, there is a paucity of research that has identified EV bio-
markers for SCI. These early studies illustrate that EVs are useful
tools as biomarkers for CNS trauma.

Sepsis is often caused by an aberrant host response to infection
and is a common complication for trauma patients. In sepsis, there
is an urgent need to identify biomarkers that could predict risk and
assist in guiding diagnosis and treatment. Markers are needed that
have low variability between patients and can be quickly measured
(50). This is quite challenging given the robust immune and paren-
chymal cell dysfunction in sepsis. However, prognostic biomarkers
are of great interest because the rapid identification of sepsis can
greatly improve survival (50,82). Although procalcitonin levels
are currently used in some capacity to inform the cessation of anti-
biotics, it is not always reliable and is not a strongly recommended
method for governing the treatment regimens for septic patients
(83). Recently, CRP was found to be increased in plasma EVs in
septic patients, with CRP+ EVs promoting monocyte inflamma-
tory activation (70). Extracellular vesicle CRP levels were not as-
sociated with patient outcomes in this study. However, this should
be pursued given the association of EV CRP with outcomes in
burn patients (12). When treating septic patients, it is imperative
to quickly identify the microbial agent driving sepsis. Typically,
this is done using blood cultures; however, evidence suggests that
up to 30% of these cultures fail to identify the microbial source
(84). A method of solving this problem is to evaluate EV surface
markers, content, and concentration to accurately determine the
type of microbial infection that is present. Woth et al. found that
septic patients with mixed fungal infections had higher levels of
plasma EVs with PAC1− and CD42a− surface markers early dur-
ing infection compared with septic patients who did not have a
fungal infection (85). These results suggest that measuring the
presence of these surface markers in EVs isolated early after infec-
tion could be useful for identifying the type of microbial infection
in septic patients. The stability of EVs and their potential to provide
more specificity than total plasma raise the need for further studies
to determine if EV contents, numbers, or surface markers can be
used to predict sepsis risk and outcomes.

EXTRACELLULAR VESICLES AS A TREATMENT
VEHICLE FOR TRAUMATIC INJURY COMPLICATIONS

In addition to their roles in disease pathogenesis and biomarker
discovery, EVs are also becoming harnessed as therapeutic agents
themselves in many clinical pathologies. For instance, EVs from
mesenchymal stem cells (MSCs), multipotent cells found in virtu-
ally every human organ, have been studied because of their regen-
erative and immunomodulatory effects (86). With the limited cell
engraftment observed with MSCs themselves, MSC-derived EVs
have emerged as a more effective alternative (87). Indeed, preclin-
ical data collected across multiple models suggest that a primary
mechanism ofMSC efficacy is mediated by the release of EVs into
the extracellular space (88). In addition, isolation of MSC-derived
EVs from in vitro conditioned media has proven to induce similar
or even greater immunomodulatory responses than the MSCs
themselves (89). Therefore, MSC-EV therapy is perhaps the next
generation of cellular therapeutics, with nearly 1,000 clinical trials
currently ongoing worldwide. As traumatic injury is associated
with immune dysfunction as well as tissue destruction, the
anti-inflammatory and regenerative capacity of MSC-EVs make
them an attractive treatment strategy. Furthermore, therapies for
trauma need to be field deployable in a rapid and universal fash-
ion. Mesenchymal stem cell EVs have the potential to fulfill this
need because they are amenable to universal applicability in a rapid,
stable, and scalable manner. For instance, MSCs do not possess
cell histocompatibility molecules that necessitate donor-recipient
matching. As such MSC-EVs can be provided in a universal and
allogeneic manner. Extracellular vesicles are also non–self-
replicating, are stable at ambient temperatures for long periods,
can be cryopreserved, freeze-dried, and/or sterile filtered allowing
for development of standardized, off-the-shelf products (90). Mes-
enchymal stem cells are also a naturally renewable cell type and
thus can be scaled up for the mass production of EVs. Together,
the intrinsic properties ofMSC-EVsmake them useful in treatment
of individuals, groups of individuals, or even mass casualty use.

Emerging studies have found utility inMSC-EVs in settings of
trauma and sepsis. Mesenchymal stem cell EVs mitigated visual
deficits after mild TBI in mice (91). In rat and monkey TBI
models, MSC-EVs reduce neuroinflammation and might poten-
tially improve recovery (92,93). In SCI, MSC-EVs loaded with
the miRNA-22 reduced microglial pyroptosis and improved in-
flammatory profiles after injury (94). Recently, MSC-EVs given
to rats after SCI increased neuronal coverage of the injured area,
reduced levels of apoptotic caspase-3, and improved functional
scores (95). In models of hemorrhagic shock, MSC-EVs reduced
shock-induced vascular permeability in the lungs (96,97).Mesen-
chymal stem cell EVs were found to improve wound healing
(98). In an early life sepsis model, MSC-EVs improved neuroin-
flammation and brain structural change (99). Nanovesicles simi-
lar to EVs from MSCs were also found to improve hypothermia
and suppress cytokine stormed in a model of Escherichia coli"–
induced sepsis (100). Although this field is still in its early phases,
these studies are promising and warrant future investigations into
using EVs as biomedicine in trauma and sepsis.
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CONCLUSIONS

Secondary complications that develop in trauma patients remain
a major challenge for clinicians to combat. Recently, EVs have
emerged as key mediators in posttrauma pathology. The release
of EVs after traumatic injuries can cause immune dysfunction,
hyperinflammation, coagulopathy, and damage to other organ sys-
tems. In addition, EVs can also promote the progression of sepsis.
While EVs can exacerbate the damage associated with traumatic
injuries and sepsis, they could also be harnessed as powerful prog-
nostic biomarkers that could aid in the treatment and diagnosis of
patients. Lastly, the use of MSC-EVs as a therapeutic for severe
trauma and sepsis represents a promising future for biomedicine.
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