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Abstract

Extracellular vesicles (EVs) have emerged as key mediators of cell-cell communication during homeostasis and in

pathology. Central nervous system (CNS)-derived EVs contain cell type-specific surface markers and intralumenal pro-

tein, RNA, DNA, and metabolite cargo that can be used to assess the biochemical and molecular state of neurons and glia

during neurological injury and disease. The development of EV isolation strategies coupled with analysis of multi-plexed

biomarker and clinical data have the potential to improve our ability to classify and treat traumatic brain injury (TBI) and

resulting sequelae. Additionally, their ability to cross the blood–brain barrier (BBB) has implications for both EV-based

diagnostic strategies and for potential EV-based therapeutics. In the present review, we discuss encouraging data for

EV-based diagnostic, prognostic, and therapeutic strategies in the context of TBI monitoring and management.

Keywords: biomarkers; diagnostics; exosomes; extracellular vesicles; inflammation; outcome; prognostics; traumatic brain

injury

Introduction

Traumatic brain injury (TBI) is a complex, debilitating

condition and global public health concern affecting an esti-

mated 69 million people worldwide each year.1 TBI results in a

diverse set of physical, cognitive, sensory, and emotional symp-

toms caused by a dynamic combination of the damage to tissue

from the initial injury and secondary cellular and biochemical

processes that follow the injury.2–4 The successful management of

TBI, which varies greatly between individual patients, demands

accurate diagnostics and personalized therapeutic strategies to

promote neurological recovery and improved outcome for the un-

ique combination of damage in each patient.

Extracellular vesicles (EVs), including exosomes, have gener-

ated enormous enthusiasm as new opportunities for both diagnos-

ing and guiding the treatment of TBI. EVs derived from the central

nervous system (CNS) participate in neuron-glial communication,

neuroinflammation, and propagation of pathogenic proteins such as

amyloid ß, all processes that drive the neurodegenerative micro-

environment of evolving TBI pathology.5–7 The direct involvement

of EVs in TBI progression and their expression of brain cell type-

specific surface markers (Fig. 1A) makes them valuable potential

biomarkers (Fig 1B).8–10 Because EVs can cross the blood–brain

barrier (BBB) and remain intact, they are ideal biomarkers of

processes of CNS injury and recovery.11 EV cargo can reflect the

biomolecular state of their cells of origin,12–14 and therefore brain-

derived EVs provide a direct window into the pathology and pro-

gression of TBI (Fig. 1C). Additionally, the internalization of EVs

by recipient cells holds therapeutic potential for treatment of TBI.

For example, EVs derived from mesenchymal stem cells demon-

strate therapeutic potential by promoting cellular and functional

recovery following TBI in animal models.15–19 Other studies utilize

EVs’ ability to cross the BBB to develop EV-based nanocarrier

systems that deliver anti-inflammatory or neurotrophic factors into

the inflamed CNS to treat neurodegenerative disease.20,21

In this review we discuss the challenges to accurately diagnos-

ing, prognosing, and treating TBI in the clinic, and how EVs pro-

vide a promising new opportunity to tackle these issues. In

particular, we will focus on the role of previous work as setting the

stage for future opportunities to use EVs as biomarkers to guide the

treatment of TBI.22,14

The fundamental challenges of developing
biomarkers for TBI

The variability of injury severity and the heterogeneity of the

underlying mechanisms of TBI progression present challenges to

both clinical trial design and development of accurate diagnostic,

prognostic, and predictive molecular biomarkers of TBI.23–33 Once

considered primarily an acute condition, mild TBI (mTBI) is now

recognized as a progressive disease34,35 that leads to the develop-

ment of sequelae ranging from mood36 and sleep37 disturbances to

post-traumatic epilepsy38 in 10–20% of patients.35 For moderate

and severe TBI, survivors are left with significant neurological
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impairments that contribute career transitions, disruptions in life-

style, and significant economic burden.39–41

Dysfunction of the neurovascular unit following TBI arises

through the injury and increased reactivity of the endothelial cells,

astrocytes, pericytes, and microglia that regulate blood flow to the

surrounding parenchyma. Microstructural endophenotypes associ-

ated with TBI, such as vascular damage, axonal shearing, and in-

tracranial hemorrhage, each have varying contributions to

molecular and functional pathology across patients.42 Gliosis fol-

lowing TBI triggers complement and inflammasome activation and

chemokine and cytokine release, which occur to recruit immune

cells to sites of damage to clear cellular debris and return the brain

to homeostasis.43–45 When left unresolved, however, the continued

release of free radicals and reactive oxygen species that occurs

during the inflammatory response has damaging effects on sur-

rounding neurons and endothelial cells. The consequences of un-

resolved neuroinflammation include edema, BBB disruption,

exacerbation of excitotoxicity, increased parenchymal metabolic

demand, and decreased cerebral blood flow.46–48 The complex in-

terplay between damaged brain cell types thus drives the progres-

sion of neurodegeneration that contributes to the development of

cognitive deficits post-TBI.41,49,50

The current clinical classification schemes for TBI fail to com-

pletely encompass underlying causes of the pathologies. For this

reason, it is difficult to use these clinical classifications alone to

effectively treat TBI. For example, TBIs can be classified on the

conditions associated with the injury (falls, assaults, collisions,

etc.), functional outcomes such as the Glasgow Coma Scale (GCS),

or by structural damage indicated by imaging techniques.51 The

score of the GCS, a scale that assesses the patient’s level of con-

sciousness through motor, eye, and verbal responses, duration of

unconsciousness, and extent of amnesia, is used to categorize the

patient’s injuries as either mild, moderate, or severe.52 However,

these terms are currently being challenged as insufficient repre-

sentations of TBI heterogeneity.53 Additionally, imaging is often

performed to identify cerebral lesions and abnormalities to assess

severity, operability, and to determine injury localization to guide

surgical planning if necessary.54 Traditional imaging modalities,

however, offer little guidance for therapeutic treatment.

Although GCS and imaging-based biomarkers of TBI are stan-

dard clinical measures, molecular biomarkers derived from liquid

biopsy overcome many of the limitations associated with these

measures. Computed tomography (CT) imaging, the initial mo-

dality used during acute diagnosis of TBI, provides only an as-

sessment of macro-scale anatomical changes most characteristic of

severe TBI such as brain bleeds and lesions, but cannot resolve

other TBI endophenotypes such as inflammation, gliosis, and dif-

fuse axonal injury.23,55 Even though magnetic resonance imaging

(MRI) can be used to assess regions of increased brain activity,

altered cerebral blood flow, and endophenotypes such as axonal and

microvascular pathology, its high cost and inaccessibility limits its

use for repeated monitoring of TBI progression.56 Additionally,

both GCS and imaging techniques are inadequate for character-

ization and prognosis of mTBI, which may present with a ‘‘heal-

thy’’ appearing GCS score, and no obvious structural damage.34,57

Indeed, mTBI presents a unique diagnostic challenge because it

often includes microscopic axonal and vascular injury patterns that

affect biochemical, metabolic, and cellular homeostasis, but these

patterns are difficult to detect completely. With the widespread

distribution of damage, this damage at the microscopic level may

play a role in the development of long-term neurological deficits

exhibited in post-concussion syndrome.58

As an alternative to imaging and behavioral diagnostics, liquid

biopsy is minimally invasive and can provide an accessible metric

for the biochemical and molecular changes occurring in neurons

and glia throughout the course of TBI. Blood-based biomarkers that

FIG. 1. EVs are promising biomarkers of traumatic brain injury. (A) EVs are nanoscale mediators of cell-cell communication
possessing cell-type specific surface markers and a wide variety of molecular cargo. (B) EVs have been indicated in both processes of
disease progression and recovery after TBI through their effects on target cells. (C) EVs are released by cells of the brain into the
interstitial fluid where they can gain access to circulation allowing for a non-invasive assessment of the injured brain. A multi-
dimensional, dynamic assessment of EV cargo isolated from multiple brain cell types could increase granularity of TBI monitoring by
identifying underlying mechanisms of pathology. EV, extracellular vesicle; TBI, traumatic brain injury.
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cross the BBB even during periods of relative integrity could be

particularly beneficial for the assessment of mTBI and would also

provide a cost-effective alternative to imaging techniques for as-

sessing TBI of all severities. To this end, several past studies cor-

relate blood-based biomarkers of TBI pathology with patient

outcome, often classifying patients with TBI based on specific

endophenotypes.59

The state of the art of blood-based biomarkers for TBI

To date, the most widely studied blood-based biomarkers of TBI

have been proteins that are released into circulation as a result of

acute pathological processes occurring within 24 h of injury.60,61

For example, glial fibrillary acidic protein (GFAP), an intermediate

filament protein expressed in astrocytes, and ubiquitin c-terminal

hydrolase L1 (UCHL1), a neuronal cytosolic protein, successfully

identify injury severity in acute TBI.62 The general concept of this

approach is that injured astrocytes and neurons release GFAP and

UCHL1, respectively, into interstitial fluid where these proteins

gain access to cerebrospinal fluid (CSF) and then enter systemic

circulation through the potentially compromised BBB.63,64 In hu-

man studies, receiver operating characteristic (ROC) analysis of

GFAP and UCHL1 yielded area under the curve (AUC) of 0.87 and

0.91 for GFAP and UCHL1, respectively, in discriminating patients

with mTBI from healthy controls.62 Further, these markers yield

AUCs of 0.71 and 0.84 for GFAP and UCHL1, respectively, for

discriminating mTBI patients with and without CT scan abnor-

malities,62,63 demonstrating their use in assessing injury severity.

Although serological markers such as GFAP and UCHL1 hold

promise as acute TBI diagnostics of injury severity, several limi-

tations exist. Investigators showed that these markers—like GCS

score and imaging modalities—are inadequate for predicting re-

covery 6 months after mTBI with AUCs of only 0.51 and 0.61 for

GFAP and UCHL1, respectively.62 Additionally, these protein

markers show transient elevations in the peripheral circulation,

likely a result of BBB disruption caused by neuroinflammation and

gliosis,65,66 edema,67 and microvascular disruption.68 In addition,

serological markers (e.g., GFAP and UCHL1) are not directly in-

dicative of these underlying pathological processes, a potential

reason for their limited utility as predictive biomarkers of specific

TBI sequelae. Lastly, UCHL1 is not CNS-specific and is expressed

by cells of the peripheral nervous system, some tumor cells, cells of

the endocrine system, and smooth muscle cells. As a result, the lack

of cell-specificity for UCHL1 may limit its use in blood as a TBI-

specific biomarker.69,70

Similar to GFAP and UCHL1, the serological and CSF presence

of other brain-derived proteins such as neurofilament light poly-

peptide (NFL),71 neuron-specific enolase (NSE),72 myelin basic

protein (MBP),73 calpain-cleaved aII-spectrin N-terminal fragment

(SNTF),74 tau,75 microtubule-associated protein 2 (MAP2),76 and

others following cell injury and death have been linked to specific

phases of injury progression (Fig. 2), but they have demonstrated

limited diagnostic and prognostic potential.77 These proteins ex-

hibit low concentration in circulation (fM–pM), rapidly degrade in

the liver and kidney,71 and bind to plasma protein; all of these

factors decrease their bioavailability. Further, the unique combi-

nation of pathological mechanisms and recovery trajectories for

each TBI makes it unlikely that a single protein biomarker will be

diagnostically and prognostically useful for all patients with TBI.78

Together, the small number of candidate serum protein markers, in

combination with their relative lack of molecular specificity for

determining prognostic outcomes has led many to search for al-

ternative measurement platforms for predicting outcome after TBI.

Monitoring TBI pathology with EV-based biomarkers

EVs are membranous vesicles released from essentially all cell

types of the brain possessing different sizes and origins (Table 1).

Apoptotic bodies are large EVs (50–4000 nm) containing DNA

from dying cells that are released by cells undergoing apoptosis that

can then be taken up by neighboring cells.79,80 Microparticles

(MPs), another subset of EVs, are formed from outward budding of

the plasma membrane and are 100–1000 nm in diameter. MP

membranes contain lipid microdomains containing cholesterol,

phospholipids, and receptors and are heterogeneous in shape.81

Exosomes are distinguished from apoptotic bodies and MPs by

their smaller size (30–100 nm), origin, homogeneous shape, and by

the presence of endosome-specific surface markers and RNA and

FIG. 2. The current gold standard in blood-based biomarkers of TBI are brain-derived markers of acute neuronal and glial cell injury.
The release of brain-derived proteins into systemic circulation is dependent on BBB disruption and the extent of cell injury and death.39

These markers are thus more indicative of injury severity than of specific underlying mechanisms of TBI progression. BBB, blood–brain
barrier; TBI, traumatic brain injury.
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protein cargos.82 Unlike other EVs that are released from the

plasma membrane, exosome production begins with plasma

membrane invagination to form endosomes. Invagination of en-

dosomes leads to formation of intraluminal vesicles (ILVs) within

multi-vesicular bodies (MVBs). MVBs can then be trafficked to

lysosomes for degradation or to the plasma membrane to release

ILVs into the extracellular space. Once ILVs are released into the

extracellular space they are termed exosomes.82

EVs exhibit multiple properties that make them ideal potential

biomarkers of neurological disease. Unlike surrogate protein bio-

markers of acute TBI pathology, EVs are directly implicated in

driving both homeostatic processes and processes of recovery and

pathology in the injured CNS throughout disease progression.6,7

For example, a 2008 study demonstrated for the first time that

exosome-mediated transport of RNAs and proteins between cells

can occur, and these transferred exosomes were associated with

neuropathology in glioblastoma.83 EVs cross the BBB into pe-

ripheral circulation and have been isolated from nearly all bodily

fluids including blood and CSF,11,84 allowing for non-invasive

assessment of the state of the injured and recovering CNS. Nearly

all cells of the brain release EVs with cargo molecules reflective of

their origin cells that cross the BBB and remain protected from

degradation.6 Thus, isolation of EVs derived from multiple brain

cell types followed by targeted assessment of specific EV cargo

could improve our ability to identify specific TBI endophenotypes

such as neuroinflammation, axonal injury, and neurodegeneration.

Most efforts to develop EV-based biomarkers of TBI have fo-

cused on using the presence of traditionally studied proteins such as

UCHL1, tau, and amyloid ß found within EVs as diagnostics and as

predictors of outcome and neurological deficits following TBI.85,86

Additionally, EV-based predictive biomarker work has focused on

chronic traumatic encephalopathy (CTE) and neurodegeneration,

the most debilitating potential outcomes of TBI. CTE is a condition

that could result from repetitive mTBI; a single, severe TBI; or a

series of impacts that do not cause concussion. CTE is character-

ized by unique disbursement of tau pathology that distinguishes it

from other neurodegenerative conditions such as Alzheimer’s

disease (AD).87 Elevations in plasma and CSF levels of tau occur

acutely after TBI,88 but although plasma and CSF proteins have not

served as adequate biomarkers of CTE,89,90 many believe EV-

associated proteins may provide a more accurate assessment of

neurodegeneration.

These studies demonstrate that measuring a diverse array of

brain-derived EV molecular cargo may provide a more dynamic

view of the pathological processes that drive TBI sequelae such as

CTE. For example, although increased neuron-derived exosome

levels of neurofunctional proteins such as UCHL1 and occludin

have been transiently observed in acute mTBI, elevations in exo-

some levels of pathogenic isoforms of tau and amyloid are ex-

hibited in both acute and chronic mTBI91 and in veterans with

histories of 3+ TBIs.86 Additionally, exosome tau correlates with

post-TBI severity, progression, and neuropsychiatric and behav-

ioral symptoms in US veterans.85,86 Moreover, exosomal tau levels

distinguish controls from former National Football League players,

a group with increased risk of developing CTE,92 with 82% sen-

sitivity and 100% specificity.89 In addition to the potentially pre-

dictive abilities of exosomal tau, exosomal interleukin 10 (IL-10)

levels correlate with behavioral symptoms following TBI in mili-

tary personnel. These studies demonstrate the potential for EVs to

serve as biomarkers of TBI progression that persist from the acute

to the chronic phases of injury, and the potential utility of analyzing

multiple types of exosomal cargo to fully capture the nature of TBI

progression into specific sequelae.

Although neuron-derived exosomal levels of neurodegenerative

proteins appear frequently in past efforts to develop EV-based di-

agnostics, EVs from other cell types are now implicated in other

processes post-injury.6,93 For example, microglial-derived

exosome-associated miR-124 plays a role in recovery post-injury

by promoting neurite outgrowth,94 inhibiting neuronal autop-

hagy,95 reducing expression of pro-inflammatory mediators,94,96

and increasing expression of anti-inflammatory factors.96 Con-

versely, protein and microRNA (miRNA) cargo from astrocyte-

derived EVs promotes the peripheral acute cytokine response, a

process that occurs in the periphery to induce transmigration of

peripheral leukocytes into the brain following injury.97–99

Additionally, astrocyte-derived EVs isolated from patients with

AD exhibit increased expression of ßACE1 and pathological tau

and amyloid ß isoforms, implicating them in processes of

Table 1. Characteristics of Extracellular Vesicles

Vesicle type Markers and cargo Size and origin Sources

Apoptotic bodies Integrins, selectins, cell-specific markers;
proteins, MHC 1 and 2, lipid rafts, targeting
and adhesion proteins, RNAs (mRNAs,
miRNAs, circRNAs, lncRNAs) from apoptotic
cells

40-4000 nm diameter; budding
of plasma membrane by cells
undergoing apoptosis

Henson et al.79;
Bergsmedh et al.80

Microparticles/
Microvesicles

Integrins, selectins, cell-specific markers;
proteins, MHC 1 and 2, lipid rafts, targeting
and adhesion proteins, RNAs (mRNAs,
miRNAs, circRNAs, lncRNAs)

100-1000 nm; budding of plasma
membrane by healthy cells

Del Conde et al.81

Exosomes Surface markers, integrins; proteins, MHC 1 and
2, lipid rafts, targeting and adhesion proteins,
RNAs (mRNAs, miRNAs, circRNAs,
lncRNAs)

30-100 nm; formation of MVBs
within endosomes and
subsequent release of
intralumenal vesicles into
extracellular space

Denzer et al.82

EVs are a heterogeneous population of membranous structures derived through a variety of mechanisms. Although there is overlap in vesicle size and
expression of vesicular proteins across the different types of EVs, generally exosomes are distinguished from microparticles and apoptotic bodies by their
smaller size and endocytic origin.59–62

circRNA, circular RNA; EV, extracellular vesicle; lncRNA, long non-coding RNA; mRNA, messenger RNA; miRNA, microRNA; MVB, multi-
vesicular bodies.
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neurodegeneration.100 EVs isolated from TBI and spinal cord in-

jury patient CSF express inflammasome proteins such as ASC,

NLRP1, and caspase, further implicating EVs in activation of in-

flammatory signaling following CNS injury.101 Lastly, a recent

study found that complement protein levels were 12- to 35-fold

higher in astrocyte-derived exosomes isolated from patient plasma

than in neuron-derived exosomes, and that these alterations per-

sisted for 1–4 years following injury.102 These studies demonstrate

not only the potential role of EVs in mediating neuroinflammation,

but also the practicality of acquiring biomarkers from multiple bio-

fluid components, including from different EV populations. Thus, as

our understanding of the role EVs play in neuropathology begins to

expand, so too does the potential for identifying EV-based bio-

markers of the specific TBI endophenotypes that contribute to patient

outcome and target individualized therapeutic interventions.

In addition to the study of specific EV-associated cargo, multi-

dimensional transcriptomic and proteomic analyses of EVs expand

the focus from conventional markers of neuronal and glial damage

to a more directed, dynamic, and individualized assessment of

processes of brain injury and recovery. Mass spectrometry analysis

of protein cargo from EVs derived from TBI patient CSF exhibit

elevations not only in conventionally studied cytoskeletal markers

such as MAP2 and GFAP, but also differential expression of neurite

outgrowth-related and synaptic proteins, homeostatic and cell

signaling regulators, and proteins involved in cell death and pro-

teolysis (Fig. 3).103 Using miRNA sequencing of GluR2+ EVs,

another study illustrated that brain-derived EVs isolated from a

mild (Fig. 4A) and moderate (Fig. 4B) TBI mouse model exhibited

differential expression of miRNAs involved in 56 different path-

ways including long-term potentiation, neurotransmitter signaling,

and intracellular signaling pathways, in addition to unique path-

ways implicated in processes such as cancer.104 These studies

demonstrate the expansive diversity of molecular cargo expressed

in easily accessible samples of EVs that could provide a wealth of

molecular and biochemical information for assessing TBI diagno-

sis, progression, and target pathways for therapeutic intervention.

Although EVs have demonstrated promise as diagnostic and

predictive biomarkers of TBI, there remain many understudied

avenues within this field. First, the correlation between specific EV

populations (e.g., vesicles released from reactive astrocytes) and

the burden of specific TBI endophenotypes (e.g., reactive gliosis) is

not available; completing a study of this correlation could greatly

improve clinical trial design and development of targeted thera-

peutics. More broadly, because EVs are shed from nearly all brain

cell types, they could be used to identify and distinguish neuronal

pathology, gliosis, and axonal and vascular damage by using an

appropriate EV surface marker selection followed by a targeted

analysis of specific classes of EV cargo. However, it is likely that

the cellular localization of a miRNA or protein of interest has an

FIG. 3. CNS-derived EVs express molecular cargo involved in a
wide variety of cellular functions. Proteomic analysis of micro-
vesicles isolated from the CSF of patients with TBI revealed
differential expression of proteins involved in a wide variety of
signaling pathways.81 These data provide rationale for the analysis
of multiple types of EV cargo for assessment of underlying
mechanisms of TBI pathology. CSF, cerebrospinal fluid; CNS,
central nervous system; EV, extracellular vesicle; TBI, traumatic
brain injury.

FIG. 4. Brain-derived EVs exhibit dynamic changes in miRNA in a mouse model of injury. Brain-derived EVs isolated from the
plasma of mice undergoing both (A) mild CCI and (B) moderate CCI exhibited differential expression of miRNAs compared with sham
injured mice.82 These data further demonstrate the potential of brain-derived EVs for monitoring the course of TBI progression. CCI,
controlled cortical impact; EV, extracellular vesicle; miRNA, microRNA; TBI, traumatic brain injury.
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impact on the amount and timing of its packaging into EVs. There

remains an incomplete understanding of how some molecules are

designated for internalization into EVs over others and how CNS

injury alters this process.

Second, the use of EVs as predictive markers of specific TBI

sequelae outside of CTE and neurodegeneration such as epilepsy,

sleep disturbances, and specific mood and emotional disorders has

been understudied. Last, the development of a TBI diagnostic that

combines information from multiple biomarker types (e.g., sero-

logic proteins, EV-associated proteins, and miRNAs) that provide

orthogonal information about the nature of brain injury could fur-

ther increase specificity of TBI assessment. Success in these areas

of biomarker development could transform the way TBI is cur-

rently assessed and treated clinically by allowing for increased

granularity of TBI diagnosis and a more personalized approach to

TBI management.

From bench to bedside: Clinical implications
of EV-based diagnostics

Brain-derived EVs shed by injured neurons and glia that cross

the BBB and enter systemic circulation provide a unique oppor-

tunity to assess the complexity and heterogeneity of CNS injury

through a multi-dimensional analysis of pathogenic and protective

molecules obtained non-invasively. However, clinical utilization of

EV-based biomarkers for TBI diagnostics requires innovative ap-

proaches for the rapid isolation of specific EV populations such that

point-of-care systems may be introduced directly to clinicians. The

most commonly used strategies of EV isolation are time-

consuming, requiring days of ultracentrifugation, and often lead to

samples contaminated with cellular debris.105,106 To address these

problems, miniaturized microfluidic platforms developed recently

greatly increase the sensitivity and specificity of EV isolation.

Several recent reviews outline the progress made with microchip

development for isolation of EVs.107,108 These low-cost platforms

allow for more time-efficient, higher-throughput isolation of brain-

derived EVs. When combined with the advancements made in

next-generation sequencing and digital enzyme-linked immuno-

sorbent assay (ELISA) techniques for biomarker detection, these

platforms allow for the rapid quantification of hundreds of bio-

markers from relatively small volumes of sample.

In addition to the advancements required in EV isolation strat-

egies, deciphering this complex wealth of molecular information

requires computational tools to combine multiple biomarkers into

signatures of specific disease states to increase the specificity of

TBI diagnosis.109 To address these challenges, machine learning is

commonly used to detect signatures of pathology from liquid bi-

opsy approaches.109,110 Rather than relying on a single molecular

biomarker, a technique that does not address the heterogeneity of

TBI pathology across individuals, machine learning provides a

method for combining measurements of different molecular bio-

markers across patients that together can be used as signatures to

discriminate specific TBI endophenotypes.78 If assessed at different

time-points throughout TBI progression, the machine learning al-

gorithms provide a method for monitoring patient recovery and re-

sponse to therapeutic intervention. Machine learning analysis can be

accomplished through the use of any number of different algorithms

such as LASSO and random forest with results that often outperform

the sensitivity and specificity of single biomarkers.109,111,112

Several studies have used machine learning approaches with

clinical data to successful predict patient outcome.113,114 In a 2018

clinical study of more than 500 pediatric patients with TBI,

investigators developed an artificial neural network model using

machine learning to combine CT scan parameters (e.g., presence of

hemorrhage) with clinical measures (e.g., blood glucose level and

GCS score)114 to discriminate between favorable and unfavorable

outcome at 6 months with an AUC of 0.9774 compared with an

AUC of 0.748, the highest AUC obtained using a score based on a

logistic regression model.

The few studies using machine learning techniques to analyze

multi-plexed liquid biopsy and diagnostic data for disease diag-

nostics demonstrate the promise that this approach holds. In a study

by Ko and colleagues, the investigators demonstrated the potential

diagnostic utility of machine learning analysis of brain-derived

EVs isolated with a microfluidic platform.115 Brain-derived EVs

were isolated based on their expression of GluR2, an a-amino-3-

hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) receptor

subunit, followed by analysis of the exosomal miRNA. By using

machine learning to combine multiple differentially expressed

miRNA biomarkers into a blood-based diagnostic, investigators

were able to distinguish a heterogeneous population of mice injured

at different severities and time-points from control mice with an

AUC of 1 and accuracy of 99%. Further, investigators were able to

use this approach to accurately predict specific features of injury

including severity, time elapsed since injury, and different histories

of injury. Lastly, this approach was used to discriminate patients

with TBI from controls with an AUC of 0.9. Several studies have

also demonstrated the promise of machine learning analysis of EV

markers for the diagnosis of certain cancers.116–120

Despite the promise that machine learning techniques hold for

improving the assessment of TBI, precautions must be taken to

reduce the risk of overfitting, a common challenge with small data

sets (n < 50) in which a similar number of biomarkers are mea-

sured.121 Additionally, the use of machine learning with clinical

data requires unique strategies for protecting patient privacy and

confidentiality. Another major concern among neurologists and

pharmacologists is that the results of machine learning analysis of

liquid biopsy data may not be easily correlated with actual mech-

anisms of pathology,122 and it is unclear whether this would limit

the utility of this approach for guiding specific therapeutic inter-

ventions. For example, it is possible that biomarkers deemed sig-

nificant by an algorithm may result from processes downstream from

the actual pathology being assessed, and for this reason caution

should be taken when applying machine learning approaches.109

More specifically, deciphering and monitoring neurotrauma

using an EV-based approach could prove difficult depending on the

phase of injury and the timing of onset of specific pathologies.

Some studies have demonstrated that at various time-points fol-

lowing TBI, there are alterations in EV cargo such as miR-

NAs102,104 and specific proteins such as complement components,

but how these changes relate to and signify specific mechanisms of

TBI progression has yet to be determined. These questions neces-

sitate studies that directly correlate the TBI-induced activation and

progression of pathological cascades occurring during inflamma-

tion and neurodegeneration with the downstream packaging and

release of EVs.

Another concern is the potential difficulty with relating the EV

level of a biomarker of interest to its level in the brain-derived cell

of origin. It remains unclear how certain protein and miRNA cargo

are packaged into EVs and whether, for a specific cargo type, this

loading occurs immediately after injury or on a longer time scale.

There may also be differences in the ability of a specific biomarker

of interest to cross the BBB while packaged into EVs compared

with the same molecule released directly from its cell of origin.
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Additionally, processes of preferential loading and release of

damaged proteins via EVs could result in a higher EV concentration

of a biomarker compared with its concentration in its cell of origin.

Despite these challenges, investigators have shown that even

when EV cargo does not exactly reflect biomarker alterations of its

host cells, EV analysis can still provide useful information for

characterizing disease. A study by Hoshino and associates found

that exosomes isolated from metastatic cells expressed a unique

integrin not representative of the host tumor cell integrin expres-

sion.123 The authors concluded that this finding is consistent with a

process of selective packaging into EVs as a result of the disease

state. These data suggest that, when combined with other tech-

niques such as imaging and GCS evaluation, EVs could provide a

more specific assessment of the underlying mechanisms of pa-

thology and recovery following CNS injury.

Other clinical uses of EVs: EV-based
therapeutic strategies

Despite decades of pre-clinical and clinical research, the suc-

cessful development of pharmacological strategies for improving

patient outcome following TBI remains limited. The range of injury

severity, variation in onset of pathology across patients, the com-

plexity of the underlying mechanisms of TBI progression, and the

presence of comorbidities all contribute to the difficulty in devel-

oping personalized approaches for treating TBI sequelae.124–126

Increased understanding of the complexity of TBI pathology re-

newed interest in the development of mechanism-based approaches

to targeting TBI pathology. Targets of therapeutic intervention

explored include excitotoxicity and neuronal death, inflammation,

axonal injury, cognitive enhancement, augmentation of endoge-

nous systems of neuroprotection, and cellular therapies, among

other approaches.126–127

Recent studies indicate that stem cells promote neurogenesis and

functional recovery in neurological conditions such as Parkinson’s

disease, Huntington’s disease, and amyotrophic lateral sclerosis

(ALS), with mesenchymal stem cells (MSCs) as the most widely

studied platform.128–133 However, the primary mechanism of MSC-

mediated regeneration and neurogenesis is not through engraftment

and differentiation of MSCs themselves but through paracrine-

mediated signaling through molecules secreted by MSCs, including

their secreted EVs.134,135 For example, several studies have dem-

onstrated that administration of cell-free exosomes isolated from

MSCs is sufficient for promoting therapeutic effects following

TBI.15,16,136,137

Administration of MSC-derived EVs promotes recovery fol-

lowing TBI through a combination of mechanisms. A study by Ni

and co-workers demonstrated that MSC-derived exosomes ad-

ministered following controlled cortical impact (CCI) in mice led

to decreased expression of pro-apoptotic factor BAX and pro-

inflammatory cytokines such as tumor necrosis factor alpha (TNFa)

and IL-1b while promoting expression of anti-apoptotic factor

BCL2 compared with vehicle control.16 Treatment with MSC-

derived exosomes also promoted decreased microglial inducible

nitric oxide synthase (iNOS) expression and increased expression

of CD206 and arginase-1, two anti-inflammatory molecules. In

another study, administration of MSC-derived EVs following CCI

in rats promoted angiogenesis and neurogenesis.137 Finally, MSC-

derived EVs also promote increased expression of neurotrophic

factors such as nerve growth factor (NGF).138

In addition to delivering stem-cell derived exosomes for repair

of the injured brain, the crossing of exosomes across the BBB also

point to an opportunity for using exosomes as a delivery vehicle for

therapeutic molecules. Even with systemic intravenous (IV) ad-

ministration, a method producing nearly 100% bioavailability for

pharmacologics targeting tissues outside the CNS, the BBB acts as

a major obstacle preventing the entry of 98% of drugs.139 BBB

dysfunction in combination with the inflammation associated with

TBI promotes migration of peripheral immune cells across the

BBB.140 The ability of naive macrophages able to cross the BBB

through diapedesis requires the use of certain proteins such as

lymphocyte function-associated antigen-1 (LFA-1), which can also

be found in the exosomes isolated from these cells.141

The discovery that EVs can cross the BBB has led to innovative

studies in which they are used to deliver potentially therapeutic

agents to the inflamed brain. In one such study, exosomes from

naive macrophages were used to deliver brain-derived neurotrophic

factor (BDNF) to the inflamed brain resulting in greater accumula-

tion of BDNF in the brain than when BDNF was injected alone.20 In

another study, the same group demonstrated that administration of

exosomes loaded with catalase-encoded plasmids led to inhibition of

inflammation and reactive oxygen species (ROS) production.21

The lack of success in clinical trials for potential TBI therapies is

partially due to the inability of animal models to fully replicate the

complexity of TBI, but also likely due to the inability of targeting

one pathological process to be effective for the treatment of all pa-

tients. Although these results seem promising, the investigation of

the therapeutic potential of MSC-derived EVs is still in its infancy,

and these results must still be replicated before translation to clinical

trials. If successful replication of this work is completed across

different TBI animal models, MSC-derived EVs hold potential

as multi-faceted pharmacologics targeting multiple mechanisms of

TBI pathology to promote regeneration and functional recovery.

Conclusion

EVs have demonstrated great potential for guiding the field of

TBI diagnostics and therapeutic intervention. As our understanding

of the roles that EVs play in TBI pathology is only beginning to

grow, there are many opportunities to drive this field into new

arenas. For example, in addition to markers of TBI diagnosis,

prognosis, and outcome, EVs also have the potential to be used to

advance personalized medicine approaches for TBI therapy by

performing companion diagnostics for drugs being investigated in

clinical trials. To identify what treatment is likely to be most effi-

cacious for an individual patient with TBI, biomarkers are needed

to identify what specific targetable pathological processes con-

tribute most to that patient’s disease. Thus, biomarkers are essential

for advancement of personalized medicine in TBI management.

An example from cancer therapy illustrates the utility of com-

panion biomarkers in the evaluation of potential therapies and the

value of increased granularity of disease classification. The first

companion biomarker to be widely used in cancer therapy was the

estrogen receptor (ER) for breast cancer.142,143 Administration of

tamoxifen to ER-positive breast cancer patients decreases recur-

rence rates by almost 50%.144 Further, analysis of HER2 levels in

ER-negative breast cancer patients can direct clinicians to admin-

ister Herceptin, a drug that has prolonged disease progression (from

4.6 to 7.4 months), increased drug response rate (from 32% to

50%), and increased survival (from 20 to 25 months).145 Im-

portantly, although both ER-positive and ER-negative breast can-

cers share similarities and affect the same tissue, each is driven by

different hormone signaling cascades, expresses different bio-

markers, and exhibits different responses to different therapies.
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Similarly, the increased granularity in TBI diagnosis achieved

by accurate assessment of distinct TBI endophenotypes may result

in improved ability to develop companion biomarkers and targeted

TBI therapies. Rather than grouping vastly dissimilar instances of

‘‘moderate’’ TBI via GCS score, for example, by using biomarkers

to separate patients into categories such as ‘‘moderate TBI with

microvascular damage,’’ or ‘‘moderate TBI with diffuse axonal

injury’’ we may come closer to developing effective TBI therapies

and prognostic biomarkers for each condition.

Although the field has progressed, there is still much about the

function of EVs in TBI pathology that remains unknown. There are

many different populations of EVs released from all cell types of

the brain; current research in the TBI field focuses on a subset of

these cell types. Further, it is unclear how different populations

of EVs interact within the same cell type to promote recovery or

injury progression. More broadly, the role of exosomes in driving

interactions between the CNS and the periphery following injury is

largely unknown. Based on these and other remaining questions in

the field, we expect that the continued study of EVs will result in

innovations in TBI diagnostics and therapeutic strategies.
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