
REVIEW
published: 10 February 2022

doi: 10.3389/fneur.2021.698206

Frontiers in Neurology | www.frontiersin.org 1 February 2022 | Volume 12 | Article 698206

Edited by:

Ramon Diaz-Arrastia,

University of Pennsylvania,

United States

Reviewed by:

Alana Conti,

Wayne State University, United States

Andrew R. Mayer,

Mind Research Network (MRN),

United States

*Correspondence:

Melonie N. Vaughn

mnvaughn@ucsd.edu

Victoria B. Risbrough

vrisbrough@health.ucsd.edu

Specialty section:

This article was submitted to

Neurotrauma,

a section of the journal

Frontiers in Neurology

Received: 22 April 2021

Accepted: 30 December 2021

Published: 10 February 2022

Citation:

Vaughn MN, Winston CN, Levin N,

Rissman RA and Risbrough VB (2022)

Developing Biomarkers of Mild

Traumatic Brain Injury: Promise and

Progress of CNS-Derived Exosomes.

Front. Neurol. 12:698206.

doi: 10.3389/fneur.2021.698206

Developing Biomarkers of Mild
Traumatic Brain Injury: Promise and
Progress of CNS-Derived Exosomes

Melonie N. Vaughn 1*, Charisse N. Winston 1, Natalie Levin 1, Robert A. Rissman 1,2 and

Victoria B. Risbrough 2,3,4*

1Department of Neurosciences, University of California, San Diego, San Diego, CA, United States, 2 Veterans Affairs San

Diego Health System, University of California, San Diego, San Diego, CA, United States, 3Department of Psychiatry,

University of California, San Diego, San Diego, CA, United States, 4 VA Center of Excellence for Stress and Mental Health, La

Jolla, CA, United States

Mild traumatic brain injuries (mTBI) are common injuries across civilian and military

populations. Although most individuals recover after mTBI, some individuals continue

to show long-term symptoms as well as increased risk for neurodegenerative

and neuropsychiatric disorders. Currently, diagnosing TBI severity relies primarily on

self-report and subjective symptoms, with limited tools for diagnosis or prognosis.

Brain-derived exosomes, a form of extracellular vesicle, may offer a solution for

interpreting injury states by aiding in diagnosis as well as outcome prediction with

relatively low patient burden. Exosomes, which are released into circulation, contain both

protein and RNA cargo that can be isolated and quantified, providing a molecular window

into molecular status of the exosome source. Here we examined the current literature

studying the utility of exosomes, in particular neuronal- and astrocyte-derived exosomes,

to identify protein and miRNA biomarkers of injury severity, trajectory, and functional

outcome. Current evidence supports the potential for these emerging new tools to

capture an accessible molecular window into the brain as it responds to a traumatic

injury, however a number of limitations must be addressed in future studies. Most

current studies are relatively small and cross sectional; prospective, longitudinal studies

across injury severity, and populations are needed to track exosome cargo changes after

injury. Standardized exosome isolation as well as advancement in identifying/isolating

exosomes from CNS-specific tissue sources will improve mechanistic understanding

of cargo changes as well as reliability of findings. Exosomes are also just beginning

to be used in model systems to understand functional effects of TBI-associated cargo

such as toxicity. Finally linking exosome cargo changes to objective markers of neuronal

pathology and cognitive changes will be critical in validating these tools to provide insights

into injury and recovery states after TBI.
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INTRODUCTION

Traumatic brain injury (TBI) is the leading cause of death and
disability in the United States and in the developing world (1).
TBI results from a bump, blow, jolt, or any other external force
to the head that disrupts normal brain function (2, 3). In the
United States, nearly 2 million people sustain a TBI annually,
contributing to one-third of all injury-related deaths (4). TBI is
a significant cause of mortality in children and young adults,
and the incidence in older individuals has increased with the
average life span. There are three basic levels of TBI injury:
mild, moderate, and severe. Mild TBIs (mTBI), e.g., concussions,
are the most frequent type to result in post-TBI survival (5).
Historically, the term concussion refers to a low-velocity injury
that results in the rapid onset of short-lived impairment of
neurological function that resolves spontaneously (5). However,
in some cases, symptoms and signs may evolve over a number of
hours to days (6). It’s important to note that the temporary loss
of brain function manifests in a graded set of clinical symptoms
that may or may not involve loss of consciousness (LOC)
(7). mTBIs may result in neuropathological changes, but the
acute clinical symptoms largely reflect a functional disturbance
rather than a structural injury and, as such, rarely is an
abnormality observed using standard structural neuroimaging.
Because of this, often times mTBIs go undiagnosed since
traditional computed tomography scans (CT) and magnetic
resonance imaging (MRI) may fail to capture milder injuries
which do not qualify as contusions or hematomas (7, 8).
Overall, the majority of mTBI patients do eventually recover
from their injuries; however up to 20–50% may experience long-
term symptoms (9–12). TBI also results in increased risk for
development of other brain disorders, including neuropsychiatric
and neurodegenerative disorders (13–16). TBI is also associated
with significantly increased prevalence of developing mood and
anxiety disorders, including suicidal ideation, major depression
and post-traumatic stress disorder (PTSD) (13, 16).

The incidence of the growth of TBI injuries in American has
disproportionally affected the Veteran population. Over 300,000
Veterans have sustained TBIs during combat and training (8, 17)
and due to the mild symptomology, mTBI injuries are grossly
underreported. In Veterans, TBI is particularly challenging to
treat because clinicians must treat TBI symptoms years after
the initial injury. There is limited access to medical information
about the initial insult, and acute symptoms and are typically
what is used to inform severity and potential treatment strategies.
Identifying accessible and clinically feasible biomarkers for TBI is
essential to appropriate diagnosis of TBI-associated dysfunction

and to develop appropriate intervention strategies.

Similar to neurodegenerative diseases, there are several

biomarkers for TBI derived from neuroimaging modalities (8,
18) and cerebral spinal fluid (CSF) sampling (19). CSF is the
chief biological source for identifying CNS-specific biomarkers of
disease. However, CSF sampling is expensive, invasive, and not
readily available in some medical settings, reducing its clinical
feasibility. While neuroimaging modalities are less invasive,
they are similarly costly to implement and have limited access
for some communities. Because of the resources and expertise

required, timing between injury, and CSF/imaging collection
can impeded proper identification of mTBI patients who are
underinsured or living in underserved, rural areas, making
it harder to track chronic symptoms (20). These limitations
have fueled research into alternative biomarkers derived from
accessible biofluids. Blood-based biomarkers of TBI are relatively
easy and inexpensive to collect with minimal equipment
required, non-invasive, and can be relatively high-throughput. A
number of promising blood-based TBI biomarkers have emerged
in addition to CSF markers, including tau, neurofilament light
chain (NFL), glial fibrillary acidic protein (GFAP), ubiquitin
carboxyl-terminal hydrolase isoenzyme L1 (UCHL-1), neuron-
specific enolase, myelin basic protein, and calcium-binding
protein as well as potential multi-variate proteomic panels (19,
21, 22). Free circulating microRNAs (miRNA) have also been
identified as potential markers of head injury (23, 24). However,
blood levels of free circulating proteins and mRNA are easily
degraded and thus can fall below threshold detection levels for
identification. The tissue source is also unknown, which limits
interpretation of potential mechanistic contributions. In an effort
to circumvent these challenges, recent studies have suggested that
circulating exosomes enriched for CNS-specific tissue sources
may be a tool to identify accessible biomarkers for TBI (25, 26).

Exosomes are membrane-bound, extracellular vesicles (EVs)
that are released from cells upon fusion of multivesicular
bodies with the plasma membrane, and play a direct role in
intercellular communication by carrying proteins and RNA
(including messenger RNA, microRNAs, small nuclear RNA,
non-coding RNA, and small cytoplasmic RNA) between cells
(27, 28). Exosomes have diameters ranging from 40 to 100 nm
and contain membrane-bound proteins associated with cellular
origin (29). CNS-derived exosomes cross the blood-brain barrier
(BBB) and are readily extracted from peripheral blood (Figure 1).
Using immunoprecipitation techniques exosome preparations
can be enriched for unique membrane-bound proteins associated
with neuronal and astrocyte sources (neuronal- and astrocyte
derived exosomes, NDEs, ADEs, respectively) (25, 30, 31).
Cargo from exosomes enriched for NDEs are being tested for
diagnostic and prognostic utility for neurodegenerative disorders
such as Alzheimer’s disease (AD), Frontotemporal dementia,
Parkinson’s disease, Down Syndrome and Huntington’s disease
(31–35). NDE cargo is examined for proteins associated with
neurodegeneration or synapse loss. Protein cargo from both
NDEs and ADEs can accurately differentiate patients with
dementia from age-matched controls (36) and are predictive of
MCI conversion to AD (30, 37). This is a rapidly evolving field
and these tools are now being used to identify biomarkers of acute
and chronic sequelae of mTBI (26, 38–40).

The clinical utility of blood-based exosomes is predicated on
the fact that cargo proteins are protected from degradation via the
exosome’s phospholipid bilayer as compared to free circulating
proteins and RNA (41, 42). Given that EVs can be enriched
for CNS-derivation and are readily detected in blood, they
hold substantial promise to providing an accessible substrate to
identify biomarkers and mechanics of neuropathology. However,
as the field currently stands, exosome isolation methods are
numerous, which can limit reproducibility (43, 44). Classic
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FIGURE 1 | Exosome Release Schematic. EVs are released by neurons and glia. Their cargo often contains protein, cytokines, and/or miRNA. These exosomes can

cross the blood brain barrier and enter the peripheral bloodstream, allowing for quantification and study. This figure was created using the Mind the Graph online

platform (www.mindthegraph.com).

isolation methods include ultracentrifugation methods and
column chromatography (45). These methods tend to generate
a relatively homogenous population of EVs, however the source
of these exosomes are not known. In order to assess exosome
cargo that are reflective of a specific cellular origin, typically
commercially available kits are used to first precipitate exosomes
from blood, followed by targeted enrichment methods which
include, but not limited to, magnetic bead immunocapture
against a neural marker, such as L1CAM and/or the astrocytic
marker, glutamine aspartate transporter. Subsequently, exosome
immunocapture preparations are tagged with an exosome surface
marker and sorted using fluorescent activated cell sorting (FACS)
(25, 37).

Here we will review currently identified protein and miRNA
cargo from extracellular vesicles associated with TBI and
functional outcome across military and civilian populations. We
will discuss how the diverse contents of exosome cargo are
particularly influenced by their cellular source (total exosome vs.
cellular sub-populations) and how that impacts their biomarker
potential for TBI. Table 1 summarizes all protein biomarkers
identified thus far, and classifies them according to severity,
temporal significance, and significantly associated cognitive or
mental disorders.

This review was conducted using the following search terms
in pubmed, “((exosome) OR extracellular vesicles OR exosomal)
AND (biomarker) AND ((tbi) OR (traumatic brain injury)).”
This yielded 68 results across all years (earliest found dated back
to 2014). Of these results, several were not original research.
Review articles and perspective articles were filtered out. Original
Studies were then omitted based on the following criteria: they
did not engage with blood based-biomarkers or blood-derived

exosomes, or they did not present original findings for the
disease of interest (must relate to TBI). Individual case studies
with <3 TBI subjects were also removed. Our review included
papers which were left after applying the aforementioned criteria.
This process was repeated on Google Scholar. All of the search
strategies were performed from the initiation to April 2021,
and the literature was published in English. The references
of selected articles were further searched by hand to obtain
additional citations.

NEURODEGENERATIVE PROTEINS

Total Tau and P-Tau
The most consistently assessed protein biomarkers for TBI
are total tau and phosphorylated tau. Tau is a protein
associated with neurodegenerative diseases such as AD and
related dementias (55). In non-pathological conditions,
tau maintains cytoarchitecture of neurons, and axons and
dendritic spines of neurons via microtubule stabilization (56).
However, in tauopathies like AD, clusters and tangles of hyper-
phosphorylated and misfolded tau aggregate at synaptic sites
and disrupt neuronal function and integrity (57). Similar tau
tangles are observed in brains of patients with chronic traumatic
encephalopathy (CTE) (58). CTE is induced after repeated
mTBIs, resulting in axonal and white matter fiber degeneration
(59). Tau is released into the CSF and blood following axonal
injury (60), with tau and phosphorylated forms of tau (p-tau)
detected in plasma after severe TBI as well as in some cases
chronically (61–63). Interpretation of circulating tau is limited
however because it is not only from CNS sources but to a lesser
extent expressed in peripheral tissues such as muscle, kidney and
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TABLE 1 | Human plasma protein markers.

Marker Mi Mo Sev rTBI (>2) Acute Sub-Acute Chronic Pop Exosome Related References

(H/Day) (Days/Wks) (Mths/Yrs) type Pop symptoms

p-Tau ↑ ↑ ↑ ↑ ↑ ↑ M, C NDE, Total PCS, PTSD, CI (25*, 39, 40, 46–48)

Total Tau ↑ ↑ ↑ ↑ ↑ Slightly lower, still

Elevated

↑ M, C NDE, Total PCS, PTSD, CI (25*, 38–40, 47, 49, 50)

Aβ-42 ↑ ↑ ↑ ↑ ↑ ↑ M, C NDE, ADE CI (25, 38, 40, 48, 51, 50*)

PrPc ↑ ↑ ↑ ↑ ↑ M, C NDE CI (40, 48)

synaptogyrin-3 ↑ ↑ ↑ ↑ ↑ M, C NDE CI (40, 48)

NRGN ↓ ↓ ↓ M NDE, ADE (25)

IL6 ↑ ↑ ↑ ↑ ↑ M, C NDE CI (40, 46, 48, 50, 52*)

IL10 ↑ ↑ ↑ ↑ M NDE PTSD (38, 50*, 46*, 52*)

TNFα ↑ ↑ M Total CI (38*, 50*, 46, 52*)

CD59, CR1 ↓ ↓ ↓ ↓ M, C ADE (53)

Factor D, Bb ↑ ↑ ↑ ↑ M, C ADE (53)

C3b, C5b-9 ↑ ↑ ↑ ↑ M, C ADE (53)

GFAP ↑ ↑ ↑ Normal ↑ M, C Total, NDE CI (46, 49, 54)

Aquaporin- 4 ↑ ↑ ↑ Slightly lower, still

elevated

Normal M, C NDE, Total (40, 48, 54)

NFL ↑ ↑ ↑ ↑ ↑ ↑ ↑ M, C Total, NDE PCS, PTSD, MDD, CI (25*, 46, 49, 50, 52)

UCHL1 ↑ ↑ ↑ ↑ ↑ Normal C NDE, Total (40, 46*)

Annexin-VII ↑ Normal ↑ Normal C NDE (25, 40, 48*)

Spectrin Fragments ↑ ↑ Normal C NDE (40)

Claudin-5 ↑ ↑ Normal C NDE (40, 48*)

NKCC-1 ↑ ↑ Normal C NDE (40)

In this table, * indicates the study cited did not completely validate the findings of others in said category. M, military; C, civilian; Mi, mild TBI; Mo, moderate TBI; Sev, Severe TBI; rTBI, repetitive TBI; Pop, population; NKCC, Na-K-Cl

cotransporter. Other abbreviations are used as previously described. ↑, increased; ↓, decreased after injury.
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lung (64). CNS-derived exosomes may provide a complementary
approach to assess CNS-specific sources of tau.

Initial studies examining exosome cargo for TBI associated
changes in tau used total exosome preparations (51). Total
exosome preparations were obtained from plasma samples
from former National Football League players who exhibited
symptoms in line with a likely CTE diagnosis (CTE diagnosis
is confirmed post-mortem). Participants underwent prior
evaluation to determine if they met the diagnostic criteria
for CTE before participating (65). Repetitive mild TBI, was
associated with increased total tau in exosome cargo in
comparison to age-matched controls in non-impact sports (N =

78 TBI,N = 16 controls). Exosome tau levels had 82% sensitivity,
100% specificity for predicting TBI, with 100% positive predictive
value but limited negative predictive value (53%). Exosome tau
was negatively correlated with neuropsychological performance
suggesting relationship with functional outcomes. Plasma levels
of tau were not found to be significantly elevated in the TBI
group suggesting examining plasma levels without including
exosome analysis could miss or mischaracterize abnormal
protein levels.

Findings of increased total tau or p-tau in total exosomes
were in line with known severe tauopathies associated with post-
mortem CTE. However, several studies have since identified total
tau protein and/or phosphorylated tau associations with mild
or isolated TBI events using CNS-derived exosome enrichment
strategies. Elevated levels of exosome total tau has been observed
in mild, moderate, severe, and repetitive TBI patients ranging
from days to years after the initial injury (38–40, 47, 49, 51).
The consistency in findings of increased tau levels across TBI
severity suggests tau is a relatively sensitive marker despite the
heterogeneous nature of TBI presentations. The time course
of increased tau levels appears to follow both an acute and
a chronic trajectory. Moderate to severe TBI patients exhibit
immediate elevation in total exosome tau that decrease by ∼5-
fold within 5 days after injury, supporting tau as a marker
of acute injury (49). However, another study examined cargo
enriched for NDEs, finding that that chronic (i.e., 3–12 months
after injury) mTBI patients had higher NDE total tau and p-tau
levels than those with acute injuries (40). Finally, a number of
studies have shown increased p-tau and or total tau in NDEs
and total exosomes of patients many years after TBI (39, 40,
48). Overall, these results indicate a potential temporal aspect
should be considered when measuring accumulations of tau in
neuronal derived exosomes. A study from our lab found no
change in ADE or NDE p-tau r tau levels within ∼3–6 months
of injury in service members reporting mild TBIs during a
combat deployment, although othermarkers of axonal injury and
synaptic loss were present (25). Additionally, a comparative study
in Veterans with chronic mTBI did not find group differences
for total exosome levels of tau, although past work from this
group has shown higher levels of tau are associated with repetitive
mTBIs (39, 50). Taken together, the data suggest that tau increases
may follow both an acute and chronic course [e.g., see (66)].
Initial tau increases in exosomes are in line with tau-release
after acute neuronal damage. The secondary rise in p-tau and
tau however likely reflects secondary pathology associated with

chronic neurodegenerative processes such as a rise in amyloid
beta (see below).

Aβ42
Amyloid beta 42 (Aβ42) is also a common marker associated
with TBI. Aβ42 is a product of amyloid precursor protein,
which is normally located in the synaptic membranes of neurons
(67). Amyloid precursor protein undergoes cleaving which can
lead to the accumulation of Aβ isoforms, such as Aβ42, and
the formation of plaques in the brain. These Aβ plaques are
believed to contribute to neurotoxicity and the progression of
AD. TBI can result in Aβ accumulation in the soma and axon
of neurons, which may contribute to prolonged neuronal injury
(68). Additionally, severe head injuries increase the risk for AD,
suggesting a potential overlap in etiology (69).

Similar to tau, multiple studies have shown that Aβ42 is
elevated in isolated exosomes amongst every clinical classification
of TBI (mild, moderate, severe, and repetitive) spanning from
days to many years after initial injury (25, 38, 40, 48). Increased
Aβ42 has been detected in both neuronal- and astrocyte-enriched
exosome samples from individuals with TBI (25, 38, 40, 48).
There were two studies that failed to detect group differences
in Aβ42 levels: one investigated NDEs, and the other study
examined total exosomes in Veterans (46, 50). Guedes et al. had
relatively fewer controls and examined total exosome not an
enriched sample for CNS-specific exosomes which may explain
lack of detection (N = 28 control, 71 TBI, 45 TBI + PTSD).
Peltz et al. however did enrich for NDEs and had a relatively
large sample size compared to other studies with positive results,
suggesting neither power or exosome sample would be at issue
(N = 60 control, 95 TBI (46) vs. N = 42 control, N = 47 TBI
(48). However, the mean age of participants amongst cohorts in
Peltz et al. was 76–82 years.With one exception, studies reporting
significant elevations of Aβ42 included participants with mean
ages ranging from 19 to 30 years at time of collection (25, 38, 40).
This difference in age could account for their failure to detect
elevated Aβ42 levels in Veterans with chronic mTBI, as NDE
levels of Aβ42 could fluctuate with age, with Aβ42 rising with
age (70).

These findings demonstrate the potential for exosome
total tau, p-tau, and Aβ42 levels to be used as biological
markers for TBI however it will depend on tissue source
of exosomes and potentially age range. Both civilian and
military populations were considered in studies examining these
markers, suggesting these changes are not tied to military-
specific injuries (e.g., blast injuries). In order to further validate
these findings, studies with larger sample sizes would be
most beneficial, as would longitudinal studies to understand if
early increases in these markers predict later neuropathology
and/or chronic symptom course, as well as understand when
over the TBI trajectory these markers are most detectable.
Finally, it should be noted that although group differences
are detected, however the ability of these markers to provide
diagnostic specificity is relatively untested at this point due to
relatively small sample sizes and retrospective nature of most
study designs.
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Cytokines
In addition to assessing the biomarker potential of NDEs in TBI,
recent studies are emerging to assess the biomarker potential of
cargo proteins extracted from exosomes derived from astrocytes
(ADEs) and other glial sources (30, 36, 37). Neuroinflammation is
a well-characterized pathological hallmark of TBI (71). Initially,
CNS and peripherally derived inflammatory cells respond to
TBI to provide some amount of neuroprotection (72). However,
inflammatory mediators have been implicated in both delayed
CNS damage, impacting neurological recovery (73). Astrocytes
mediate these inflammatory responses by release of inflammatory
cytokines into the extracellular environment (74) and thus ADE
cargo may aid identification of CNS inflammation.

Cytokines, including interleukins, are released by immune
cells as well as other immune modulators to coordinate
immune response to tissue injury or infection. Astrocytes
express multiple cytokine receptors as well as produce and
release cytokines in response to cellular damage (75). Their
overexpression or dysregulation contributes to chronic and
acute neuroinflammation, and in the case of TBI, secondary
damages after initial injuries (76–78). The inflammatory
cytokines interleukin-6 (IL-6) and Tumor necrosis factor-
alpha (TNFα) in addition to the anti-inflammatory cytokine
interleukin-10 (IL-10) have been measured in exosomes of TBI
patients. The elevation of these cytokines in NDEs and ADEs
suggests abnormal regulation of neuroinflammation the potential
presence of secondary injuries as a result of a TBI.

IL-6 is elevated in NDEs and total exosomes of patients with
mild, moderate, and severe forms of TBI (40, 46, 48). IL-6
increases are detected both at sub-acute and chronic time points,
suggesting it may be indicative of long-lasting inflammation in
response to the initial injury. Data on acute NDE levels of IL-
6 (hours up to 1 day after injury) were not available, so it is
unclear how long IL-6 takes to appear in the exosome cargo. Total
exosome levels of pro-inflammatory TNFα were also observed
to be significantly elevated in military Veterans suffering from
chronic TBI (46). However, three studies failed to replicated
these findings when examining total exosome levels in similar
Veteran populations suffering from chronic mild or moderate
cases (38, 50, 52). Conversely, while Gill et al. (38) found an
elevation of NDE levels of anti-inflammatory cytokine IL-10,
(50, 52) and Peltz et al. (46) did not.

This discrepancy could be due to variations in the
methodologies used by each study. While Guedes et al.
examined total exosome levels of cytokines, Peltz et al. and Gill
et al. examined only neuron-derived exosomes. These differences
amongst tissue source of exosomes may explain why the findings
varied across groups. Additionally, even though all studies
examined Veterans with chronic TBI, Guedes et al. and Gill
et al. studied participants with median ages in their 30s while
Peltz et al. examined patient groups with a median age of late
70s/early 80s. Time since injury and overall age could account for
some of the differences observed since several exosome markers
have been shown to be temporally sensitive. Finally, method
of exosome isolation (ultracentrifugation vs. Exoquick) also
appears to affect cytokine profiles from exosomes, suggesting
that even initial exosome isolations methods can bias exosome

fraction types and or affect protein cargo quantification steps
(79). Other validation steps may also be required to ensure that
cytokine cargo being measured is from CNS-derived exosome
cargo, as markers used to target NDEs are also expressed by
immune cells. More work needs to be done to standardize and
confirm cytokine profiles in TBI populations, however this work
may yield important progress in delineating accessible markers
of CNS-specific inflammation after brain injury. Identifying CNS
inflammation also has potential prescriptive value in the future,
in identifying subpopulations for specific interventions targeted
at immune regulation.

INJURY MARKERS: GFAP, NFL,
AQUAPORIN 4, UCHL-1

NFL
Multiple studies investigated the expression levels of neuronal
and glial injury markers within the exosome profiles of
individuals with TBI. One of the most studied markers is the
structural scaffolding protein neurofilament light chain (NFL).
NFL is abundantly expressed in long myelinated axons, and
abnormal levels of NFL are released into the extracellular space
upon axonal injury cause by neurodegeneration and other
forms of trauma (80). Increases of NFL levels in cerebrospinal
fluid (CSF) have been associated with dementias, AD, multiple
sclerosis, stroke, Parkinson’s disease, Huntington’s disease and
TBI (80, 81). In total exosomes isolated from plasma, NFL is
increased in mild, moderate, and severe TBI patients at several
time points after injury in comparison to controls (46, 49, 50,
52). On the acute and sub-acute level, amounts of NFL found
in exosomes increased steadily in the 5 days following injury
(49). Number of TBIs sustained and years since last TBI was
also positively correlated with increases in total exosome and
plasma NFL levels in Veterans (52). In contrast, one study in
active duty personnel∼6–12 mo after TBI failed to detect higher
NFL in NDEs, however it was significantly smaller and did not
have as many participants endorsing repeated head injuries (25).
These results suggest exosome NFL is detectable both acutely and
remotely after TBI. It is not clear however if particular exosome
populations (total, vs. NDE or ADE) vs. plasma measures may
provide more sensitive and consistent NFL measurements of TBI
exposure and related axonal injury/neurodegeneration associated
with a chronic course.

GFAP
Glial fibrillary acidic protein (GFAP) is a cytoarchitectural
protein in astrocytes, and its detection in blood serum or CSF is
commonly used as indicator of glial injury (82). For these reasons,
studies investigating spinal cord injuries, TBI, stroke, AD, and
Parkinson’s disease commonly look at GFAP as a biomarker
of neurodegeneration and acute astrocytic injury. Significant
elevations in exosome GFAP levels of TBI patients are reported
(46, 54). Levels of GFAP were found to be highest immediately
following moderate to severe TBI (49, 54). However, GFAP levels
declined as early as 48 h after injury and continued falling up
to 5 days later (49, 54). Although these findings were from
preparations of total exosomes or extracellular vesicles, GFAP
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is only expressed in the cytoplasm of astrocytes, thus it can be
assumed these signals came from ADEs (83). Although GFAP
levels fall immediately after injury, long lasting elevations in
GFAP are associated with long-term cognitive impairment in
Veterans with TBI (46). It is not clear, however, if GFAP is
associated with mild or repeated TBI.

UCH-L1
Ubiquitin carboxy-terminal hydrolase L1 (UCH-L1) is found in
the cytoplasm of neurons and has been shown to be necessary for
the maintenance of axonal and neuronal health (84). Alterations
in blood serum levels of UCH-L1 has predictive value for the
recovery outcome (as measured by Glasgow Outcome Scale) of
patients suffering from TBIs (85). UCH-LI is also higher in NDEs
within 7 days of mild TBI (40), but not chronically. In a temporal
profile study with moderate to severe TBI patients, levels of
UCH-L1 in total exosomes were shown to decline within 24 h
of injury (49). Median levels of total exosome levels of UCH-L1
were 8-fold higher on the day of injury in comparison to those
observed on day 5, a significant decrease. It should be noted
that this study did not include a control comparison, limiting
interpretation of whether these shifts reflect significant changes
from variance in healthy controls. Thus, there is limited evidence
that UCH-LI is increased in exosomes immediately after injury,
but temporal changes, relationship with severity and number of
injuries is unknown.

AQP4
Aquaporin-4 (AQP4) is a water channel protein found in the
end-feet of astrocytes and may contribute to neuroinflammatory
processes and edema production (86). NDE and total exosome
levels of AQP4 are elevated in both mild and severe TBI
(40, 54). Goetzl et al. (40) found that NDE levels of AQP4
were significantly elevated in both chronic and acute mild
TBI patients compared to controls. While this elevation stayed
significant across all timepoints measured, it did appear to
slightly decrease between 1 week and 3–12 months after injury.
When investigating EVs of multiple types, Nekludov et al. (54)
found significantly elevated levels of AQP4 in severe TBI patients
during their first 3 days post-injury. In a sample of chronic
TBI patients, AQP4 differences in NDEs were not detected
(48), suggesting AQP4 may only be detectable relatively acutely
after injury.

POTENTIAL PREDICTORS OF
FUNCTIONAL OUTCOME

Although biomarkers have the potential to identify neurological
insults, their clinical utility would be significantly strengthened
if they can be used to predict functional outcomes such as
cognitive decline or mental health symptoms. TBI significantly
increases the risk for PTSD, depression, and other mental
illnesses (13, 14, 16). Many patients living with chronic TBIs
also report enduring symptoms of post-concussive syndrome
(PCS) or cognitive impairment (CI). Although relatively small in
sample size, several studies examined the relationship between
behavioral function and exosome cargo.

Cognitive impairment was the most frequently examined
functional outcome associated with exosome protein cargo. Nine
different proteins have been identified as correlating significantly
with severity of cognitive impairment. Cellular prion protein
(PrPc), p-tau, synaptogyrin-3, and Aβ42 were elevated in NDEs
of TBI patients with CI (N = 26 with previous TBI, N
= 19 without), but not in healthy controls (N = 42) nor
TBI patients without CI symptoms (N = 21) (48). In this
case, CI was determined by administered cognitive tests which
measured general cognitive abilities, verbal memory, and mental
processing speed (Mini Mental State Examination, Auditory
Verbal Learning Task, and Wechsler Adult 24 Intelligence Scale-
Revised Digit Symbol Task, respectively). These findings are in
line with post-mortem studies of excess neuronal p-tau and
tau associations with cognitive decline (87). IL-6 was identified
by the same study as being correlated with only cognitively-
impaired chronic-TBI patients, and not cognitively-impaired,
no-TBI controls. A separate study reported IL6, NFL, TNF-
alpha, and GFAP were elevated in NDEs of TBI patients with
CI (N = 35) compared to TBI patients without CI (N =

30) (46). However, only p-tau was significantly elevated in CI
TBI patients in comparison to CI controls (N = 30). This
study determined CI using the previously described cognitive
tests, and/or current dementia diagnoses. Most studies are
limited to examining exosome cargo relationships with cognitive
impairment at the group level, due to relatively small sample size.
One study has shown total exosome total tau levels correlated
significantly with cognitive functioning as measured by short-
term memory (Neuropsychological Assessment Battery) and
psychomotor speed (Wechsler Adult Intelligence Scale-Revised)
in retired professional football players (N = 78) (51). Perhaps not
surprisingly, these data suggest that both neurodegenerative and
inflammatory protein cargo are not only associated with TBI over
controls, but more be most detectable in TBI populations that
exhibit CI. There are no data yet, however, on how exosome cargo
might predict future cognitive decline after TBI.

In addition to CI, there is some limited evidence that NDE
tau and NFL markers are also associated with PCS symptoms
(39, 52), which include self-reported sleep disturbances,
memory deficits, attentional deficits, mood changes, headaches,
irritability, and fatigue. Several studies have also identified
exosome cargo links with neuropsychiatric symptoms. Elevated
NDE and total exosome levels of p-tau and total tau in patients
with repetitive and mild TBIs is associated with increased PTSD
symptoms (38, 39). Elevated NDE and total exosome levels of
IL-10 and NFL are also associated with PTSD or depression
symptoms in chronic mTBI (38, 50, 52). Thus, far it appears
that these markers are relatively non-specific in relation to
functional outcomes in cognitive and psychiatric domains,
however caution is warranted at this early stage given the
relatively small sample sizes in these studies. Larger studies will
be needed to differentiate NDE exosome cargo associated with
TBI-specific cognitive impairment over associations with aging
and other comorbidities (e.g., neuropsychiatric disorders, other
mechanisms of neurodegeneration).

Future longitudinal analysis of how exosome cargo changes
over time in conjunction with the presentation and resolution
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of these symptoms will aid inferring causality. Finally, while
these markers alone may have relatively low predictive value for
diagnostic uses, future combination of exosome cargo markers
with other moderators of neurodegenerative risk, (i.e., polygenic
risk scores for neurodegenerative disorders or Apolipoprotein E
(APOE) genotype) may be useful in conjunction with exosome
cargo proteins in developing predictive markers of functional
outcome such as long-term cognitive decline after TBI.

miRNA CARGO ASSOCIATED WITH TBI

MicroRNAs (miRNA) are non-coding RNAs, which bind to
messenger RNAs to regulate gene expression, often via post-
transcriptional slicing. miRNA can be packaged into exosomes
and transported to various parts of the body where they interact
with and are taken up by recipient cells (88). Exosome miRNAs
can then functionally alter the recipient cell by altering gene
expression levels within the cell. In some instances, miRNAs
can bind to toll-like receptors in immune cells and activate an
inflammatory response (89). Due to their ability to manipulate
gene expression and induce systemic inflammation, miRNAs
have recently gained interest as an exosome cargo with the
potential to alter or induce pathogenic states.Table 2 summarizes
the reviewed studies which found significant changes in miRNA
associated with TBI. An exhaustive list of miRNA of interest
is included in Supplementary Tables 1, 2. Some of the most
promising candidates are described below, however most have
been identified in preclinical models and have not yet been
detected in human exosomes associated with TBI.

miRNA-124-3p
miR-124-3p is the most frequently identified exosome miRNA
associated with TBI to date. miR-124-3p is significantly
downregulated in Alzheimer’s disease and in gliomas, suggesting
an involvement in neurodegeneration and CNS disease (97, 98).
Levels of astrocyte-derived exosome miR-124-3p are elevated
in acute and subacute mouse models (3 and 14 days after
injury) of controlled cortical impact (CCI) induced repetitive
TBI (95). However, levels of miR-124-3p fell after day 14,
becoming significantly under-expressed by 42 days after injury.
In a preclinical model of TBI. miR-124-3p was elevated in
mice from 3 to 21 days after repetitive CCI injury (92). This
finding suggests temporal dependence of expression pattern,
which may potentially contribute to differential presentations of
TBI symptoms. In rats, miR-124-3p isolated from total exosomes
are elevated 24 h after a weight drop injury (96).

To asses function, two studies transfected miR-124-3p mimics
into cultured mouse microglia cells and used the resulting
exosomes to treat injured cell lines (92, 95). Following repetitive
scratch-injuries, treatment with the exosome miR-124-3p lead to
increased branch numbers and neurite length restoration, and a
decrease in p-tau and Aβ proteins (92, 95). These results suggest
miR-124-3p may play a role in preventing neurodegeneration
during the acute stages of injury recovery. miR-124-3p can
inhibit Aβ mutations by targeting a transcription factor known
as Rela (95), and also suppresses mTOR signaling via PDE4B
inhibition, resulting in a decrease of neuroinflammation (92).

This finding might explain why this miRNA is so frequently
elevated immediately after injury, however this miRNA has not
yet been identified in clinical studies of TBI, thus it is not clear if
these findings translate to clinical outcomes.

miRNA-146
miR-146 is significantly elevated in multiple TBI and exosome
studies and has been previously linked to inflammatory diseases
and signaling pathways. Levels of brain-derived exosome miR-
146 are elevated in rhesus macaques suffering from simian
immunodeficiency virus encephalitis (99). Additionally, miRNA-
146 reduces inflammatory gene expression in dendritic cells and
endotoxin-induced inflammation in mice (100). Total exosome
levels of miRNA-146a-5p are significantly elevated 7 days after
CCI induced TBI in mice (91). In humans, in vitro experiments
demonstrate that astrocytes subjected to IL-6 stress injuries
significantly overexpress astrocyte-derived exosome miRNA-
146a within 24 h of treatment (94). These results suggest that
miRNA-146 could regulate neuroinflammation following TBI. It
is unclear whether levels of miRNA-146 are chronically elevated
after injury or only for an acute time period. Increases in
exosome miR-146 levels might have the potential to improve
clinical outcomes, since they may aid in inhibiting inflammation
in the brain. However, additional studies measuring effects
in human patients are needed to gauge if these results
are translatable.

miRNA-30d
miR-30d increases the expression of pro-inflammatory cytokines
and is a marker of severe inflammation (101). Increased
levels of miR-30d in brain-derived exosomes could potentially
indicate elevated levels of neural inflammation after TBI.
Human astrocytes expressed increased levels of miR-30d 24 h
after injury via IL-6 treatment (94). This finding supports
previous results which show that blood serum levels of miR-
30d are upregulated in mild, moderate, and severe TBI
patients within 48 h after injury (102). Taken together, miR-
30d may be acutely upregulated in human astrocytes following
TBI, leading to activation or mediation of neuroinflammatory
signaling cascades via the regulation of cytokines, further
contributing to injury severity (94). A related miRNA, miR-
30e-3p, was found to be under-expressed 7 days after CCI
injury in mice (91). Although these miRNAs are in the
same miRNA-30 family, it could be they play separate
roles in neuroinflammation or injury response. Additionally,
this study was carried out in rodents on a sub-acute
timescale, thus it is not known if increased expression is
limited to acute timepoints. This family has not yet been
investigated clinically.

DISCUSSION/FUTURE STUDIES

Confounders and Population
Considerations
While the current summary of findings from both protein
and miRNA focused studies are promising, there are many
considerations for improving interpretability of exosome-based

Frontiers in Neurology | www.frontiersin.org 8 February 2022 | Volume 12 | Article 698206

https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles


V
a
u
g
h
n
e
t
a
l.

E
xo

so
m
e
s
a
s
B
io
m
a
rke

rs
o
f
T
B
I

TABLE 2 | miRNAs of interest across species.

Study Pop. N Trauma Over-expressed MiRNAs Under-expressed

miRNAs

Timepoints Exosome

Source

NDE/ADE/Total

Devoto et al. (90) Human Military N = 73 1–2 TBI,

N = 35 control

Blast miR-3190-3p, 18a-5p,

372-3p, 376b-3p, 382-3p,

375

miR-139-5p*, 150-5p ∼11 yrs Plasma Total

Harrison et al. (91) Mice, M

7–9 wks

N = 12, 3 pooled

samples per group

CC miR-7a-5p, 7b-5p, 15a-5p,

21a-5p, 130a-3p*,

142a-5p,

146a-5p, 181b-1-3p,

203-3p*, 219a.2-3p

miR-30e-3p*, 128-2-5p*,

130-b-5p*, 139-3p*,

221-3p, 335-3p*, 361-3p*

7 days Brain extract Total

Huang et al. (92) Mice, M

10–12 wks

N = 6/group CCI, Rep TBI miR-124-3p*, 124-3,

124-2, 128-3p*, 125a-5p,

138-5p, 376b-3p, 335,

382-5p, 434-3p,

None 3, 7, 14, 21,

28 days

Brain extract ADE

Ko et al. (93) Human civilian N = 16 TBI,

N = 20 control

mild TBI miR-185-5p, 206 miR-203a-3p*, 203b-5p <24 hrs Plasma Total

Ko et al. (93) Mice, M

12–14 wks

N = 56 CCI, 60

Blast, 36 control

Blast, CCI miRNA-9-5p*, 219a.2-3p,

488-3p

miR-22-5p, 150-5p,

351-3p, 669c-5p, 6236,

1 h, 1, 4, 14

days

Plasma Total

Gayen et al. (94) Humans, in vitro N/A IL-6 miRNA-29a, 30d*, 130b*,

139-5p*, 141, 143, 145*,

146a, 194, 203*, 375

None 24 h Human

Astrocyte

Supernatant

ADE

Ge et al. (95) Mice, M

12 wks

N = 3 per group CCI, Rep TBI miRNA-124-3p* (3 & 14d),

6096-5p

miR-124-3p* (42d),

744-3p, 764-3p, 767,

7046-3p, 7660-3p,

7665-5p, 7674-5p,

3, 14, 42

days

Brain extract ADE

Wang et al. (96) Rats, M

12–16 wks

N = 3 per group Weight drop miRNA-9a-3p*, 29b-3p,

124-3p*, 142-3p, 181c-3p,

195-3p, 328-5p, 361-3p*,

434-3p, 451-5p, 532-5p,

miRNA-9a-5p, 28-3p,

92a-3p, 96-5p, 145-3p*,

221-5p, 222-3p

24 h Plasma Total

Guedes (50) Human Military N = 28 control

N = 71

mTBI/-PTSD

N = 45

mTBI/+PTSD

mTBI miR-3190-3p, 615-5p,

1185-1-3p, 3196,

509-3-5p, 204-5p, 372-3p,

1277-3p

miR-139-5p ∼9 yrs Plasma Total

In this table, bolded items represent miRNA identified in multiple studies. Items with an asterisk represent those found to be inversely altered across studies (i.e., over-expressed in one, under-expressed in another). M, Male; CCI,

controlled cortical impact. Other abbreviations are as previously defined.
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research. There are a number of potential confounds that
the field must address that are common problems for most
biomarker studies. First, medications may alter exosome cargo,
or ability of CNS-derived exosomes to travel into circulation.
For example anti-inflammatory medications that affect immune
function may alter cytokine levels in biofluids, biasing detection,
and interpretation of cytokine and other immune markers
(e.g., TNFα, IL-1β). Lifestyle choices will also potentially effect
exosome cargo just as it does circulating protein and RNA
profiles. For example cannabis, tobacco or alcohol, especially
chronic use, will alter the circulating levels of cytokines (103,
104). Although it is not known if these lifestyle choices can
affect CNS-specific cargo, it seems relatively likely given their
effects on inflammation and cell metabolism [see (105)] and
transcriptional markers. Most studies reviewed here do not
account for a history of tobacco use. It is also not known how
vascular abnormalities, whether genetically or environmentally
pre-disposed, could alter exosome transport, suggesting future
research would benefit from examining whether effects hold
true when accounting for participants’ use of antihypertensives.
Similarly, understanding genetic factors that may predispose
to certain exosome cargo could prove beneficial. For example,
carriers of the APOE4 allele, which modulates plaque buildup
and alters tau and Aβ42 levels in the brain may be pre-
disposed to have higher levels of neurodegenerative exosome
cargo (106). Adding genetic differences into consideration
would make future data collected more powerful, as it would
control for neurodegenerative protein cargo variations otherwise
thought to be induced by head trauma. Of the papers reviewed
here, none conducted genetic screenings for APOE4 genotypes
or other genetic modifiers (i.e., polygenic risk scores for
neurodegenerative diseases like AD). Finally, across current
studies there is a large age range for the participants examined.
As humans age, baseline levels of circulating tau, Aβ, and other
markers of neurodegeneration will increase (107). Therefore, a
marker for TBI which is useful in one population may prove to
be unaltered in another.

Another element for supporting future clinical utility is
that while most studies were conducted using a sample which
was representative of their surrounding populations, they were
not always representative of the ethnic and racial makeup
of the United States at large. This lack of representation
may affect generalizability of the results considering different
racial and ethnic groups face different environmental pressures
which may alter their ability to seek timely medical care
following head injury (20) or alter the state of their vascular
health (108), ultimately affecting their exosome cargo profile.
Additionally, male participants are over-represented in most of
the studies reviewed, especially those drawing from military
populations. This is likely due to the sizable sex differences
amongst soldiers in the combat fields. For example, less than
two percent of women make up the infantry force of the
US Army (109). However, as the integration of women into
infantry becomes more commonplace this difference should
reflect in sample populations. Every effort should be made in
the field to study participants which represent every facet of
American life.

Injury Time Course Considerations
The studies reviewed above clearly support that most exosome
cargo biomarkers, as with plasma and CSF markers, are
dependent upon inter-injury interval (66). Table 1 illustrates
the time course of exosome cargo protein levels, indicating
the potential post injury trajectory of these markers. In most
cases, the trajectory of these markers must also be inferred
by different cross-sectional studies using different inter-injury
intervals. Future research is needed to expand and improve
resolution of this time course of exosome cargo biomarkers
after injury if these markers are to be useful in clinical settings.
Longitudinal assessment of blood-based markers is relatively
feasible compared to CSF and imaging and will be critical for
improving our understanding of the trajectory of each marker
as well as allow for causal or predictive inferences for exosome-
identified signaling pathways for chronic symptoms.

Injury Type Considerations
While the studies reviewed did specify and describe the severity
of injury in their subject populations, they failed to examine
group differences between blast and non-blast injuries. This
information is especially relevant when discussing exosome
biomarkers obtained from military personnel. Due to the nature
of combat military service, service members are at an increased
risk of being exposed to explosive blast injuries compared to their
civilian counterparts. Blast overpressure can cause head trauma
through several proposed mechanisms: rotational/translational
acceleration of the brain, reverberation of compression waves,
and vascular surges (110). Although treatment for TBI does not
differ by injury type, the mechanisms of injury and subsequent
biomarkers induced by blast overpressure are likely distinct,
in particular in terms of level of exposure of the brain to
peripheral immune responses/infection through blood brain
barrier disruption or penetrative injuries (111, 112). In regards
to outcome measures, a systematic review found that long term
recovery and symptoms of blast vs. non-blast groups were
similar (113). However, small sample sizes, variable assessment
measures, and inconsistent findings hinder firm conclusions.
More information regarding injury type should be reported in
future comparative studies in order to assess potential differences
in clinical outcomes and circulating blood biomarkers of specific
injury types.

Methodological Considerations
Exosome cargo has strong potential for identifying biomarkers
for diagnosis and prognosis of TBI, however a number of
technical challenges will need to be overcome. Enriching for
CNS-specific populations is a rapidly moving field, with different
approaches each having different limitations and benefits
(114). While conventional ultracentrifugation (UC)-based
methods have been widely used to isolate exosomes, other
techniques including size-exclusion chromatography (SEC),
immunoaffinity capture, microfluidics, and poly-ethylene
glycol (PEG)-based precipitation methods have emerged as
suitable alternatives (115). Comparative studies suggest that
methodological variations amongst the different techniques can
drastically alter the type of exosomes and cargo that can be
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detected. Recently, the use of commercially available, PEG-based
precipitant kits has facilitated higher extraction efficiency of
exosomes as compared to UC or SEC. However, UC and SEC
samples appear to have less protein contamination as compared
to PEG-based samples. The chemical impurities from the
precipitant may interfere with downstream applications and
bias the interpretation of these findings. Secondary isolation
methods to target exosomes from a specific biological sources
(i.e., cell culture, brain, blood, CSF, urine, milk, etc.) can also
bias findings as well as potentially affect the stability of the
exosome cargo (114); which will affect reproducibility across
studies. Currently, there is no standardized protocol that is
suitable for every study and that is widely accepted. An in-
depth investigation into the methodological issues associated
with exosome isolation and tissue origins is warranted for
the TBI field, to examine which methodologies yield the most
robust and reliable signal. These comparative analyses are
required to identify the best isolation method that is most
suitable for a specific biological source and that maximizes
the diagnostic and prognostic abilities of exosome cargo for
TBI-relevant applications.

To date, most of the work has assessed the cargo composition
and diagnostic potential of exosomes derived from neuronal
exosomes. While a limited number of studies have expanded
into exosomes derived from astrocytes, cell-specific markers
for microglial and oligodendrocytes exosomes are still being
developed. As technology improves for isolating specific
exosome populations from other extracellular vesicle populations
[for a recent review, see (44)], we will expect to see
more refined and reliable candidate biomarkers emerge.
It will be essential to understand how the diversity of
exosome parental origins impact their cargo composition in

order to develop clinically-viable markers of TBI pathology
and progression.

AUTHOR CONTRIBUTIONS

VR, RR, CW, NL, and MV contributed to the conception of the
review, coordinated writing efforts, and edited the final article
version. CW, RR, and NL wrote the introduction. MV and
VR wrote the subsequent sections: Neurodegenerative Proteins,
cytokines, injury markers, predictors of functional outcome, and
miRNA. MV, VR, RR, and CW wrote the discussion section. MV
constructed the figure, and all tables. All authors contributed to
revisions of the manuscript, approved the submitted version, and
agree to be accountable for all aspects of the work.

FUNDING

This study was supported by grants AG057459, AG057469,
AG051848, AG018440, and ADRC P50 AG005131 from the
National Institute onAging, andVAMerit Awards BX003040 and
BX004312 to RR and VA Merit Award BX004312, Department
of Defense W81XWH1810761, P50 MH096889-06 to VR,
VA Merit Award RX002484 to CW, University of California
Eugene Cota-Robles Fellowship Award to MV, and the VA
Center of Excellence for Stress and Mental Health funding
to VR.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fneur.
2021.698206/full#supplementary-material

REFERENCES

1. Hyder AA, Wunderlich CA, Puvanachandra P, Gururaj G, Kobusingye

OC. The impact of traumatic brain injuries: a global perspective.

NeuroRehabilitation. (2007) 22:341–53. doi: 10.3233/NRE-2007-22502

2. Vanitallie TB. Preclinical sporadic Alzheimer’s disease: target for

personalized diagnosis and preventive intervention. Metabolism. (2013)

62(Suppl. 1):S30–3. doi: 10.1016/j.metabol.2012.08.024

3. Ponsford J, Cameron P, Fitzgerald M, Grant M, Mikocka-Walus A.

Long-term outcomes after uncomplicated mild traumatic brain injury:

a comparison with trauma controls. J Neurotrauma. (2011) 28:937–

46. doi: 10.1089/neu.2010.1516

4. Faul M, Coronado V. Epidemiology of traumatic brain injury. Handb Clin

Neurol. (2015) 127:3–13. doi: 10.1016/B978-0-444-52892-6.00001-5

5. Sussman ES, Pendharkar AV, Ho AL, Ghajar J. Mild traumatic brain injury

and concussion: terminology and classification. Handb Clin Neurol. (2018)

158:21–4. doi: 10.1016/B978-0-444-63954-7.00003-3

6. Cole WR, Bailie JM. Neurocognitive and psychiatric symptoms following

mild traumatic brain injury. In: Laskowitz D, Grant G, editors. Translational

Research in Traumatic Brain Injury Frontiers in Neuroscience. Boca Raton,

FL: CRC Press/Taylor and Francis Group. (2016). Available online at: http://

www.ncbi.nlm.nih.gov/books/NBK326715/ (accessed April 17, 2021).

7. McCrory P, Meeuwisse W, Aubry M, Cantu B, Dvorak J, Echemendia RJ,

et al. Consensus statement on concussion in sport—the 4th international

conference on concussion in sport held in Zurich, november 2012. Clin J

Sport Med. (2013) 23:89–117. doi: 10.1097/JSM.0b013e31828b67cf

8. Shin SS, Bales JW, Edward Dixon C, Hwang M. Structural imaging of mild

traumatic brain injury may not be enough: overview of functional and

metabolic imaging of mild traumatic brain injury. Brain Imaging Behav.

(2017) 11:591–610. doi: 10.1007/s11682-017-9684-0

9. Carroll EL, Outtrim JG, Forsyth F, Manktelow AE, Hutchinson PJA,

Tenovuo O, et al. Mild traumatic brain injury recovery: a growth

curve modelling analysis over 2 years. J Neurol. (2020) 267:3223–

34. doi: 10.1007/s00415-020-09979-x

10. Rabinowitz AR, Li X, McCauley SR, Wilde EA, Barnes A, Hanten G, et al.

Prevalence and predictors of poor recovery frommild traumatic brain injury.

J Neurotrauma. (2015) 32:1488–96. doi: 10.1089/neu.2014.3555

11. Nelson LD, Temkin NR, Dikmen S, Barber J, Giacino JT, Yuh E, et al.

Recovery after mild traumatic brain injury in patients presenting to us

level i trauma centers: a Transforming Research and Clinical Knowledge in

Traumatic Brain Injury (TRACK-TBI) study. JAMANeurol. (2019) 76:1049–

59. doi: 10.1001/jamaneurol.2019.1313

12. Voormolen DC, Zeldovich M, Haagsma JA, Polinder S, Friedrich S, Maas

AIR, et al. Outcomes after complicated and uncomplicated mild traumatic

brain injury at three- and six-months post-injury: results from the CENTER-

TBI study. J Clin Med. (2020) 9:1525. doi: 10.3390/jcm9051525

13. Stein MB, Jain S, Giacino JT, Levin H, Dikmen S, Nelson LD, et al. Risk of

posttraumatic stress disorder and major depression in civilian patients after

mild traumatic brain injury: a TRACK-TBI study. JAMA Psychiatry. (2019)

76:249–58. doi: 10.1001/jamapsychiatry.2018.4288

14. Yurgil KA, Barkauskas DA, Vasterling JJ, Nievergelt CM, Larson GE,

Schork NJ, et al. Association between traumatic brain injury and risk

Frontiers in Neurology | www.frontiersin.org 11 February 2022 | Volume 12 | Article 698206

https://www.frontiersin.org/articles/10.3389/fneur.2021.698206/full#supplementary-material
https://doi.org/10.3233/NRE-2007-22502
https://doi.org/10.1016/j.metabol.2012.08.024
https://doi.org/10.1089/neu.2010.1516
https://doi.org/10.1016/B978-0-444-52892-6.00001-5
https://doi.org/10.1016/B978-0-444-63954-7.00003-3
http://www.ncbi.nlm.nih.gov/books/NBK326715/
http://www.ncbi.nlm.nih.gov/books/NBK326715/
https://doi.org/10.1097/JSM.0b013e31828b67cf
https://doi.org/10.1007/s11682-017-9684-0
https://doi.org/10.1007/s00415-020-09979-x
https://doi.org/10.1089/neu.2014.3555
https://doi.org/10.1001/jamaneurol.2019.1313
https://doi.org/10.3390/jcm9051525
https://doi.org/10.1001/jamapsychiatry.2018.4288
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles


Vaughn et al. Exosomes as Biomarkers of TBI

of posttraumatic stress disorder in active-duty Marines. JAMA Psychiatry.

(2014) 71:149–57. doi: 10.1001/jamapsychiatry.2013.3080

15. Barnes DE, Byers AL, Gardner RC, Seal KH, Boscardin WJ, Yaffe K.

Association of mild traumatic brain injury with and without loss of

consciousness with dementia in US military veterans. JAMA Neurol. (2018)

75:1055. doi: 10.1001/jamaneurol.2018.0815

16. Campbell-Sills L, Jain S, Sun X, Fisher LB, Agtarap SD, Dikmen S,

et al. Risk factors for suicidal ideation following mild traumatic brain

injury: a TRACK-TBI study. J Head Trauma Rehabil. (2021) 36:E30–

9. doi: 10.1097/HTR.0000000000000602

17. King NS. Post-concussion syndrome: clarity amid the controversy? Br J

Psychiatry. (2003) 183:276–8. doi: 10.1192/bjp.183.4.276

18. Lee RR, Huang M. Magnetoencephalography in the diagnosis of concussion.

Prog Neurol Surg. (2014) 28:94–111. doi: 10.1159/000358768

19. Agoston DV, Shutes-David A, Peskind ER. Biofluid biomarkers

of traumatic brain injury. Brain Inj. (2017) 31:1195–

203. doi: 10.1080/02699052.2017.1357836

20. Committee on the Review of the Department of Veterans Affairs

Examinations for Traumatic Brain Injury, Board on Health Care Services,

Health and Medicine Division, and National Academies of Sciences,

Engineering, Medicine. Evaluation of the Disability Determination Process for

Traumatic Brain Injury in Veterans. Washington, DC: National Academies

Press (2019).

21. Huie JR, Diaz-Arrastia R, Yue JK, Sorani MD, Puccio AM, Okonkwo DO,

et al. Testing a multivariate proteomic panel for traumatic brain injury

biomarker discovery: a TRACK-TBI Pilot study. J Neurotrauma. (2019)

36:100–10. doi: 10.1089/neu.2017.5449

22. McCrea M, Broglio SP, McAllister TW, Gill J, Giza CC, Huber

DL, et al. Association of blood biomarkers with acute sport-related

concussion in collegiate athletes: findings from the NCAA and

department of defense CARE consortium. JAMA Network Open. (2020)

3:e1919771. doi: 10.1001/jamanetworkopen.2019.19771

23. Polito F, Famà F, Oteri R, Raffa G, Vita G, Conti A, et al. Circulating miRNAs

expression as potential biomarkers of mild traumatic brain injury. Mol Biol

Rep. (2020) 47:2941–9. doi: 10.1007/s11033-020-05386-7

24. Di Pietro V, Ragusa M, Davies D, Su Z, Hazeldine J, Lazzarino G, et

al. MicroRNAs as novel biomarkers for the diagnosis and prognosis of

mild and severe traumatic brain injury. J Neurotrauma. (2017) 34:1948–

56. doi: 10.1089/neu.2016.4857

25. Winston CN, Romero HK, Ellisman M, Nauss S, Julovich DA, Conger T, et

al. Assessing neuronal and astrocyte derived exosomes from individuals with

mild traumatic brain injury for markers of neurodegeneration and cytotoxic

activity. Front Neurosci. (2019) 13:1005. doi: 10.3389/fnins.2019.01005

26. Goetzl L, Merabova N, Darbinian N, Martirosyan D, Poletto E, Fugarolas K,

et al. Diagnostic potential of neural exosome cargo as biomarkers for acute

brain injury. Ann Clin Transl Neurol. (2018) 5:4–10. doi: 10.1002/acn3.499

27. Schneider A, Simons M. Exosomes: vesicular carriers for intercellular

communication in neurodegenerative disorders. Cell Tissue Res. (2013)

352:33–47. doi: 10.1007/s00441-012-1428-2

28. Li M, Zeringer E, Barta T, Schageman J, Cheng A, Vlassov AV. Analysis

of the RNA content of the exosomes derived from blood serum and urine

and its potential as biomarkers. Philos Trans R Soc Lond B Biol Sci. (2014)

369:20130502. doi: 10.1098/rstb.2013.0502

29. Théry C, Zitvogel L, Amigorena S. Exosomes: composition, biogenesis and

function. Nat Rev Immunol. (2002) 2:569–79. doi: 10.1038/nri855

30. Goetzl EJ, Schwartz JB, Abner EL, Jicha GA, Kapogiannis D. High

complement levels in astrocyte-derived exosomes of Alzheimer disease. Ann

Neurol. (2018) 83:544–52. doi: 10.1002/ana.25172

31. Winston CN, Goetzl EJ, Akers JC, Carter BS, Rockenstein EM, Galasko D,

et al. Prediction of conversion from mild cognitive impairment to dementia

with neuronally derived blood exosome protein profile. Alzheimers Dement.

(2016) 3:63–72. doi: 10.1016/j.dadm.2016.04.001

32. Fiandaca MS, Kapogiannis D, Mapstone M, Boxer A, Eitan E, Schwartz JB, et

al. Identification of preclinical Alzheimer’s disease by a profile of pathogenic

proteins in neurally derived blood exosomes: a case-control study.

Alzheimers Dement. (2015) 11:600–7.e1. doi: 10.1016/j.jalz.2014.06.008

33. Hamlett ED, Ledreux A, Potter H, Chial HJ, Patterson D,

Espinosa JM, et al. Exosomal biomarkers in Down syndrome

and Alzheimer’s disease. Free Radic Biol Med. (2018) 114:110–

21. doi: 10.1016/j.freeradbiomed.2017.08.028

34. Goetzl EJ, Kapogiannis D, Schwartz JB, Lobach IV, Goetzl L, Abner

EL, et al. Decreased synaptic proteins in neuronal exosomes of

frontotemporal dementia and Alzheimer’s disease. FASEB J. (2016)

30:4141–8. doi: 10.1096/fj.201600816R

35. Ngolab J, Trinh I, Rockenstein E, Mante M, Florio J, Trejo M,

et al. Brain-derived exosomes from dementia with Lewy bodies

propagate α-synuclein pathology. Acta Neuropathol Commun. (2017)

5:46. doi: 10.1186/s40478-017-0445-5

36. Goetzl EJ, Mustapic M, Kapogiannis D, Eitan E, Lobach IV, Goetzl L, et al.

Cargo proteins of plasma astrocyte-derived exosomes in Alzheimer’s disease.

FASEB J. (2016) 30:3853–9. doi: 10.1096/fj.201600756R

37. Winston CN, Goetzl EJ, Schwartz JB, Elahi FM, Rissman RA. Complement

protein levels in plasma astrocyte-derived exosomes are abnormal in

conversion frommild cognitive impairment to Alzheimer’s disease dementia.

Alzheimer’s Dement. (2019) 11:61–6. doi: 10.1016/j.dadm.2018.11.002

38. Gill J, Mustapic M, Diaz-Arrastia R, Lange R, Gulyani S, Diehl T, et al.

Higher exosomal tau, amyloid-beta 42 and IL-10 are associated with mild

TBIs and chronic symptoms in military personnel. Brain Injury. (2018)

32:1359–66. doi: 10.1080/02699052.2018.1471738

39. Kenney K, Qu, B.-X., Lai C, Devoto C,Motamedi V,WalkerWC, et al. Higher

exosomal phosphorylated tau and total tau among veterans with combat-

related repetitive chronic mild traumatic brain injury. Brain Injury. (2018)

32:1276–84. doi: 10.1080/02699052.2018.1483530

40. Goetzl EJ, Elahi FM, Mustapic M, Kapogiannis D, Pryhoda M, Gilmore A,

et al. Altered levels of plasma neuron-derived exosomes and their cargo

proteins characterize acute and chronic mild traumatic brain injury. FASEB

J. (2019) 33:5082–8. doi: 10.1096/fj.201802319R

41. Wang W, Zhu N, Yan T, Shi YN, Chen J, Zhang CJ, et al. The

crosstalk: exosomes and lipid metabolism. Cell Commun Signal. (2020)

18:119. doi: 10.1186/s12964-020-00581-2

42. Keller S, Ridinger J, Rupp AK, Janssen JW, Altevogt P. Body fluid derived

exosomes as a novel template for clinical diagnostics. J Trans Med. (2011)

9:86. doi: 10.1186/1479-5876-9-86

43. Théry C, Amigorena S, Raposo G, Clayton A. Isolation and characterization

of exosomes from cell culture supernatants and biological fluids. Curr Protoc

Cell Biol Chapter. (2006) 3:Unit 3.22. doi: 10.1002/0471143030.cb0322s30

44. Guedes VA, Devoto C, Leete J, Sass D, Acott JD, Mithani S, et al. Extracellular

vesicle proteins and MicroRNAs as biomarkers for traumatic brain injury.

Front Neurol. (2020) 11:663. doi: 10.3389/fneur.2020.00663

45. Helwa I, Cai J, Drewry MD, Zimmerman A, Dinkins MB, Khaled ML,

et al. A comparative study of serum exosome isolation using differential

ultracentrifugation and three commercial reagents. PLoS One. (2017)

12:e0170628. doi: 10.1371/journal.pone.0170628

46. Peltz CB, Kenney K, Gill J, Diaz-Arrastia R, Gardner RC, Yaffe K. Blood

biomarkers of traumatic brain injury and cognitive impairment in older

veterans. Neurology. (2020) 95:e1126–33. doi: 10.1212/WNL.00000000000

10087

47. Muraoka S, DeLeo AM, Yang Z, Tatebe H, Yukawa K, Ikezu S, et al.

Proteomic profiling of extracellular vesicles separated from plasma of former

national football league players at risk for chronic traumatic encephalopathy.

Aging Dis. (2021) 12:13. doi: 10.14336/AD.2020.0908

48. Goetzl EJ, Peltz CB, Mustapic M, Kapogiannis D, Yaffe K. Neuron-

derived plasma exosome proteins after remote traumatic brain injury. J

Neurotrauma. (2020) 37:382–8. doi: 10.1089/neu.2019.6711

49. Mondello S, Guedes VA, Lai C, Czeiter E, Amrein K, Kobeissy F, et

al. Circulating brain injury exosomal proteins following moderate-to-

severe traumatic brain injury: temporal profile, outcome prediction

and therapy implications. Cells. (2020) 9:977. doi: 10.3390/cells90

40977

50. Guedes VA, Lai C, Devoto C, Edwards KA, Mithani S, Sass D,

et al. Extracellular vesicle proteins and MicroRNAs are linked to

chronic post-traumatic stress disorder symptoms in service members

and veterans with mild traumatic brain injury. Front Pharmacol. (2021)

12:2562. doi: 10.3389/fphar.2021.745348

51. Stern RA, Tripodis Y, Baugh CM, Fritts NG, Martin BM, Chaisson

C, et al. Preliminary study of plasma exosomal tau as a potential

Frontiers in Neurology | www.frontiersin.org 12 February 2022 | Volume 12 | Article 698206

https://doi.org/10.1001/jamapsychiatry.2013.3080
https://doi.org/10.1001/jamaneurol.2018.0815
https://doi.org/10.1097/HTR.0000000000000602
https://doi.org/10.1192/bjp.183.4.276
https://doi.org/10.1159/000358768
https://doi.org/10.1080/02699052.2017.1357836
https://doi.org/10.1089/neu.2017.5449
https://doi.org/10.1001/jamanetworkopen.2019.19771
https://doi.org/10.1007/s11033-020-05386-7
https://doi.org/10.1089/neu.2016.4857
https://doi.org/10.3389/fnins.2019.01005
https://doi.org/10.1002/acn3.499
https://doi.org/10.1007/s00441-012-1428-2
https://doi.org/10.1098/rstb.2013.0502
https://doi.org/10.1038/nri855
https://doi.org/10.1002/ana.25172
https://doi.org/10.1016/j.dadm.2016.04.001
https://doi.org/10.1016/j.jalz.2014.06.008
https://doi.org/10.1016/j.freeradbiomed.2017.08.028
https://doi.org/10.1096/fj.201600816R
https://doi.org/10.1186/s40478-017-0445-5
https://doi.org/10.1096/fj.201600756R
https://doi.org/10.1016/j.dadm.2018.11.002
https://doi.org/10.1080/02699052.2018.1471738
https://doi.org/10.1080/02699052.2018.1483530
https://doi.org/10.1096/fj.201802319R
https://doi.org/10.1186/s12964-020-00581-2
https://doi.org/10.1186/1479-5876-9-86
https://doi.org/10.1002/0471143030.cb0322s30
https://doi.org/10.3389/fneur.2020.00663
https://doi.org/10.1371/journal.pone.0170628
https://doi.org/10.1212/WNL.0000000000010087
https://doi.org/10.14336/AD.2020.0908
https://doi.org/10.1089/neu.2019.6711
https://doi.org/10.3390/cells9040977
https://doi.org/10.3389/fphar.2021.745348
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles


Vaughn et al. Exosomes as Biomarkers of TBI

biomarker for chronic traumatic encephalopathy. JAD. (2016) 51:1099–

109. doi: 10.3233/JAD-151028

52. Guedes VA, Kenney K, Shahim P, Qu, B.-X., Lai C, Devoto C, et

al. Exosomal neurofilament light: a prognostic biomarker for remote

symptoms after mild traumatic brain injury? Neurology. (2020) 94:e2412–

23. doi: 10.1212/WNL.0000000000009577

53. Goetzl EJ, Yaffe K, Peltz CB, Ledreux A, Gorgens K, Davidson B, et

al. Traumatic brain injury increases plasma astrocyte derived exosome

levels of neurotoxic complement proteins. FASEB J. (2020) 34:3359–

66. doi: 10.1096/fj.201902842R

54. Nekludov M, Bellander BM, Gryth D, Wallen H, Mobarrez F. Brain-derived

microparticles in patients with severe isolated TBI. Brain Injury. (2017)

31:1856–62. doi: 10.1080/02699052.2017.1358395

55. Iqbal K, Liu F, Gong CX, Grundke-Iqbal I. Tau in Alzheimer

disease and related tauopathies. Curr Alzheimer Res. (2010)

7:656–64. doi: 10.2174/156720510793611592

56. Castellani RJ, Perry G. Tau biology, tauopathy, traumatic

brain injury, diagnostic challenges. J Alzheimers Dis. (2019)

67:447–67. doi: 10.3233/JAD-180721

57. Tai H-C, Serrano-Pozo A, Hashimoto T, Frosch MP, Spires-Jones

TL, et al. The synaptic accumulation of hyperphosphorylated tau

oligomers in Alzheimer disease is associated with dysfunction

of the ubiquitin-proteasome system. Am J Pathol. (2012)

181:1426–35. doi: 10.1016/j.ajpath.2012.06.033

58. Vogels T, Leuzy A, Cicognola C, Ashton NJ, Smolek T, Novak

M, et al. Propagation of tau pathology: integrating insights

from postmortem and in vivo studies. Biol Psychiatry. (2020)

87:808–18. doi: 10.1016/j.biopsych.2019.09.019

59. McKee AC, Stein TD, Nowinski CJ, Stern RA, Daneshvar DH, Alvarez VE,

et al. The spectrum of disease in chronic traumatic encephalopathy. Brain.

(2013) 136:43–64. doi: 10.1093/brain/aws307

60. Lin YS, Lee WJ, Wang SJ, Fuh JL. Levels of plasma neurofilament light chain

and cognitive function in patients with Alzheimer or Parkinson disease. Sci

Rep. (2018) 8:17368. doi: 10.1038/s41598-018-35766-w

61. Tsitsopoulos PP, Marklund N. Amyloid-β peptides and tau protein as

biomarkers in cerebrospinal and interstitial fluid following traumatic brain

injury: a review of experimental and clinical studies. Front Neurol. (2013)

4:79. doi: 10.3389/fneur.2013.00079

62. McKee AC, Cantu RC, Nowinski CJ, Hedley-Whyte ET, Gavett BE, Budson

AE, et al. Chronic traumatic encephalopathy in athletes: progressive

tauopathy after repetitive head injury. J Neuropathol Exp Neurol. (2009)

68:709–35. doi: 10.1097/NEN.0b013e3181a9d503

63. Rubenstein R, Chang B, Davies P, Wagner AK, Robertson CS, Wang

KKW. A novel, ultrasensitive assay for tau: potential for assessing traumatic

brain injury in tissues and biofluids. J Neurotrauma. (2015) 32:342–

52. doi: 10.1089/neu.2014.3548

64. Gu Y, Oyama F, Ihara Y. Tau is widely expressed in rat tissues. J Neurochem.

(1996) 67:1235–44. doi: 10.1046/j.1471-4159.1996.67031235.x

65. Montenigro PH, Baugh CM, Daneshvar DH, Mez J, Budson AE, Au R, et

al. Clinical subtypes of chronic traumatic encephalopathy: literature review

and proposed research diagnostic criteria for traumatic encephalopathy

syndrome. Alzheimers Res Ther. (2014) 6:68. doi: 10.1186/s13195-014-00

68-z

66. Beard K, Meaney DF, Issadore D. Clinical applications of extracellular

vesicles in the diagnosis and treatment of traumatic brain injury. J

Neurotrauma. (2020) 37:2045–2056. doi: 10.1089/neu.2020.6990

67. Chen G, Xu T, Yan Y, Zhou Y, Jiang Y, Melcher K, et al. Amyloid

beta: structure, biology and structure-based therapeutic development. Acta

Pharmacol Sin. (2017) 38:1205–35. doi: 10.1038/aps.2017.28

68. Kövesdi E, Lückl J, Bukovics P, Farkas O, Pál J, Czeiter E, et al.

Update on protein biomarkers in traumatic brain injury with emphasis

on clinical use in adults and pediatrics. Acta Neurochir. (2010) 152:1–

17. doi: 10.1007/s00701-009-0463-6

69. Schofield PW, Tang M, Marder K, Bell K, Dooneief G, Chun M, et al.

Alzheimer’s disease after remote head injury: an incidence study. J Neurol

Neurosurg Psychiatry. (1997) 62:119–24. doi: 10.1136/jnnp.62.2.119

70. Rodrigue KM, Kennedy KM, Devous MD, Rieck JR, Hebrank AC,

Diaz-Arrastia R, et al. β-Amyloid burden in healthy aging: regional

distribution and cognitive consequences. Neurology. (2012) 78:387–

95. doi: 10.1212/WNL.0b013e318245d295

71. Karve IP, Taylor JM, Crack PJ. The contribution of astrocytes and

microglia to traumatic brain injury. Br J Pharmacol. (2016) 173:692–

702. doi: 10.1111/bph.13125

72. Corps KN, Roth TL, McGavern DB. Inflammation and

neuroprotection in traumatic brain injury. JAMA Neurol. (2015)

72:355–62. doi: 10.1001/jamaneurol.2014.3558

73. Lucas SM, Rothwell NJ, Gibson RM. The role of inflammation in CNS injury

and disease. Br J Pharmacol. (2006) 147:S232–40. doi: 10.1038/sj.bjp.0706400

74. Liddelow SA, Barres BA. Reactive astrocytes: production,

function, therapeutic potential. Immunity. (2017) 46:957–

67. doi: 10.1016/j.immuni.2017.06.006

75. Codeluppi S, Fernandez-Zafra T, Sandor K, Kjell J, Liu Q, Abrams

M, et al. Interleukin-6 secretion by astrocytes is dynamically

regulated by PI3K-mTOR-calcium signaling. PLoS ONE. (2014)

9:e92649. doi: 10.1371/journal.pone.0092649

76. Garcia JM, Stillings SA, Leclerc JL, Phillips H, Edwards NJ, Robicsek SA,

et al. Role of interleukin-10 in acute brain injuries. Front Neurol. (2017)

8:244. doi: 10.3389/fneur.2017.00244

77. Tanaka T, Narazaki M, Kishimoto T. IL-6 in inflammation, immunity,

and disease. Cold Spring Harbor Perspect Biol. (2014) 6:a016295–

a016295. doi: 10.1101/cshperspect.a016295

78. Feuerstein GZ, Liu T, Barone FC. Cytokines, inflammation, and brain

injury: role of tumor necrosis factor-alpha. Cerebrovasc Brain Metab Rev.

(1994) 6:341–60.

79. Jung HH, Kim JY, Lim JE, Im YH. Cytokine profiling in serum-

derived exosomes isolated by different methods. Sci Rep. (2020)

10:14069. doi: 10.1038/s41598-020-70584-z

80. Khalil M, Teunissen CE, Otto M, Piehl F, Sormani MP, Gattringer T, et al.

Neurofilaments as biomarkers in neurological disorders. Nat Rev Neurol.

(2018) 14:577–89. doi: 10.1038/s41582-018-0058-z

81. Neselius S, Brisby H, Theodorsson A, Blennow K, Zetterberg H, Marcusson

J. CSF-biomarkers in olympic boxing: diagnosis and effects of repetitive

head trauma. PLoS One. (2012) 7:e33606. doi: 10.1371/journal.pone.

0033606

82. Yang Z, Wang KKW. Glial fibrillary acidic protein: from intermediate

filament assembly and gliosis to neurobiomarker. Trends Neurosci. (2015)

38:364–74. doi: 10.1016/j.tins.2015.04.003

83. Uhlén M, Fagerberg L, Hallström BM, Lindskog C, Oksvold P, Mardinoglu

A, et al. Tissue-based map of the human proteome. Science. (2015)

347:1260419. doi: 10.1126/science.1260419

84. Bishop P, Rocca D, Henley JM. Ubiquitin C-terminal hydrolase L1 (UCH-

L1): structure, distribution and roles in brain function and dysfunction.

Biochem J. (2016) 473:2453–62. doi: 10.1042/BCJ20160082

85. Takala RSK, Posti JP, Runtti H, Newcombe VF, Outtrim J, Katila AJ, et

al. Glial fibrillary acidic protein and ubiquitin C-Terminal Hydrolase-L1

as outcome predictors in traumatic brain injury. World Neurosurg. (2016)

87:8–20. doi: 10.1016/j.wneu.2015.10.066

86. Fukuda AM, Badaut J. Aquaporin 4: a player in cerebral

edema and neuroinflammation. J Neuroinflam. (2012)

9:279. doi: 10.1186/1742-2094-9-279

87. Aoyagi A, Condello C, Stöhr J, Yue W, Rivera BM, Lee JC, et al. Aβ and

tau prion-like activities decline with longevity in the Alzheimer’s disease

human brain. Sci Transl Med. (2019) 11:eaat8462. doi: 10.1126/scitranslmed.

aat8462

88. Zhang J, Li S, Li L, Li M, Guo C, Yao J, et al. Exosome and exosomal

MicroRNA: trafficking, sorting, and function. Genom Proteom Bioinform.

(2015) 13:17–24. doi: 10.1016/j.gpb.2015.02.001

89. Fabbri M, Paone A, Calore F, Galli R, Gaudio E, Santhanam R,

et al. MicroRNAs bind to Toll-like receptors to induce prometastatic

inflammatory response. Proc Natl Acad Sci USA. (2012) 109:E2110–

16. doi: 10.1073/pnas.1209414109

90. Devoto C, Lai C, Qu BX, Guedes VA, Leete J, Wilde E, et al.

Exosomal microRNAs in military personnel with mild traumatic brain

injury: preliminary results from the chronic effects of neurotrauma

consortium biomarker discovery project. J Neurotrauma. (2020) 37:2482–92.

doi: 10.1089/neu.2019.6933

Frontiers in Neurology | www.frontiersin.org 13 February 2022 | Volume 12 | Article 698206

https://doi.org/10.3233/JAD-151028
https://doi.org/10.1212/WNL.0000000000009577
https://doi.org/10.1096/fj.201902842R
https://doi.org/10.1080/02699052.2017.1358395
https://doi.org/10.2174/156720510793611592
https://doi.org/10.3233/JAD-180721
https://doi.org/10.1016/j.ajpath.2012.06.033
https://doi.org/10.1016/j.biopsych.2019.09.019
https://doi.org/10.1093/brain/aws307
https://doi.org/10.1038/s41598-018-35766-w
https://doi.org/10.3389/fneur.2013.00079
https://doi.org/10.1097/NEN.0b013e3181a9d503
https://doi.org/10.1089/neu.2014.3548
https://doi.org/10.1046/j.1471-4159.1996.67031235.x
https://doi.org/10.1186/s13195-014-0068-z
https://doi.org/10.1089/neu.2020.6990
https://doi.org/10.1038/aps.2017.28
https://doi.org/10.1007/s00701-009-0463-6
https://doi.org/10.1136/jnnp.62.2.119
https://doi.org/10.1212/WNL.0b013e318245d295
https://doi.org/10.1111/bph.13125
https://doi.org/10.1001/jamaneurol.2014.3558
https://doi.org/10.1038/sj.bjp.0706400
https://doi.org/10.1016/j.immuni.2017.06.006
https://doi.org/10.1371/journal.pone.0092649
https://doi.org/10.3389/fneur.2017.00244
https://doi.org/10.1101/cshperspect.a016295
https://doi.org/10.1038/s41598-020-70584-z
https://doi.org/10.1038/s41582-018-0058-z
https://doi.org/10.1371/journal.pone.0033606
https://doi.org/10.1016/j.tins.2015.04.003
https://doi.org/10.1126/science.1260419
https://doi.org/10.1042/BCJ20160082
https://doi.org/10.1016/j.wneu.2015.10.066
https://doi.org/10.1186/1742-2094-9-279
https://doi.org/10.1126/scitranslmed.aat8462
https://doi.org/10.1016/j.gpb.2015.02.001
https://doi.org/10.1073/pnas.1209414109
https://doi.org/10.1089/neu.2019.6933
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles


Vaughn et al. Exosomes as Biomarkers of TBI

91. Harrison EB, Hochfelder CG, Lamberty BG, Meays BM, Morsey BM, Kelso

ML, et al. Traumatic brain injury increases levels of miR-21 in extracellular

vesicles: implications for neuroinflammation. FEBS Open Bio. (2016) 6:835–

46. doi: 10.1002/2211-5463.12092

92. Huang S, Ge X, Yu J, Han Z, Yin Z, Li Y, et al. Increased miR-124-3p

in microglial exosomes following traumatic brain injury inhibits neuronal

inflammation and contributes to neurite outgrowth via their transfer into

neurons. FASEB J. (2018) 32:512–28. doi: 10.1096/fj.201700673r

93. Ko J, Hemphill M, Yang Z, Beard K, Sewell E, Shallcross J, et al. Multi-

dimensional mapping of brain-derived extracellular vesicle microRNA

biomarker for traumatic brain injury diagnostics. J Neurotrauma. (2020)

37:2424–34. doi: 10.1089/neu.2018.6220

94. Gayen M, Bhomia M, Balakathiresan N, Knollmann-Ritschel B. Exosomal

MicroRNAs released by activated astrocytes as potential neuroinflammatory

biomarkers. IJMS. (2020) 21:2312. doi: 10.3390/ijms21072312

95. Ge X, Guo M, Hu T, Li W, Huang S, Yin Z, et al. Increased

microglial exosomal miR-124-3p alleviates neurodegeneration

and improves cognitive outcome after rmTBI. Mol Ther. (2020)

28:503–22. doi: 10.1016/j.ymthe.2019.11.017

96. Wang P, Ma H, Zhang Y, Zeng R, Yu J, Liu R, et al. Plasma exosome-derived

MicroRNAs as novel biomarkers of traumatic brain injury in rats. Int J Med.

Sci. (2020) 17:437–48. doi: 10.7150/ijms.39667

97. Hu D, Zhang Y. Circular RNA HIPK3 promotes glioma

progression by binding to miR-124-3p. Gene. (2019) 690:81–

9. doi: 10.1016/j.gene.2018.11.073

98. Zhou Y, Deng J, Chu X, Zhao Y, Guo Y. Role of post-transcriptional control

of Calpain by miR-124-3p in the development of Alzheimer’s disease. J.

Alzheimers Dis. (2019) 67:571–81. doi: 10.3233/JAD-181053

99. Yelamanchili SV, Lamberty BG, Rennard DA, Morsey BM, Hochfelder CG,

Meays BM, et al. MiR-21 in extracellular vesicles leads to neurotoxicity

via TLR7 signaling in SIV neurological disease. PLoS Pathog. (2015)

11:e1005032. doi: 10.1371/journal.ppat.1005032

100. Alexander M, Hu R, Runtsch MC, Kagele DA, Mosbruger TL, Tolmachova

T, et al. Exosome-deliveredmicroRNAsmodulate the inflammatory response

to endotoxin. Nat Commun. (2015) 6:7321. doi: 10.1038/ncomms8321

101. Li X, Du N, Zhang Q, Li J, Chen X, Liu X, et al. MicroRNA-30d

regulates cardiomyocyte pyroptosis by directly targeting foxo3a in diabetic

cardiomyopathy. Cell Death Dis. (2014) 5:e1479. doi: 10.1038/cddis.2

014.430

102. Bhomia M, Balakathiresan NS, Wang KK, Papa L, Maheshwari RK. A

panel of serum MiRNA biomarkers for the diagnosis of severe to mild

traumatic brain injury in humans. Sci Rep. (2016) 6:28148. doi: 10.1038/srep

28148

103. Sgambato JA, Jones BA, Caraway JW, Prasad GL. Inflammatory

profile analysis reveals differences in cytokine expression between

smokers, moist snuff users, and dual users compared to non-tobacco

consumers. Cytokine. (2018) 107:43–51. doi: 10.1016/j.cyto.2017.

11.013

104. Strzelak A, Ratajczak A, Adamiec A, Feleszko W. Tobacco smoke induces

and alters immune responses in the lung triggering inflammation, allergy,

asthma and other lung diseases: amechanistic review. Int J Environ Res Public

Health. (2018) 15:1033. doi: 10.3390/ijerph15051033

105. Smith AK, Ratanatharathorn A, Maihofer AX, Naviaux RK, Aiello AE,

Amstadter AB, et al. Epigenome-wide meta-analysis of PTSD across 10

military and civilian cohorts identifies methylation changes in AHRR. Nat

Commun. (2020) 11:5965. doi: 10.1038/s41467-020-19615-x

106. Safieh M, Korczyn AD, Michaelson DM. ApoE4: an emerging

therapeutic target for Alzheimer’s disease. BMC Med. (2019)

17:64. doi: 10.1186/s12916-019-1299-4

107. Lue LF, Pai MC, Chen TF, Hu CJ, Huang LK, Lin WC, et al. Age-

dependent relationship between plasma Aβ40 and Aβ42 and total tau

levels in cognitively normal subjects. Front Aging Neurosci. (2019)

11:292. doi: 10.3389/fnagi.2019.00292

108. Graham G. Disparities in cardiovascular disease risk in

the United States. Curr Cardiol Rev. (2015) 11:238–

45. doi: 10.2174/1573403X11666141122220003

109. Sheftick G. Women Integrating Into Army’s Final Infantry, Armor Units.

http://www.army.mil (2020). Available online at: https://www.army.mil/

article/236107/women_integrating_into_armys_final_infantry_armor_

units (accessed January 14, 2021).

110. Bryden DW, Tilghman JI, Hinds SR. Blast-related traumatic

brain injury: current concepts and research considerations.

J Exp Neurosci. (2019) 13:1179069519872213. doi: 10.1177/11790695198

72213

111. Xiong Y, Mahmood A, Chopp M. Current understanding

of neuroinflammation after traumatic brain injury and cell-

based therapeutic opportunities. Chin J Traumatol. (2018)

21:137–51. doi: 10.1016/j.cjtee.2018.02.003

112. Ma X, Aravind A, Pfister BJ, Chandra N, Haorah J. Animal models of

traumatic brain injury and assessment of injury severity. Mol Neurobiol.

(2019) 56:5332–45. doi: 10.1007/s12035-018-1454-5

113. Greer N, Sayer N, Koeller E, Velasquez T, Wilt TJ. Outcomes associated

with blast versus nonblast-related traumatic brain injury in US

military service members and veterans: a systematic review. J Head

Trauma Rehabil. (2018) 33:E16–29. doi: 10.1097/HTR.000000000000

0304

114. Yang D, Zhang W, Zhang H, Zhang F, Chen L, Ma L, et al.

Progress, opportunity, and perspective on exosome isolation - efforts

for efficient exosome-based theranostics. Theranostics. (2020) 10:3684–

707. doi: 10.7150/thno.41580

115. Sidhom K, Obi PO, Saleem A. A review of exosomal isolation methods: is

size exclusion chromatography the best option? Int J Mol Sci. (2020) 21:6466.

doi: 10.3390/ijms21186466

Conflict of Interest: The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could be construed as a

potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors

and do not necessarily represent those of their affiliated organizations, or those of

the publisher, the editors and the reviewers. Any product that may be evaluated in

this article, or claim that may be made by its manufacturer, is not guaranteed or

endorsed by the publisher.

Copyright © 2022 Vaughn, Winston, Levin, Rissman and Risbrough. This is an

open-access article distributed under the terms of the Creative Commons Attribution

License (CC BY). The use, distribution or reproduction in other forums is permitted,

provided the original author(s) and the copyright owner(s) are credited and that the

original publication in this journal is cited, in accordance with accepted academic

practice. No use, distribution or reproduction is permitted which does not comply

with these terms.

Frontiers in Neurology | www.frontiersin.org 14 February 2022 | Volume 12 | Article 698206

https://doi.org/10.1002/2211-5463.12092
https://doi.org/10.1096/fj.201700673r
https://doi.org/10.1089/neu.2018.6220
https://doi.org/10.3390/ijms21072312
https://doi.org/10.1016/j.ymthe.2019.11.017
https://doi.org/10.7150/ijms.39667
https://doi.org/10.1016/j.gene.2018.11.073
https://doi.org/10.3233/JAD-181053
https://doi.org/10.1371/journal.ppat.1005032
https://doi.org/10.1038/ncomms8321
https://doi.org/10.1038/cddis.2014.430
https://doi.org/10.1038/srep28148
https://doi.org/10.1016/j.cyto.2017.11.013
https://doi.org/10.3390/ijerph15051033
https://doi.org/10.1038/s41467-020-19615-x
https://doi.org/10.1186/s12916-019-1299-4
https://doi.org/10.3389/fnagi.2019.00292
https://doi.org/10.2174/1573403X11666141122220003
http://www.army.mil
https://www.army.mil/article/236107/women_integrating_into_armys_final_infantry_armor_units
https://www.army.mil/article/236107/women_integrating_into_armys_final_infantry_armor_units
https://www.army.mil/article/236107/women_integrating_into_armys_final_infantry_armor_units
https://doi.org/10.1177/1179069519872213
https://doi.org/10.1016/j.cjtee.2018.02.003
https://doi.org/10.1007/s12035-018-1454-5
https://doi.org/10.1097/HTR.0000000000000304
https://doi.org/10.7150/thno.41580
https://doi.org/10.3390/ijms21186466
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles

	Developing Biomarkers of Mild Traumatic Brain Injury: Promise and Progress of CNS-Derived Exosomes
	Introduction
	Neurodegenerative Proteins
	Total Tau and P-Tau
	Aβ42
	Cytokines

	Injury Markers: Gfap, Nfl, Aquaporin 4, Uchl-1
	NFL
	GFAP
	UCH-L1
	AQP4

	Potential Predictors of Functional Outcome
	miRNA Cargo Associated With Tbi
	miRNA-124-3p
	miRNA-146
	miRNA-30d

	Discussion/Future Studies
	Confounders and Population Considerations
	Injury Time Course Considerations
	Injury Type Considerations
	Methodological Considerations

	Author Contributions
	Funding
	Supplementary Material
	References


