e2412
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Abstract
Objective

To measure exosomal and plasma levels of candidate blood biomarkers in veterans with history
of mild traumatic brain injury (mTBI) and test their relationship with chronic symptoms.

Methods

Exosomal and plasma levels of neurofilament light (NfL) chain, tumor necrosis factor
(TNF)-q, interleukin (IL)-6, IL-10, and vascular endothelial growth factor (VEGF) were
measured using an ultrasensitive assay in a cohort of 195 veterans, enrolled in the Chronic
Effects of Neurotrauma Consortium Longitudinal Study. We examined relationships between
candidate biomarkers and symptoms of postconcussive syndrome (PCS), posttraumatic stress
disorder (PTSD), and depression. Biomarker levels were compared among those with no
traumatic brain injury (TBI) (controls), 1-2 mTBIs, and repetitive (3 or more) mTBIs.

Results

Elevated exosomal and plasma levels of NfL were associated with repetitive mTBIs and with
chronic PCS, PTSD, and depression symptoms. Plasma TNF-a levels correlated with PCS
and PTSD symptoms. The total number of mTBIs correlated with exosomal and plasma NfL
levels and plasma IL-6. Increased number of years since the most recent TBI correlated with
higher exosomal NfL and lower plasma IL-6 levels, while increased number of years since first
TBI correlated with higher levels of exosomal and plasma NfL, as well as plasma TNF-a and
VEGF.

Conclusion

Repetitive mTBIs are associated with elevated exosomal and plasma levels of NfL, even years
following these injuries, with the greatest elevations in those with chronic PCS, PTSD, and
depression symptoms. Our results suggest a possible neuroinflammatory and axonal disruptive
basis for symptoms that persist years after mTBI, especially repetitive.

Correspondence
Dr. Kenney
kimbra.kenney@usuhs.edu

RELATED ARTICLE

Comment
Biomarkers for mild
traumatic brain injury:
Role of the exosomes
Page 1017

® Podcast

Dr. David Lapides talks
with Dr. Kimbra Kenney
about her paper on
exosomal NfL as

a biomarker following
traumatic brain injury.

NPub.org/7mc8bk

From the National Institute of Nursing Research (V.A.G., C.L., C.D., J.M.G.), National Institute of Neurological Disorders and Stroke (P.S.), and Center for Neuroscience and
Regenerative Medicine (P.S., ].M.G.) and Department of Neurology (K.K., B.-X.Q.), Uniformed Services University of the Health Sciences, NIH; Walter Reed National Military Medical
Center (K.K.), National Intrepid Center of Excellence, Bethesda, MD; Department of Physical Medicine & Rehabilitation (W.C.W.), Virginia Commonwealth University, Richmond; RTI

International (T.N.), Research Triangle Park, NC; and Department of Neurology (R.D.-A.), University of Pennsylvania, Philadelphia.

Go to Neurology.org/N for full disclosures. Funding information and disclosures deemed relevant by the authors, if any, are provided at the end of the article.

CENC Multisite Observational Study coinvestigators are listed in the appendix 2 at the end of the article.

Copyright © 2020 American Academy of Neurology

Copyright © 2020 American Academy of Neurology. Unauthorized reproduction of this article is prohibited.


http://dx.doi.org/10.1212/WNL.0000000000009577
mailto:kimbra.kenney@usuhs.edu
http://NPub.org/7mc8bk
https://n.neurology.org/lookup/doi/10.1212/WNL.0000000000009577

Glossary

AOC = alteration of consciousness; CENC = Chronic Effects of Neurotrauma Consortium; DoD = Department of Defense;
DRRI-2 = Deployment Risk and Resiliency Inventory—2; DSM-IV = Diagnostic and Statistical Manual of Mental Disorders, 4th
edition; DSM-$ = Diagnostic and Statistical Manual of Mental Disorders, Sth edition; GLM = generalized linear model; IL =
interleukin; IQR = interquartile range; IRB = institutional review board; LOC = loss of consciousness; mTBI = mild traumatic
brain injury; NfL = neurofilament light; NSI = Neurobehavioral Symptom Inventory; OEF = Operation Enduring Freedom;
OIF = Operation Iraqi Freedom; OND = Operation New Dawn; PCE = possible concussive event; PCL-M = PTSD Checklist
Military Version; PCS = postconcussive syndrome; PHQ-9 = 9-item Patient Health Questionnaire Depression Scale; PTA =
posttraumatic amnesia; PTSD = posttraumatic stress disorder; SM = service members; TBI = traumatic brain injury; TNF =
tumor necrosis factor; VA = Veterans Affairs; VCU rCDI = Virginia Commonwealth University Retrospective Concussion

Diagnostic Interview; VEGF = vascular endothelial growth factor.

Sustaining a mild traumatic brain injury (mTBI) can be asso-
ciated with persistent or worsening neurobehavioral dysfunc-
tion years after injury,' > and can include a constellation of
cognitive, affective, and somatic complajnts.l’3 Common trau-
matic brain injury (TBI) clinical sequelae and comorbidities,
such as postconcussive syndrome (PCS), posttraumatic stress
disorder (PTSD), and depression, share significant symptom
overlap, and might be more severe among individuals who have
sustained repetitive TBIs.*” However, the biologic mecha-
nisms underlying this association remain largely unknown.

TBI is a complex, heterogeneous injury that pathologically
involves neuroaxonal and vascular injury accompanied by
robust inflammatory responses. In response to the initial
mechanical tissue damage, injured cells release proteins and
extracellular vesicles, including exosomes into the extracellu-
lar space.&10 Exosomes have a lipid bilayer membrane, readily
cross the blood-brain barrier, and can be isolated from the
peripheral circulation, where their contents can be easily
accessed and measured. Their cargo may provide easily
accessed insights into privileged CNS tissue-specific patho-
logic processes.'® Candidate protein biomarkers of neuronal
damage, inflammation, and vascular injury, such as neuro-
filament light (NfL) chain,'""* cytokines,"*'* and vascular
endothelial growth factor (VEGF),">"¢ respectively, may help
inform TBI severity and prognosis, shedding light on un-
derlying pathogenesis of chronic TBI symptom complexes.

In this study, we examined relationships among peripherally
circulating (exosomal and plasma) candidate TBI biomarkers
(NfL, interleukin [IL]-6, IL-10, tumor necrosis factor
[TNF]-q, and VEGF) and persistent neurobehavioral symp-
toms in a cohort of veterans with a remote history of mTBI.

Methods
Study design and population

Participants in this study were enrolled in the Chronic
Effects of Neurotrauma Consortium (CENC) Multicenter
Observational Study, an institutional review board (IRB)-
approved, multisite longitudinal study of mTBI late effects
among post-9/11 era veterans and service members (SM).

Neurology.org/N

The overarching study has been described previously.'”
Briefly, the CENC study assesses SM and veterans for every
possible concussive event (PCE) throughout the lifetime
and assigns an mTBI diagnosis for each event based on the
Department of Defense (DoD)-Veterans Affairs (VA)
common definition of mTBI. The inclusion criteria were (1)
a history of Operation Enduring Freedom (OEF)/Operation
Iraqi Freedom (OIF)/Operation New Dawn (OND) de-
ployment confirmed by VA or DoD records (defined as
deployed to a region of conflict in support of OEF/OIF/
OND while serving in the US military); (2) a history of
combat exposure during any deployment, either OEF/OIF/
OND or non-OEF/OIF/OND (defined as Deployment
Risk and Resiliency Inventory—2 [DRRI-2] score >1 on any
item); and (3) adult age >18 years. The exclusion criteria
were (1) a history of moderate or severe TBI (defined as
initial Glasgow Coma Scale score <13, coma duration >1/2
hour, posttraumatic amnesia duration >24 hours, or trau-
matic intracranial lesion on head CT); or (2) a history of
major neurologic or psychiatric disorder such as stroke,
spinal cord injury, or schizophrenia (major defined as
resulting in a significant decrement in functional status or
loss of independent living capacity). The DRRI-2-D >1 on
any item criterion is to ensure that the TBI exposed and
unexposed controls have a similar environmental history,
that is, all participants will have experienced combat sit-
uations during their military career. In this study, the cross-
sectional analysis utilized an initial snapshot dataset of
baseline evaluations from veterans recruited from the 4
original sites at VA medical centers in Richmond, Virginia;
Tampa, Florida; Houston, Texas; and San Antonio, Texas.
All participants provided written informed consent. From
this dataset, 195 participants were selected based on TBI
status and availability of full clinical data and associated
plasma in the CENC Biorepository.

Standard protocol approvals, registrations,
and patient consents

All participants provided written informed consent to par-
ticipate, and all sites received approval from and followed the
ethical standards of their respective institutional review
boards. Participants also provided written consent for blood
to be drawn, stored in CENC biorepository, and analyzed.
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Determination of TBI

Using a modification of the Ohio State University TBI
Identification instrument, participants were screened for
PCEs sustained during military deployments and across their
entire lifetime, including childhood. Then, each PCE was
investigated to determine whether it fulfilled criteria for an
mTBI using the Virginia Commonwealth University Retro-
spective Concussion Diagnostic Interview (VCU rCDI)."”
Using the structured interview data and the DoD-VA com-
mon definition of mTBIL,'® each VCU rCDI provided a pre-
liminary TBI diagnosis of mTBI with loss of consciousness
(LOC) and posttraumatic amnesia (PTA), mTBI without
LOC/PTA, or not mTBL The preliminary TBI diagnosis was
then reviewed and vetted against the unstructured free text
portion of the interview and any available medical documents
recorded in proximity to the event (ie. first responder,
emergency department, or in-theater documentation). This
process was used by the site principal investigator to confirm
or override each preliminary mTBI diagnosis, providing the
final diagnosis. The TBI severity of each event was also
evaluated and any event more severe than an mTBI was ex-
cluded from the study. If any uncertainty regarding the TBI
diagnosis remained, the event was adjudicated by a central
diagnosis committee consisting of national experts in TBI.
Using these TBI determinations, participants were classified
into various TBI groupings for these analyses as follows: (1)
repetitive (3 or more) mTBI, (2) 1-2 mTBIs, and (3) control
(no TBI history). We also compared participants with and
without blast exposure, irrespective of TBI designation, as
well as mTBI with at least 1 mTBI with LOC/PTA vs mTBI
with alteration of consciousness (AOC) only and without

LOC/PTA.

Assessment of PCS, PTSD, and

depression symptoms

The Neurobehavioral Symptom Inventory (NSI) was used to
assess PCS symptom severity. The NSI consists of a 22-item
assessment with a 3/4 factor structure (somatic/sensory, af-
fective, and cognitive) with higher total score indicating more
severe symptoms.'”>° The PTSD Checklist Military Version
(PCL-M) was used to assess the symptoms of PTSD,
resulting in a score of 0-80, with higher scores indicating
a greater symptom burden. The PCL-M is widely used in
military and veteran populations and has high reliability and
validity.*"** Symptoms of depression were measured using
the 9-item Patient Health Questionnaire Depression Scale
(PHQ-9). The PHQ-9 is a self-administered tool, with higher
scores indicating greater symptom severity.23 It consists of 9
criteria upon which the diagnosis of DSM-IV (and DSM-S)
depressive disorders is based. The PHQ-9 is half the length of
many other depression measures and has comparable sensi-

tivity and speciﬁcity.23

Blood sampling and protein assays
Biomarker analysis was carried out under an exempt IRB-
approved protocol. Biomarker levels in the plasma and exo-
somes extracted from plasma were measured.
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Exosome isolation from human plasma
Exosomes were isolated from 0.5 mL of frozen human
plasma containing EDTA by using ExoQuick (System Bio-
sciences Inc., Mountainview, CA). After the plasma was
thawed, thrombin was added to each sample and incubated
at room temperature for 5-10 minutes. Then samples
were centrifuged at 10,000 rpm for 5 minutes and the su-
pernatant was transferred into a clean tube for exosome
isolation. ExoQuick solution was added to thrombin-treated
plasma samples. Resulting solutions were incubated for
30 minutes at 4°C, then centrifuged at 1,500 g for 30
minutes. The supernatant was aspirated after the centrifu-
gation and the exosome pellet was resuspended in 500 pL
phosphate-buffered saline. For the protein quantification,
each tube received equal amounts of M-PER mammalian
protein extraction reagent to lyse exosomes (Thermo
Scientific, Inc., Rockford, IL), containing 3 times the sug-
gested concentrations of protease and phosphatase inhibi-
tors. These suspensions were used to measure biomarker
concentrations.

Protein quantification

Exosomal and plasma levels of NfL, IL-6, TNF-q, IL-10, and
VEGF were analyzed using a site-specific Simoa HD-1 ana-
lyzer (Quanterix, Lexington, MA), a paramagnetic bead-
based enzyme-linked immunosorbent assay, according to
the manufacturer’s protocol. The reported coeflicient of
variation (intraplate and interplate) values were no higher
than 20% for all analytes.

Statistical analysis

Descriptive statistics were calculated for all demographic
and clinical variables. Comparisons of demographic and
clinical characteristics between groups were conducted
using X2 test or Mann-Whitney U tests. Biomarker com-
parisons among TBI groups were performed by using lo-
gistic regression models, as well as Mann-Whitney test or
Kruskal-Wallis test followed by Dunn test correcting for
repetitive pairwise comparisons. Spearman correlations
were used to examine relationships between biomarkers
and PCS, PTSD, and depression symptoms. General-
ized linear models (GLMs) including demographics (age
and sex) and combinations of clinical TBI characteristics
(number of TBIs, time since the last TBI, time since the first
TBI, history of TBI caused by blast or associated with
PTA or LOC) were constructed to assess the relationships
between PCS, PTSD, and depression symptoms and bio-
marker levels. Model fit was evaluated by looking at
the residual plots and distribution plots. All data were ana-
lyzed using the R statistical package (version 3.5) and GraphPad
Prism version 7.04. GraphPad Prism was also used to produce

graphs.

Data availability

The data that support the findings of this study are
available on reasonable request to the corresponding
author.
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Results

Demographic and clinical characteristics

Demographic and clinical characteristics of the 195 partic-
ipants are described in table 1. The sample was predominately
male (85%), with a median age of 38 years (interquartile range
[IQR], 20.5) in the control group and 37.5 years (IQR, 18) in
the TBI group. No significant differences on the demographic
variables of age, sex, or education were observed between the
control group (no TBI, n = 45) and TBI-positive groups (1 or
2 TBIs, n = 94; repetitive TBL, n = 56). Education categories
were as follows: college, 4 years or more (controls,n = 18; 1 or
2 TBIs, n = 44; repetitive TBL, n = 20); college, 1 year to 3
years (control, n = 19; 1 or 2 TBIs, n = 39; repetitive TBL, n =
30); high school graduate (grade 12 or General Educational
Development, controls, n = 7; 1 or 2 TBIs, n = 11; and
repetitive TBIL, n = 6); and some high school (grades 9
through 11, controls, n = 1; 1 or 2 TBIs, n = 0; and repetitive
TBL n = 0). Individuals with positive TBI history reported

significantly more severe PCS (p < 0.0001), PTSD (p =
0.0002), and depression symptoms (p = 0.0002) than the
control group. PCS symptoms were more severe in individ-
uals with repetitive TBI than in those with 1 or 2 TBIs (p =
0.0383). The number of TBIs caused by blasts (p < 0.0001)
was also significantly higher in the repetitive mTBI group than
in those with 1 or 2 mTBIs. Finally, the time in years since the
first TBI was longer in the repetitive mTBI group and the time
since the most recent TBI (p < 0.0001) was shorter in the 1-2
mTBIs group (p = 0.0080).

Repetitive mTBI is associated with elevated
biomarker levels

We compared biomarker levels among individuals with no
mTBI history (controls), 1-2 mTBIs, and 3 or more mTBIs
(repetitive mTBI) (figure 1). We observed significant group
differences for exosomal (p = 0.0226) and plasma NfL (p =
0.0030). Pairwise comparisons showed differences between
1-2 mTBIs and repetitive mTBI groups for exosomal

Table 1 Demographic and clinical characteristics

TBI
Controls, no TBI (n = 45) 1-2 TBIs (n = 94) >3 TBIs (n = 56) Significance
Age, y, median (IQR) 38.0(20) 37.5(16.75) 37.0(16.25) 0.3295
Sex, male, n (%) 38 (84.44) 82 (87.23) 47 (83.93) x> =0.380, p = 0.827
Education, n (%)
College (complete or incomplete) 37(82.2) 83(88.2) 56 (89.2) X2 =6.1929, p = 0.4019
Number of TBIs, median (IQR) 0 1 4(2) p <0.0001
Number of blast TBlIs, median (IQR) 0 0(1) 1) p <0.0001
Combat-related TBIs, n (%) 0 58 (61.70) 49 (87.5) X% =11.421, p < 0.0001
TBIs with PTA or LOC, n (%) 0 54 (57.44) 46 (82.14) X? =9.6315, p < 0.001
Time since last TBI, y, median (IQR) NA 9.53 (7.605) 6.83 (7.605) p =0.008005
Time since first TBI, y, median (IQR) NA 13.53 (14.5875) 22.11 (12.5600) p <0.0001
Behavior measures
NSI, median (IQR)
NSI total 13(21) 26 (27) 32(19) p <0.0001
Somatic 2(6) 6 (6.5) 10 (7) p <0.0001
Affective 6(10) 10.5(9) 12 (5) p =0.0002
Cognitive 3(6.5) 5(6) 7 (6) p <0.0001
Vestibular 0(2) 1.5 (4) 3(3) p <0.0001
PCL-M total, median (IQR) 11 (28) 27 (35) 29.5(28) p =0.0002
PHQ-9 total, median (IQR) 3(8.00) 9 (9.75) 9.5 (7.00) p =0.0002

Abbreviations: IQR = interquartile range; LOC = loss of consciousness; mTBI = mild traumatic brain injury; NSI = Neurobehavioral Symptom Inventory; PCL-M =
PTSD Checklist Military Version; PHQ-9 = 9-item Patient Health Questionnaire; PTA = posttraumatic amnesia; TBI = traumatic brain injury.

Age, sex, and education (x> test), as well as behavioral symptoms (Kruskal-Wallis test), were compared among control, 1-2 mTBls, and 3 or more mTBls
(repetitive mTBI) groups. Number of TBIs, number of blasts, and years since first and last TBl were compared between individuals with 1-2 TBIs and repetitive
mTBIs (Mann-Whitney test), as well as history of combat-related TBIs, and history of TBIs with PTA or LOC (x? test). Significance levels refer to group

differences.
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Figure 1 Exosomal and plasma levels of biomarkers
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(A-)) Participants were divided into 3 groups: control, 1-2 mild traumatic brain injuries (TBIs), and 3 or more TBIs (repetitive mild TBI). Significant group
differences were observed for plasma and exosomal neurofilament light (NfL). Biomarker concentrations represented as median + interquartile range. IL =
interleukin; TNF-a = tumor necrosis factor-a; VEGF = vascular endothelial growth factor.
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(p = 0.0223) and plasma NfL (p = 0.0024). For plasma
NfL, a marginally significant difference was observed be-
tween control and repetitive mTBI groups (p = 0.0623).
No other significant differences among control, 1-2
mTBIs, and repetitive mTBIs groups were observed. When
participants were divided into control and TBI (1-2 and 3
or more mTBIs) groups, there were no significant differ-
ences in the plasma or exosomal concentrations of any
biomarker: NfL (exosomal, p = 0.4852; plasma, p =
0.5458), IL-6 (exosomal, p = 0.9365; plasma, p = 0.83135),
IL-10 (exosomal, p = 0.1087; plasma, p = 0.4339), TNF-a
(exosomal, p = 0.6682; plasma, p = 0.4674), or VEGF
(exosomal, p = 0.5162; plasma, p = 0.4857). We compared
controls to individuals with mTBI with LOC or PTA and
those with mTBI with AOC only, but no significant dif-
ferences were observed in NfL (exosomal, p = 0.7579;
plasma, p = 0.8251), IL-6 (exosomal = 0.881; plasma, p =
0.755), IL-10 (exosomal, p = 0.1893; plasma, p = 0.693),
TNF-a (exosomal, p = 0.1893; plasma, p = 0.5417), or
VEGF (exosomal, p = 0.6848; plasma, p = 0.3257).

We also compared groups using logistic regression models.
Controlling for age and sex, we assessed biomarker differences
comparing controls vs TBI, control vs 1-2 mTBIs, and con-
trol vs repetitive mTBI. Controlling for age, sex, and time in
years since last TBI, we compared 1-2 mTBI and repetitive
mTBI groups (table 2). We observed that levels of exosomal
and plasma NfL were elevated in both the 1-2 mTBIs and
repetitive mTBI groups when compared to controls.

TBI characteristics and biomarker levels

The results of the correlation analyses between TBI charac-
teristics and biomarker levels are displayed graphically in
figure 2. The total number of lifetime mTBIs positively

correlated with higher exosomal (r = 0.2661, p = 0.0271) and
plasma NfL (r=0.25S, p = 0.0022), as well as plasma IL-6 (r =
0.201, p =0.0361). We also observed that the number of years
since first TBI positively correlated with higher levels of
exosomal (r = 0.3282, p = 0.0059) and plasma NfL (r =
0.3447, p < 0.0001), plasma TNF-a (r=0.3091, p= 0.018),
and plasma VEGF (r = 0.1921, p = 0.0230). Similarly, the
number of years since last TBI positively correlated with the
levels of exosomal NfL (r = 0.2967, p = 0.0133). However,
levels of IL-6 decreased with time as the number of years since
last TBI negatively correlated with levels of IL-6 (r = —0.2087,
p = 0.0294). Correlations between years since last TBI and
both plasma NfL (r = 0.1608, p = 0.0559) and plasma VEGF
(r = 0.1524, p = 0.0722) were marginally significant. No sig-
nificant correlations were observed for number of blasts and
any candidate plasma or exosomal biomarker.

Biomarker levels are linked to the severity of
PCS, PTSD, and depression symptoms

The results of correlations between TBI-type symptoms and
biomarker levels are shown graphically in figure 3. NSI total
score correlated moderately with exosomal NfL (r = 0.5516, p
< 0.0001) and mildly with both plasma NfL (r = 0.3425, p <
0.0001) and plasma TNF-a (r = -0.2328, p = 0.0211). We also
evaluated possible correlations between each of the NSI
subscales (i.e.,, somatic, affective, cognitive, and vestibular)
and biomarker levels. Overall, exosomal NfL also correlated
moderately with most NSI subscales (somatic, r = 0.5268, p <
0.0001; cognitive, r = 0.399, p = 0.0008; vestibular, r = 0.4604,
p < 0.0001; affective, r = 0.4542, p = 0.0001, respectively).
Similarly, the levels of plasma NfL positively correlated with
higher scores in the NSI somatic (r = 0.3779, p < 0.0001),
cognitive (r = 0.2621, p = 0.0017), vestibular (r = 0.3529, p <
0.0001), and affective subscales (r = 0.2679, p = 0.0013).

Table 2 Traumatic brain injury (TBI) group comparison using logistic regression analyses

Control vs 1-2 TBIs

Control vs repetitive TBIs

1-2 TBIs vs repetitive TBIs

Predictors Odds ratios p Odds ratios P Odds ratios p
Plasma NfL
Age 0.99 0.408 0.97 0.233 1.04 0.060
Male sex 1.19 0.741 1.02 0.979 0.59 0.337
Time since last TBI 0.86 <0.001
Plasma NfL 1.00 0.931 1.14 0.010 1.14 0.001
Exosomal NfL
Age 0.96 0.092 0.97 0.386 1.05 0.123
Male sex 1.27 0.774 1.68 0.596 1.55 0.624
Time since last TBI 0.89 0.037
Exosomal NfL 1.26 0.602 2.94 0.031 3.13 0.009

Abbreviation: NfL = neurofilament light.

Logistic regression analyses were performed to compare biomarker differences among TBI groups, controlling for age, sex, and time since last injury. The
differences between control and 1-2 TBIs, control and repetitive TBIs, and 1-2 TBIs and repetitive TBIs for plasma and exosomal NfL are shown.
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Figure 2 Correlations between traumatic brain injury (TBI) characteristics and biomarker levels
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Higher scores in the somatic (r = —0.2349, p = 0.0199) and
cognitive subscales (r = —0.2671, p = 0.0075) weakly corre-
lated with decreased plasma concentrations of TNF-a.

Moreover, PCL-M scores correlated with exosomal (r = 0.497,

or no), blast TBI (yes or no), PTA/LOC status (TBI with
PTA or LOC, or TBI without PTA or LOC), as well as
exosomal and plasma levels of biomarkers. We observed an

association between higher NSI, PCL-M, and PHQ-9 scores

p < 0.0001) and plasma NfL (r = 0.295S, p = 0.0004), and
plasma TNF-a (r = -0.2267, p = 0.0255), and again moderately

for exosomal NfL. measures and only weakly for plasma NfL and
TNF-a measures. A marginally significant correlation between
PCL-M scores and exosomal IL-6 (r = 0.1893, p = 0.0865) was
also observed. PHQ-9 scores correlated with exosomal (r =
0.4368, p = 0.0002) and plasma NfL (r = 0.2041, p = 0.0156).

Results of the GLM models corrected for demographic and
clinical characteristics to evaluate associations between bio-
marker levels and NSI, PCL-M, and PHQ-9 scores are shown
in table 3. For each behavioral measure, models included age,
sex, time since last TBI, number of mTBIs, combat TBIs (yes
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Discussion

and increased levels of both exosomal and plasma NfL.

Findings from this study demonstrate that veterans who sus-
tained remote mTBIs, and especially those with repetitive
TBIs, have alterations in candidate biomarker activity, which in
turn are associated with chronic neurologic and behavioral

symptoms. In this study, we evaluated peripherally circulating

exosomal as well as soluble plasma levels of candidate protein
biomarkers in veterans years after both their most recent and
their initial mTBI. Specifically, we observed higher exosomal
and plasma levels of NfL, a neuronal marker of axonal injury, in
those with history of repetitive mTBIs and that these increased
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Figure 3 Correlations between symptoms and biomarker levels within the traumatic brain injury (TBI) group
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Neurobehavioral Symptom Inventory; PCL-M = PTSD Checklist

Military Version; PHQ-9 = 9-item Patient Health Questionnaire; TNF-a = tumor necrosis factor-a; VEGF = vascular endothelial growth factor.

exosomal and plasma levels of NfL correlate with the severity of
PCS, PTSD, and depressive symptoms. We also found an as-
sociation between concentrations of TNF-a, an inflammatory
marker, and PCS and PTSD symptoms. These findings con-
tribute to the ongoing efforts to establish prognostic bio-
markers for persistent neurobehavioral symptoms in chronic
mTBI and shed light on potential mechanisms underlying these
symptom complexes common after mTBI, especially after re-
petitive TBIs among active duty SM and veterans.

NfL is a major component of the neuronal cytoskeleton, par-
ticularly of large myelinated neuronal axons, and has very re-
cently gained attention as a promising diagnostic and prognostic
biomarker in a host of neuroinflammatory and neurodegener-
ative disorders, as well as sports-related concussion.' "**~2¢ El-
evated levels of NfL are believed to reflect axonal damage due to
injury or degeneration and have been reported in athletes with
history of recurrent head trauma and associated with chronic

2,12

neurologic symptoms.” ~ Less is known regarding the role of
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NfL in the chronic period following TBIs, and especially the role
of repetitive mTBIs in veterans with chronic symptoms. Cyto-
kines, including interleukin IL-6, IL-10, and TNF-q, are key
components of inflammatory responses in the CNS,'* while
VEGE"'®?” has been implicated in the modulation of in-
flammatory responses after vascular injury. Cytokine levels
typically peak within hours after a TBI, declining days after the

S 1328
mjury. >

Pathologic processes underlying mTBIs remain poorly un-
derstood. In individuals who sustain 1 or more mTBIs, there
are often transient alterations in neuronal function and tem-
porary neurologic symptoms.29 However, a subset of patients
with mTBI develop lasting syrnptoms,30 with evidence linking
repetitive mTBIs with poorer outcomes,®” as well as repetitive
subconcussive exposures to postmortem diagnosis of chronic
traumatic encephalopathy in contact sports athletes and
military SM and veterans.>* Our finding of persistently el-

evated neuronal and neuroinflammatory markers, including
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Table 3 Generalized linear models for behavioral symptoms

Predictors Estimates p Value Estimates p Value Estimates p Value
NSI total score
Age,y -0.14 0.355 -0.36 0.009 -0.52 0.007
Combat TBIs (no) -8.78 0.011 -6.84 0.026 -8.09 0.052
Blast TBI (yes) 8.20 0.042 8.84 0.020 5.22 0.381
PTA or LOC (no) 1.52 0.600 2.43 0.352 2.20 0.564
Plasma NfL 1.48 <0.001
Exosomal NfL 12.58 <0.001
Pseudo R? 0.144 0.338 0.458
PCL-M score
No. of TBIs (repetitive) -3.16 0.416 -8.72 0.021 -5.78 0.261
Combat TBIs (no) -10.25 0.016 -8.00 0.037 -9.25 0.065
Blast TBI (yes) 7.73 0.123 9.60 0.045 5.44 0.450
Plasma NfL 1.85 <0.001
Exosomal NfL 15.71 <0.001
Pseudo R? 0.118 0.318 0.443
PHQ-9 score
Age,y -0.03 0.617 -0.09 0.160 -0.22 0.005
Plasma NfL 0.42 <0.001
Exosomal NfL 4.70 <0.001
Pseudo R? 0.056 0.157 0.440

Abbreviations: LOC = loss of consciousness; NfL = neurofilament light; NSI = Neurobehavioral Symptom Inventory; PCL-M = PTA = posttraumatic amnesia;
PTSD Checklist Military Version; PHQ-9 = 9-item Patient Health Questionnaire; TBI = traumatic brain injury.

Generalized linear models including demographic and TBI characteristics and biomarker models were built for NSI, PCL-M, and PHQ-9 scores. Plasma and
exosomal NfL, but not other biomarkers, were significant predictors in the models evaluated. Only significant predictors are reported for each model.

a dose-dependent relationship between mTBI totals and in-
creasing symptom burden, may provide insight into the un-
derlying pathogenesis of persistent symptom development
after repetitive mTBL

Elevated NfL levels have been linked to axonal injury or de-
generation in TBI and several neurodegenerative disorders,
suggesting that our findings reflect chronic, persistent axonal
degeneration or dysregulation remotely after repetitive
mTBIs.""***° Further, the correlation between increased
levels of exosomal and plasma NfL and number of years since
first injury suggests an ongoing and progressive axonal dys-
regulation that may be critical in the persistent symptom
complexes seen chronically after repetitive mTBI. In athletes,
NfL has been linked to both repetitive concussive and sub-
concussive head impacts.'>***> Elevated NfL in the CSF
among hockey players with a history of repetitive mTBIs has
been associated with the presence of PCS for over 1 year.'?
Our findings provide further evidence that increased NfL
levels are linked to repetitive head traumas and may play a role
in chronic symptom persistence following repetitive TBIs.

Neurology | Volume 94, Number 23 | June9, 2020

We also observed that levels of TNF-a are associated with the
severity of NSI and PTSD symptom scores. These results
confirm previous findings from our group that described in-
creased blood TNF-a levels and chronic TBI symptoms in
military personnel.>* PTSD has previously been linked to low-
grade systemic inflammation, characterized by elevated levels
of inflammatory markers.>>** Our group and others have
shown that chronic PTSD is associated with peripheral ele-
vations of proinflammatory cytokines in civilian and military
populations.*****® Other lines of investigation have also as-
sociated PTSD with chronic inflammation and immune sys-
tem activation.”>*"** PTSD has been linked to diseases with
an inflammatory component such as diabetes, atherosclerosis,
and coronary disease.>>*" Our results suggest a link between
chronic, especially repetitive mTBIs and PTSD symptoms
through inflammatory mediators including TNF-a.

The measurement of blood-based biomarkers is a safe, acces-
sible, and inexpensive method to monitor brain injury and
associated pathologic processes, as well as the development of
mTBI-related behavioral symptoms, even remotely after injury.
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Nevertheless, this study has limitations, such as a relatively
small sample size and variability in the number of years from
the first and most recent TBIs. Further, there was variability in
mechanisms of injury, as we included participants with
deployment-associated TBI, which includes but it is not re-
stricted to blast-related TBI, as well as TBIs sustained before
military service.

Our findings demonstrate the potential of these easily ac-
cessible biomarkers as predictors of behavioral alterations in
veterans years after mTBI and provide insights into po-
tential underlying pathologic mechanisms. The elevated
levels of NfL among veterans and SM with repetitive mTBI
suggests that chronic axonal degeneration, dysregulation, or
remodeling persists for years after sustaining repetitive head
injuries. The increase in inflammatory biomarkers may
suggest an associated chronic inflammatory process un-
derlying this persistent axonal degeneration. Future studies
including additional time points, serial biomarker assays,
advanced imaging correlates, and cognitive evaluations are
required to explore the predictive value of NfL and TNF-q,
and the relationship between elevated concentration of
these TBI biomarkers and chronic TBI-associated patho-
logic processes.
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