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Chronic Traumatic Encephalopathy (CTE) is a tauopathy that affects individuals with a
history of repetitive mild traumatic brain injury, such as American football players. Initial
neuropathologic changes in CTE include perivascular deposition of phosphorylated
microtubule-associated protein tau (p-tau) neurofibrillary tangles and other aggregates
in neurons, astrocytes and cell processes in an irregular pattern often at the depths
of the cortical sulci. In later stages, the p-tau depositions become widespread and
is associated with neurodegeneration. Extracellular vesicles (EVs) are known to carry
neuropathogenic molecules, most notably p-tau. We therefore examined the protein
composition of EVs isolated from the cerebrospinal fluid (CSF) of former National Football
League (NFL) players with cognitive and neuropsychiatric dysfunction, and an age-
matched control group (CTRL) with no history of contact sports or traumatic brain injury.
EVs were isolated from the CSF samples using an affinity purification kit. Total tau (t-tau)
and tau phosphorylated on threonine181 (p-tau{gy) in CSF-derived EVs from former
NFL players and CTRL participants were measured by ultrasensitive immunoassay. The
t-tau and p-tauyg levels of CSF-derived EV were positively correlated with the t-tau and
p-tauigt levels of total CSF in former NFL players, respectively, but not in the CTRL
group. 429 unique proteins were identified from CSF-derived EVs and quantified by
TMT-10 plex method. The identified protein molecules were significantly enriched for
the extracellular exosome molecules, Alzheimer’s disease pathway and Age/Telomere
Length ontology as determined by DAVID Gene Ontology analysis. Ingenuity pathway
analysis of the differentially expressed EV proteins revealed enrichment of canonical
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liver/retinoid X receptor activation pathway. Upstream effect analysis predicted MAPT
(tau) as an upstream regulator in former NFL players. These data will be useful
for understanding the EV-mediated disease spread and development of novel EV
biomarkers for CTE and related disorders.

Keywords: chronic traumatic encephalopathy, cerebrospinal fluid, extracellular vesicles, microtubule-associated
protein tau, proteome, tauopathy, football

INTRODUCTION

Chronic ~ Traumatic ~ Encephalopathy = (CTE) is a
neurodegenerative tauopathy associated with repetitive mild
traumatic brain injury, including concussion and subconcussion.
CTE was first described in boxers in the 1920s and 1930s as
“punch drunk;” (Martland, 1928) or “dementia pugilistica,”
(Millspaugh, 1937) but has been more recently identified in other
contact/collision sports athletes (including American football,
soccer, ice hockey, and rugby players) (McKee et al., 2013, 2016;
Bieniek et al., 2015; Ling et al., 2017; Mez et al., 2017; Tagge et al,,
2018). Similar to other neurodegenerative diseases, CTE can only
be diagnosed conclusively by neuropathologic examination. It is
characterized by the perivascular deposition of phosphorylated
microtubule-associated protein tau (p-tau) neurofibrillary
tangles and other aggregates in neurons, astrocytes and cell
processes in an irregular pattern often at the depths of the
cortical sulci. In later stages, the p-tau depositions becomes
widespread and is associated with neurodegeneration (McKee
et al,, 2015; Mez et al., 2017). CTE has a unique neuropathology
from other tauopathies and the tau filaments of CTE are distinct
from those in Alzheimer’s disease (AD) (McKee et al., 2016;
Falcon et al., 2019).

Currently, CTE cannot be diagnosed during life. A recent
study provided preliminary support for the positron emission
tomography (PET) imaging p-tau ligand flortaucipir to detect
CTE in living former National Football League (NFL) players
(Stern et al., 2019). However, PET imaging for routine diagnostic
or screening purposes is limited due to its expense and lack of
availability. Accessible fluid biomarkers could be more useful
for assessing the presence of CTE Cerebrospinal fluid (CSF)
measures of total tau (t-tau), p-tau, and amyloid-f peptide (Ab)
are widely accepted as diagnostic and prognostic biomarkers for
AD (Meredith et al., 2013; Galasko and Shaw, 2017). In an initial
study of CSF in the detection of CTE, there were no significant
differences between former NFL players and controls in CSF t-tau
and p-tau levels. However CSF t-tau in the former NFL players
was associated with exposure to repetitive head impacts (RHIs)
(Alosco et al., 2018).

Extracellular vesicles (EVs), including exosomes (50-150 nm),
ectosomes/microvesicles (150-1000 nm), and apoptotic bodies
(1000-5000 nm) are released from neurons, glia, and various
other cells into the extracellular space (Perez-Gonzalez et al,
2012; DeLeo and Ikezu, 2018). They contain microRNA, mRNA,
and proteins that could be transferred to recipient cells for
intracellular communication. EVs are found in all bodily fluids
including blood, saliva, and CSF. In the central nervous system
(CNS), it has been reported that tau, A, alpha-synuclein, and

prion protein are presented in EVs, and that the EVs in the
brain play important roles in AD, Parkinson’s disease, and prion
diseases (Asai et al., 2015; Quek and Hill, 2017). In recent years,
the proteins or microRNA present in EVs have emerged as an
attractive target for neuronal disease detection and monitoring
(Stern et al., 2016; DeLeo and Ikezu, 2018; Gill et al., 2018; Ko
et al., 2018; Delpech et al., 2019). Other studies have reported
proteomics analysis of EVs isolated from CSFE, providing protein
profiling on the composition of CSF-derived EVs as potential
biomarkers for neurodegenerative diseases with high specificity
(Chiasserini et al., 2014; Lee et al., 2016; Manek et al., 2018).
Here, we aimed to identify a potential biomarker for diagnosing
and monitoring of CTE, and we establish the proteomic profile of
CSF-derived EVs in former NFL players using the ultrasensitive
immunoassay and mass spectrometry.

MATERIALS AND METHODS

Sample Selection

The CSF samples were obtained from the National Institutes
of Health-funded study, “Diagnosing and Evaluating Traumatic
Encephalopathy using Clinical Tests” (DETECT) at Boston
University School of Medicine (BUSM). Participants included
in the current study were 15 former NFL players with
cognitive and neuropsychiatric symptoms and a control group
(CTRL) of 16 asymptomatic same-age men without a history
of contact/collision sports or traumatic brain history. The
DETECT study procedures, including lumbar puncture and
neuropsychological assessment, have been described elsewhere
(Alosco et al., 2017, 2018). An estimate of the cumulative number
of repetitive head impacts from football was calculated for
NFL participants (Montenigro et al., 2017). The Institutional
Review Board at Boston University Medical Campus approved
the protocol and all participants provided informed consent.

Purification of EVs From Human CSF

Samples

The EV fraction was isolated from CSF samples using the
MagCapture Exosome Isolation Kit PS (#293-77601 Fujifilm
WAKO Pure Chemical Corporation, Japan). Briefly, the CSF
samples were centrifuged at 1,200 g for 20 min at 4°C, then
the supernatant was centrifuged at 10,000 g for 30 min at 4°C.
The supernatant was filtered by 0.22 pm Spin-X centrifuge tube
(#CLS8160 Corning, United States), then the EV fraction was
isolated from the flow-through using the MagCapture Exosome
Isolation Kit PS, according to the manufacturer’s instructions.
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Measurement of Total Tau (t-Tau) and Tau
Phosphorylated on Threonine 181

(p-Tauqg1)
M-PER® Mammalian Protein Extraction Reagent (#78503

PIERCE) was added to the isolated EV fraction using
MagCapture Exosome Isolation Kit PS with Halt™ Protease
and Phosphatase Inhibitor Cocktail (#78442 Thermo Fisher
Scientific, United States) and was mixed by vortexing for 15 min.
The lysed EVs were filtered by 0.45 pm Spin-X centrifuge
tube (#CLS8162 Corning, United States). The EV t-tau and
p-taujs; were measured using modified the Human Total Tau
Simoa kit (Quanterix, Lexington, MA) on the Simoa HD-1
analyzer (Quanterix). Briefly, this kit is an updated version of
the Simoa assay. It uses a monoclonal capture antibody that
reacts with an epitope in the mid-region of all tau isoforms
in combination with a detection antibody that reacts with an
epitope at the N-terminus of t-tau for t-tau immunoassay or
in PHF-tau (AT270, Thermo Fisher Scientific) for p-tau;g;
immunoassay. We used t-tau or human tau (p-taujg;) as
standards in the Human Tau ELISA™ kit or Human Tau
[pT181] phosphoELISA™ ELISA kit (Invitrogen, Thermo
Fisher Scientific) for each assay, respectively (Tatebe et al., 2017).
All CSF-derived EV samples were diluted 4x with the Tau 2.0
Sample Diluent (Invitrogen, Thermo Fisher Scientific) prior to
the assays, to minimize matrix effects, and were analyzed in
duplicate on one occasion. The relative concentration estimates
of t-tau and p-tau;g; were calculated according to the standard
curve. For CSF t-tau and p-tau,s;, the levels were measured using
the multiplex xMAP Luminex platform (Luminex Corp., Austin,
TX, United States) with Fujirebio (INNO-BIA AlzBio3, Ghent,
Belgium) immunoassay kit-based reagents (Alosco et al., 2018).

Nanosight Tracking Analysis (NTA)

All samples were diluted in double-filtered PBS (dfPBS, with
0.22 wm pore-size) at least 1:10 to obtain particles within the
target reading range for the Nanosight 300 machine (Malvern
Panalytical Inc.), which was 10-100 particles per frame. Using a
stage pump system four 30-s videos were taken for each sample
at 21°C. Analysis of particle counts was carried out in the
Nanosight NTA 3.2 software (Malvern Panalytical Inc.) with a
detection threshold of 5.

SDS-PAGE and In-Gel Digestion

Ice-cold 100% (w/v) trichloroacetic acid (TCA) (#T6399 Sigma-
Aldrich) was added to the isolated EV fraction to a final
concentration of 20% of TCA, then the mixed sample was
incubated for 30 min on ice and was centrifuged at 15,000 g
for 20 min at 4°C. The pellet was then washed twice with ice-
cold acetone (#179124 Sigma-Aldrich). After drying, the pellet
was resuspended in Laemmli sample buffer (#1610747 Bio-Rad)
with 5 mM dithiothreitol (# 43815 Sigma-Aldrich), reduced for
20 min at 65°C, and alkylated with 15 mM iodoacetamide (#
11149 Sigma-Aldrich) for 20 min at room temperature in the
dark. Subsequently, the samples were run in a 4-20% gradient
gel (#4561096 Bio-Rad) until the dye front was 10 mm from
the top of the gel. The gels were washed twice with distilled

water, fixed with 100% Methanol, and stained with GelCode Blue
Stain Reagent (#24590 Thermo Fisher Scientific) for 16 hrs. Each
lane was then individually removed from the gel. Gel pieces
were then transferred to 1.5 mL tubes and destained twice using
50% acetonitrile (J. T. Baker, United States) in 25 mM HEPES
(pH 8.8) at 22°C, for 15 min with shaking, and dehydrated
with 100% acetonitrile for additional 10 min with shaking, for
a total of three times. The destained gel piece was dried up
using SpeedVac Concentrators (Thermo Fisher Scientific). The
gel pieces were digested with proteomic grade trypsin (#03708985
Roche, United States) in 25 mM HEPES overnight at 37°C. The
digested peptide was extracted with 70% acetonitrile/1% formic
acid, and were removed the gel by Ultrafree-MC Centrifugal
Filter (#UFC30L Millipore United States). The digested peptides
were reconstituted in 25 pL of 200 mM EPPS (pH 8.0) and
vortexed for 5 min.

Peptide Labeling With TMT 10-Plex

Isobaric Labeling Kit

Tandem mass tag (TMT) labeling was performed according to the
manufacturer’s instructions (#90409 Thermo Fisher Scientific).
In brief, 4 pL of TMT reagent (20 ng/pL) was added to the
digested peptides. Following incubation at room temperature for
1 h, the reaction was quenched with 2 pL of 5% hydroxylamine
for 15 min. The TMT-labeled peptide samples were pooled at a
1:1 ratio across 10 samples. The combined sample was added into
100 L of 20% formic acid, 2 mL of 1% formic acid, desalted via
StageTip, dried by vacuum centrifugation, and resuspended in 5%
acetonitrile and 5% formic acid for nano-liquid chromatography
and tandem mass-spectrometry (NanoLC-MS/MS).

Nano-Liquid Chromatography and

Tandem Mass-Spectrometry

NanoLC-MS/MS analysis was conducted by an LTQ-
Orbitrap Fusion Lumos mass spectrometer (Thermo Fisher
Scientific) equipped with a Proxeon EASY-nanoLC 1200 liquid
chromatography pump (Thermo Fisher Scientific, San Jose,
CA, United States). Peptides were separated on a 100 pm
inner diameter microcapillary column packed with ~40 cm of
Accucore 150 resin (2.6 um, 150 A, Thermo Fisher Scientific). We
loaded 4 L onto the column and separation was achieved using
a 180 min gradient of 8 to 23% acetonitrile in 0.125% formic acid
at a flow rate of ~550 nL/min. The analysis used an MS3 based
TMT method, which has been shown to reduce ion interference.
The scan sequence began with an MS1 spectrum (Orbitrap;
resolution 120,000; mass range 400-1400 m/z; automatic gain
control (AGC) target 5 x 10°; maximum injection time 100 ms).
Precursors for MS?/MS? analysis were selected using a Top10
method. MS2 analysis consisted of collision-induced dissociation
(quadrupole ion trap; AGC 2 x 10% normalized collision
energy (NCE) 35; maximum injection time 150 ms). Following
acquisition of each MS? spectrum, we collected an MS? spectrum
using our recently described method in which multiple MS?
fragment ions were captured in the MS® precursor population
using isolation waveforms with multiple frequency notches. MS?
precursors were fragmented by high energy collision-induced
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dissociation (HCD) and analyzed using the Orbitrap (NCE 65;
AGC 1 x 10°; maximum injection time 150 ms, resolution was
50,000 at 200 Th).

Mass-Spectrometry Data Analysis

A compendium of in-house developed software was used to
convert mass spectrometric data (Raw file) to the mzXML format,
as well as to correct monoisotopic m/z measurements (Elias and
Gygi, 2007). Database searching included all entries from the
Homo sapiens UniProt database (downloaded October, 2018).
This database was concatenated with one composed of all protein
sequences in the reversed order. Searches were performed using a
50 ppm precursor ion tolerance for total protein level profiling
(McAlister et al., 2014). The product ion tolerance was set to
0.9 Da. These wide mass tolerance windows were chosen to
maximize sensitivity in conjunction with SEQUEST searches and
linear discriminant analysis. TMT tags on lysine residues and
peptide N termini (4 229.163 Da) and carbamidomethylation of
cysteine residues (4 57.021 Da) were set as static modifications,
while oxidation of methionine residues (+ 15.995 Da) was set
as a variable modification. Peptide-spectrum matches (PSMs)
were adjusted to a 1% false discovery rate (FDR). Filtering
was performed using an in-house linear discrimination analysis
(LDA) method to create one combined filter parameter from
the following peptide ion and MS2 spectra metrics: SEQUEST
parameters XCorr and ACn, peptide ion mass accuracy and
charge state, in-solution charge of peptide, peptide length and
mis-cleavages. Linear discrimination scores were used to assign
probabilities to each MS2 spectrum for being assigned correctly
and these probabilities were further used to filter the dataset
with an MS2 spectra assignment FDR of smaller than a 1%
at the protein level (Huttlin et al, 2010). For TMT-based
reporter ion quantitation, we extracted the summed signal-to-
noise (S/N) ratio for each TMT channel and found the closest
matching centroid to the expected mass of the TMT reporter
ion. PSMs were identified, quantified, and collapsed to a 1%
peptide false discovery rate (FDR) and then collapsed further
to a final protein-level FDR of 1%. Moreover, protein assembly
was guided by principles of parsimony to produce the smallest
set of proteins necessary to account for all observed peptides.
Proteins were quantified by summing reporter ion counts across
all matching PSMs. PSMs with poor quality, MS® spectra with
more than eight TMT reporter ion channels missing, MS> spectra
with TMT reporter summed signal-to-noise ratio less than 100,
or no MS® spectra were excluded from quantification. The
mass spectrometry proteomics data have been deposited to the
ProteomeXchange Consortium via the PRIDE partner repository
with the dataset identifier PXD015358 (Perez-Riverol et al., 2019).
Protein quantitation values were exported for further analysis
in Microsoft Excel or Prism 6. Each reporter ion channel was
summed across all quantified proteins.

Statistical Analysis

Statistical analysis was conducted using IBM SPSS software
ver.25 and GraphPad Prism 6. Between group comparisons
were analyzed by non-parametric Mann-Whitney U or one-
way ANOVA followed by Bonferroni correction for multiple

comparisons. Bivariate correlation analysis examined differences
between former NFL players and controls in EV t-tau, EV
p-taujs;, proteomics data, and demographics data using IBM
SPSS software ver.25. The Gene Ontology of identified proteins
were elucidated by DAVID Bioinformatics Resources 6.8.
The Protein networks and pathway analysis were generated
using Ingenuity Pathway Analysis (IPA)'. The Venn diagram
and Heatmap analysis were generated using Venny 2.1°
and MeV_4_8°.

RESULTS

Workflow for Proteome Analysis of
Former NFL Players CSF Derived EVs

The experimental workflow is summarized in Figure 1. The EVs
were isolated from former NFL players CSF and an age-matched
control group (CTRL) with no history of contact sports or
traumatic brain injury using the MagCapture Exosome isolation
kit. For EV t-tau and p-tau;g; immunoassays, the 10 former NFL
players and 8 CTRLs isolated EVs were lysed with M-Per lysis
buffer and then measured the levels of t-tau and p-tau;g; in EVs
or total CSF were measured by ultrasensitive or conventional
immunoassay (see Materials and Methods) (Supplementary
Table S1). For the proteome profiling, the CSF samples were
analyzed as (1) 4 pooled samples from either 2 or 4 former NFL
players or CTRL individuals and as (2) individual samples from
4 former NFL players and 5 CTRLs (Table 1 and Supplementary
Table S1). The isolated EV's were run in the SDS-PAGE for in-gel
digestion, the digested peptides were then labeled with TMT 10-
plex isobaric labeling kit, and analyzed by high sensitivity mass
spectrometry (see Materials and Methods).

Biochemical Characterization of Former
NFL Players CSF-Derived EVs

To measure the concentration and size of EVs in CSE we
examined former NFL players and control CSF-derived EVs
using nanoparticle tracking analysis (NTA, Supplementary
Figure S1). The EV concentrations in former NFL players and
CTRLs CSF had no significant difference (p = 0.9628). The
mode size distribution peaked at 86 nm in former NFL players
CSF and at 88 nm in CTRLs (p = 0.9628) (Figure 2A). To
characterize the CSF-derived EVs, we isolated EVs from the CSF
samples of former NFL players and CTRLs using the MagCapture
Exosome Isolation kit. First, we measured the concentration of
total tau (t-tau) and phosphorylated tau protein at threonine 181
(p-taujs;) in isolated EVs and total CSF from the 10 former
NFL players and 8 CTRLs by ultrasensitive immunoassay or
multiplex Luminex assay. Both t-tau and p-tau could be detected
in both former NFL players and CTRLs CSF-derived EVs and
total CSF samples. However, there was no significant difference
between former NFL players and CTRLs (t-tau: p = 0.8688 and
p-taugg;: p = 0.2682 in CSF-derived EVs; t-tau: p = 0.3031 and

Uhttps://www.qiagenbioinformatics.com/products/ingenuity- pathway-analysis/
Zhttp://bioinfogp.cnb.csic.es/tools/venny/
3http://mev.tm4.org
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Pooled sample Individual sample

Individual sample

Control former NFL player Control

former NFL player

Control former NFL player

|

Isolation of CSF-derived EVs using affinity kit
(MagCapture exosome isolation kit)

1

Denature, Reduce, and Alkylate

1

SDS-PAGE

l

In gel digest

1

TMT 10-plex isobaric label

1

Combine TMT labeled peptide (2 sets)

1

LC-MS/MS/MS (SPS MS?)
(Orbitrap Fusion Lumos Tribrid Mass Spectrometer )

immunoassay (Simoa or multiplex Luminex systems), respectively.

W U B U Bl UM

FIGURE 1 | Workflow used in proteomics analysis of former NFL players CSF-derived EVs: EVs were isolated from control and former NFL players CSF using
MagCapture Isolation kit. For pooled proteomics analysis, 4 pooled samples from former NFL players or CTRLs were tested. For individual proteomics analysis,
samples from 4 former NFL players and 5 CTRLs were tested. The isolated EVs were denatured, reduced, and alkylated and run on 4-20% gradient SDS-PAGE gel.
The protein band was cut out of the gel followed by trypsin digestion and labeled with TMT 10-plex isobaric label kit. The combing TMT-labeled peptide was
analyzed by MS8 on Orbitrap Fusion Lumos Tribrid Mass Spectrometer. For immunoassays, EV samples from 10 former NFL players and 8 CTRLs were tested. Total
tau (t-tau) and tau phosphorylated at threonine 181 (p-tauyg1) in CSF-derived EV or total CSF samples were measured by ultrasensitive or conventional

1

Isolation of CSF-derived EVs using affinity kit
(MagCapture exosome isolation kit)

1

t-tau, pT181 tau
ultrasensitive immunoassay
(Simoa HD-1 Analyzer)

p-taujg;: p = 0.9477 in total CSF) (Figures 2B,C). The level of
EV p-tau;g; was significantly correlated with EV t-tau (r = 0.870,
p < 0.0001) (Figure 2D). Unexpectedly, the EV t-tau levels were
lower than those of EV p-taujg;. One possible explanation is
that the majority of tau in the CSF EVs is fragmented. Next,
we assessed the correlation of CSF-derived EV t-tau, p-tau;s;
and total CSF t-tau, p-taujg; by Pearson’s correlation analysis.
There is a positive correlation between CSF t-tau, p-tau;g; and
EV t-tau, p-taujg; levels in former NFL players (t-tau: r = 0.812,
p = 0.0044; p-taujg;: ¥ = 0.627, p = 0.0524) (Figure 2E), but
not in the CTRL group (t-tau: r = —0.492, p = 0.2150; p-tau;g;:
r=—0.530, p = 0.1770) (data not shown).

TMT-Based Proteomic Analysis of EV
Proteins Isolated From the CSF of

Former NFL Players and CTRL Group

To generate EV protein profiling of former NFL players’ CSF, we
analyzed EV proteins isolated from the former NFL players and

TABLE 1 | Patient information.

Control (n = 16) NFL player (n =’15) p-value?
Age, mean 57.06 £+ 6.95 56.33 £+ 7.31 0.7178
BMI, mean 27.81 £ 3.43 33.07 + 4.66 0.0008
Duration of football - 18.87 + 3.96 -
play, mean year
Years in NFL, mean - 8.40 + 3.48 -

year
Cumulative Head - 20728.46 + 6739.56 -

Impact Index?

aThe statistical significance of the differences were calculated using Mann-
Whitney test. PEstimated number of football-related repetitive head impacts
(Montenigro et al., 2017).

CTRL cohorts by NanoLC-MS/MS using TMT-based labeling
(Paulo et al., 2018). We identified a total of 429 unique
proteins across both cohorts (Supplementary Tables S2, $3). The
identified proteins were compared with the top 100 EV proteins

Frontiers in Neuroscience | www.frontiersin.org

October 2019 | Volume 13 | Article 1059


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

Muraoka et al.

CTE-Risk CSF EV Proteomics

A
5x10°= 140~
[ 1]
—_ [ —_
E 4"109‘ g0 ° [3 120-
= - ° s °® 8
D 3x10%4 2 E 9
£ _-'ﬂr:s ., ©04 ° .
el o g s
-3 == =
@ 1x0d  *° S 807 os e
o T T 60 T T
CTRL NFL player CTRL  NFL player
[od
150 80~
= £
60~ _
%100- o 2
a - .
3 5 40-
< e 8 ot
w50+ Q E %
5 ?;— % @ 20 % .
*seu°® ® o e
c 1 L] c Ll T
CTRL  NFL player CTRL  NFL player
E former NFL players
100.0 °
= 60.0
= £
E 800 L’ <
\U'I vd &
3: /’ -
5 600 R4 g 40.0
5 e 3
b ° 2
'8 40.0 ° ,’. o
[T
8 o o5 o & 200
20.0 27 >
rd
4
0.0 0.0
0.0 0.2 0.4 0.6

EV t-tau (pg/ml)

B
0.6+ 4.0+
[ ]
— [ ]
= £ 3.0+
£ 04 2" H
. a ° .
g ..0 \‘r_ °
3 2 2.0+ °
; |+ & F —+
- ®
S o2f e A e e
w ° E 1.0+ o
.' *°
0.0 T T 0.0 T T
CTRL  NFL player CTRL  NFL player
D
4.0
4
III.
= 3.0 4
E °* o/
=) P4
£ ®,
< 20 o
& °%
> 10 I,’..
w L] /.0
/'0
0.0
0.0 0.2 0.4 0.6
EV t-tau (pg/ml)
former NFL players
[ ]
[ ] ""’
T
"a: o®
e
[ )
0.0 1.0 2.0 3.0 4.0
EV p-tauss: (pg/ml)

FIGURE 2 | Biochemical characteristic of CSF-derived EVs isolated from former NFL players. (A) Left: Particle numbers of CSF-derived EV fraction from CTRL or
former NFL players by Nanoparticle tracking analysis (p = 0.9628 by Mann-Whitney test). Right: Particle size of CSF-derived EV fraction (p = 0.9628). (B) T-tau and
p-tausgy levels in CSF-derived EVs by ultrasensitive immunoassay. Left: EV t-tau levels (p = 0.8688). Right: EV p-tausgy levels (o = 0.2682). (C) T-tau and p-tau+g4
levels in total CSF by multiplex Luminex platform. Left: CSF t-tau (p = 0.3031). Right: CSF p-taugy (o = 0.9477). (D) Scattered plot of t-tau and p-tauygy in CSF
derived EV samples (r = 0.870, p < 0.0001). (E) Left: Scattered plot of t-tau levels in CSF-derived EV and in total CSF in the former NFL players (- = 0.812,

p = 0.0044). Right: Scattered plot of p-tautgy levels in CSF-derived EV and in total CSF in the former NFL players (- = 0.627, p = 0.0524).

from the EVpedia database (Kim et al., 2015). The comparison
revealed that 62 of the top 100 EV proteins were expressed in
the CSF-derived EVs (Figure 3A). The 381 proteins remaining
after exclusion of keratins and immunoglobulins were examined
with respect to Cellular component, Tissue expression, and
Disease annotation by Gene Ontology analysis in the Database for
Annotation, Visualization and Integrated Discovery (DAVID).
Among these 381 proteins, 73.9% of them were annotated to

be the Extracellular exosome ontology (Figure 3B), indicative of
the purity of our CSF-derived EV samples. Furthermore, 11.8%
of the identified molecules were enriched for the Alzheimer’s
disease or Aging/Telomere Length pathway, which was related to
AD and senescence-associate genetic alteration (Figure 3C). The
EV samples were enriched in exosomal markers, including Rab
GTPases, immune receptors, flotillins, annexins, tetraspanins,
apolipoproteins, heat shock proteins, and ESCRT associated
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FIGURE 3 | Bioinformatic characterization of former NFL players CSF-derived EV proteome dataset: (A) Venn diagram of the 429 proteins identified in CSF-derived
EV and EVpedia Top 100. (B) Gene Ontology (GO) analysis using DAVID Bioinformatics Resources 6.8. The GO term of Top10 Cellular Component with -log10 (FDR
p-value). (C) The GO term of Top5 Disease Ontology with —-log10 (FDR p-value). (D) The GO term of Top10 Tissue Expression Ontology with% enrichment.

(E) Enrichment of brain cell-specific markers in CSF-derived EV proteins. The brain cell-specific markers were searched using Barres Brain RNA-Seq datasets. Blue:
Microglia, Green: Astrocytes, Yellow: Oligodendrocytes, Red: neurons. The parentheses show the number of identified peptides by LC-MS/MS. (F) Heatmap of EV
proteins in individual proteome dataset. Each row in the heat map show a protein, and each column represent CTRL and former NFL players. Red indicate
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proteins (Table 2). Using tissue expression analysis, we observed
enrichment of 196 proteins (51.6%) derived from brain tissues
(Figure 3D). We searched for brain cell-specific markers within
the EV proteomics dataset using the Brain RNA-Seq database
created by Barres Lab (Zhang Y. et al., 2014). Several proteins
in our dataset were identified in the database as enriched
markers for microglia (SI00A9, CTSD, CST3, LTE, HSPAIA,
CD14, S100A8, ITGB2, HPN, SPP1, FCER1G), astrocyte markers
(MFGES, SLC39A12, ATP1A2, ALDHI1LI1, AGT, FXYDI1, A2M,
ABCD2, CYBRD1), oligodendrocyte markers (GSN, ENPPS6,

SLC44A1) and neuron markers (CRABP1, CPNE7) (Figure 3E).
These data indicated that the CSF-derived EVs were secreted
from brain cells, and presumably mainly from glial cells. Using
individual proteome dataset, we investigated differences in the
expression of EV proteins between the 4 former NFL players
and 5 CTRL groups. However, no molecules were significantly
altered between former NFL players and control groups based
on the criteria of at least >1.5 or <0.67-fold-change with an
adjusted p value of <0.05. Next, we performed semi-supervised
hierarchical clustering of differentially expressed proteins across
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TABLE 2 | Identification of exosomal markers in CSF-derived EV.

Pooled proteome Individual proteome

Family? Gene name Identified peptide® Identified peptide
RAB RAB10 1 0
IR HLA-A 4 1
HLA-DRA 3 2
HLA-DRBH1 2 2
HLA-DRB5 2 0
CD14 3 2
CD59 7 4
FLOT FLOTH 1 0
ANXA ANXA1 3 5
ANXA2 26 14
ANXA4 3 4
ANXA5 12 12
ANXAB ih 5
ANXA7 3 0
ANXA11 3 1
TSPAN CD9 9 3
CD81 8 3
cD82 2 0
TSPAN4 0 2
APO APOA1 18 1
APOA4 6 7
APOD 1 1
APOE 26 18
HSP HSPA1A 4 1
HSPA8 18 1
HSPB1 3
HSPD1 0
HSPE1 2 0
HSPI0AA1 10 1
HSPO0AB1 7 0
ESCRT-AP PDCD6IP 18 13
SDCBP 16 9

4RAB, Rab GTPases; IR, immune receptor; FLOT, flotillin; ANXA, annexin; TSPAN
HSF, tetraspanin; APO, apolipoprotein; HSR, heat shock prottein;, ESCRT-AR
ESCRT associated proteine. ° The identified peptid shows count by LC-MS/MS.

the individual proteomics dataset using Pearson Correlation
metric and Average Linkage clustering as parameters for the Raw
(proteins). Proteins cluster if they are differentially expressed
between former NFL players and CTRLs (Figure 3F). The
TGM1 protein, which was colocalized with aggregated Ab in
senile plaques (SPs) and tau in Neurofibrillary tangles (NFTs)
(Wilhelmus et al., 2009), in the cluster showed significant
difference in expression level, but did not meet the pre-specified
fold change cut-oft (fold change = 1.18, p = 0.0259).

Networks Analysis for Former NFL
Players CSF-Derived EV Individual

Proteome Dataset
To assess enriched canonical pathways, upstream, and functional
networks in the differentially expressed 61 EV proteins in

the former NFL players (fold-change: >1.2 or <0.83), we
analyzed the individual sample datasets using Ingenuity
Pathway Analysis (IPA). Among top 10 differentially regulated
canonical pathway, liver/retinoid X receptor (LXR/RXR)
activation pathway, which was associated with ALB, C4A,
FGA, S100A8, TE TTR and SERPINAI, was upregulated
in the former NFL players (Figure 4A and Table 3).
Interestingly, MAPT (tau) was predicted as an upstream
regulator protein for 10 differentially expressed EV proteins
in the former NFL players (Figure 4B). Finally, we identified
the signaling network for the connecting the tauopathy
and MAPT regulating proteins (Figure 4C), suggesting
the potential use of these molecules for the assessment of
molecular changes induced by tau accumulation or tauopathy
development in the CNS.

DISCUSSION

In this study, we performed digital ELISA analysis of t-tau and
p-taujg; and NanoLC-MS/MS analysis in CSF-derived EVs
from former NFL players for the first time. We found that
t-tau and p-taujg; levels of CSF-derived EV were positively
correlated with the t-tau and p-taujg; levels of total CSF in
former NFL players, but not in the CTRL group. We also
identified 429 unique proteins from CSF-derived EVs, which
were significantly enriched for the extracellular exosome
molecules, Alzheimer’s disease pathway and Age/Telomere
Length ontology as determined by DAVID Gene Ontology
analysis. Ingenuity pathway analysis of the differentially
expressed EV proteins revealed enrichment of canonical
liver/retinoid X receptor activation pathway. Finally, upstream
effect analysis predicted MAPT (tau) as an upstream regulator in
former NFL players.

As for tau levels in the CSF-derived EVs, the t-tau levels
in the CSF-derived EV samples was lower than expected and
accounted for less than 20% of p-tau;g; levels. One explanation
for this finding is that EVs in CSF might contain an N-terminal-
deleted fragment of tau, which might be undetected by the tau
ELISA kit. We used a commercial Human Tau ELISA™ kit
and modified Human Tau [pT181] phosphoELISA™ kit for
this study. The total tau ELISA kit uses a capture antibody
that reacts with mid-region of tau and a detection antibody
that recognizes the N-terminal region. However, the modified
phosphoELISA kit uses a capture antibody that recognizes
the mid-region of tau and a detection antibody that reacts
with p-taujg;. When t-tau and p-taujg; in the CSF from
the same former NFL players and CTRLs were measured
by Fujirebio kit, which uses mid-region capture antibody for
t-tau or p-taus; specific antibody in mid-region for p-tau
and mid-region-specific detector antibody for both t-tau and
p-tau detection, the CSF level of t-tau was higher than p-tau.
Chen et al. (2019) reported that N-terminal and mid-region
containing fragments of tau were elevated in CSF with AD
and MCI, but did not detect full-length tau in the CSF.
Other studies indicated that the N-terminal fragments of tau
were secreted by activated neurons, which was increased in
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CSF from AD patients (Chen et al., 2019; Cicognola et al., in the

hippocampal tissue of AD patients, Calpain 1 and

2019). Moreover, Zhao et al. (2016) reported that caspase- 2-cleaved tau fragments were found, but could not induce their
2-cleaved tau fragment were elevated in AD tissue, which phosphorylation or cytotoxicity (Ferreira and Bigio, 2011; Garg
was infiltrated into dendritic spines and ultimately induced et al, 2011). In addition to caspase and calpain, thrombin,
memory dysfunction in their mouse models. On other hands, asparagine endopeptidase and cathepsins have been reported
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TABLE 3 | Canonical pathways generated from protein lists comprised of significant proteins by Ingenuity Pathway Analysis.

Canonical pathway Associated with the canonical pathway? Ratio —log (p-value)
Acute phase response signaling ALB, C4A, CRABP1, CRP, FGA, FN1, SERPINA1.TF, TTR 9/178 9.178
LXR/RXR activation ALB, APOA4, C4A, FGA, ST00A8, SERPINAT, TF, TTR 8/128 8.928
FXR/RXR activation ALB, APOA4, C4A, FGA, SERPINAT, TF TTR 7/137 7.256
Glycolysis 1 ALDOA, C3, PGK1, C9 4/42 5.412
Gluconeogenesis 1 ALDOA, C3, PGK1, C9 4/47 5.218
Clathrin mediated endocytosis signaling ACTA2, ALB, APOA4, S100A8, SERPINAT, TF 6/212 4.796
77 signaling in T lymphocytes CALMLS5, FCER1G, HLA-A, HLA-DRB1 4/60 4.788
Calcium-induced T lymphocyte apoptosis CALMLS5, FCER1G, HLA-A, HLA-DRB1 4/70 4.521
Altered T cell and B cell signaling in rheumatoid arthritis FCER1G, HLA-A, HLA-DRB1, SPP1 4/90 4.093
Agranulocyte adhesion and diapedesis ACTA2, FN1, GNAI2, MYH9, RDX 5/193 3.886

aALB, albumin;, C4A, complement C4-A; CRABP1, cellular retinoic acid-binding protein 1, CRF, C-reactive protein; FGA, fibrinogen alpha chain; FN1, fibronectin,
SERPINA1, alpha-1-antitrypsin; TF, Serotransferrin; TTR, transthyretin, APOA4, apolipoprotein A-IV; ST00A8, Protein S100-A8; ALDOA, fructose-bisphosphate aldolase
A; C3, complement C3; PGK1, phosphoglycerate kinase 1, C9, complement C9; ACTA2, actin aortic smooth muscle; FCER1G, high affinity immunoglobulin epsilon
receptor subunit gamma; HLA-A, HLA class | histocompatibility antigen A-2 alpha chain; HLA-DRB1, HLA class Il histocompatibility antigen DRB1-14 beta chain; SPP1,
osteopontin; GNAI2, guanine nucleotide-binding protein G(i) subunit alpha-2; MYH9, myosin-9; RDX, radixin.

to be tau-cleaving enzymes (Zhang Z. et al., 2014). Calpain-1
and Caspase-14 were identified in CSF-derived EVs in the
present proteome analysis; therefore, this suggests that CSF-
derived EVs might be contained N-terminal-deletion fragments
of tau. Future studies are necessary to determine whether
fragments of tau are present in specific brain cell type-specific
derived EVs within CSF.

There is accumulating interest in proteomic analysis
of CSF and CSF-derived EVs to identify biomarkers for
neurodegenerative disorders. Here, we report the first proteomic
analysis of CSF-derived EV samples isolated from former
NFL players. Our proteomic analysis reports a slightly higher
enrichment rate of EV-specific molecules in our CSF-derived
EV preparation than previous reports, despite the lower number
of identified molecules (Street et al., 2012; Chiasserini et al.,
2014; Lee et al, 2016; Manek et al,, 2018). The MagCapture
exosome isolation kit employed here has been reported to
have a higher purity of EV than other exosome isolation Kits,
resulting in the lower protein yields (Nakai et al., 2016). For
these reasons, although we used 3 mL of CSF per sample
in the present study, the number of identified proteins was
lower than other have reported. In this individual proteomics
study, we analyzed 4 former NFL players and 5 CTRL groups
but found no significant differences between the groups.
This could be due to the small sample size and some of the
NFL players may not have CTE although they are high risk
group. A further study is necessary with increased sample
size and follow up with the former NFL players. When our
proteomics dataset was compared with the CSF proteome
dataset, only 114 proteins were commonly detected between
total CSF and CSF-derived EVs, and they were mostly non-
EV molecules (Dayon et al, 2019). On the other hand,
our proteomic profiling data indicated that CSF-derived
EVs are enriched in molecules from microglia, astrocytes,
oligodendrocytes, and neurons to a lesser extent. Moreover,
in CSF derived EVs, proteins specific to such brain cell as
microglia (§100A9, CTSD, CST3, LTE, HSPA1A, CD14, S1008,
ITGB2, SPPIl), astrocytes (MFGE8, SLC39A12, ATP1A2,

AGT, A2M), oligodendrocytes (GSN), and neurons (CRABP1)
were identified commonly in the present study as well as by
previously published proteomics studies on pooled human
CSF samples (Chiasserini et al., 2014). Canonical pathway
analysis revealed that enrichment of acute phase response and
LXR/RXR activation, suggesting the elevation of inflammatory
conditions and lipid biosynthesis pathway in the CSF-derived
EVs from former NFL players. Researchers have reported the
LXR/RXR pathway has important neuroprotective roles in
neurodegenerative disease, including stroke, ALS, AD, and
PD (Nam et al, 2016). In AD, LXR/RXR pathway has a role
in microglial activity or in clearance of amyloid beta from
the brain (Moutinho and Landreth, 2017). In former NFL
players with risk of CTE, the LXR/RXR pathway might be
able to affect neuronal survival and regulate microglia activity.
Future exploration is needed to elucidate the activation of
this pathway in CTE.

In summary, we have quantified tau levels and proteomic
profiles in CSF-derived EVs from former NFL players in
this study, identified unique enrichment of Alzheimer’s
disease pathway and Age/Telomere Length ontology,
canonical liver/retinoid X receptor activation pathway,
and predicted MAPT (tau) as an upstream regulator in
former NFL players. Fluid and neuroimaging biomarkers
have been mainly focused on tau: Tau PET imaging has
been developed as an important tool for CTE diagnosis
(Stern et al, 2019) and total tau and exosomal tau were
identified as blood-based biomarker in CTE (Stern et al.,

2016). The CSF is an attractive biofluid for biomarker
discovery research with abundant proteins associated
with  neurodegenerative diseases in early stages in

comparison to blood samples (Alosco et al, 2018). Our
results suggested that p-taujg; in CSF-derived EVs and
a combination of several cell type-specific molecules are
potential monitoring biomarkers in former NFL players
at risk for CTE. Further investigations are necessary to
confirm these biomarkers, including additional validation
sets, and to clarify the implications of the correlation
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of this marker with disease, and to elucidate the mechanisms of
EV secretion from the brain cell types in former NFL players.
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