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ABSTRACT

Purpose Interdisciplinary research in epidemiology, neurology, neuroscience, and sports
medicine commonly highlight the dangerous shand longterm sequelae of spert

related concussions (SRC). Despite advancements ioatlevaluation and recognition,
many SRCs are not properly diagnosed and managed, leaving many athletes in danger of
acute and chronic neurological deficits. Epidemiological studies suggest the prevalence
of chronic traumatic encephalopathy (CTE) is thiews, and Alzheimer's disease is four
times greater in former athletes with a history of SRC tharatitletesThe underlying
mechanisms linking SRC and contapiort participation to neurodegenerationraoe

fully understood. Herein, | hypothesizedthransient insufficiency of the lymphatic and
glymphatic clearance systems in the central nervous system (CNS) could play a crucial
role in the SR@nediated neurological conditions. Therefore, this study aimed to
examine the differences in plasma levadlgxtracellular vesicles (EV) that are associated
with the lymphatic and glymphatic clearance systems of the CNS among athletes
following sportrelated head impactBarticipants: Plasma EV concentrations were
analyzed in collegiate athletes (controls 8=8RC n=19) with and without SRC. In a
parallel study, fourteen collegayed soccer players participated in a laborabased,
repetitive subconcussion paradigm. All participants provided written informed consent,
and the study was approved by institnabreview board at Temple University.

Methods. We evaluated EVs containing markers associated with the CNS lymphatic and
glymphatic systems, includidlgmphatic vessel endothelial hyaluronan receptor 1
(LYVEL), astrocytespecific glial fibrillary acidicprotein (GFAP), aquaporin 4 (AQP4),



and the platelet anehdothelial cell adhesion molecdléPECAM1 or CD31).
Tetraspanir28 (CD81) was used as an ESpecific marker. Blood samples from athlete
controls were collected once during preseason baselinesiasgs. Samples from
athletes with SRC were collected within 72 hours of injury. Whole blood was double
centrifuged to obtain platekpioor plasma, snafsozen in liquid nitrogen, and stored-at
80°C until analyzed. Quantification of plasma EVs was perarosing spectral flow
cytometry. ManAWhitney U tests were used for group comparisons of single and double
positive EV concentrations, and recebogrerating characteristic curve (ROC) and area
under the curve (AUC) analyses assessed diagnostic effisdttyn-group changes in
plasma EVs following repetitive, subconcussive head impacts were assessed with
Friedman's test using Dunn's correction for multiple comparigtesuilts Among

athletes with SRC, plasma concentrations of LYVEB1s and CD31EVs were

significantly elevated within 72 hours of injury compared to controls (LY\BYE, p <
0.0001; CD31EVs, p = 0.005). ROC analysis revealed plasma concentrations of
LYVE1*EVs demonstrated significant diagnostic accuracy to differentiate athletes with
SRCfrom athlete controls (AUC: 0.971, 95% C.I. = 0.93800, p < 0.0001). Notably,
concentrations of LYVEXCD81" doublepositiveEVs, CD31/CD81" doublepositive

EVs, and GFAPCD81' doublepositiveEVs were significantly higher among athletes
with SRC withn 72 hours of injury compared to control athletes (p < 0.0001; p = 0.0002;
p < 0.0001, respectively). Plasma AQRFAP" doublepositiveEVs and

AQP4/CD81" doublepositiveEVs were not. However, plasma concentrations of
GFAP'/CD81" doublepositiveEVs ard AQP4/GFAP" doublepositiveEVs were

significantly elevated after repetitive, subconcussive head impacts (p < 0.0001 and p =



0.004, respectively)Conclusion Plasma concentrations of dowplesitive EVSs,
including LYVE1"/CD81'EVs, CD31/CD81IEVs, and GRP/CD81'EVs, may be
promising biomarkers for acute SRC. EVs associated with the glymphatic system,
GFAPY/CD81'EVs and AQPAGFAP'EVs, were significantly elevated after repetitive
subconcussive head impacts. The differences observed in EV responsesaindSRC
subconcussion may provide novel mechanistic insights aboutagsmtiated

neurodegeneration for current and future athletes.
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CHAPTER 1
REVIEW OF LITERATURE
1.1 Sport-related Concussionand Repetitive Subconcussion
1.1.1 Sportrelated Concussion
Each yearan estimated 1.63.8 million TBIs occur due to sports
participationil], and 90% are classified as concusdi®/8. Specifically, a sportelated
concussion (SRC) isBBI resulting from biomechanical forces acting directly at the
head, neck, aother body areas, transmitting an impulsive force to the braiese forces
cause rapid, transient neurological dysfunction, which resolves spontaneously over a
variableamount ottime, and may or may not involve loss of consciougAgss
Participationin contact and collision sports such as American football, soccer, rugby, ice
hockey, and lacrosse poses the greatest risk of SRC. Among athletes younger than 18
years of age, an estimated 11.9 million SRC occur annualhAlso, asuspected
occurrencef 2.5 SRC for every 10,000 athletic exposures (i.e., a game or préaetice)
been reportedmong high school athle{&$. SRC accounts for roughly 5% of all sport
related injuries among college athletes across all sports, twice the prevalence af anterio
cruciate ligament injulfp]. Despite advancements in clinical evaluation and recognition,
many SRC are not recognized, diagnosed, and t{8at&gidemiological findings
suggest that as many as 50% of SRC are unreported by dfjletagsing aignificant
number of SRC to go unrecognized and undiagri8sedollisions that cause SRC can
be subtle, with few observable signs and symptoms detected by witnesses, and
concussion symptoms such as headac[9.e, naus
For these reasons and others, accurately distinguishing SR@hedmenigrhead

1



impactst er me d A s u,lhasbatane s@easinglyochallenging. Risks associated

with unreported SRC include the severe risk of subsequent brain injury duringégferi

cerebral vulnerabilipf0i 12,k nown as fAsecond3ii5mAsa,ct syndr o
athletes diagnosed with a SRC are more likely to sustain anothefF8RiBese reasons,

the rapid identification, evaluation, and management of athletes who hasred#SRC

are vital for clinicians to address immediate safety concéuhditionally, thelong-term

risk of neurocognitive impairmemhust be considered durirgjnical management of

SRC including potential treatment for prolongsgimptoms and the safeturn to play

(RTP)procesklL6].

1.1.2Subconcussion

More extensive research efforts to understand the mechanisms and risk of
subconcussion have ensued in recent years. Subconcussion refers to head impacts that
occur in contact and collisiasports without clinically discernible neurobehavioral or
physical symptoms of SRC7]. There is evidence that neurodegenerative diseases,
especially chronic traumatic encephalopathy (CTE), strongly correlate with years of head
impact exposufé&8]. It is believed that subconcussive head impacts sustained during
sports participation may potentiate physiological changes similar to those observed in
athletes with SRCHowever, researchers must considiénese changes are due to
unreported SRC injurieddansell and colleagues report that almost 60% of college
athletes who did not report a SRC the prior year experienced signs and symptoms of SRC
following head impag¢i9]. An estimated 20% of college athletes believed they had
suffered a SRC during a pieus game or practice, but over 75% did not seek medical

attentiol6]. Estimations as high as 60% of athletes stated they previously withheld
2



reporting concussive symptoms following head impacts to sports medicine clifiiéians

highlighting the needbr improved diagnostic tools for SRC.

1.1.3 Bianechanicsof Sport-related Concussion

Typically, SRC is caused lyunt, nonpenetrating head traurbat cliniciansrely
on patient selfeportingsinceclinically apparent observations by witnesaes rar§20].
SRC gymptoms are highly heterogeneous and can include physical (e.g., nausea,
dizziness, headache), cognitive (e.g., poor concentration and memory), sleep (e.g.,
trouble falling asleep and fatigue), arehlavioral (e.g., irritability and depression)
symptom§20]. The biomechanics involved in SRC are heterogeneous asBotil.
linear and rotational acceleration forces acting on the head and neck are significantly
associated with SREowever,we cannoturrentlymeasure the forces acting directly on
the brain. Nonetheless, Gennaféllijlu s ed Newt onds second | aw (f
acceleration) to demonstrate how head accelerations without impact cause TBI and was
able to cal cul at esarytftree tofprovioke mjarjn Advaha@ememtsinn e c e s
computer simulation models and acceleromaisesito measure forces acting on the
head have led tthe exponential growth in this area of SRC research. To date, head
acceleration measurements have been rapurith peak linear and rotational
accelerations used as metrics of force magnjf&i25]. Using these metrics, Zhang et
al.[26] provided an early report of an apparent kinematic threshold believed to induce
SRC. His group used a computerized firglement head model to recreate héathead
collisions observed in professional American football games. It correlated the @tress
strain of brain tissue areas tocidence ofSRC. They found that most instances of SRC

occurredwith linear head accelearans of 60809, while lower magnitude forces did not
3



result in injury. In line with these findings, but using rotational head accelerations,
Rowson and colleaguy,28] also noted that higher head accelerations were
significantly associated with a highrisk of SRC. In contrast, lower head accelerations
sustained at higher frequencies, especially with shorter time intervals between each
impact, havalsobeen suggested to result in SRC. For example, ice hockey players
experience lower peak lineaccelerations over a longer duration than American football
players, who experience higher peak linear accelerations over a shorter duration.

However, both impact profiles resulted in clinically diagnosed [2B30].

1.1.3.1Considerationsfor Subconcussive Head Impacts

Subconcussive head impacts reportedly have longer durations of lower peak
acceleration forces without acute SRC symp{@8isHowever, when comparing
maximum principal strain (MPS; a measure of brain strain) values betweetctsmpa
categorized as SRC versus subconcussive, there was considerable overlap between MPS
values between athletes with and without SRC diagia®isReconstructions of
subconcussive head impacts in American football linemen eth®wl2% MP$31],
enoughto cause cytoskeleton damage to nesieord glial cell§32]. Football linemen
experience roughly 15 subconcussive impacts per game and likely mored@an 1
impacts per seasf81], highlighting the potential for physiological damage without
symptom povocation.

Interestingly, the MPS value alone is not predictive of SRf0taredegenerative
brain injury{33]. For example, kendo, a Japanese martial art where practitioners
experience a very high frequency of head strikes, does not precipitate the same risks for

SRC or abnormal rates lwng-termneurologicaimpairmentamong its practitioners as
4



seen in soccer dnAmerican footba]8]. However, kendo's simulated head impacts
produced a't7% MPS valug28], highlighting the need to better understand

subconcussive head impacts and the associated health risks.

1.1.4Pathophysiologyof Sport-related Concussion

The pathophysiology of SRC has been studied using computer nmiadels,
vitro, andin vivoanimal studies to better understand the cellular damage resulting from
acceleration forces on the brain. Computational finite element models demonstrate that
CNS tissuestrain levels as low ag 55% functionally impaired signal transmission
without the apparent structural damage commonly observed in moderate and severe
TBI[32,34,35] In humans, dvancements in neuroimaging techniques have been used to
detect changes in axons and white matter toSRC.Through imaging techniques like
diffusion tensor imagingDTI)[36,37]and functional magnetic resonance imaging
(fMRI)[17,36 38], previousstudiesshow changes to white matter integrity in collegiate
contactsport athletes following SRB6,38,39] Currently, alterations and injury tx@ns
areconsideredhe anatomical abnormaésunderlyingadverse outcomes associated with
SR{40], including the development of CTE and neurodegenerative diseases. Axons are
particularly vulnerable to biomechanical stretahd dter experimental TBI, early studies
showed increased axolemmal permeability and demyelifa€gti]

Like axons, the delicate tyskeletons of neurons and glial cells are sensitive to
acceleration forces. Immediately following biomechanical damagepns
indiscriminately release glutamate accompanied by ionatufationsdue to
mechanoporatidqd2,43] The simultaneous influxfaalcium and sodium combined with

potassium efflux causes depolkaenni z4dtait®@n
5



stage for observed pesbncussive impairmerjt0]. Due to the intracellular calcium
influx and subsequent sequestration, mitoxch@l dysfunction ensufd,44] High
intracellular calcium levels also caudenethylD-aspartate (NMDA) channels to open,
creating a greater influx of sodium and efflux of potas§iilpp The opening of NMDA
channels activates ther ans membr ane i onic Apumps, 0 whic
triphosphate (ATP) to move ions across their concentration gradients. The dysfunctional
mitochondria produce insufficient ATP to fuel the transmembrane pumps due to impaired
glucose metabolism. Neuroreiergy metabolism undergoes a glycolytic shift leading to
an eventual hypometabolic sti@®]. Previous studies have found that this hypometabolic
state can persist forJ0 days following SRC. Clinically, the first ten days post
concussion appear to lathe most substantial risk for subsequent RRB@6]

In addition,following SRCglial cells experience altered neurotransmissaoml
changes to cerebral blood flow (CBMay result fronterebrovascular dysfunction.
Cerebrovascular dysfunction has bdieked to CTE by the deposition of
hyperphosphorylated tau aggregates found around the small blood vessels of the cerebral
cortex, especially in the depths of the cortical $4ii€i50]. Recent studies suggest that
tau accumulation, independent of SR@juces vascular injury and initiates chronic
cerebral vasculature dysfunction dridod-brain barrier BBB) breakdowfb1,52]
Amyl oid beta (Ab) accumul ation following S
endothelial dysfunction in the microvasculature irgdo BBB permeability and
dysfunction.

Cerebrovascular damage caused by SRC includes microhemorrhages,

neuroinflammation, alterations in CBF, vasospasms, and BBB disr[§8joSuch



damage may create afeedor war d | oop by i nctioneandsi ng t
accumulation while reducing their clearanieading to the development of
neurodegenerative disefséi 56]. Due to the intimate relationship between axonal injury
and tau aggregation, potential links between axonal damageeeatatovascular function
have been recently investigated. With arterial spin labeling, Shafj=t]ahowed that
white matter cerebrovascular reactivity (CYBgfined as the change in blood flow per
unit change of an applied vasoactive stimphaithe highest sensitivity for detecting
vascular dysfunctiofollowing acute SRC. Tése resultsuggest a relationship exists
between axonal injury and dysfunctadlood flow control mechanisms since they are
colocalized in white matter.

In healthy brainsincreases in CBF depend on concerted actions of neurons, their
axons,and glialand vascular cellS8]. Astrocytesare glial cells thataintain the
necessary environment for wdlinctioning axons and myekproducing
oligodendrocytes by supportingteacellular ion concentrations, preventing
excitotoxicity through the uptake of excess glutamate, and minimizing oxidative
stres§s9]. Oligodendrocytes synthesize the CNS myelin sheath by enveloping axon
segments with elongations of their plasma memljé@herhe unique ability of
oligodendrocytes to form myelin in the CNS has long been used as a biomarker of CNS
disease with demonstrable clinical utility in neuroimaging st{gi¢sDamageinduced
demyelination of axons can create a dysfunctional oligodendrotygéin-axonal unit
that cannot provide metabolic supporiphysical protectioffior the axon, possibly

increasing axon loss and neuron dysfun¢@@r63]. Dysfunctional syngtic activity then

follows, disrupingast rocyt es 6 abil i ti esstdregiomaodul at e

au

fal)



hypoperfusion. These findings suggest that SRC disrupts the ddltateonnected
cellular processes necessary to maintain proper neural funcharh may cause
clinically undetectable cerebral vulnerability and increassk of repetitive injury4].
Currently, there is evidence that contgpbrt athletes exhibit variability in CNS
biomarker concentrations at baseline, which is thought to befféa of repetitive
subconcussive head impd6é#]. Although there is no clinically observable symptom
provocation, subconcussive head impacts may elicit microstructural and physiological
damage. As seen with forces that result in HBR{; subconcusgse forces cause calcium
influx into damaged glia, neurons, and their axons, triggering proteolytic damage to
cytoskeletal structures and reduced axon intg@Btp6] A recentin vitro study32]
demonstrated that the minimurasue straimequired to induce calcium influx was only a
5% MPS. Furthermore, a significant calcium influx was observed when two
fisubthreshold injurigswere repeated within 24 ho{88], emphasizing the potentially
damagng effects of repetitive subconcussive trauma. These results are echoed in human
studies where significant changes in whiatter structure and functional activity were
reported among contasport athletes aftéhe completion of a competitive season eve

though they did not have a SRC diagn[dsis36,67,68]

1.1.5Current Diagnostic Toolsfor Sport-related Concussion

During the acute phase of injury, SRC can evolve with rapidly changing clinical
signs and symptoms, potentially reflectiig underlying physiologicakequalaavithin
the braif4]. Consequently, SRC is considered one of the most complex injuries to
diagnose, assesand manage in sports medicine. Additionally, the symptom onset and

severity seem to result from functional alterationeeathan structural damage, as most
8



conventional neuroimaging tests do not show abnormdifieehe acute risks of SRC

have been well documented, including the risk of prolonged red6@rposttraumatic
headachdg0,71]and severerisk fubsequent brain injury knov
s y n d r[18im4. 9he heterogeneous nature of SRC due to vast interpersonal

differences in immediate or delayed symptom presen{@@or3], and the number and

severity of symptonjg4] poses challengder accurate diagnosiSRC is a multifaceted

injury, and it has been recommended to employ multiple tests for accurate diggjosis

These includa physical examinationf observableigns and symptomandclinical test
batteriesassessingeurocogrtive function static and dynamic balance, anslual

tracking or eyenovemen(i76].

Evidencebased best practices for SRC diagnosis and management ianlude
initial sidelineinjury assessmentith more extensivelinic-based assessments following
suspeted SRC. Full medical clearance to RTP is granted when the athlete completes a
progressively phased program without symptom provocation.

Before each seaspathletesshouldcomplete baseline and pparticipation
testing to determinimtra-athlete reference values. During the gogiry evaluation, a
thorough assessmentaft h | neental and symptom status, cognitive functioning,
sleep/wake disturbance, ocular and vestibular function, gait and bagerformed and
compared to keeline testing scores to determine clinically relevant changes indicative of
SRC.If more seriousnjury is suspected during this assessmentcline staff must
determine if emergent neuroimaging assessments are wartamtdel out potentially

life-threatening structural damdgé



Numerous sign and symptom scales have been used to &R severitySome of the

most common include the Rivermead PGshcussion Symptom Questionnaire

(RPCSQ), Concussion Symptom Inventory, Immediate Post Concusssessment

Tool (IMPACT)77], and the most updated version of the Sport Concussion Assessment
Tool (SCATS5). Due to their widespread use among sports medicine professionals, the
IMPACT and SCAT5 assessments will be discussed further. The IMPACT is sdtén u

to assess neurocognitive function and provides valid testing scores when completed in a
quiet, distractionfree spacelmPACT testing has a 91.4% sensitivity and 69.1%
specificity to differentiate athletes with and without §R&. When compared to

baseline valuggata fromtheinitial postinjury INPACT scoreshowed a 94.6%

sensitivity and 97.3% specificit§8], making it difficult forathletego hide SRC Also, it

is recommended to reassess any athletes with invalid or suboptimal ssbigls
percentageof valid scores (87998%)werereported upon reassessnjéfi80]

The SCATS5 is a comprehensive assessment tool that meets all recommended
evaluation domains by scoring an athlete's symptoms, memory, concentration, balance,
gait, andfinger-to-nose coordinatid81], and provides phased steps for accurate SRC
diagnosisFor exampleathletes suspected ad SRCareto be immediately removed from
activity and assessed with the SCAT5S's "Immediate ofi€kh assessment"” by a trained
spots medicine professior{d]. If theonfield assessmemesults in a SR@iagnoss,
athletesareremoved from athletic activity for the remainder of the day and monitored for
new or changing signs and symptorfisen, ghletes undergo a+evaluation at &linic
or other appropriate settinig assess all recommended evaluation dorfiébihsThe

SCATS5 postinjury scoredrom the clinical evaluationan be compared to baseline

10



valueswith high sensitivity and specificif2]. Since immediate removal from activity is
critical for proper assessment and SRC diagnatidgtes and coaches are encouraged to
complete concussion education couradesutthe signs, symptoms, and basic
management of SR better assist the sports nde team in spotting a concussion
during games and practi¢ég,73].

Another diagnostitool was developed because of the observed deficits in ocular
motor control and balance following SRC is the Vestibular/Ocular Motor Screening
(VOMS). Vestibular/ocular motor functioning and determination ofgxisting
vestibular (e.g., Bagn Positional Vertigo) or visual dysfunctions can be assessed
through the VOMS at baseline testing and during the initiatippsty assessment. The
VOMS toolassessegestibular and ocular motor impairments and related symptoms in
the acute phase of injy with demonstratethternal consistency and good sensitiiy
identifying athletes with SR@B3].

Although there is growing empirical dedacurate diagnosis of SR@ere is far
less research concerni®&RC management amathlete® sRAP. Much o theRTP
progression for safe return to participation is based on position statements through
leading organizations focused on the clinical management of BiRCGyraded RTP
protocol varies slightly between sports medicine organizations and positionestéte
However, all recommendations state that athletes should complete subsequent phases of
the progression protocol with no less than 24 hours between successful completion of
each phase.

Unfortunately little is known about early RTP can be initiated following SRC.

For example, the Australian Institute of Sport and Australian Medical Association
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position statemef@4] recommends that athletes start RIEP progression once
symptoms have entirely rdsed. However, sme findings suggeshatathletes should
engage in aerobic exercisgintained at aubsymptomthreshold afte24-48 hours of
cognitive and physical reftllowing SRC diagnosis regardless of symptom
resolutionf85,86] Also, energing ewdence suggests that physiological changes may
persist after the clinical symptoms have resdi{@dB7]

Many athletes reportedly sustadtadditional injuries in the weeks and months
following SRC. College athletes were twice as likely to sustain aie dower extremity
injury for up to tyear posSR{88] and are 2.5 times more likely to sustain a lower
extremity injury within 90 days aft® TP clearancfB9]. Also, for at least one year
following a SRC, elitdevel European football playehave a 50% elevated risk of injury
compared to footballers who did not sustain a PR{CThese findingsnay be
influenced bypathophysiological changes such as CBF reductions and hypometabolism
following SRG which have persisted up to 30 dafter inury[10,87] Consequently,
athletes may continue to experience physiological deficits and cerebral vulneraibdity
the RTP progression is complete, increasing the risk of subsequenflijds} For
these reasons, it is necessary to better undeérgt@ mechanisms underlying
physiological recoverfollowing SRCto aid clinical decisions regardimgjnical

managemerdand safeRTP.

1.1.6 Associatiorof Sport-related Concussiorand Neurodegenerative Disease
In recent yearsSRC has receivecbnsiderale attention due to evidence
suggesting that SRC increases the risk of neurodegenerative dge&ssuch as AD

and CTH18,48,93] which have been reported among retired atHl£8:48,94,95]
12



Although the mechanism by which SRC can lead to the future development of CTE and
neurodegeneratios unclear, evidence suggests the repetitive head impacts experienced
during contactkports participation may play a r{#é].

Evidence suggests that speelated brain injury contributes te1%% of
diagnosed cases of dementia and is a leading risk factor for neurodegenerative
diseasf1,92] Recent reports show that neurodegeneradssociated mortality is
almost three times higher among former pssfenal socc¢®6,97]and American
football[47] players than demographic and socioeconomigabiyched nonathlete
populationsCTE is explicitly associated with a history of SRC and head impact exposure
from contact sporfd9], causing immense coneesurrounding contagtport
participation among public health professionAlsuropathologic changes specific to
CTE include abnormal deposits of hyperphosphorylated tau aggregates in neurons,
astrocytes, and their extensions surrounding the cerebrat'sattep blood
vesselgl8,48,50] These findings characterigETE as a tauopatH$5], a condition that
currently musbe diagnosed by postmortem examingd®&h Althoughthese
pathological criteria have bee@ndely acceptegdefforts to establisklinical diagnostic
criteria for CTEhave been less successfilirrently,the clinical presentation of CTiE
oftenindistinguishable from AD, frontotemporal dementia, and other neurodegenerative
diseasd$0], further complicating ecurate diagnosis and management of CTierts to
establishotherrisk factorsfor CTE havealso faced many challeng&3TE remains a
diagnosignostlyfor individuals with a history of TB&across severity levdgi9].
Furthermorethe association betwee&ontactsport participation and CTE3] has fueled

a growing public health concerihe largest retrospective cohort study (n=2,566 autopsy
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cases}o date showe8@% of former high school and youth athletes had pathology
indicative of CTE; a frequenchat was three times higher than cases with no history of
athletic participation (3.3%99].

Li ke AD pathology, ADb plaques have been
casefl00]. Some subjects met the diagnostic criteria for both CTE andpAd3enting
with increased ADb plaques and hyperphospho
cortical sulci. Ab deposition is thought t
Additionally, sportrelated brain injury accelerates the aging process and neayhadt
dynami cs o f [108]pleadhgtp mratein imisfolding and aggregation followed
by neurotoxicity101].

Initially, only moderate and severe TBIs were established as a risk factor for the
development of neurodegeneration, with increasuigesce that a single incidence of
severe TBI increases the risk of dementia later ifillif2,103]and may accelerate AD
progressiofi04,105] SRC is the only known risk factor associated with contact sports
for neurodegenerative disef®®]. Although a link between SRC and neurodegenerative
di sease was first proposed al most a centur
s y n d r[1®6h eacwtermedCTE, it was generally considered to be confined to
boxer$33]. Only recentlywere findingsof CTE dscovered in athletes of other contact
sports, including soccgr07,108] American footba[l7,96,109] ice hockej48], and
rugby[107,110] Incidental lead impact$érom contactsports participation are associated
with acceleration forces thegsult in axonal stretchifjl1] and cellular damage. These
forces are thought to play a dominant role in the development diéSTT&d other

neurodegenerative diseasAhough, compelling evidence has linked repetitive SRC
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andCTE[18,48,49,112]a significant, positive correlation between years of contact sport

participation and the severity of CTE hasobeen reportgd8,47] Similarly, a history

of SRC (i.e., number of SRC incidents) alone showed no such predictive results. These
findingssuggestthat repeated subconcussive head impacts can cause detrimental CNS

tissue damage that may lead to lgagm neurological health complicatignscluding

CTE

1.2Biomarkers for Sport-related ConcussionDiagnosis

1.2.1Conventional Biomarkers for Diagnosis

1.2.1.1Neuroimaging

Newly developed, advanced neuroimaging techniques have shat8RC is
associated with metabolic and physiological changes in the brain that comiétgpest
injury symptoms and cognitive functifd®]. For example, poperfusiorhas been
reportedamong athletefollowing SR(J10,57,113,114]Imaging techniques to measure
these changdaclude Doppler ultrasound, arterial spin labeling, qadtial pressure of
carbon dioxide positron emission tomograpRaCO2 PEYscansHypoperfusion
following SRC is believed to contribute to a hypometabolic state and cellular energy
crisis.Alterationsin CBF hare been associated with disruptions in vital energy
dependent processes ghdclearance of metabolic byprocis, including carbon
dioxide, excess lactate, other metabojitewl heat produced by neuronal actii68].
Evensmall regionareductions of 20% CBF can have deleterious effects on theliprain
inhibiting cerebral protein synthe§ld 5]. Larger reductions of 50% CBF leads to
extracellular accumulation of glutamate and lactatelintracellular water movement to

extracellular compartmentsl5]. The duration of hypeerfusionis variable however
15



Giza and Hovdd 0] suggest CBIeanremaindecreasedO days following SRC.

Previous findings showignificantdecreases CBFamong collegéootball player24

hours and up teightdays after SR€ompared with contro]87]. The authors report that

the most significant difference between grewas observed eight days following SRC.
Decreases in CBfollowing SRC were also significantcompared t h i nj ur ed ath
baseline measures both at 24 hours and eight days after injury, with the greatest decrease

on day eighB7]. Other studies sho@BF can be reduced up to one month post

SR{114]. Emergingevidence suggests chronic CBF alteratiand related

cerebrovascular dysfunction could affect BBB and neurovascular fuftetion

potentially facilitating neurodegenerative pathology follogvBRC.

Otherneuroimaging techniquémve focused on axonal injury and white matter
changesBazarian and colleagy&$] suggestedhatwhite matter changes are associated
with impact intensity andhus injury severity. They reported greater white matter injury
in an athlete with a diagnos&RC intermediary changes for a subconcussive group, and
the least amount of white matter change for nonathlete controls. However, anatomic
distinctions inwhite mater injury frompreseason tpostseasorare reported a$ighly
heterogeneous and scattered diffusely across the entire white matter region of the
brain116]. Although great strides continue to be made in neuroimaging for diagnostic
assessment, evidenseggests that differences in patients following SRC could result
from preexisting differencg4.17] requiring regular neuroimaging assessments to
determine incidence of SRC. If accurate, these findings combinedheitiigh cost of
neuroimaging, bothiiancially and in the time required fdragnosticassessmeniyould

greatlylimit these diagnostic tools' availability.
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1.2.1.2Biofluids

Biomarkers can be found many biofluids, includingerebrospinal fluid (CSF),
blood, and isolated plasmaarlier studies isolated candidate biomarkers from CSF due
to the inability to detect braispecific proteins in the bloo#However, blooebased
diagnostics offer a less invasive and moosteffective avenu¢han CSF analysighe

ease of conductingdod-baseddiagnosticsn a typical sports medicine settinguldalso

provide insight into athletesd physiologic

resolutionandaid RTP decisionsConseguently,various serological markers have been
proposed, including glial fibrillary acidic protein (GFAP), neurofilament light chain
polypeptide (NfL) tau,and ubiquitin carboxyhydrolase L1 (UCKH_1). However
previousstudiesevaluatingblood concentrans oftheseproteirs following SRCreport
mixedfindingg118i 121]. One such reason could tie short haHife of proteins when
they enter the peripheral circulatidne toproteasemediated degradati¢i?2] and

filtration through the liver and kidey4123]. Also, these proteins have multifaceted roles
in the brain, making their response to SRC challenging to predict.

Previous findings oincreasederumt a u afad pAbecur sor to
plaqueswere observeth athletes within four hours of speslatedSR(124]. Elevated
concentrationsf serumA f2 werealsopositively correlated witla history of SRCin
contact sport athletes at basef6®125] Interestingly r e d uz2coecegntralifns in
the CSFwere observedmongathletesvith postconcussion syndronie26,127]
although CSF concentrations@FAP and NfLwere significantly elevat¢i20,126]
Recently significantly elevated CSF concentrations of the axon markers tau and NfL

were reportedh boxers after repetitive, head impdt8,129] Similarly, dter a single
17
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competitiveseason, elevated serum NfL was reported in American football players
without SRJ130,131] Such changes support evidencéhafaxon and white matter
damagemayresut from contact sports participatipanobsenation consistent with
previousneuroimaging studies

Theearlyrationale for measuring tau apetentialmarker for SRC diagnostics
arose fronreportssuggesting that SRC may cause the accumulation of extracellular tau
a n d obsdrved in neurodegenerative diseaSamificant associations betwetuand
Ab accumul ation and neurodegenerative path
these proteis are significantly elevated in the CSF after brain ifjL28,129,132]made
these proteins promising candidate bki@$ed diagnostics for SREIthough tau is
released by normal neuron activity, previous reports shatvexperimental Bl can
induce &normal neuron functiong andthe indiscriminateelease of tgd11].
Additionally, TBI can induce tau hyperphosphorylafii8,134] causing an ordered
process of phosphorylation at specific sites leadirtguoligomer formation and
aggregatiofl35,136] Acceleration forcesxperiencedluring contacsport participation
and SRGare believedo inducetheabnormal release of tHil 1] comparable to what has
been previously observed in more severe. TRErefore, the abnormal release of tau
following SRC would increase the risk of tau phosphorylation, aggregation, and
neurodegenerative pathology.

Previous findings show th&RC induces a neurometabolic cascade, causing
calcium influx into the neurons and axons. The majority of tau is localized to the axons as
microtubule stabilizef&36]. Consequently,aciunminduced calpains am&ctivated and

facilitatethe phosphorylatio of tau, which causes a reductiontgbinding affinity for
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microtubulef65]. As a resultfauis releasedhto the extracellular space. Phosphorylated
tau has a higher affinity for aggregation than tau in its native form, increasing the risk of
oligomerization or aggregatioffau oligomers can disrupynaptic function which
underlies impairment of cognitive functid37] and be taken up by nearby neurons.
Once within the neuron, oligomeric tau can indogchondrial dysfunction by
decreasing NADFubiquinone oxidoreductase and actingtcaspas®[138]. These
events activatéhe mitochondrial apoptotic pathwand lead to neuronal injury
Furthermore, fier tau is released into the extracellular space, the loss of axon
microtubule stability is sygested to cause dysfunctional axon transport and further
neuronal injury.

Phosphorylated taoligomersform neurofibrillary tangles (NFTsa hallmark of
CTE and AD patholody#7,139] Perivascular deposits of NFdgare found in the
neurons and astrgtes of deep cortical sulci in patients with G48]. The increased
release of phosphorylated ttomSRCh as r ai sed concderrms f or
health. Evidence suggestatphosphorylated tau aggregates and tau oligomers may be
more neurotoxichtan monomeric taiHyperphosphorylation of taalsoresults in the
redistribution of tau from the axon to the neuronal dendritic spine, leading to impaired
synaptic functiofiL40]. Additionally, accumulation dfiyperphosphorylatethu
surrounding the penetrating capillar{garavascular spadénas been shown tme
toxic[141,142]and carincrease inflammation and BBB dysfunctjip#3,144] Blair and
colleaguefb1] showed thaabnormally releaseelxtracellular tau sufficiently inigited
BBB impairment in concert with perivascular tau accumulation. Similarly, Lasagna

ReevefL38] showed that an injection of human tau oligomers into the brains of mice
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resulted in impaired memory consolidation, and synaptic and mitochondrial dysfunctio
Therefore, it is possible that in tauopathies such as SREmay trigger a misfolding
cascade which can then perpetuate further CNS damage and lead to
neurodegenerati¢pi45s].

Similarly, deposition oA bhas been implicated in multiple neurodegatige
diseases including AR46], vasculais6] and other dementifi07], and CTELOO]. A b
deposition has also been significantly associated with Lewy body disease and increases in
alphasynuclein oligomerization and parkinson{d47,148] Although it was once
thought thatA baccumulation was not involved in CTE development, evidence suggests
A bdeposition in CTE is linked to increased disease severity. Pathological findiads of
deposition among patients with CTE have shaewgnificant @&sociatios with co-morbid
Lewy body diseasehenadjustedor agerelated increases &f f100]. Also, the
presence of Ab deposition with CTE had an
odds of developing parkinsonism than those who were CTE positii ut A b
negativgl00l.1 ncr eased extracellular Ab i s sugges
neurodegenerative diseases with ADb accumul
been shown to activate b and [449486]cr et ases
Following SRC, local changes in CBF and hypoperfusamincreasé b pr oduct i on
Aggregate Ab formation in thendgcedri vascul ar
cerebrovascular damage, oxidative stress, mitochondrial damage, and BBB permeability
by increasing secondary injury cascd84s In addition to CBF alterations
SR{151,152] andischemi¢153,154]brain injuiesinduce alteredbrain metabolism by

accelerating glycolysjgherebyincreasng lactate productiomand pH (i.e., metabolic
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acidosis) Metabolic acidosifollowing SRC is suggested tontribuet o AD
accumulatiorsinceA b shos/nto aggregatin a pHdependent mann@iss].

Additionally, SRGinducedmitochondrial dysfunctiommpairsoxidative
metabolisnil56,157]andredu@sATP productiorwhich further stimulagsglycolysis.

The increased lactapgoduction combined with the decreased lactate metabolism further
increases pH and precipitates ADb productio
production also leads to lactate accumulation and metabolic aettogs neuron

dysfunctiof113]. Furthemore, aggregatelb ol i gomer s have been sh
the activation of mitochondriaand death receptonediated pathways of endothelial cells
thatpotentiate apoptogi4,158 160]. These findings suggest that increases in

pat hol ogi c digomdrsafallowamgqSRC éohld imfluence the future

development of neurodegenerative diseases, making them promising biomarkers of SRC
pathology associated with lorigrm neurdegenerativeisk[97].

Anotherpromising blood biomarker is GFAP, the major citeletal protein in
astrocytes, which has been detected in the blood following incidents of
TBI[118,119,124,161165]. During the immediate hours and days after SRC,
significantly higher blood concentrations of GFAP were reported among injured athletes
compared to baseline values and healthy corjtd&119,164] Recently, Laverse and
colleaguefL66] reported significant increases in plasma GRakbngrugby playerst
both one hour anténdays postSRCcompared withuninjured teammates

The delicatestructure ofastrocytesnakes them exceptionally vulnerable to
acceleration forcg¢$0] experienced during contasport participationWWhen astrocytes

are injured proteas@duced breakdown of GFAP occurs and fragments are released into
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theinterstitial fluid (ISF) of the braid67]. It has been suggested tli&EAP fragments

may enter the blood aftdSF drains through a damaged BBBwhen fragments enter

the CSFand drain tdhe peripheral circulation throughe meningedlymphatic systm

or otherclearance mechanisfdi$8]. The abundance of astrocyt@smparedvith

neurons has led some to belidteod concentrations of GFAP may be more indicative of
physiological alterations consistent with brain injury than concentrations of Reuron
specific moleculef51]. Indeed, of the nearly 160 billion cells that form the human brain,
astrocytes are the most numerous of the glial,aalisiumbeing neurons five to

ong169]. Astrocytes also play important rolesBBB integrity, perivascular
homeostasisthetransport of solutes from the bloahdcerebrovascular contractility in
response to neuron activat|@iO]. Further, astrocytes are essential for the maintenance
of the electrochemical environmethtat must bestrictly preserved for propaeuron
functionng[171].

The physical and biochemical changes caused by SRC to astrocytes or their
interconnections with neurons, microvasculature, and other adjacent cells can initiate
physiologically relevant disruptions without clinical presentatb brain
injury[67,171,172] Recently, investigators found that enriched astrocyte proteins in high
school American football players significantly increased following competitive gameplay
and correlated with head impact exposure in athletes withadrdible signs or
symptoms of SR{173]. However, other studies have shown the fluctuatiotsaftuid
concentrations of freely circulating GFAP and ottmarrkers to be transierilevations
of GFAP, NfL, and tau in the CSF repotedeturn to baseline levefsllowing extended

time intervals between head impacts, gtgough cessation of spegarticipation at the
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end of a competitive sead@28,129,129]In fact, McCrea et al. showddatserum

GFAP, NfL, andtau concentrationgid not significantly differ between contasport

athletes and noncontact athlete controls at bag&lifg Likewise,plasma

concentrations of GFAP did not significantly diffeom 1-hour postmatch in rugby

players compared to preseason baselingegdl66]. These findings support the use of

GFAP as a potential biomarker for SRC; however, the use of freely circulating GFAP and

other brairspecific makers for diagnostics is limited.

1.2.2Unconventional Biomarkers for Sport-related Concussion

1.2.2.1Central Nervous System Lymphatics

The I'ymphatic clearance system of the
is yet to be elucidated. Historically, the CNS was considered immune privileged, or void
of the Aconvent i osanaetiothd resnolitmedddyde ssel s ob
Neuroimaging and animal studies have disproven this tahd belief and identified a
lymphatic vascular network as well as multiple pathways for CNS drainage and
clearancfl75]. The lymphatic vessels in the meningesamsociated with the dural
venous sinus¢s74,176 178], the astrocytenediatediglymphati® pathway179,180]
within the paravascularspacesurrounding penetrating blood vessels, and the intramural
periarterialdrainage (IPAD) pathway that runs along basement membranes within the
perivascularspace of the cerebrovasciilai5,180] All drainage pathways associated
with CNS clearance must work concertedly to remove waste from the brain and
meninges. For this rean, mention of all pathways working as a collective system will
hereafter be referred to as the CNS lymphatic systdite specific pathways will be

explicitly named when discussed
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Recently,an imbalance between the production of neurotoxic proteinthand
CNS lymphatic systenm the braifil81] is suggested to play a dominant role in the
development of tau aggregates and (6B Therefore, the increased clearance of
pathological proteins from the extracellular space is considered vital to healfy C
functionind176]. Enlarged pravascular spaces (B5) observed using MRIs have been
proposeds a surrogatmarkerof glymphaticdysunction and are significantly correlated
with AD and small vessel dise4$82,183] Currently, PE{visible A bin the EPVS is
considered to reflect parenchymal deposits, while MBble A bin the EPVS may be a
correlate of vascular dysfunction due to vascAlddepositfl84]. Enlarged EPVS may
reflectdysfunctional clearance dueihflammation Through use of @eactive proteiras
a marker of inflammatignC-reactive protein cytotoxicitwasa s s oci at ed wi t h
accumulationn AD[185]. Taken together, these results suggest that inflammation
following SRC could induce CNS lymphatilysfunction and B accumulation.

UsingfMRI, astrocytediave been studied to better understanddyerolesthey
play in CNS lymphatic clearance. Astrocytes change in morphology and gene expression
profile as a result of astrogliofd]. Astrogliosisdecreases the polarization of the water
channelquaporin 4 AQP4) away fromtheastrocyteendfeet which is a key
determinant of impaired lymphatic clearafi@l]. Studies using PET imaging shaww
increased expression of monoamine oxidase B (MBA(a byproduct ofistrocytes
undergoingastrogliosifsl]. Whendeveloping MAGB PET imagingor astrogliosis
researcherebsenedincreass in MAO-B amongpre-symptomatic, but not early
symptomatic ADpatient$186]. During the transition of nonreactive astrocytes to a state

of astrogliosis, astrocytes experience high enzymatic agtastyndicated by the
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increases in MAGB. However afterthe transitioris complete aswith symptomatic AD
patientsastrocytes are considered MA®deficient and less enzymatically ac{i/@6].
These findingsndicatke thatenzymatic activity related tastroglosismight bepre-
clinical feature of dementjaAD, or other neurodegenerative diseases
Astrogliosishas benobservedollowing SRC,making MAOB PET imaging a
potentialindicator ofastrogliosisinducedCNS lymphatic dysfunction. However, MAO
B expression in astrocytes undergoing astrogliosis differs across brain [&§#jns
underscoring the need for a better understanding of @RIG6eurodegeneraté disease
pathology Further,imagingtechniques used to assess physiological changes related to
CNS lymphatic clearancare limited byhigh operationatoss, includingthe arduas
procedures to perform the teatrsd the high financial burdeAn ideal solutiorto assess

CNSlymphatic clearance efficiency would teoughblood-based biomarkers.

1.2.2.2Extracellular Vesicles

Extracellular vesicl¢EV) is an altencompassing ternmsed to identify nanosized,
membranebound patrticles released by all mammalian cells during normal and
pathological processg$38,189] EVs have recently been detected in the Hb@@ 192],
making these subcellular particleomisingcandidate biom&ers forSRC Larger EVs
(150-1000nm), also known as microvesiclag formed by shedding frothe plasma
membranfl93] and are released througkocytosis This process allows large EVs to
retain the outer membrane properties of the cell of origmalSEVs(30-150 nm), or
exosomes, are formed through endocytic mecharesisnvagination of the plasma
membrane thdurther bud into smaller multivesicular bodieshe multivesicular bodies

then fuse witlthe plasma membramadare releaseds exosom¢$93]. Both large EVs
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and exosomesantransporicomponents of the intracellular environment from the cell of
origin, including nucleic acids, proteins, and ribonucleic awidieh act as a functional
cargo tofacilitate intercdular communicatiof194i 197]. All EVs contain membranre
bound proteins thatanidentify their cell of originandunique protein markers that have
been used to distinguish EVs from other cell fragnj&a®. Membranebound poteins

of the tetraspanin faily are considerednique to EVsandinclude CD81, CD63, and
CDY198i 200},

EVs areatthe forefront of biomarker research in a wide array of diseases such as
oncological, cardiovascular, and neurologitiseasgd.23], making them a novel means
of detecting cells undergoing activation, injury, inflammation, or infe¢20di 203].
EVsshow promise as biomarkers for SRC becauseateyeleased by atleuralcells
during pathophysiologral process¢$88] and can cross the BBB)4]. Also, their
enclosednembranes thought to increase the hiife of their protein cargm the blood
and reduce the effects of protease degradd@®h A longer halflife mayincreag the
probability of detecing CNS damage days aftSRC For these reasomsd othersEVs

are viable candidate biomarkers for diagnosis of SRC.

1.3 Relevance of théymphatic Systemto Sport-related Concussion

1.3.1 Lymphatics of theCentral Nervous System

Recent evidence shows that[2Qb], [20B], and othemetabolitesuch as
lactate,are cleared from the brain throutife CNS lymphatic system and all pathways
have been affected by SRC or TEI7i 209]. Even subconcussive head impacts are
suggested to cause reductions in CNS lymphatic clearance, as eglibgricagitudinal

decreases in plasma tau concentrations concurrent with increased head impact
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exposurelR3]. The three pathways of the CNS lymphatic system are suggested to work
in concert to drain CSF an8F solutes from the depths of the parenchymthe outer

dural sinuses and the peripheral lymph§ti¢s].

1.3.1.1Meningeal Lymphatic Pathway

Once thought to be void of lymphatic vasculature, secondary transport lymphatic
vessels were recentbpbservedn the brains ohumansusingMRI [210,211] The
lymphatic vessels in the outer most covering of the brain, the dura matter, run parallel to
the cardiovascular circulatioMeningeal lymphatic vessdtave been shown txgress
a lymphspecific markerlymphatic vessel endothelial hyaluronan receptor 1
(LYVE1)[212,213]which distinguishes them from cerebrovascular vesSaldies show
meningebllymphatic vessels drain CSF, ISF,t&ub, and 1 mmunhkrFaincel | s
and meninge® the deep cervical lymph nodes where they enter the peripheral lymphatic
systenfil77,178,214] However, eme suggest the meningeal lymphatic pathway is
mostlya pahway for CSF drainagevhile ISF drains through the glia limitans of the
glymphatic pathway before flowing within the arterial wallghe IPAD pathwayl75].
In humans, CSF passes from the ventricular system into the subarachnoid spaces, part of
whichdrains into the blood vithearachnoid villi and granulations of the dural sinuses.
Other portiors of CSF drain tdhecervical lymph nodes vidhe meningeal
lymphatic$214i 217]. Recent experiments using Indian ink and Micfafib,216]have
demonstrated the capacity of meningeal lymphatic vessels for CSF draindgthers
have demonstrated the efflux of immune cells from the CSF into deep cervical lymph

node$218,219] Additionally, after axonal injury and (autoimmune) demyelinatio
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myelin and axon epitopes have been found in deep cervical lymph220221]
further demonstrating theéSFclearance capacityf themeningeal lymphatipathway

Whether the meningeal lymphatic vessgtodrain ISF and solutes from the
brain paenchymais currently debated.t&dies have shown that the meningeal lymphatic
pat hway is critical for c lsgackin(synuaeint r acel |
from thelSF, and disruption of this lymphatic pathway can promote the accumulation of
these proteins in the parenchyiié6,222,223]Mouse models of AD shothatthe
meningeal lymphatipathwayi s r esponsi bl e for draining di
NFT9223,224] both ofwhichmay betoo large to be cleared through the glymphatic or
IPAD pathwayf225]. Ani ma l model s o falséshowddiinoresaged 6 s di s e
pat hol ogi c al -syaulgif226padvirsemecogritivelbutcomes after
meningeal lymphatic ligatid@22]. Studies usin@blatiorj178] or genetic removal of the
meningeal lymphatigesselgesulted in the retention of injected @uddelayedau
clearance to the peripheral circulafibn6]. FurthermorePatel and others showed
significant retention of fluorescently tagged tau aftggdationinto the brainfor one week
in mice lacking meningeal lymphatic ves$&l&]. These tansgenic micalso
experiencedlelayed tau clearanéem the brainnto the peripheral circulatioas
evidenced by significantly lower plasma tau concentnat@4 hours after injection
comparedvith wild-type mice.

Likewise, previous studieshowthatexperimentall Bl can inducaneningeal
lymphatic dysfunctiof225] and delaythe clearance of A[227] from thebrains of mice
Increasd intracranial pressurendsecondarymmune respons®@llowing TBI cancause

meningealymphatic dysfunctionevenif the lymphatic vasculature was unaffected by
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impacf225]. Ne u r o i n p ahasrbeeh observed followilBRC andcan persist for
months or even yed228]. Persistent neuroinflammation can chronicaiijuence
meningealymphaticclearancendlead totheretentionand depositiomof tau,A b and
othermetabolitefl 76,208] Prior to experimental TBI, existing mmgeal lymphatic
dysfunction was shown to exacerbate neurodegenerative pathologies aft¢2 25lry
Additionally, age-related dysfunction aheningealymphaticclearancénas been
showntoreduceeuandAb cl earance and wordaogyin neur odeg
micg225,229] In humans, previousvelence suggesthat the subconcussivead
impactssuffered duringsports participatiomay initiatesimilar physiological changes
observed afte6R(17], including the disruption aheningealymphatic
clearancf205,230] Therefore, th@roperfunction of themeningealymphatic system
following head impactdue tocontactsport participation is considered vital to healthy
CNS process§s76,181,209] These findings suggest that proper meningegaphatic

function isessentiato mitigate the rislof neurodegeneratian contactsport athletes

1.3.1.2Glymphatic Pathway

In addition to meningeal lymphatic dysfunctialysfunction of theastrocyte
medated glymphatic pathway has been reported following experimentf20&BR231]
Glymphatic clearance occurs througthen layer of invaginated pia mattethich creates
the mravascular spacketween the outer surface of penetrating capillaries and the
astrocyte endeet that ensheathe the vessels, knowthaglia limitan§l79,232] The
glymphatic system is suggested to be strongly linkigld the meningeal lymphatics. The
negative pressure which drives glymphatic flow is thought to be ddrivedthe

meningeal lymphatics, although arterial pulsatile pressure drives glymphatic fluid
29



dynamics Recently, evidence suggests that glymphatic clearance allows for CSF and ISF
exchangehroughconvection in the paravascular space surrounding penetcatiegral
blood vesse[476]. The bulk of CSF flows through tlgdymphatic pathwawand drains
into the @ravasculaspacebeforeflowing to the subarachnoid sp§282]. From the
subarachnoid space, solutesried by the CSkre transported through theeningeal
lymphaticpathwayto the extracranial lymphatic system for necessary breakdown and
removal from the bod®33]. During sleepthe paravasculaspace expands and allows for
greater convection of CREO5], potentially allowingfor bulk flow clearance of larger
molecules like proteins and protein aggregates.

In part, he fluid dynamics of the glymphatic system @reught to benfluenced
by arterial pulsatilityPeak CSF pulse velocityasshown to correspond with the
elevatedcerebrakystolichblood pressure during each heartf@#]. Increases in CBF
pressure and volunie the parenchyma and choroid plexus may cause transient tissue
swelling, squeezing the ventricles and subarachnoid spatesqueezinghovesthe
bulk of CSF toward drainge sites which eventualfiow to the cervical lymph
node$234]. Astrocyteendfeetcan regulate the process of functional hyperemia, or
increasedCBF to supportincreasedeuronakctivity[170]. Due to the relationship
between CBF andlymphatic flow, atrocytedrivenhyperemia can also regulate the
clearance of metabolic byproducts following neuron activity.

Healthy atrocytes mediate the exchange of ISF and CSF to help eliminate
metabolic waste and large macromolecules that cannstipasigh the BBB.
Experimentall Bl causes astrocytes to undergo morphological changes resulting in

astrogliosis, a state in which astrocytes experience hypertrophy and proliferation due to
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neurgeperturbative conditiorj61]. Astrogliosiscreates a prinflammatory potential that
has received considerable attenf8%] due to its association wisignificant astrocyte
deathi236]. Dying astrocytes stimulate apoptosis in adjacent[28I1§, further
perpetuating the initial damage caused'By. Also, astragliosis cannegatively alter
glutamate homeostasis through decreased glutamate gptakéned withincreased
glutamate releasand isassociated with abnormal nearenergy metabolisf238].

Both age and TBI related astrogliosisiay lead to an increase in cytokines and
inflammatory mediatof61]. Interestingly, econdary inflammatory cascadésat occur
after SRC include theelease of cytokines, chemokines, and other immund229s
These inflammatory markeezcumulaten the @ravascular space and follow the
glymphaticclearanceoute to the deep cervical lymph nodes of the extracranial
lymphatic systerf232]. During astrogliosisastrocytes increase in size due to cellular
hypertrophy and have higher expression legélSFAP.Astrogliosiscauses loss of
AQP4 polarizationandits redistributon from the foot processes to thstrocytecell
body[231], consequentlyimpairing glymphaticdrainag§206].

AQP4is a water channel that has been implicatetth@regulaton of glymphatic
flow[240,241]due to itdocalizationat the astrocyte eri@et AQP4 is localized on the
vesselfacingsurface of thendfeet surrounding the penetrating arteries and veins and
helps drive the fluid exchange in tharprascularspac§242]. Damage tdhe
cerebrovascular can leadtteeloss of AQP4 polarizatidta79] and impaired
cerebrovascular pulsatilit®43]. Loss of AQP4 polarization at the efekt is believed to
increasegheaccumulation of taandA bin the interstital spacelnterstitial

accumulations ofau combined with a reduction in CBifesuggested to induce
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glymphatic stasis and suppreggmphaticclearance efficiend229]. These changes
inhibit the ISF and CSF exchangedtheir subsequernirainage to thextracranial
lymphatic system

There is evidence SRi@crease markers ofstrogliosign the periventricular
spaceRl9] and damage to the microvasculaturdpaumentedeature of CTEn former
athletef244]. Following experimental Bl-induced glymphatic clearance deficiency,
animal studies show that injected recombinant humadr&ined from the subcortical
white matter tracts and accumulated in the caudal rhinal vein, internal cerebral veins, and
sagittal sinus instead of drainitgthe deep cervical lymph nod289]. Similarly, Iliff et
al[209] showedhata single traumatic event inhibits glymphatic flowmicefor up to
28 days followingexperimental TBI. Reductions in glymphatic fleeducel oligomeric
taua n d cléabamefor up to one month post injud/76,208,209,225kading toprotein
accumulation inthe brain. The period of reduced glymphatic clearance that follows SRC
mirrorsthedecreases in CBRhich also persistip to one monthafter injury{87,114]

Interestingly, the loss of AQP4 polarizatiamd AQP4 upregulation waalso
caused bygerelatedastrogliosisobservedn the brains of aged mi@29]. However, a
similar loss ofAQP4 polarization has been observed following T®4n and
colleagueR08] showedthatwild-type mice subjected to experimental TBI had altered
AQP4 expression and reduced localization at thefeedAQP4 was redistributed to the
astrocye soma in conjunction with increased GFAP expression and astrocyte
hypertrophyas early ashree days following TBIRelocation of AQP4ackto the
astrocyte endeet did not occur until 228 postinjury even though neurobehavioral

deficits had already rebound2G8]l. Ex per i ment al bl ockage of
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aggregation in the braimpenchyma and similarly disrupts glymphatic clearf2vts.
These results suggest that SRC may cause glymphatic dysfunction through
mislocalization of AQP4, increasing the risk of acute and chronic tai énd

accumulation.

1.3.1.3Intramural Periarterial Drainage (IPAD) Pathway

The IPAD pathway is suggested to draotutes of minute amounts, less than 0.5
ul, alongcapillaries anderebral blood vessels within the parenchja84]. Confocal
and electron microscopy have demonstrated that the [pAway flows along the
basement membranes surromggdthevascular smooth muscle cells (VSM@the
tunica mediaallowing solutediket a u  ata drainfxon the braif246]. Structurally,
the pial arteries consist of a single layer of endothelitd wéth theirbasement
membrans surrounded by SMC[247]. Previous research has identified these
anatomical pathways as a compartment within the vascular connective space of the
adventitid248,249] The penetrating pial arteriesid capillariegaresurounded bythe
astrocyte endeetand contact thastroglial basement membran&heastroglial
basement membramelps formthe parenchymal basement membfage,251] which
combines witlrendothelial basement membranesmingthe vascular basement
membrane The vascular basement membraaparateserebrovasculagndothelial cells
from neurons and gljaandcontributes to vessel development and BBB
maintenand®52,253] The vascular basement membrane alkows forintegration
between thendothelial ce8 andsurroundingastrocyte®of the BBE254,255]

The capillary walls of the BBRrewherethe parenchymal and endothelial

membrane components thie vascular basement membraare fused, creating an
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impenetrable barrieMhelSF enters the IPApathwaythroughthe gaps between
astrocyte endeetandflows alongthe endotheliabasement membranes of the capillaries
before flowingalong thebasement membranesVSMC in arterioles and arterigs/5].
There is gidencethatA bdrainsfrom theparenchyma with the ISF along the VSMC
basement membrarj@56], whichstrongly supportthe IPAD hypothesis. Other findings
provide support that the IPAD pathway is responsible for cleararsraaf volumesf

solubleproteinsfrom rodent and human bra[@87,258] Tr acer st udi es

show

per meates through the extracellul ar spaces

later observedvithin the capillary basement membraf@s3]. Additionally, injected
traces into the brain parenchyma remadconfined tothebasement membranes
surroundingy SMC within the tunica media of arief walls rather than irpial-glial
basement membranes on the outside of the tunica ja&d]aThese results suggekbit
ISF tracers pasfrom the brain into basement membranes of capillaries and flow out of
the brain along basement membraneg®MC within artery wall§257,259] rather than
along the paravascular route of the glymphatic pathimégrestingly, others note
possible conection between the inflow of tracers from the CSF akapijllarybasement
membranes and the outfldlwoughthe IPAD pathwaji80].

The clearance of ISF along the IPAD pathway occurs against the direction of
blood flow[253] throughVSMC oscillations or vasomotionThe contractile/SMC
within the arterial wall generate a basal vascular tone that is maintained under
physiological stimu[260]. However the findings of Albargothy and colleagues support
the hypothesis thatscillatoryvasomotion is the motive force for IPAZH1]. Although

promising,evidence thaarterial vasomotion drasISF clearancéhrough the IPAD
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pathway has only been obseniednice Similar VSMCvasomotiorremairs to be
demonstrated in humdR246].

Major changes in the molecular composition of the vascular basement membrane
have been observed in acute and chronic neuropathological corj@i®263] In
humans, fibrosis due to small vessel disease or arteriolosclerosis leads to decreased
function of arteial VSMC. Reduced function combined with dise@sguced changes to
the biochemical properties of the vascular basement membranes is most likely
responsible for theeportedfailure of IPAD clearand@64]. Previous evidence suggests
the initial deposibn and accumul ati on of Ab occurs
membranes surroundingSMC within artery wal§[258]. Increased\ bdeposition in the
vascular basement membranay further disruptPAD efficiencyand exacerbate the
alreadyimpaired clearance & (263].

Given the intimate relationship between cerebrovascular health and IPAD
efficiency, it is reasonable to hypothesize that vascular damage could impair clearance
through the IPAD pathway’hanges in BBB permeability and damage to the
endothelium have been sdrved at the capillary level following experimerntal
vitro andin vivo TBI[56,149,265,266]IPAD of solutes from the parenchyma initially
flows through the basement membranes of capillaries before moving along the basement
membranes of VSMC in artetas and arteries. Damage to the penetrating capillaries
could therefore impede clearance through the IPAD pathway. Based on this hypothesis,
biomarkers associated with endothelial and vascular health could provide insights

regarding possible IPAD ineffiarey following SRC.
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1.4 Extracellular VesicleBased Researcland Usein Biomarker Developmentfor
Sport-related Concus®n

In contrast to freely circulating proteimaembraneboundEVs are thought to
have a longer halife in the peripheral circulatioomaking them promising biomarkers
for SRC research.arger EVsthat are shed frorthe plasma membrane may result from
theloss ofouter and innemembrane asymmetry following oglar activation or
injury[267]. However, soméargeEVs areshed directly fom the plasma membrane of
dying cellsandare considered apoptotic bod288]. Large EVsreleased from cells of
the CNSreportedly caroriginate from oligodendrocytfg0], astrocytel69],
microglig270], and neurorf271], althoughthe mechanisms of their secretion have not
been fully elucidated. EVs have been suggested to play a role in myelin maintémance,
elimination of waste, and are thought to be released from brain tumor cells to initiate an
immune respon$272]. There is evidnce that suggests EVs also play a role in
neurodegenerative diseases, includif273], multiple sclerosig74], and injuries like
TBI[190,191,275]Evidence suggests EVs could help propagate misfolded forms of tau
and i nsol ubl e nAnfa Priohlikeonamdilo3,187¢n tauopathies like
AD and CTH193]. This role for CNS EV&ould accountor the diffuse spreading of
pathological tawbservedn athletes with CTE7]. Additionally, evidence showhat
EVs transport protein cardodirectionaly through the BBB into the peripheral
circulation or the brain parenchyf@@2]. These findings suppottie investigation of
EVs as potential biomarkers for individualgh a CNS injury, including SRC.

Recently, EVs have become promistandidate biomarkers for TBI because

they have the ability to cross the BBB and can be detected in the blood affé®rjjld
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moderate, and sev¢2&6,277]TBI. Interestingly changes in serum concentrations of
EVs enriched with CNSpecific proteins wre reportedly more sensitive at predicting
early mortality after severe TBI compared to the samdyfi@eculating proteis among
hospitalized patienfg77].

Astrocytederived EVscurrently show great promise as biomarkseneeeach
glial subtype demonstrasa distinct gene expression and proteome profile, as well as
specific responses to CNS injury and dis@@He allowing for easier identification
Astrocytederived EVs retin ther identifiable characteristics and have been reliably
detected in theloodof brain injury and neurodegenerative disease
patient$169,192,192,278JAstrocytes have been shown to release teWswing CNS
injury andsimilar pathology123,276,277]In fact, EVs containing GFAP have shown
promise at distinguishing those with mild to severe[I82,279,280from healthy
patients EVs containing GFAP (GFAR were not only significantly increased in patients
with TBI compared to controls, but GFABPV concentrations were significantly higher in
patients with altered levels of consciousness compared to TBI patients with normal
leveld281].

Also, because of the integral rafleatendothelial cells play in BBB integrity, the
effect of TBI on endoth@l cells has been recently investigaté€de close relationship
between thastrocyte endeet that form the glymphatic pathway and ¢émelothelium of
the BBBmake endothelial function vital to CNfealth. Combined with thebservations
that IPAD clearane initially flows along the capillary basement membraanes the
integration of astrocyte and endothelial functions necessary for BBB intdgisy,

associated with the cerebrovascular endothelium have gained considerable attention as
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potentialbiomarkers of TBIIncreased endotheliderived EV production has been
observed in response to mechanical injothwith in vitro andin vivomodels as one
of the consequences of TB82]. The release of EVs containing PECAMalso known
as CD31which isan endothelial adhesion molecule, significantly increased in the hours
following mechanical injuryorin vitro TBI[282]. The increase in endothelial EVs
remained significantly elevated at both 24 and 48 hours followin§28B], suggesting
persstent endothelial damageew studies have investigated the effect of SRC on
endothelialderived EVstherefore one EV of interest in the current study is CB91

Lymphatic vascular endothelial cell derived EXYVE1*EV) were increased in
patients wih inflammatory diseases. These increases suggest that EVs may play a role
within the lymphaticsystem. For exampld,YVE1"EVs were reportetb clear cells from
sites of resolving inflammati§283]. LYVE1*EV may also attract dendritic cells to the
lymphatic vessels for directed migration to inflammation sitexelased serum
LYVE1*EV concentrations werasoreported in the of patients with rheumatoid
arthritig284], and EVfcontaining vascular endotheligdowth factor (VEGFC, a known
promotor of lymphangiogenesis, was detected in patients with endomeésis
Thereby, we exteratithis concepandstuded circulating LYVEI'EVs as novel markers
of SRGassociated pathophysiolognd inflammation

EVshave also been investigated as a biomarkeub€oncussiarJsing a
doublepositiveimmunocapture isolation methoEV concentrations wer@mpaed
amongprofessional ice hockey playdrefore and after a competitive sedd@3].
PlasmaconcentrationsfaCNS-specific EVs showed gradual to moderate increfises

pre- to postseasoramong playergxposed to subconcussive head impacts but free of
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SRC diagnos[423]. This doublepositive method measured plasE¥s that
simultaneously expressed two proteiarkers onespecific to EVs (CD81) andne
specific toastrocytes, oligodendrocytes, microgbi@neurors. The authors expressed the
doublepositive EVs as SNAPZBCD81, EAAT1"/CD81", MOG'/CD81", and
Cd11b/CD81" to represent neuronal, astrocytic, oligodendrocyte, and microglial EVs,
respectively. Although none of the markers significantly increased froniqapest
season, they trended upward with the greatest increagksl icell-derivedEVs among
players vith multiple prior SRC123]. Such findings suggest théeincreass indouble
positiveEVs may be associated with long term damage from SRC even in the absence of
clinically detectable injues This and other evidenld®0i 192] support the use of EVés
more sensitive biomarkers for SRESsociated pathophysiologyer freely circulating
proteins Thus, inthe currentstudy, we usgédoublepositiveEV-based biomarker

discovery technigues to assess potential lymphatic dysfunction following SRC.
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CHAPTER2
STUDY OBJECTIVES AND SPECIFIC AIMS

2.1 Introduction

Sportrelated concussion (SRC) increases the risk of slmmiiongterm
neurological conditions, including depression, anxiety,-frastmatic headache,
dementi a, Al zhei meoricdrauthatic en@epghalopéthy [CIE). a n d
According to a CDC report, an estimated 200,000 SRC were treated in US emergency
departments during the foyear study period, making up 5.1% of all spaiated
injurieg286]. A history of TBI, including SRC¢ontributesto 3-15%491,92] of diagnosed
cases of dementia and increases the likelihood of developing CTHaE®]. This
evidence underscores the necessity for developing objective biomarkers to accurately
identify athletes with brain injuries thdb not present with clinical signs and symptoms.

Conventional diagnostic strategies such as neuroimaging and extraction of brain
specific proteins from biofluidsuch aserebrospinal fluid (CSF), have shown promise
but have limitations. The high costmdéuroimaging assessments, combined with the long
duration of the scans and expertise required for interpretation of results, substantially
reduces the feasibility of its use in collegiate sports medicine settings. Additionally, the
extraction of CSF is wasive and requires uniguely trained clinicians to perform the
procedureCandidate lmod-based biomarkers have been reliably measured in athletes
with SRC; however, freely circulating proteins that enter the blood through CSF drainage
are exposed to praise degradation amtearedoy the liver and kidney$23].
Furthermore, previously reported changes in blood protein concentrations may be

transien{119], and notprovide insight regardinthe longterm risk associated with SRC

40



and neurodegenerativésdase. To address these limitations, we measured membranous
extracellular vesicles (EV) that express proteins associated with multiple pathways of the
CNS lymphatic systeniNotably, tie EV lipid membrane mitigates the short Heéf of

freely circulatingproteins in the blood by protecting against protease degrad&t’jn

and arecent report suggestthat changes in serum EV concentrations were more
sensitive than free circulating protein concentrations to predict early mortality in patients
with mocerate to severe TRA77]. This report and otheEO0i 192] support using EVs as
sensitive biomarkers for SR&sociated pathophysiology, including CNS lymphatic
dysfunction.Based on animal studies in which ablation of the dural lymphatic vessels
delayed tau clearance to the peripheral circulftios], we suspetedan inverse

relationship between plasma tau concentrations and CNS lymyalsaticiated EVs since
CNS lymphatic dylnction can occur after SRC. Thus, a decrease in plasma tau with an
increase in EVs associated with the CNS lymphatic systesy indicée traumanduced
lymphatic dysfunctiofiL19,176,208]Such results could link the etiology of
neurodegenerative disease to SRC.

Increased risk of neurodegeneration is not exclusive among athletes with a history
of SRC. Previous studies identified strong associations between repetitive, subconcussive
head impacts and neurodegenerative disease among atihi¢bescurrent study, &
selected soccer players because tliley other contaesport athletesexperience cerebral
vulnerabilityas indicated by baseline values of Cb{&cific marker&4], increasing the
risk of repetitive injur{39]. Soccer players are unique in thattheluntarily use their
heads to direct the ball, accruing thousands of head impacts over a playing career.

Purposeful soccer heading is an integral part of the sport that puts players at risk for other
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head impacts (e.qg., collisions with other players,ground, or goal posts). Additionally,
peak linear accelerations observed with soccer he@3i6@87jwere similar to peak

linear acceleration forces observed among American football players during games and
practicg22,25,31,288,289Similar pathological changes observed with
SR({J57,68,290,291have been reported among athletes exposed to such
force$35,36,116] making soccer players excellent participants for subconcussion

research.

2.2 Study Objectives

The overarching goalf this stuly was to develop objective detection parameters
to identify the incidence of SRC associated with underlying mechanisms that may
influence longterm neurodegeneration. Dysfunctional CNS lymphatic clearance has been
suggested to play a role in neurologikahlth impairments. However, the potential for
CNS lymphatic dysfunction following SRC has yet to be studied. Meningeal lymphatic
vessels, like all lymphatic vasculature, expigsgphatic vessel endothelial hyaluronan
receptor ALYVEL). Recently, invesgators found significantly higher serum
LYVE1*EV concentrations in patients with inflammatidd4], makingLYVE1*EVs
promising biomarkersAlso, the intimate relationship between cerebrovascular injury and
dysfunctional glymphatic clearansapports the investigation of astrocyte (GFARd
AQP4") and endotheliatierived EVs (CD3Y) to investigate biomarkers associated with
the glymphatic anthe intramural periarterial drainag®AD) clearance pathways
following SRC.Previous findings showhat doublepositive EVs are most sensitive to
CNS alterations herefore, this study aimed to examdmublepositiveLYVE1'EV,

CD31EV, GFAPEV, and AQPZ4EVsthat also express CD&b novel biomarkers of
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SRCand subconcussiamong contaesportathletes The specific aims and hypotheses

to accomplish these objectives are below.

2.3 Specific Aimsand Hypotheses

AIM 1 : Investigate the effect of SRC on plasma doyplolgitive EVs that express markers

related to the lymphatic and glymphatic systentomtactsport athletes.
Hypothesis 1:Therewill be an increase in circulating double positive EVs that
simultaneously express markers related tdytin@hatic and glymphatic
systemgLYVE1*/CD81", CD31'/CD81", GFAP/CD81", AQP4/CD8T,

and/orAQP4'/GFAP") among athletes with SRC compared with athlete controls.

AIM 2 : Examine whether the number of circulating dotgmsitive EVs that express markers
related tahe lymphatic and glymphatic syste(hy'VE1*/CD81", CD31/CD81,
GFAP'/CD81I, AQP4/CD81", and/wa AQP4/GFAFP) is associated with plasma tau
concentrations in athletes with SRC.

Hypothesis 2:Thenumber of circulating EVs expressihyVE1*/CD8Z,
CD31/CD81", GFAP/CD81", AQP4/CD81", and/orAQP4 /GFAP" will inversely

correlate with plasma taxoncentrations in athletes with SRC.

AIM 3 : Investigate the acute effect of repetitive, subconcussive head impacts on circulating
double positive EVs that express markers that are relatiee lgmphatic and glymphatic
systems.
Hypothesis 3: There wil be an increase in circulating double positive EVs that
simultaneously express markers relatethédymphatic and glymphatic
systemgLYVE1*/CD81", CD3I/CD81", GFAP/CD81", AQP4/CD8T,

and/orAQP4/GFAFP") following repetitive, subconcussive impacts.
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CHAPTERS3
MATERIALS AND METHODS
3.1 StudyDesign Overview

Two studies referretb hereafter as the SRC study d@nelsubconcussion study
were completed in parallehdapproved by Temple University's institutional review
board(Appendix B) to accomplish all three aims. The primary goal of the SRC study
was to evaluate plasma concentrations of EVs associated witiNtBymphatic
systems among athletes with and without acute @R@ 1, hypothesis ). We
performed a prospective cresscticmal study compamg athleteswith acute SRC,
operationally defined as within 72 hours of injury, and athlete controls enrolled at
preseason baseline testigamples from controls were compared with samples from
athletes with SRC wdoleedandwhentheyves dleaedtompt o ms
return to play (RTP) to assess the prognostic value of plasma EV concentiations.
better understand whether SRfluencesdysfunction of lymphaticandglymphatic
mediated tau clearance from the CNS, plasma tau ntratiens were quantified in
athletes with and without acute SR&ImM 2, hypothesis 3. Not all the samples from
athletes with acute SRC were available for this analysis. Instead, 16 samples from
athletes with SRC and an equal number of control sampleswuged for this analysis.

The primary goal of the subconcussion study was to observe the effect of
repetitive, subconcussive head impacts on plasma concentrations of EVs associated with
the lymphatic and glymphatic syste@sm 3, hypothesis 3. A separatgroup of
asymptomatic college soccer players was recruited to perform a repetitive subconcussion

paradigm. Blood samples were collected before and after subconcussive head impact
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exposure to assess plasma EV changes over time. The subconcusiioaatired only

one athlete group to compare plasma EVs after repetitive, subconcussive head impacts.

3.2 SRC Study Participants

Contactsport athletes between the ages of 18 and 35 patrticipating at the varsity
and club levels were recruited for study@lment either 1) within 72 hours of suspected
SRC or 2) during preseason baseline testing. Team physicians or certified athletic trainers
designated by licensed physicians diagnosed all athletes with SRC and referred them to
Temple University's Sport @aussion Lab. Upon arrival at the Sport Concussion Lab, all
athletes underwent further clinical testing, including neurocognitive, static and dynamic
balance, eye movement test batteries as per the University defined concussion assessment
protocols and aged to study enrollment. Athletes were excluded from the study if they
had abnormal gait deficits, lower extremity injury in the last six months, vestioular
dysfunctions (e.g., inner ear infection, vertigo), or medications that affect balance or
cogntion. Nineteen athletes with acute SRC enrolled in the study between September
2018 and December 2021. After reviewing clinical assessments, one athlete was excluded
because their symptoms had resolved within 72 hours of BR@ngeighteen athlete
sampesfor the final analysis.

Twenty-nine healthy participants that were free of a prior concussion for at least
six months enlisted in the study during preseason baseline testing as controls. All athletes
provided seHlreported medical history and demogrigahinformation. Athlete
information regarding prior concussion history and years of sports participation was
generated by seheport and collected with other demographic informatitet(e 1)

during study enrollment.
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Characteristics Controls Acute SRC P-value
(n=29.0) (n=18.0)
Sex, n (% male) 29.0 (100.0) 16.0 (88.9)
Age, mean + SD 202 +1.8 196 +1.2 0.07
Hx. of concussion, mean * SD 09+1.0 13+1.7 0.35
Sport n(%)
Ice Hockey 9.0 4.0
M. Soccer 11.0 0.0
M. Rugby 10.0 9.0
W. Rugby 0.0 2.0
Wrestling 0.0 1.0
Ultimate Frisbee 0.0 1.0
M. Lacrosse 0.0 1.0
Mean time from SRC to 1%t blood 491 +178
draw, mean + SD (range) ) (17.0-71.3) hrs.
Mean tmme from SRC to S/S Free, 16.4 £ 8.1
mean + SD (range) ) (8.0-33.0) days
Mean time from SRC to RTP, mean 28.56 £13.9
+ SD (range) i (10.0-58.0) days

Table 1. Participant demograics for SRC studyAll demographi
information was provided by seléport. All previous concussions
addition to prior SRC were included in the final analysis. Significanc
group comparisons of age and history of prior concussion was dete
from nonparametric Manivhitney U tests. Significance was set at
0.05. SRC, spoitelated concussior§D, standard deviatioix, history;
S/S Free, sign and symptom free; RTP, return to play

3.3SampleCollection and Processing

Non-fasting blood samples from athletes diagnosed with SRC were collected as

close to the injury time as possible and within 72 hours following SRC diagnosis. The
exact time of sample collection depended on when athletes reported signs and symptoms
to ther sports medicine staff. Additional blood samples were collected when abhletes
symptons resolvedand when cleared to RTP. Blood samples from healthy control

athletes were collected once during preseason baseline testing and used for comparison.
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All blood samples were collected at the univer&jport Concussion Lalitach
athlete provided up to 2illiliters (ml) of whole blood during each sample collection. A
certified phlebotomist performed all blood draB$ood was collected via antecubital
venipunctue into vacutainer tubes containing 3.2% buffered sodium citrate (BD
biosciences, San Jose, CA, USA). All tubes were transported vertically at room
temperature, and plasma fractions were separated within two hours of collection by
double centrifugation &,500x g for 15 minutes at room temperatéier the first
centrifugation, plateletiepleted plasma was collected to 5 mm above the buffy coat and
transferred to 15 ml conical tubeéster the second centrifugation, all but the last uD0
of platelet por plasma (PPRyas transferred to new 15 ml conical tuliesch
centrifugation was set on the lowest deceleratidiguots of 500microliters (ul) of PPP

were snagrozen in liquid nitrogen and stored-&80 °C until analyzed.

3.4 Analysis and Detectionof CNS Lymphatic AssociatedEVs ExpressingLYVEL,
CD31, GFAP, AQP4, and CD8L

EVs were isolatefom PPP a the day of analysis. First, PPP samples were
thawed in a warm water bath and diluted 1:1 witlph&asphatéuffered saline (PBS)
PBS wadiltered through a 0.2 um filter to reduce small particle contamination. PPP
samples were centrifuged at20,@0 f or 1 hour at 4eC. The
and the remaining EV pellet was resuspended in 500 filtered PBS. EV
resuspensiawere aliquoted into either two or seven replicates gill€ach and
incubated witha master mix ofluorochromelabeled anthuman LYVEL DyLight 405
conjugated, catNB100725V, Novus Biologicals, Centennial, CO, US&)t-human

CD31(PEconjugated¢at: 555446, BD Biosciences, Franklin Lakes, NJ, USA),-anti
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human GFAPAPC conjugated, catlN\BP234413APC, Novus Biologicals, Centennial,
CO, USA), antthuman AQP4Alex Fluor 488 conjugated, cdt0233036, Bioss
Antibodies, Woburn, MA, USA), and artuman CD81PE/Dazzle 594 conjugated,
clone 5A6;cat: 349520, BioLegend, San Diego, CA, USA) antibodies for 20 minutes at
room temperaturd-or additional confirmation of the presence of EVs,-anthan CD63
(eFluor 6® conjugatedgloneH5G6; cat: 56063942, eBioscienceSan Diego, CA,
USA) was also included in the master mix added to each saAlpémtibodies were
diluted to 1/10th of the manufacturers' recommended amAtfiat.incubation, EV
resuspensions weferther diluted in 590 pl of filtered PB$nakingafinal dilution of
1:600 at the time of analysi&dditional prepared samples served as negative controls
and provided daily calibratiomssay controlsThe daily calibration assay controls were
performed orthe sameCytek Aurora spectral flow cytometer (Cytek Biosciences,
Freemont, CA, USA) in the following order: a buffer only (PBS) control, buffer with
antibodies only, a calibration sample, and an unstained plasma control sample for each
subject at eachrtie point. The calibration sample consisted of 100 ul of ApogeeMix
calibration beadscét: 1493, Apogee Flow Systems, Hertfordshire, UK) suspended in
1,000 pl of filtered PBS.

After acquisition, samples and controls were analyzed using FlowJo v10 software
(BD Biosciences, Franklin Lakes, NJ, USA). Forward scatter area-jS&Ide scatter
area (SS€A), and each fluorescent channel was set to a biexponential scale. Events
within the set gate (<1.0 um) were identified in F&@nd SSCA intensity dot
represatation. Events were collected until the recorded number reached 1,500,000 while

the flow rate was set on "low." The detectable fluorescence minus that of the single
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stained control (antibodies only and buffer only) anstained plasma samples was used
to discriminate actual events from noise and increase the sensitivity for EV detection for
each sample.
FIl owlJoE software was used to determine
EV phenotypes with the following gating strategy: gates of the desirethsige in
nanometers (nm) were determined using calibration beads specific to the day of
acquisition for each samp{€igure 1A). Silica beads with diameters of 590nm, 880nm,
and 1300nn{refractive index = 1.43 and 500nm polystyrene green fluorescent bead
(refractive index =1.50definedthelargesized EV gatesLargesized EV gates were
applied to participant sampleSigure 1B). Next, a square gate at°kdh each
biexponential axis was applied to all samples to exclude events greater than 1,000 nm.
For singlepositive EV analysis, specific antibodbeled fluorophores were analyzed
against the FS@ and populations of events that separated from the "npaiptilation
(Figure 1C). One antibodytabeled fluorophore was analyzed against another in the FSC
A and SSCA for doublepositive EV analysis. Any events that appeared between the
horizontal (FSEA) and vertical (SSE\) planes were considered dowplesitive (Figure
1D).Cal cul ati ons performed using Fl owJoE sof
concentration of EV events per microliter of solut@oncentrations were calculated by
dividing the total number of events in each samptadl) by the volume aspitad {ol)
during the acquisition and multiplied by 1000 to increase the unit of volume from

nanoliters to microlitersThis number was then multiplied by the percentage of the
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Figure 1. Detection of single and doublgositive extracellular vesicles using spectr
flow cytometry. Size gating of polystyrene and silica beads for EV size ranges. Dia
include 180nm, 240nm, 300nm, 590nm, 880nm, and 1300nm diameter (silica); anc
and 500nm green, fluorescent beads (pofesty). (A) Size beads gated to include le
5001880 nm beads. (B) Large size gates applied to corresponding participant EV ¢
(C) A representative single positive gating strategy to analyze one fluorophore (e.qg.,
405) against FS@ (D) A representative doublpositive gating strategy to analyze

fluorophore (e.g., APC) with another (e.g., Alex Fluor 488). nm, nanometer; FC
cytometry; FSGA, forward scatter area; SSA side scatter area
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biomarkersi(e., antibodies) from the totalumber of event$4 Tota), which resulted in
a concentration of events pdrof solution.
Particles pemnul = Total /(vol x 1000 x % Total
Finally, raw concentrations were adjusted to account for dilution factors and expressed

as counts pemnl of plasma.

3.5 Verification of EV Isolation

EV concentrations and size range were verified following FC analysis with
Nanosight NS300 Nanoparticle Tracking Aysas (NTA; Malvern Instruments, Malvern,
UK). All samples were captured using camera level 11 and a camera gain of 1 for 60
seconds. Samples were captured three times to estimate mean patrticle size and
concentration. The detection threshold was set tarbthe analysis gain was 3.

We thenconfirmed the presence of EV proteins in our samples using the Exo
Check Exosome Antibody Array (c&XORAY?210B-8, System Biosciences, Palo Alto,
CA, USA). We performed double centrifugation at 2,500 x g for 15 miesiat room
temperature to obtain PPP using additional samples. Next, the PPP was diluted 1:1 with
filtered 1x PBS and centrifuged at 20,000 x g for 1 hour at 4°Celcius. We then performed
a washing step and resuspended the EV pellet in 500 pl of filt&8ddhd centrifuged
at 20,000 x g for 1 hour at 4°Celcius. Dot blot images were generated usiggb0 u

isolated EV sample following the manufacturer's instructions.

3.6 Analysis and Quantification of Plasma Tau Concentrations
Plasma concentrations of the tau protein were measured with a single molecule
array (Simo#) technology that can isolate and detect single enzyme molg29ags
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(Aim 2). PPP samples frosixteen athletes with SRC and twemiye controls were

used for this analysis. Plasma tau concentrations were quantified with the Simoa® Tau
Advantage kit (Quanterix, Billerica, MA, USA) on the HDanalyz€2,64,124,125]The

Tau Advantage assay alloigg the measurement of low concentrations in the serum and
plasma, with a lower limit of quantification reported as 0.062 pg/ml. Following the
manufacturer's instructions, the equilibration of samples and reagents to room
temperature occurred for 1 hoReagents and samples were dispensed in twoedl6

plates and diluted 4x using onboard dilution by the instrument. A single analysis included
all samples from controls and athletes with SRC dispensed into two plates. To prevent
batch effects, samples framthletes with SRC were on the same plate as their matched
follow-up samples. All samples were run in duplicate. Concentrations with a coefficient
of variation >20% between replicates were excluded for quality control. The final
analysis included fifteen sgples from athletes with SRC and 29 controls. All samples

underwent no more than two freethaw cycles prior to quantification.

3.7 SubconcussiorStudy Participants

To assess the effect of repetitive, subconcussive head impacts on plasma
concentrationsfdEVs associated with theNSlymphatic system§Aim 3), male and
female athletes between 18 and 35 were recruited from collegiate varsity and club soccer
teams in the greater Philadelphia afeable 2). According to a protocol and language
approved by Temple University's institutional review board, all athletes provided written,
individual consent. Inclusion for study participation required athletes to be feee of

previous concussion for at least siomths prior to enrollment and blood sample
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Characteristics Group values
(n=14)
Sex , n (%emale) 8.0 (57.1)
Age, mean +SD 227 4.7
Race, n (%white) 7.0 (50.0)
Hx of concussion, mean +SD 02+04

Table 2. Participantiemographics for subconcussion studlly.
demographic information was provided by selport. The number
previous concussions in addition to prior SRC were included in
final analysisHx, history

collection Additionally, athletes were requiredhave at least six years of soccer
heading experience. Exclusion criteria were consistent with that of the SRC study, as
detailed above. Athlete information regardoancussioristory and years of sports
participation were generated by sedport and cdécted with other demographic

information during study enroliment

3.8 Repetitive Subconcussion Paradigm

Therepetitive, subconcussion paradigm consisted of a laboratmtyolled
soccer headindrill thatallowed for controlledrepetitive head impastwhile 1)
eliminating the risk of other head impacts and 2) ensuring an identical projectile flight of
the ball directed at eagarticipant This paradignprevented different linear forces from
acting on the participantiue todifferences in ball speeat trajectory Standard size five
soccer balls were projected from a JUGS
at 22 mph (11.1@/s) over a distance of 35 feet () (Figure 2), as has previously

been reportd@30,293] Without jumping, all soccer athletes directed the headers at a
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target positioned five meters ahead of them until they successfully completed ten headers

1 minute apart for 10 minutes

A
Heading area Target JUGS machine

S
40°angle (")
22 mph

11m (3511

Preparatory Phase Ball Strike Follow-through

Figure 2. Repetitive subconcussion paradim. (A) Schematic of socc
heading drill; (B) Representative image of a standing soccer |
performed by participants.

3.9Blood Collection and Processing

Non-fasting blood samples were collected from athletes exposed to repetitive,
subconcussive head impacts at three different time points: before parigipdtie
repetitive subconcussion paradigthaseline”), immediately after completing ten
successful headers (I post"), and 24 hours aftparticipation("24 hrs post)Blood
sample collection ansubsequeriEV analysis protocols were consistent with the SRC

study; as outlined above.
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3.10 Satistical Analysis

To assess differences between athletes with SRC and controls, mean
concentrations of EVs assateéd with theCNSlymphatic systems that express
LYVE1*/CD8I'EV, CD3I/CD81 EV, GFAP/CD81 EV, AQP4/CD81" EV, and
AQP4'/GFAP" EV were compared between athletes with and without @R@ 1,
hypothesis ). ShapireWilks tests for normality showed that reof the concentrations
for EV markers followed a normal distributiodombined with a small sample size of 45
athletes (athletes with SRC n = 18, controls n = 29), these results led to the decision to
use multiple nonparametric MatWiihitney U tests for Abetweengroups comparisons.
An approximated Bonferroni correction was used to avoid type |, @mdrthe
significance thresholdiasset at p<0.01 after dividing the alpha of 0.05Hyfive EV
markers of interest. Nonparametric Friedman's tests werktasassess withigroup
changes in plasma concentrations of E¥ssdollow-up time points among athletes
with SRC.

We hypothesized that plasma EVs associated with the CNS lymphatic systems
were related to the clearance of tau toghgpheral circulatiofAim 2, hypothesis 2.
Two-tailed Spearman's rank correlations were used to assess associations between mean
concentrations of plasma tau and EVs (LYVEDSI'EV, CD3I/CDS8IEV,
GFAP'/CD8I'EV, AQP4/CD8IEV, and AQP#/GFAP'EV) amongathletes with SRC.
Within-group comparisons of tau concentrations among athletes with SRC were
evaluated with nonparametric Friedman's tests and Dunn's correction for multiple
comparisons between the acute and follgstime points. Additionally, mean plas tau

concentrations were assessed between athletes with SRC and controls using Mann
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Whitney U tests. For all correlational, betwagnoup, and withirgroup comparisons of
plasma tau, the significance threshold was set at p<0.05.

For the subconcussion gy mean concentrations of E¥entaining
LYVE1*/CD8I'EV, CD3I/CD81 EV, GFAP/CD81 EV, AQP4/CD81" EV, and
AQP4'/GFAP" EV were compared across time points using nonparametric Friedman's
tests with Dunn's correction for multiple comparisOhisn 3, hypothesis 3. Shapire
Wilks tests for normality showed that none of the five EV concentrations followed a
normal distributionCombined with a small sample size of 14 athletes, these results led to
the decision to use multiple nonparametric tests and saptiiBcance threshold at

p<0.01.
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CHAPTER4
RESULTS

4.1 Characterization of Circulating Extracellular Vesicles in Human Plasma
Samples

We used an optimized differential centrifugation protocol to isolate extracellular
vesicles (EV)s from humaplasma Figure 3A). Differential centrifugation is one of the
most widely used isolation methods to recover high EV 28y, however, isolation
methods with high yields also report low EV specificity or purity. Since human plasma
contains other nei&V lipid structures, additional validation experiments were conducted
to determine if we achieved successful EV isolation from our samples. Specialized dot
blot arrays confirmed the presence of various EV proteins after isol&igurés 3B
and C). Along with sufficient signal from EV proteins, GM130 was not detectable,
demonstrating successful EV isolation free of cellular contamination. Following EV
isolation and preparation for analysis on the spectral flow cytometer (FC), EV samples
were analyzed withanoparticle tracking analysis (NTA) to characterize mean plasma
EV concentrationsHigure 3D). The EV concentrations observed in the current study are
aligned with previous reports by Saebaesta et al. when using a similar differential
centrifugation istation technique and NT]&95]. Further, EVassociated antibodies were
part of all master mixes with antibodies associated with the CNS lymphatic systems.
Concentrations of CD6&V and CD81EV were detectable in all samplésdure 3D)
and made up 11% ar%, respectively, of the larggzed (500880 nm) EV population

(Figure 3E).
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Figure 3. Characterization of circulating extracellular vesicles in human plasma sample
Whole blood was drawn from the antecubital vein into a sumplemented with 3.2% sodi
citrate by a certified phlebotomist. Platepeior plasma (PPP) was obtained by dc
centrifugation at 2,500 x g for 15 minutes at room temperature. (A) Workflow of Extrac
vesicle isolation from the PPP by a diffeiahtentrifugation method (1:1 dilution with filter
PBS; 20,000 x g for 1 hour at 4°Celcius) followed by a washing step with the EV
suspended with sufficient volume of filtered PBS (20,000 x g for 1 hr at 4°Celcius).
representative dot bldnage of various EV markers using 50 ug of isolated extracellular \
sample (C) Concentrations of EVs in samples from controls (n=29), athletes with act
(n=18), when the athletes are S/S Free (n=11), and when athletes are medically cleaR
(n=9) using NTA. (D) Concentrations of large size (&880 nm) CD63EV and CD81EV from
contr ol athlete samples using the Cyte
percentage of large sized CD&Y¥ and CD8IEV from the total EV concentratian contro
athlete samples. EV, extracellular vesicle; Ab, antibody; Ctrl, control; SRC,-rejere
concussion; NTA, nanoparticle tracking analysis; S/S Free, sign and symptom free; RT
to play; FC, flow cytometry
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4.2 Spectral Flow Cytometry Allows for Minimal Day -to-Day Variation for Single
and Double-positive Extracellular Vesicle Concentrations
Spectral FC is equipped with many operating parameters that can affect measured
events. Multiple variables determine the amount of light scaétectedrom EVs, and
slight variations can greatly influence measured EV concentrations and limit
reproducibilityf296]. Also, due to the considerable number of samples from our athlete
cohorts and the long duration required$ampleanalysis, all athlete samples in this
study were analyzed over five honconsecutive days. For these reasons, reproducibility
analyses were canicted to ensure measured EV concentrations acrokiple days
could be reliably compared without notable variattansed by thastrumentation.
First,we assessed the reproducibility of previously measured D31
GFAP'EV, and CD81EV concentrationsThree and later, severarticipantsamples
were reanalyzed after the initial acquisition at nine weeks and 20 weeks, respectively.
Concentrations of singlpositive GFAPEV and doublepositive GFAP/CD81'EV had
acceptableestretest reliability at bothine and 20 weeks (9 weekSFAP'EV ICC
0.997, 95% C.I. 0.980.999, p<0.0001GFAP*/CD8IEV ICC 0.655, 95% C.I. 0.548
0.923, p=0.083; 20 weeks: GFAPV ICC 0.653, 95% C.k0.0690.885, p = 0.033;
GFAP'/CDS8I'EV ICC 0.985, 95% C.I. 0.89@.996, p<0.0001)Concentrations of
CD31I'EVs were close to achieving acceptable reliability at 9 we&31T'EV ICC
0.510, 95% C.1.-0.464-0.876, p=0113), however, showed extremely poor testest
reliability when analyzed 20 weeks ap&DO31'EV ICC 0055, 95% C.1.-1.186-0.649,

p=0452) These data revealed large size EVs demonstrated adequaétdsisteliability
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when analyzed with less time between subsequent acqui@abie 3), suggesting that

minimal time between sample acquisitions must be achieved for accurate fdseks

Inter-assay Variations
EV Markers (day-to-day)

ICC 95% CI P-value
g - CD3I'evV 0.510 -0.4640.876 0.113
% % GFAP'EV 0.997 0.9870.999 0.000
g § | GFAPEVICDIEV 0.655 0.5480.923 0.083
@ CD8I'EV 0.993 0.9680.998 0.000
g ~ | cp3rEv 0.055 -1.1860.649 0.452
g %; GFAPEV 0.653 -0.0690.885 0.033
§ % | GraPEVICDBIEY 0.985 0.8970.996 0.000
S CDSI'EV 0.997 0.9910.999 0.000

Table 3. Interassay reliability measures witténtical settings using a spectral flow cytom:
Samples were analyzed using one Cytek Aurora spectral flow cytometer instrum
FIl owJoE sof t wa rcensecutive GaysSEV tonaemtrations were calculated
nine or twenty weeks afterdhinitial analysis. ICC, intraclass correlation coefficient

samples were reanalyzed at nine weeks following the initial acquisition and gated for
smaltsizedCD31'EVs, GFAP'EVs and doubkgositive GFAP/CD81'EVs. Although
smaltsizedGFAP'EV concentrations had excellent testest reliability, CD31"EVs and
doublepositive GFAP/CD8I'EVs did not Appendix A: Supplemental datg Table
S1). Based on these datargesized EVs were used for all final analyses.

Next, intraassay (withirsubject) reliability was assessed. Each participant
sample were aliquoted into seven replicates for acquisition on the spectral FC to
accommodate the numerous EV antibodies aedlyZotal EV concentrations were

calculated for each replicate, and the coefficagntariation (CV) was determined for
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eachparticipantsample. Sample means, standard deviations, and CV for athletes with
SRCand athlete controls are reportediiable 4. All sample groups demonstrdte

adequate intrassay reliabili with minimum fluctuation between replicates.

Intra -assay Variations
(within -subject, 27 replicates)

Sample Groups Mean EV

concentration SD %CV
(count/ml plasma)

Athletes with SRC

Acute SRC 7.07E+12 9.13E+11 0.13
S/S Free 7.26E+12 4 25E+11 0.06
RTP 7.67E+12 4 70E+11 0.06
Controls 7.44E+12 5.89E+11 0.08

Table 4. Intraassay reliability measures for spectral flow cytome®gmple
were analyzed using one spectilalw cytometerto determine intraassa
variation within each subject sample. Total EV concentrations vaérelate
per replicate of each sample. All samples had between two and
replicates. EV, extracellular vesicle; SD, standard deviation; SRC,-
related concussion; S/S Free, sign and symptom free; RTP, return to

4.3PlasmaExtracellular VesiclesMay Have Greater Sensitivityto DetectBrain
Injury than Freely Circulating Proteins Following Sport-related Concussion
Previous studies have shown significentreases in freely circulating blood
concentrations of GFAP in m{lti18,119] moderate, andevere cases of
TBI[61,161,297]We analyzed freely circulating plasma GFABweverwe observecdo
such changegthletes with SRC n=11, controls n=1RJasna GFAP concentrations
were not significantly different between athletes with SRC and controls (Méritmey
U=72, p=0.8091Figure 4). Next, isingfewersampla of athletes with SRC (n=7) and

moreunmatched contrel(n=30), we identified increases in CMBecific EVsamong
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Figure 4. Comparison of freely circulating plasma GFAP concentration
among athletes with and without sportrelated concussion Preliminar
data using plasma samples from athletes with 8RC1) and athleteontrols
(n=14). SRC, sporrelated concussion; Ctrl, control.

athleteswith SRC.Using a singlepositive detection method, veemparedevels of
GFAP'EVs and myelin oligodendrocyte protein (MO®NVs amongathletes with SRC

with the athlete control grougCNS-specfic EV phenotypes can be used to determine the
cell of origin and the glial specific markers GFAP and M®I@w excellent specificity

to the braif298,299] We found that singkpositive GFAP'EVs and MOGEVs were
significantly elevated in athletes with SRhin 72 hoursof injury (MannWhitney
U=31.0, p=0.041MannWhitneyU=32.0, p=0.036respectivelyFigure 5A) compared

to athlete controlsAdditionally, the relative concentrations ®FAP'EVs and

MOG'EVs, as expressed by the percentagEBAP'EVs and MOGEVs that make up

the largesized population of EVs, was significantly higher among athletes with SRC than
controls(MannWhitneyU=26.5 p=0.09; Mann-WhitneyU=10.0, p=0.a.2,

respectively Figure 5B). These results demonstrate that Cfecific EVs are detectable
in the blood and are more sensitive than freely circulating proteins as potential

biomarkers for SRC.
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Figure 5. Preliminary quantification of CNS-specific extracellular vesicles between contzs
sport athletes with and without sportrelated concussion(A) Absolute concentrations of plas
EVs and (B) relative percentages of target size ranges ofspétsic EVs were quantified. E
extracellular vesicle; SRC, spadlaked concussion; Ctrl, control

Our preliminary evidenceuggestethat EVs are more sensitive markers of injury
following SRCthan freely circulating proteinBased on these results, we next evaluated
plasma concentrations of singgesitive EVs associatl with the CNS lymphatic systems
in athletes with acute SRC (n=18) and controls (h=29) from the SRC study. We found
plasma concentrations of LYMEEVs andCD31'EV were significantly elevated within
72 hours of injury compared to controlsY(YE1*EVs mediancontrols 1.24x1%,
athleteswith acute SRC 6.13x1f) p<0.0001CD31'EV median:controls 2.36x1#,
athletes with acute SRE23x10°, p=0.005) Figure 6A-B). Plasma concentrations of
GFAP'EVs, AQP4'EVs, and CD8IEVs were not significantldifferentbetween athletes

with SRCand matched control§SFAP'EVs median:controls 5.61x1#, athletes with
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Figure 6. Plasma concentrations of singlpositive extracellular vesicles associated with t
CNS lymphatic systemsare significantly elevated in athletes with sportelated concussiot
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acute SRC 7.42x16 p=0.011 AQP4'EV median:controls 1.34x1H, athletes with acute
SRC 8.59x1&, p=0.353,CD81'EV median:controls 7.61x1%, athletes with acute SRC
6.16x10° p=0.467) Figure 6C- E). These results suggest that EVs asgedi with the
CNS lymphatic systems are promising biomarkers for SRC.

Next, we evaluated the diagnostic utility of singlasitive EVs associated with
the CNS lymphatic systems. Singlesitive EV markers were analyzed with the receiver
operating characteristics (ROC) curgure 7) to assess the diagnostapacityof
plasma concentrations of EVs associated with the CNS lymphatic systems. ROC curves
demonstrate the ability of a diagnostic tool to identify the true positive rate (sensitivity)
against the false positive rategpecificity) through a series of hypothetical cutoffs as
determined byarticipantvalues (e.g., EV concentratiof%)0]. Thearea under the curve
(AUC) is the combination of the sensitivity and specificity of a diagnostic test, with an

AUC statistic of 1.00 demotrsiting a perfect test. Plasma concentrations of LY\&/b

100 -
J _IEI" — LYVE1'EV (AUC 0 .962)
80+ — CD31*EV (AUC 0.741)
1
60 - | o - GFAP*EV (AUC 0.721)
—

40 - — AQP4'EV (AUC 0.582)
/J o — CD81*EV (AUC 0.565)
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Figure 7. Receiver operating characteristic curve and AUC analyses for sing
positive extracellular vesicles associated with the central nervous sysi
lymphatics demonstrates limited diagnostic accuracy within 72 hours of spo
related concussionThe line of identity is marked as a gray dotted line. Al3@=:
under the curve; EV, extracellular vesicle; LYVHimphatic vessel endothel
hyaluronan receptor, GFAP, glial fibrillary acidic protein
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can differentiate athletes with SR@m healthy controls within 72 hours of SRth
demonstrable accura@pUC: 0.962, 95% C.I. 0.922.000, p<0.0001)Concentrations

of CD31'EVs andGFAP'EVs also showed acceptable differentiation between athletes
with SRC and controls, even though group differences were rfi{@d81'EV AUC:

0.741, 95% C.I. 0680-0.902, p=0.006; GFAP'EV AUC: 0.721, 95% C.I. 05674-0.869,
p=0.012). However, jasma concentrations AQP4'EVs and CD81IEVsdid not
differentiate athletes with SRC from controls (AQE¥s AUC: 0.582, 95% C.I. 0.408

0.757, p=0.347; CDS8EVs AUC: 0.565, 95% C.I. 0.388.747, p=0.457).

4.4Double-positive Extracellular VesiclesHave Better Sensitivity to DetectChanges
from Sport-related Concussionshan Singlepositive Extracellular Vesicles

We successfully quantified levels of a circulating CIIBI among athletes with
SRC and the control group. CD81 is a transmembrane marker that has beerresea in
TBI research to either normalize EV cargo concentrati@is191]or in combination
with CNS-specific markers to confirm that EVs from target brain cells were detected in
the blood123]. Using a small number of samples (n=3), we compared masamegles
of athletes with SRC and controls using three different quantification or detection
methods: freely circulating GFAP, and single or doymsitive EV quantification with
spectral FCKigure 8) to evaluate the efficacy of doukpesitive EVs as lmmarkers for
SRC. Among these three samples, we found that degsligive EVs simultaneously
expressingsFAP" and CD81 (GFAP'/CD81'EV) were significantly elevated in athletes
with SRC within72 hours ofinjury (U=43.0, p<0.0001Figure 8C) whereas freely
circulating plasma GFAP and singbesitiveGFAP'EVs did not Figures 8A-B). These

findings show that using doubfmsitive EVs improve the detection of changes following
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Figure 8. Comparison of circulating plasma GFAP with plasma GFAF
extracellular vesicles among athletes with and without sportelated concussion(A)
freely circulating plasma GFAP concentratioB) (single positive plasma EVs tl
contain GFAP; (C) double positive plasma EVs that simultaneously contain GF.
CD81 in plasma (n = 3 per group). EV, extracellular vesicle; SRC, -sglatéc
concussion; Ctrl, control; GFAP, glial fibrillary acidicgbein; pg, picogram

SRC better than singleositive EVs and freely circulating proteifgased on these
results weesedthe hypothesis thatoublepositive EVs associated with the CNS
lymphatic systems would be higher among athletes with @R€ 1, hypothesis ).
Next, wemeasured doublpositiveLYVE1*/CD81'EVs, CD31/CD8IEVs,
GFAP'/CD8I'EVs, AQP4/GFAP'EVs and AQP4/CD8I'EVsusing theentire
participantsample (athletes with SRC n=18, controls nsi83he SRC studyWe found
plasmathatLYVE1*/CD81I'EVs,CD31/CD8IEVs, andGFAP/CD81'EVswere
significantly higher tharcontrolswithin 72 hours of injurymedian: athletes with SRC
1.34x103° controls 1.58x19 p<0.0001; median: athletes with SRC 1.73%1€ontrols
5.52x10, p=0.0002, median: athletes with SRC 2.56%1€ontrols 6.94x1Y) p<0.0001
respectively Figure 9A-C). Concentrations 0AQP4/GFAP'EVsand
AQP4'/CD8I'EVsdid not significantlydiffer between athletes with acute SR@edian
3.83x13%and 2.05x1%, respectively) and controls (median 2.99%#nd 3.18x1E,
respectivelyfFigure 9D and E).
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Figure 9. Plasma concentrations of doublgositive extracellular vesicles associated wi
the lymphatic and glymphatic systens are significantly elevated in athletes with spor
related concussion Each symbol represents concentrations of a single participar
horizontal bar within each cluster of symbols represents the median concentration mei
count/ml of plasma for each group. The median concentrations for athlete controls anc
with acute SRC are as follows: LYVEAV/CD8SI'EV (A) controls 1.38 x @°, athletes wit
acute SRC 1.44 x 19 CD3T'EV/CDS8I'EV (B) controls 5.52 x 19) athletes with acute SF
1.73 x 18% GFAP'EV/CDSI'EV (C) controls 6.94 x M) athletes with acute SRC 2.50 x4
AQP4'EV /GFAPEV (D) controls 2.99 x 18, athletes with acute SRC 3.83 x%
AQP4'EV/CDSI'EV (E) controls 3.18 x I8 athletes with acute SRC 2.05 x40EV,
extracellular vesicle; LYVEllymphatic vessel endothelial hyaluronan recept@BAP, glia
fibrillary acidic protein; AQP4, aquaporé SRC, sportelated concussion; Ctrl, control
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4.5Double-positive Extracellular Vesicles Associated with the Central Nervous System
Lymphatics Differentiate Athletes with a Sportrelated Concusion from Controls
Within 72 Hours of Injury

To assess the diagnostic caipjeof plasma concentrations of ddeHpositive EVs
associated with theNSlymphatic systems, only the EV markers that were significantly
different between athlete groups were analyzed with ROCx{lfigrire 10). Plasma
concentrations of LYVE'EEV/CD8IEV (AUC: 0.981, 95% C.l. 0.949.00Q p<0.0001) and
GFAP'EV/CDS8IEV (AUC: 0.969, 95% C.I. 0.927.000, p<0.0001demonstratexcellent
diagnostic capacity for acute SRC within 72 hours of infalgsma concentrations of
CD3I'EV/CDS8I'EV also demonstrateatlequateliscriminative power (AUC: 0.815,
95% C1 0.6860.939, p=0.0004) to correctly differentiate athletes with SRC from healthy

controls within 72 hours of SR@lthough plasma concentrations of

100 -
BO_J—_'_U __ LYVE1*/CD81*EV
= (AUC 0.981)
> 60 __ CD31*/CD81*EV
= (AUC 0.815)
g 40+ __ GFAP*/CD81*EV
AUC 0.969
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1-Specificity (%)

Figure 10. Receiver operating characteristic curve and area under tf
curve analyses of extracellular vesicles associated with tleentral
nervous systenlymphatics demonstrates excellent diagnostic accura
within 72 hours of sportrelated concussion The ROC statistics we
performed so athletes with SRC and contveése independently group
by either and increase or decrease in plasma EV values. The linetiy
is marked as a gray dotted line. Al fea under the curve; E¥xtracellula
vesicle; LYVE] lymphatic vessel endothelial hyaluronan recept¢
GFAP, glial fibrillary acidic protein.
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LYVE1"EV/ICD8I'EV, GFAPEV/CD8IEV, and CD31EV/CD8I'EV show promis as
diagnostic tools, they remain significantly elevadérathletes have clinically

recovered compared to controlsdure 11). Multiple MannWhitney U tests with
Bonferroniés correction for multiple compa
concentratns from controls to athletes with SRC at each time point

(LYVE1*/CD8I'EV: controls vs. acute SREx0.0001, control vs. S/S Frge0.0001,

controls vs. RTP px0001;CD31/CD8IEV: controls vs. acute SR0.0001, control

vs. S/S Fre@=0.006, controls vRTP p=0.004GFAP/CD8I'EV: controls vs. acute
SRCp<0.0001, control vs. S/S Frge0.0001, controls vs. RTP 000%,

AQP4//CDS8I'EV: controls vs. acute SRE=0562, control vs. S/S Frge=0.858,

controls vs. RTP p=0.78 AQP4/GFAP'EV: controls vsacute SR®=0.114, control

vs. S/S Fre@=0.048, controls vs. RTP p=0.080). Significance was determined at p<0.01.
Twot ai |l ed Friedmanés tests showed no signif
SRC and RTP for any of the EVs associated withythighatic and glymphatic systems
(LYVE1*/CD8I'EV: F=0.889, p=0.685; CD3ACDS8I'EV: F=0.222, p=0.971;
GFAP'/CD8I'EV: F=0.889, p=0.685; AQPACD8IEV: F=0.667, p=0.814;
AQP4'/GFAP'EV: F=1.556, p=0.569)nterestingly, one athlete participated in baseline
sampe collection two year$ollowing studyenroliment with an acute SRC. Although this
subject is the onlparticipantwith a prolonged followup sampleafter RTP, there are
interesting differences in plasma concentrations of EVs. Concentrations of
LYVEL1"EV/CD81'EV andGFAP'EV/CD8IEV decreasetb levelswithin the range of

the contrad (2.51x10 count/ml and 1.01x10 count/ml, respectively), while

concentrations of CD3EV/CD81EV dropped to zero detectable events. These results
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Figure 11. Changes in concentrations of doubipositive extracellular vesicles associatt
withthe cent r al n e r Wmphaic sysyemd @/en dirme Each symbol represel
concentrations of amsjjle participant, with the line in the middle of the symbol cluster repres
the group mediaatall three time pointsConcentrations are measured in count/ml of plasn
each groupMultiple t-tests were used faomparisondetweerthe acute phasef SRC (n=18
when athletes are S/S Free (n=11), at RTP (&) controls (A) LYVE1*/CD8IEV, (B)
CD31/CD8I'EV, (C) GFAP/CDS8IEV, (D) AQP4/GFAPEV, (E) AQP4/CDSIEV. EV,
extracellular vesicle; LYVEllymphatic vessel endothelilyaluronan receptor; IGFAP, glia
fibrillary acidic protein; AQP4, aquaporin 4; SRC, spatfiated concussion; Ctrl, control, :
Free, sign and symptom free, RTP, return to play
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suggest that concentrations of EVs associated with the CNS lymphatic Sketiem to
similar levels as those of control athletes. However, it is unclear exactlyphdsmaEV

concentrations decrease following clinical recovery.

4 @oncentofatPil@amsaenae MNeoou Significantly Differ
Sporret ated Concustei €on€Compared

Recently, the NCAA/[N9OhCARE Chasoat hluet
SRC had significantly | ower serum tau conc
compared with baseslpionret vaatlhulbese essuitsie nctornotl asc. t
consistent with those found in animal studies where CNS lymphatic vessels were
removed prior to injection of t§li76] or fluorescent beaf®?5]. Compared to wileype
animals, blood concentrations of bdypes ofinjectables were ghificantly decreased
within 24-48 hours after the procedure. Since there are no known tau transporters at the
blood-brain barrier (BBBJL76], these studies highlight the need to understand better the
role of adequately functioning CNS lymphatic cleamfrom the brain. Based on these
findings, we evaluated plasma concentrations oataangathletes with SRC within 72
hours of injury(Aim 2). Using 16 samples from the SRC study, we found ttde:tes
with SRC hadower plasma tau concentrations (mear08 pg/ml) compared to controls
(mean: 2.53 pg/ml); however, the difference was nonsignifi¢agtire 12A).

Previous studies have reported that plasma concentrations of tau may experience a
biphasic response with an initial peak in concentrations ess24 hours following TBI,
followed by a decrease, with a later peak around day three afte{3§ur$02] Our

operational definition for acute SRC was within 72 hours following injury, and based on
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Figure 12. Plasma tau concentrations are notgificantly different within 72 hours of
sport-related concussion compared with controlsEach symbol represents concentra
of a single participant. The horizontal bar within each cluster of symbols represe
median concentration measured in pgptdsma. (A) Group comparisons of plasma
between athletes with acute SRC and controls. (B) Comparisons of plasma tau
controls and athletes with SRC whose blood was collected within 48 hours of in
between 48and 72hours after SRC. (Q)Vithin-group comparisons of plasma tau arn
athletes with SRC as they clinically recover. Pg/ml, picogram per milliliter; SRC-
related concussion; Ctrl, control.

the aforementioned findings, our sample collection time could influence plasma tau
concentrations. Most athletes with SRC provided blood samples within 48 hours of
injury, with the next largest group providing samples betweead® 72hours of SRC.
Plasma tau values were grouped as either control, athletes with SRC collected less than
48 hours after injury, or athletes with SRC collected betweeamB72hours after

injury to determine if the blood collection time influenced plasma tau concentrations
(Figure 12B). Upon comparison, there were no notable differences between tau
concentations among athletes with SRC collected at earlier or later time points after

injury and the control groug-€0.329 p=0.727). Among athletes with SRC, a within
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group analysis revealed concentrations of plasma tau significantly increased from the
acute phse ofSRCto when athletes were S/S Free and remained significantly increased

at RTP (F=5.892,%0.015 Figure 12C).

4 .P1 asma Tau Carec Nrottr eRteilansed t o Concentrati
Vesicles Associated with the Central aNedvou
Concussion

Since the CNS lymphatic systems are believed to promote tau clearance from the
brain, we wanted to examine whether the number of dqudBéive EVs associated with
these systems was correlated with plasma tau congengrat athletes with SR@ImM
2, Hypothesis 2. Among athletes with acute SRC,tvoa i | ed Spear mandés r h
correlations were employed to assess potential relationships between plasma tau
concentrations and concentrations of EVs associated with the lymahdtglymphatic

systems at the acute and follaw timepoints Table 5; Figure 13. None of the plasma

Acute SRC S/S Free RTP
EV Markers

r (p-value) r (p-value) r (p-value)
LYVE1*/CD8I'EV -0.196 (0.468) 0.583 (0.099) 0.268 (0.468)
CD3I/CD8I'EV -0.306 (0.249) 0.083 (0.831) 0.862* (0.003)
GFAP//CD8I'EV -0.369 (0.159) 0.200 (0.606) -0.008 (0.983)
AQP4'/CD8I'EV -0.177 (0.528) 0.167 (0.668) 0.100 (0.797)
AQP4'/GFAPEV -0.164 (0. 558) -0.133 (0.732) -0.033 (0.932)

Table 5. Association of plasma tau concentrations and plasma extracellutdesesiated to the cent
nervous system lymphatic systefsiong athletes with SRC, twtoa i | ed Spear ma
were used to assess relationships between plasma tau concentrations and concentrations of E\
with the CNS lymphatic system at across time. Athletes with acute SRC n=16 pleitesat S/S Free
RTP n=9 pairs. Significant-yalues were noted with a * and determined at p<0.01. EV, extrac
vesicle; LYVEL lymphatic vessel endothelial hyaluronan recept@HAP, glial fibrillary acidic proteil
AQP4, aquaporin 4; SRC, speoelated concussion; Ctrl, control
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Figure 13. Plasma concentrations of extracellular vesicles associated with the (
lymphatic systems are not correlated with plasma tau among albites with sportrelated
concussion Each symbol represent s-valoes are reported
each graphical representation. EV, extracellular vesicle; LYWEiphatic vessel endothel
hyaluronan receptor, GFAP, glial fibrillary aidic protein; AQP4, aquaporin 4.
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