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Abstract

Age-related neurodegenerative diseases impact over 60 million people worldwide with
the number steadily increasing each year as the global population ages. Despite years of
research and many clinical trials, no therapeutic has proven efficacious at iadddes=ase
progression. The vast heterogeneity of these diseases makes uncovering etiology challenging.
Specific genetic and environmental factors, however, have been identified as risk factors. For
example, repetitive brain injury strongly correlateswtiite neurodegenerative dise@beonic
TraumaticEncephalopathy. Because risingdence has linked innate and adaptive immunity
to neurodegenerative diseasasghis thesis| set out to map the immune responses of a primary
tauopathy and repeat heaglny.

Using high parameter flow cytometand RNA sequencingf spinal cords from late
stageP301Stauopathy mice| found that primary tauopathy drives a microglial transition
toward an antigepresentingphenotype as well as an increase of T lymphocyestiplex
immunohistochemistry of these cordsaddition tobrain sections froohumans with Chronic
Traumatic Encephalopathy and Parkinsoridmmentia Complex of Guanshowed direct
engagement of Iba" microglia by clusters of CD8T cells. Interestimgly, ablatingCD8" T
cells resulted in greater phosphorylated tau deposition, accelerated disease progression, and an
i ncrease of al | 6si ckéo mi croglia subsets
population, possessing neuronal and viral expragsahways.

To elucidate connections between repetitive brain injury and primary tauopathy, |
studied the acute impact of a-Bdur reinjuryin a murine model of mild traumatic brain injury
| discoveredthat reinjury induced free radicalediated breakdomv of the glia limitans
superficialis, a layer of astrocytic effieet separating the meninges and the CNS parenchyma.
Following a single injury, microglia caulk damagghin the glia limitans superficialis but fail
to do so in the reinjury paradigm. Breaaind scarring of this crucial barrier surface are linked
to degenerative diseases, so rescue of it is of utmost therapeutic impo8eacenging
reactive oxygen species and inhibiting the NG¥@orm of the NADPH oxidase complex
reduced cortical cell d¢h and preserved the glia limitans superficialis after head injury.
Collectively, this work preides novel insights into shared immune phenomena across
neurodegenerative diseases and head injury. It presents possible therapeutic targets for both

with thehopes of reducing the incidence of injangluced neurodegenerative diseases.

Prefacelii



Dedication

This thesis is dedicated to Mickey BeaWlhen | first met Coach Mickey, he was
serving as my community lacrosse coach. He was the coach that always managedne cheer
up after a missed shot with his sardonic humor. He taught me not to take life gamgtoo
seriously. Entering high school, | learnedCoach Mickeywas suffering from ALSas he
transitioned at first to walking with a cane and tteehecomingvheelchair boundAt the time,
| did not know what ALS was. Watching him progress made me fascinated by
neurodegeneratiomowever There was no cure to fix his diseaset as a 14/earold, | could
do little except support him and fundraise for ALS research. As | entareersity, however,
| became committed to neurodegenerative disease research. Every time | had a long evening in
lab or a failed experiment, | thought of Coach MigkHe continued téight for his life and
did not succumb to the inevitability of his disease: | too could persist. Coach Mickey has
remained my inspiration in my PhD. All neurodegenerative diseases are devastating, but ALS
is especially so: patients, gaally, are fully conscious of their physical deterioration as their
minds remain steady as ever. | want to live in a world where Coach Mickey and other patients
suffering from neurodegenerative conditimaslead healthier, longer lives. Coach Mickey is
still alive today despite suffering from ALS for over a decade. To you, Coach Mitkey

thesis is writtenYou continue to inspire me every dajhank you.

Prefaceliv



Acknowledgements

When | graduated from university, my mentor, Dr. Steven Stice, gave meka boo
entitledNo Such Thing as a Bad Ddye inscribed that while he did not think | needed to know
that message as a forever optimist, it was a good book to have when starting a PhD. As always,
Dr. Stice was very wise, and | have found myself returningdblibok, that message, time
and time again. Experiments failed; hips were broken, and the world went on pause midway
through my academic journey. While there were bad days, the majority have been good, and |
am so grateful to mentors and lab mates, thelyaand friends that have supported me
throughout this process.

First, | must thank my two mentors Dr. Dorian McGavern and Professor Ole Paulsen.
Dorian introduced me to the world of neuroimmunology, taught me how to be a scientist, and
gave me everyangible resource to succeed. Ole advocated for me and always made me feel
like a Cambridge student even when | kept prolonging my stay at the National Institutes of
Health (NIH). Thank you both for advising me and getting me to the finish line.

Theworkpr esented in this thesis represents |
at the NIH. Thank you to my lab mates, or work associates (as Tristan would say), in the
Mc Gavern | ab. When | e nt er eydaroloThankayouwtstheg r o u p ,
original crew, Monica Manglani, Ashley Moseman, Luciana Negro, Rejane Rua, Matt Russo,
Kara Corps, Tristan Dyson, Selam Gossa, Jane Lee, Alex Silva, and Angelina Saitta, for
helping me develop and discover my project. As | aged and grew in the lab, se grdup.

Thank you to the newcomers, Zach Fitzpatrick, Panos Mastorakos, Cayce Dorrier, Patrick
Duncker, Monica Buckley, B&an Choi, Nicole Mihelson, and Leo Ampie, for helping me
find my stride and pushing me to think. A special thanks must be givemmic®&Manglani

for supporting me throughout the entire PhD. From validating the feeling of being on a hamster
wheel during the first year to helping me-gpta DCbased family, you were and continue to

be both a mentor and dear friend. Thank you.

Outsideof the laboratory, | had many supporters. Thank you to the NIH Oxford
Cambridge Scholars Program, the International Biomedical Alliance, and the Cambridge Trust
for sponsoring me and introducing me to many different career opportunities. Special thanks
must be offered to Professor Menna Clatworthy and Dr. Katie Stagliano from the NIH ©Oxford
Cambridge Scholars Program. You both are such strong leaders, mentors, and advocates. You

advised me through good times and bad, and you continue to inspire.

Preface|v



To my urdergraduate mentors, Drs. Lohitash Karumbaiah, Steven Stice, Fay Horak,
Richard Schuster, Orion Keifer, and Donald Girard, thank you for inspiring me to pursue
science. | entered university thinking | wanted to be an attorney. Lohitash, you gave me the
experience of learning science from the ground up as you started your laboratory at the
University of Georgia. Fay introduced me to clinical research; Dr. Girard showed me the
i mportance of | istening to pati entssodertheeeds,
MD/PhD path. Thank you all for the advice and continued mentorship.

To my family and friends, | appreciate all the love and support you have given me over
this period. It has been a gift to have such an engaged group of people around me that ca
about not only me but also my project. Some of my fondest memories are on FaceTime
describing to my parenendgrandparents little discoveries made in the lab.

Finally, to the mice and the patients, thank you for giving your lives and bodies to

scierce. Without you, discoveries could not be made.

Preface]vi



Table of Contents

(@ gF=T o1 (= g 8 1 10T [V Tox 1 o] o S 2
1.1 The central nervous system (CNS) is susceptible to disease and.injury............. 2
1.2 Innate immunity of neurodegenerative diSEASES.......cccovveeieieecceeiiiiiiiiieeeeeeeeeeee, 2.

1.2.1 Microglia acquire eeactive signature in the degenerating CNS.................... 2.
1.2.2 Microglia activation Of 8StrOCYLES..........cooeiiiiiiiiiiie e 5
1.3 The contribution of adaptive immunity to neurodegenerative diseases.............! 6.
1.3.1 Immune targetingoffA pept i des...du.r.i.ng..AD.......l 6.
1.3.2 The contribution of B cells tweurodegeneration............ccccccceevviviecceneeeeeeeeen
1.3.3 Infiltration of the degenerating CNS by COBcellS...........cccocvveeiiiiireeceeiiienens 7
1.3.4 CD4 T cell subsets differentially impact neurodegeneration........................ 9
1.4 Accelerating neurodegeneration: brain injury as a risk factor............................ 11
1.4.1 Brain injunytriggers an immediate local innate immune reaction................. 12

1.4.2 Infiltrating myelomonocytic cells contribute to damage and repairiajitey ....14

1.4.3 Faulty CNS repair may promote neurodegeneration.................ccoveeeeeeenn... 17
1.5 Concluding remarks and aimsS..............uuuuuiiiicceeee e eren e 18
Chapter 2 Materials and MethOdsS.............ouuuuiiiiiiii e 21
0 R |V o =TSO PP TP UPPPPPPPTRTPPPRT 21
2.1.1 Mice from Chapter.3... ... ittt e e e e e e e e e e e e e e e e e e 21
2.1.2 MiCe fromM ChAPLEI.4.... ...ttt e e e e e e e e e e e e e 21
2.1.3 Mice from Chapter.D..... ...t 21
2.2 HUMAN tISSUE SEIECHION....uuuieiiiiiiiiiiiie ettt 21
2.3 Tauopathy mouse behavioural SCONG.........uuuiiiiiiiie e cceerrree e e e e eeeeeea s 21
2.4 SUIVIVAI STUTIES......ooiiiiiiiieee et eeenss e 22
2.5 Tau load in murine blood deteCtion............ooevviiiiiiiiccc e 22
2.6 Skull thinning and mild traumatic brain INJULY............ouuuiiiiiiiiccee e 22
2.7 Blocking and antagonisSm STUIES............ceeeiiiiiiiimmmiiieieeeeieiiiii s 23

Preface]vi



2.7.1 LEALIVLA-4 DIOCKAUE......ceeiiiiiiiiiiiii et 23

2.7.2 ROS @NtagOniSIM.......ccceiiiiiiiiiiiiiiieeee e e e e e e eeeeeeee e rmmme e eeseeaannna e e e e e e e emanes 23
2.7.3 Microglia depletion............ccooiiiiiiiiiiiiiee e 24
2.7.4 NOX2 @NtagONISIM......cceieiiiiiiiiunuisicmreesssannns s e e e e e eeessmamsassasseaaaeaeaseessenssnne 24
2.8 Intravital tWePNOtON MICTOSCOPY. ... vrereeiiiiiieeeieie it neee e 24
2.8.1 ALDH1CreER/+ Stopflfl TATOMAO MICE.........uuviiiiiiiiiiiiiii i 24
2.8.2 Glia limitans leakage aSSay ... ... cceeeiieeieeeii e eeeeeeerree e 25
2.8.3 CXBCRIPT MICE......eceeceiceeeeeeeeee et eema ettt aean 25
2.8.4 LS MICE. ....eieeeeeeeeeeeee ettt ettt rnnnaes 25
2.8.5 AmpleE Red ROS deteCtiON @SSAY.........cceveeveeeruerreeeeeeeseeseseeeesseeeeeseveenes 25
2.9 IMMUNONISTOCEMISILY.......ccoiiiiiieee e e e e e e e 26
2.9.1 Sacrifice and tiSSUE fIXatiON. .........ccuuriiiiieiiicem e 26

2.9.2 Ex vivo fluorescent labeling of murine tissue (Chapie€C3$F1R inhibitor

EXPEIMEINES) ... .etittiiiie ettt e e e e e e eeeere e e e e s e e e e e e e e e e e e e eee e e eeeseeeeeaaeeeeeeesssssasassmmmeeeeessnnnnnnnns 26

2.9.3 Multiplex immunolgtochemistry tissue preparation (Chapteir Bjovided by Dr.
Dragan IMATIC......ooi ittt e e ettt s et e e ettt e e e e e e e e e e e e s st e e e e e e e e e e as 26

2.9.4 Multispectral imaging of multiplex IH§tained sections (Chapteri3provided by

D= To b= L 1Y = U TSP PPPPPPIR 27
2.9.5 Phosphorylated tau and microglia load quantificatian....................cceeenen.. 28
2.9.6 CD8 T cell engagement with Ibamicroglia quantification........................... 28
2.9.7 Dead cell detection and quantification (Chapter.4).........ccccceeeeivvieeneeiennnnnnn. 28
2.9.8 Ex vivo labelling of cell types within the lesion (Chapter.4)........................ 29
2.00 FIOW CYtOMBIIY. ... iieeeiiii e e et e e e e e mmmr e e e e e e ata e e e e e e e svnmmeeseaans 30
2.10.1 LeUKOCYte iSOlatiQN.........ccuuiiiieeeieiici e mmme e 30
2.10.2 FACS SEAINING.....cctiiiiiiiiiaeee et eeneennes 31
2.10.3 UMAP @NAIYSIS....ceuiiiiiiiiiiiiiiiie et aeeas 32
220 I U 1 A o P 33
2.11.1 Sarple Preparation.................eeeeiiisieeeeeeeeernnreaaaeeeeeeesammmsssasaasaaeeaeeaaeeeeeees 33

Preface]vii



2 A [T | 1= o] | AN S o 34

2.12.1 Sample PreparatiQnl..................iiisieeeeeeierr s e e e e e e e smsmrssn e e e e e e e e aaaeeeees 34
2.13 Blinding and statistical analysis...............couuviiiicsriiiiieeeiee e 34
2.13.1 Randomization and bliNdiNg.........ccooeiiiiiiii e e 34
2.13.2 StatistiCal 8NAIYSIS........coviiiiiiiiee e 34

Chapter 3 Primary Tauopathy Neurological Decline is Associ&d with Microglial

Dysfunction and CD8 T cell ENgagements..........ooooiiiiiiiiiiiimmmn i eeenaeees 37
I I [ o (o To (3 Tod 1 o] o N TSP PP TRPOPPP 37
3.2 RESUIS .t as 37

3.2.1 Murine primary tauopathy drives sick microglia phenotype and T8l
infiltration iNto the CINS........ooiii e e e e e e e enan 37

3.2.2 Microglia act as antiggsresenting cells and contain tau pathology in murine

TAUOPATNY. ... e e e e e e e 42

3.2.3 CD8 T cells engage MiCroglia...........ccueeeeiueieeiimriieeeeieeeeeeieee e reenseeeeeenes 46

3.2.4 CD8 T cells selectively target sick microglia and attenuate disease progresion
R B 113 151 (0] o F PR PP PPPPPPPRPR 56

Chapter 4 Glia Limitans Superficialis Oxidation and Breakdown Promote Cortical Cell

Death after Repetitive HeadiNJUIY ...........ccciiiiiiei e eeeeeeeeeee e 60
0 1 1 o o [ 1o 1o 1P PPPPPRRRP 60
4.2 RESUIS ...cueitiiei et 60

4.2.1 Repeat brain injury increases breakdown of the glia limitans superficialis.60

4.2.2 Microglia reinforce the glia limitans superficialis after primary but not secondary
0 X = 64

4.2.3 Reinjury generates a robust peripheral myelomonocytic cell response.....68

4.2.4 Reactivexygen species generated after reinjury break down the glia limit@fs

G B D £ o 11 o o SRS 73
Chapter 5 NADPH Oxidase Drives Cortical Death Following mTBl.................ccooe.. 18
5.1 INtrOAUCTION. ...ttt e e e e e e e e eeeeneneeeeeeeeeeeeeee d O

Prefacelix



D 2 R BSUIS . e e e 79

5.2.1 NOX2 isoform of the NADPH oxidase enzyme drives cortical cell death after

L0011 = 1 TP P PP UPPPT 79
5.2.2 Divergent roles of NOX1 and NOX4 isoforms in mIBL............cccoooiiiieee. 81

5.3 DISCUSSION. ... eiiiiiii it e e ettt eeest bbb e e e e ettt e e e e e e e e s emmmn e e e e e e e aeeeeeeas 82
Chapter 6 Disassion, Future Directions, and ConcluSions................uuvvvviiiiccceeeeennnnns 85
6.1 CD8 T cell and microglial interactions in neurodegenerative diseases............. 86
6.1.1 Specificity of CD8T cells in neurodegenerative disea.................cccvvveeeeeee. 86
6.1.2 CD8 T cell therapies to treat neurodegenerative diS€ases.................ccueee. 87

6.2 Risk factors of neurodegenerative diSEaSES..........ccceeeeiiiiieeeiiiie e 87
6.2.1 Reetitive head injury as a risk factor for neurodegenerative disease........ 87
6.2.2 Targeting ROS as a therapeutic for TBL..............uvvviiiiccciiieeceee e 88

6.3 Validity of animal modeling for neurodegenerative diseases and concussion..89

6.3.1 Limitations of murine modefor neurodegenerative diseases...................... 20
6.3.2 Limitations of murine models for CONCUSSIONS...........cccuvvviviieeminiiiiiiinnineee. Q0

G @ 0] g od U1 o] 0 1 91
Chapter 7 REEIENCES.......uuiiiiiiiiii et 94

Preface|x



Abbreviation
aCSF
AD
APC
ADb
BBB
CNS
CSF
CTE
CVI
DAA
DAM
DAMPs
DAPI
DOX
FTD
GSH
hTDP-43
LDAM
MCI
MFI
mTBI
NCATS
NIH
NINDS
PD
PD1
PDL1
PFA

Pl

pTau
RAM

Abbreviations

Description

Artificial cerebral spinal fluid
Alzheimer's disease

Antigen presenting cell

Amyloid beta

Blood brain barrier

Central nervous system

Cerebral spinal fluid

Chronic traumatiencephalopathy
Cerebral vascular injury
Diseaseassociated astrocytes
Diseaseassociated microglia
Damage associated molecular patterns
4 Ngliaénidina2-phenylindole
Doxycycline

Frontal temporal dementia
Glutathione

Human TDP43

Lipid-droplet accumulating microglia
Mild cognitive impairment

Mean fluorescent intensity

Mild traumatic brain injury

National Center for Advancing Translational Sciences

Nationallnstitutes of Health

National Institute of Neurological Disorders and Stroke

Parkinson's disease
Program cell death 1
Program cell death ligand 1
Paraformaldehyde
Propidium iodide
Phosphorylated tau

Repairassociated microglia

Preface|xi



ROS
SR101
TBI
TemrA
TREM2
UMAP
Usyn

Reactive oxygen species
Sulforhodamine 101
Traumatic brain injury

T effector memory CD45RA

Triggering receptor molecule expressed on myeloid cells

Uniform manifoldapproximation and projections

alphasynuclein

Preface|xi



Chapter 1

Anntroduction to theunedegéemewabnpi o
and brain injury

***Disclaimer: A version of this introduction has been submitted for publication. | am the first
author of this manuscript. | performed the literature review, wrote the review, and designed
drafts of tle figures. My supervisor, Dr. Dorian McGavern,\aded guidance and edited the
manuscript. The figures displayed in tolsapterwere generated bigrina He ofthe Medical

Arts Division of the National Institutes of Healtht:
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Chapter 1Introductio n

1.1The central nervous system (CNS) is susceptible to disease and injury

The CNS is a composed of many different cell types including neurons, endothelium,
macrophages, and glial cells like oligodendrocytes, astrocytes, and migfiggNahile the
concept of CNS mmune privilege has been greatly revised in recent ygary, CNS
communication with the periphery is tightly regulated under homeostatic conditions, and
immune residents are maintained in a relatively quiescent(8)ateor example, microglia are
the main innate immune sentinel within the CNS parenchign&nder steady state microglia
possess a small cell body with long processes and continually scan their surroundings for
pathogens, damage, cellular misstegts, (10, 11) The parenchymal network of microglia is
very sensitive to inflammatory queues and will respond almost immediately to chatiggs in
surroundings, such as those that occur following injury or degeneration.

The hallmarks of neurodegenerative diseases have long been described as cortical
atrophy and aberrant protein accumulation. Recent studies, however, have highlighted the
importance of the innate and adaptive immune system in the pathophysiology of these diseases
(12-15). In fact, immune activatio and reactivity is known to increase with the deposition
aberrant protein during states of neurodegenerdtibn17) Immune activation also occurs
after brain trauma, and emerging data have linked repetitive heay iojtine etiology of
specific neurodegenerative disealeés25). Here,| explore how the immune system responds
to andshapes neurodegenerative diseases and discuss how a failure to engage proper immune
mediated repair mechanisms after brain injury might contribute to degenerative processes in
the CNS.

1.2 Innate immunity of neurodegenerative diseases
1.2.1Microglia acquire a reative signature in the degenerating CNS

In neurodegenerative diseases, microglia transition from homeostatic to reactive. Early
studies demonstrated the presence of HRR' or CD68 reactive microglia in brain regions
with aberrant protein deposit®6, 27) but for many decades the observations stopped there,
because the tools to elucidate thelecular signature and function of these cells did not exist.
However, with the advent ofirgjle-cell sequencing, it became possible to further define
microglia and other cell populations in greater detail, which led to the identification of disease
assoc at ed microglia (DAM) (12n0Onk la linfitedidistassiégnof di s e
these cells will be proded here because they have been reviewed extensively elsé@Bere

29). DAM-like cells likely arise in most, if not all neurodegenerative dise&sgsX.1) (30-

Introduction]|2



33). Conversion into a DAM ragres microglia to undergo a twsiep process in which they
downregulate homeostatic markers (eRRry12 Cx3crl, andTmem119and then upregulate

genes associated with phagocytosis, antigen presentation, and lipid metabolisAp(eg.,

Trem2 B2m Itgax Lpl) in a triggering receptor molecule expressed on myeloid cells 2
(TREM2) dependent mannéi2, 29, 34) TREM2 is a transmembrane protein found on
microglia and other myeloid cells that facilitates phagocytosis and suppresses inflammation
(35), and mutations in this protein are consid
(AD) (15, 36) Manipulation of TREM2 expression in different murine models of
neurodegeneration has produced mixed resulssng the 5xFADmousemodel of AD

TREM2 deficiency impeded the formation of DAMs and exacerbated dig@@s&Similarly,

elevating TREM2 expression in 5XFAD mice by crossing them with a human TREM2 BAC
transgenic revealed a beneficial role for TREM2 in AD. These mice had reduced amyloid beta
(Ab) pl aque | oads, i mproved me (B&).rHpwevere r f or m
manipulation of TREM2 in other models of neurodegeneration has yielded opposite
conclusions. In thenurine tauopathy model PSTIBREM?2 deficiency protected against brain
atrophy and reduced microglial activation but did ¢tznge the load of phosphorylated tau in

the brain (39). The authors of this study concluded that TREM2 signaling promotes
inflammation and neurodegeneration in the context of a primary tauopathy. Similarly, studies

in the APPPS1 mouse model of AD as well as the super oxide dismutase-1p®Ddel of
amyotrophiclateral sclerosis (ALS) revealed that TREM2 deficiency preserved microglial
homeostasigm bothmodela nd r educed IiAfne APP/RS] maiselmodeldfsAD

(32). While it is clear that TREM signaling can promote microglial activation, the impact of

this activation on neurodegenerative diseases can vary depending on the disease model, genetic
background, and environmental factors like the microbiome or pathogen ex@t®uoe the

specific stage of diseag€l). A recent study, for example, demonstrated in APP/PS1 mice that
TREM2 deficiency ameliorates amyloid pathology early but exacerbates(#lat&hese data

indicate that TREM2 signaling can have both positive and negative effects on a single disease
paradigm depending on disease stage.

Another approach used to investigate the role of microglia in neurodegenerative
diseases is depletioThese studies have also demonstrated positive and negative roles for
microglia. Microglia depletion with the colony stimulating factor 1 receptor (CSF1R) inhibitor,
PLX3397, at the early stage of disease progression in PS19 mouse model of tauopatkly reduc
the amount of phosphorylated tau (pTau) protdid). It was concluded in this study that
microglia played a detrimental role at the early stage of a tauopathy by phagocytosing pTau
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from neurons anthter secreting this protein in exosomes, thus supporting alt@seeding
mechanism for pTau propagati¢i?). By contrast, a complex study in 5xFAD mice injected
intracerebrally with pTadrom human AD patients found that mice chronically depleted of
microglia with PLX3397 had increased pTau deposi{8). The authors concluded that
TREM2 activated DAM were required to slow the propagation of pTau during AD. Depletion
studies in ALS mice also showed a beneficial role for microglia. The rNLS8 mouse model of
ALS is a reversibly inducilel line in which administration of doxycycline (DOX) suppresses
the expression of human TBE (hTDR43) protein. Following removal of DOX, mice
develop a progressive motor neuron disease within 6 weeks that can be reversiegdiynge
DOX, after which mgte regain motor functiofd4). Importantly, when microglia in rNLS8
mice were depleted with PLX3397 during this recovery phase, they did not recover motor
function and retained high levels of hTHB (45). While these data considered collectively
demonstrate that microglia can acquire different roles in neurodegeneal@aesses, the
emerging consensus is that microglia, and more specifically DAM, play a beneficial role in the
late stage of these diseases.

At presentTrem2is the most heavily studied gene in DAM regulation, but other factors
also contribute to this mioglia signature and the progression of neurodegenerative diseases.
Genes related to lipid metabolism (elgp)) are also upregulated in DAK28). Lipid droplet
formation is linked to progranulin, a gene whose mutation causes some forms of frontal
temporal dementia (FTO}6). A recent study expanded upon the DAM phenotype by using
electron microscopy and RNA sequencing to identify and characterize-dtigptet
accumulating microglia (LDAM) in the brains of aged mice and huntdids The® cells
contained large adipose vacuoles that mirrored what Alzheimer described in the first patient
diagnosed with A¥47, 48) While LDAM appeared in the aged brain, they were distinct from
DAM in that they downregulated some DAM signature genes inclullith¢47) i a receptor
tyrosine kinase that facilitates clearance of apoptotic cells. In fact, DAM are known to have an
enhanced phagocytic capacity, whereas LDAM show impairment in acquiring dead cells and
instead produce elevated levels of reactive oxygen species (ROS) and inflammatory cytokines
(47). While both microglia subsets appear with ageing and in neurodegenerative diseases, these
data suggest that LDAM represent dysfunctional microglia that may contribute to CNS
deterioration. By contrast, DAM agebeneficial microglia subset that possess the functional
capacity to slow the process of CNS degeneration. Additional studies are required to prove
this hypothesis definitively and determine the relationship between DAM and LDAM in the
degenerating brai Differential depletion of these two subsets could partly explain the variable
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outcomes observed in microglia depletion studies. If DAM are indeed a beneficial microglia
subset, it will also be important in future studies to develop strategies to ettginéenctions
while discouraging the generation of LDAM.

Another factor that contributes to microglia regulation in ageing and neurodegeneration
is CD22(49). CD22 is a member of the siglec family that is typically found on B cells but is
also upregulated on ageing microgh®). A recent study showed that inhibition ©@D22 in
aged mice increased the <cl| ear armyecleiofibrismy el i n
injected into the brai49), demonstrating that CD22 impedes microglia phagocytosisgL
terminhibition of CD22 also helped restore the homeostatic signature of microglia in the aged
brain and improved cognitive function in mice. These data help supparbhcept that decay
of microglia phagocytic capacity is an important contributor to neurodegeneration and the
aging process. Further studies are needed to determine what factors in addition to CD22
contribute to microglial decay and how best to reversdaw this trajectory in the context of
neurodegeneration.

While the precise contribution of each microglial subset over time to aging and
neurodegeneration is unclear, recent studies demonstrate convincingly that these innate
immune CNS residents play active role in both processes. Microglial homeostasis is a key
feature of a healthy CNS, and the discovery of factors that help preserve or promote this state
is imperative. Nimble microglia in an undifferentiated state offer the greatest potential to de
with CNS challenges. Everything from antimicrobial immunity to CNS repair and the slowing
of neurodegeneration requires a healthy pool of microglia.
1.2.2Microglia activation of astrocytes

In addition to clearing aberrant peptide / proteins and apootts; microglia subsets
including DAM play a role in activating neighboring astrocytegy(1.1). Similar to the
discovery of DAM, single nuclei sequencing of cells extracted from the brains of 5xFAD mice
has uncovered a diseaassociated astrocyte ([ signature characterized by increased
expression of genes associated with the complement cascade, ageing, and enfi®ytosis
terms of gene expression, DAA were similar to reactive Al astrocytes identified in an
independent study50). The Al astrocytes were induced by direct exposure to the TLR4
agonist lipopolysaccharide (LPS), or to LRfstivated microglia to secrete inflammatory
mediators like C1q, TNF, and4L [50). Al astrocytes lose their homeostatic functions such
as phagocytosis and synapse maintenance and instead promote theateetttwfed neurons
(50). Importantly, astrocytes with the Al signature were identified in CNS tissue from AD, PD,
ALS, Hunti ngtonds di seas 0) Trerastrocytas Wwerae cipsely s c | ¢
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associated CD68eactive microglia. Thes#ata support the concept that alteration of astrocyte
homeostasis by inflammatory queues or micregiaived factors has the potential to facilitate
neurodegeneration.

Most astrocyte studies focus on their role in maintaining the blood brain barrier (the
glia limitans perivascularis) or neuronal homeostasis; however, a population of surface
associated astrocytes also comprise the glia limitans superficialis, which is the barrier beneath
that pia mater that separates the CNS parenchyma from cerebral spinal fluid ¢Gt&mjimg
spaces. Damage to the glia limitans superficialis generates a disequilibrium between CSF and
interstitial fluids within the parenchyma, which can be harmful to the CNS. For example, mild
traumatic brain injury (mTBI) can damage surface assatiastrocytes and breach the glia
limitans superficialis, allowing toxic mediators like ROS and leukocytes to move from the
meningeal space into the CNS parenchyig.(1.2A,B) (51, 52) A leaky glia limitans
superficialis results in parenchyma cell death, but it is not known how conversion of i@strocy
to the A1 or DAA phenotype influences the integrity or tolerance of this important barrier.
Future studies will need to investigate whether surface associated astrocytes are converted to
the Al or DAA phenotype during states of neurodegeneration anidhiact this has on the
integrity of the glia limitans.
1.3The contribution of adaptive immunity to neurodegenerative diseases
1.3.1Immune targetingof® pepti des during AD

Before the advent ofirggle-cell sequencing and the identification of DAMSs, the field
of neurodegenerative disease research focus
pTau) that accumulated in the brain, which within the AD field, led to the development of the
amyloid hypothesi (53-55). According to this theory, AD
initiating neurodegeneration and a cascade of neuroinflammation, such as the transformation
of homeostatic microglia into DAMZ-{g. 1.1) (56). This led to a series of studies in animal
model s of AD that i nvol ved i mmununeeesponsen wi t |
and slow disease progression. Importantly, this approach markedly reduced the deposition of
amyl oid plaques in the brain as well as cogr
performed early in disease progressibi, 58) While these studies did not demonstrate the
type of immunity responsible for slowing disease, it was subsequently shown that injection of
Ab specific antibodies into the periphery of
and reduced their number by triggering Fc receptor mediated uptake by mi¢B&jlin
addition, a study in humans observed that there were naturallyocr i ng anti bodi e
the blood and cerebral spinal fluid (CSF) of healthy adults that decreased with ageing and
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advancing AD(60). These findings collectively |l ed tc
but to date, none of them have proven efficac(@l$ These failures suggest that either there
areothemec hani sms involved in the progression o
targeting Ab intervened too |l ate in the dise
1.3.2The contribution of B cells to neurodegeneration

While B cells participate in antigen presentateomd production of antibodies, few
studies focused on AD or other neurodegenerative diseases have addressed their role in disease
progression. One study disrupted in the entire adaptive immune system in the 5xFAD model
of AD by generating Rag2! L 2/ rnice. These mice showed a tfiadd increase in amyloid
plaques and signs of microglia distress, including an enhanceadflarmmatory phenotype
and decreased phagocytic actii62). In addition, treament of these mice with preimmune
|l gG reduced the Ab plaque burden by ~50% des
This study demonstrated an important role for antibodies in restraining the spread of amyloid
plaques. Because B cells hawbear functions besides antibody production, a recent study
genetically and therapeutically removed B cells in three different murine models of AD and
revealed an unexpected slowing of disease progref&3prB cell depleted mice had reduced
amyloid plagues and improved performance on behavioral tests. This benefit after B cell
depletion was attributed to enhanced microglia function, adthothe actual mechanism
remains unclear. Interestingly, therapeutic depletion of B cells in 5XFAD mice witE B20
at the onset of clinical symptoms slowed disease progression without affecting serum titers of
A Bspecific antibodie§3), demonstrating that it is possible to eliminate the diseakancing
features of B cedl without affecting antibodproducing plasma cells. These data suggest a
more nuanced view of B lymphocytes in the development of neurogenerative diseases like AD.
This makes sense given that B cells can take on many different roles in inflammatoonsegacti
including immune regulatio(64). Thus, it is conceivable that B cells could simultaneously
produce beneficial antibodies while also dampening microglia activity during AD.
1.3.3Infiltration of the degenerating CNS by CDB cells

T cells have long been linked to neurodegenerative diseases, with early reports
demonstrating both CD4and CD8 T cells in the brains of AD patient§i@. 1.1) (65-67).
Studies in Rag2 1 L 2/rf53FAD mice suggested a role for the adaptive immune system in
AD but did not specifically evaluate T ce(82). CD8" T cells have been found in the tex
of patients with frontotemporal dementia (caused by a P301L mutation in the tau protein) as
well as in the hippocampus of TH¥au22 mice& a murine tauopathy mod@8). Depletion
of CD4" and CD8 T cells in these mice by administering aBfd3 from 4 to 9 months of age
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reduced behavioral deficits without affecting the deposition of phosphorylated tau (68)yau)

These data suggested that T cells contributed to neuroeegaécline independent of pTau

deposition, even though the latter is typically linked to the neural pathology observed in mice

and humans with tauopathi@9, 70) Another recent poshortem study of AD brain tissue

detected CD8T <cel |l s i n the periblocd sessel$ asmwellapiathe s al

|l ept omeni nges adj dplaguedl4)tApoptatiqn pf CR3EDBICAA7 TA b

effector memory CD45RA(Temra) cells was also found in the blood of patients with AD and

mild cognitive impairmen(14). These cells were associated with reduced cognition arel wer

clonally expanded within the CSF of AD patients. The specificity of at least twd TDéll

clones was determined to be against EpdBairr virus (EBV) antigens; however, it is

important to note that these data do not establish a causal relationsveerm&B\/specific

T cells and AD, nor do they demonstrate that CD&ells are responsible for a decline in

cognition during this disease. Effector / memory T cells directed against previous infections

are known to survey inflamed tissues and may begdeaninnocuously during AD. However,

the presence of clonal CD¥ cells along CNS borders of AD patients is an important finding

that warrants further investigation. Additional mapping of T cell specificities may shed light

on how these cells participaten di sease progression. Within t

(PD) patients, CD%and CD8 T cells specific for alpha y n u ¢ tsyn) have been found,

indicating that a peripheral T cell response can be mounted against an aberrantly deposited

CNS protén during a human neurodegenerative dis€@$e72) It remains to be determined

whet her T cell responses against Ab or tau a
While the specificity of CNSnfiltrating cytotoxic lymphocytes (CTL) has not been

determined in manglifferent neurodegenerative diseases, several studies have focused instead

on the targets of these cells. Healthy neurons typically express very little NIFBC 14)but

can sometimes upregulate antigen presenting machinery when distressed or following changes

in neural activity(75, 76) Aberrant protein accumulation in neurons during neurodegenerative

diseases has the potehta t 0 enhance expression of -anti ge

microglobulin and MHC I. A recent study demonstrated that, in addition to displaying peptides,

MHC | itself can facilitate aberrant pTau accumulation in neu(@i@$ This process occurs

intracellularly, but once on the cell surface, MHC | can render neurons susceptible®td CD8

cell engagement. CDF cells juxtaposed to neurons have been observed in animal nbdels

AD (APP-PS1 mice)78)and ALS (SOD$%* mutant)(79) as well as in the brains of patients

with PD (Fig. 1.1) (80). Depletion of CD8T cells reduced neuronal loss in S mutant

mice (79) and altered neuronal gene expression in AR micg(78), suggesting that CTL
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play apathogenic role in these models of neurodegenerative disease. Conversely, genetic
deletion of CD8T cells in the MPTP mouse model of PD demonstrated no role for these cells
in the loss of dopaminergic neurons in the substantia (8djaThe study concluded instead
that CD4 T cells were responsible for neuronal damage in this model. Collectively, these data
demonstrate that distressed neurons, a comoeoarrence in the degenerating CNS, can
display antigen presenting molecules and sometimes become targets'df €li8. It is worth
considering, however, whether selective removal of such neurons by adaptive immune cells is
necessarily maladaptive orirsstead an attempt to eliminate defective cells.

Another potential target to consider during the development of neurodegenerative
diseases is microgli®). Microglia are known to participate irrarodegenerative diseases and
are capable of presenting antiggBg2, 83) For example, a recent study demonstrated in a
model of nasal virus infection that microglia can crpsssent viral antigen acquired from
adjacently infected neurons in the olfactory b(88). The microglia never become infected
but nevertheless display viral peptides to infiltrating vspscific CTL that then release
antiviral cytokines to purge virus from infedteeurons nowytolytically. This mechanism of
antigen crospresentation by microglia is likely to become operational during
neurodegenerative diseases, as neurons shed aberrant proteins and other cellular components
that are viewed by the immune systesnlamagessociated molecular patterns (DAMES)).
pTau aggregates were recently shown to contain RNA in degenerating mice and (@5pans
| postulate that these complexes of RNA and aberrant protein elicit a respsas#ling
antiviral immunity when acquired by microglia. Early post mortem studies AD patient brain
tissue showed T cells in apposition to cells resembling micrdglip 1.1) (66). CD8" T cells
were also observed engaging microglia in the brains of RBP micg86). Microglia during
states of neurodegeneration possess the cardinal features of antigen presenting cells (APCs).
The key now is to determine what these cells are piegeand how they influence the
functions of infiltrating T cell$87).
1.3.4CD4" T cell subsets differentially impact neurodegeneration

Like CD8" T cells, CD4 T cells are elevated in the blood and CNS during a variety of
different n&irodegenerative diseasdsd. 1.1) (67, 71, 72, 81, 88)CD4" T cells are often
vi ewed as fAhel perso t hatcellandB tellstbattheypntaléoe act i
engage effector functions and cause tissue pathology. Genetic removalof CEl¥s in the
MPTP mouse model of PD resulted in preservation of dopaminergic neurons in the substantial
nigra(81). It is unclear why CD4T cells engage and damage neurons during PD, as neurons
do not typically express MHC Il. Nevertheless, it was suggested in the MPTP model that CD4
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T cells damaged dopaminergic neurons in a Fas ligand ({8agendent manner. FasL is an
effector molecul@ised by T cells to induce death of infected target cells. Assuming that neurons
do not express MHC Il during states of neurodegeneration, it is conceivable thal CElls
cause bystander (i.e., pepti#HC independent) damage to neurons.

Because CDA4T cells can differentiate into many different subtypes, their contribution
to neurodegeneration is likely to vary depending on the specific disease and T cell subtype
under investigation. CDO4CD25" Foxp3 regulatory T cells (Tregs) are commonly studied i
many different diseases due to their regulatory properties. Studies in humans with
neurodegenerative disorders have shown that Tregs are inc(88s88)and decrease(®1-
93). In RAG2 deficient SOD1 mutant mice with ALS, reconstitution with COBD25" Tregs
enhanced survival92). In addition, a decreased number Tregs were found in the blood of
patients with rapidly progressing ALS, suggesting in combination with the mouse data that
these cells slowed disease progres$a#). By contrast, transient depletion of FoXpRegs
in the 5XFAD mouse model of AD decreased plaque load and reversed cognitive decline while
enhancing peripheral immune cell recruitment to sites of cerebral plat@®s
Pharmacological inhibition of Tregs also reduced AD pathology, whereas Treg activation
e n h a n ¢ gadjuef\dnd worsened cognitive defi¢@s). Additional studies are required to
determine the mechanisms by which Tregs influence different neurodegenerative diseases and

whether therapeutic manipulation of these cells is warranted.
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Figure 1.1: Immunological Response to Neurodegenerative Disead¢eurodegenerative
diseases are marked by cortical atrophy and the accumulation of aberrant protein inside and
outside the cells. Aberrant proteins distress the neurons, likely resulting in their death and
subsequent cortical atrophy. Simultaneously, both the innate and adaptive immune systems are
being activated by (or activate)etbeprocesss The glial compartment, specificaligicroglia
andastrocytesbecome reactive and assume new phenotymgiseaseassociated microglia

(DAM) and diseas@associated astrocytes (DAA). These DAMs and DAAs attempt to contain
the spread of aberrant peptide and aid distressed neurons. Additionally, cytokines and
chemokines produced by these distressed glial cells or thenatation of aberrant protein in

the CNS and blood attract peripheral immune cells includingn8 Tlymphocytes. CD8T

cells directly engage both neurons and microglia pointing toward a killing mechanism while B
lymphocytes may aid in the production of antibodies against the accumulated aberrant proteins.

1.4 Accelerating neurodegeneration: brain injury as a risk factor

While the etiology of neurodegenerative diseases is not entirely understood, it is clear
that traumatic brain injuries (TBI) increase the risk of developing AD, PD, ALS, and other
neurodegenerative diseag85-97). Repetitive lead injuries such as those experienced when
playing contact sports like American football can give rise to a neurodegenerative disease often
referred to as chronic traumatic encephalopathy (Q®B). Postmortem analysis of brain

sections from CTE patients has r esymdened aber
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the amounts of which depend on disease gth§e99) Other types of head trauma also lead
to aberrant protein accumulation in the CNS, resembling that observed during development of
neurodegenerative diseaqd90) These studies establish a clear link betwkead trauma
(especially repetitive) and neurodegenerative processes.
1.4.1Brain injury triggers an immediate local innate immune reaction

To understand how brain injuries might give rise to a neurodegenerative disease, it is
important to examine how the CN8sponds to damage. Like neurodegenerative diseases,
brain injuries elicit an immune reaction that develops in stages and can even become chronic
if the injury is not repaired properly. The initial phase of brain injury is usually mechanical or
biophysicd For example, the brain can receive a physical impact such as a TBI or it can
experience an internal injury like an occluded vessel or vascular breach (e.g., stroke or
intracerebral hemorrhag€)01-103). Following injury, cells within the meninges (meningeal
macrophages, peripheral nerves, fibroblasts, endothelium), glia limitans superficialis
(astrocytes) and brain parenchynfaeurons, microglia, oligodendrocytes, astrocytes,
endothelium) are all vulnerable to immediate destruction, and physical barriers such as the
meninges and vasculature begin to leak, creating neural disequililsfigni A,B). As cells
die, they releasalarmins and DAMPs into the extracellular space that initiate inflammatory
and stress responses in neighboring qéitsl, 103) The release of these mediators causes
innate immune cells like microglia to engage in barrier preserving activities.

Following mild TBI (mTBI), meningeaVasculature and the glia limitans superficialis
are routinely disrupted, which triggers surface associated astrocytes to release ATP via
connexin hemichannels into the underlying brain parenchifigal.2A,B) (51). Detection of
ATP via the purinergiceceptor, P2RY12, causes microglia to extend processes within minutes
to the glia limitans superficialis where they seal gaps betweevidodi astrocytesHig. 2B).
When glia limitans astrocytes die after mTBI, microglia become further activated imsespo
to P2RY6 signaling and transform into a jellyfigke morphology, allowing them to fill holes
left by deadastrocytesand to phagocytose debriBi§. 1.2B) (51). These two purinergic
receptor dependent responses represent important mechanisms bynidricglia help
preserve glia limitans integrity after mTBI. Inhibition of these responses results in an extensive
leak of fluids from the subarachnoid space into the brain parenatbiha

Similar to their activity along the glia limitans superficialis after TBIcroglia were
also shown to respond rapidly and preserve bloadh barrier (BBB) integrity following
cerebral vascular injury (CVI)104, 105) In response to CVI, microglia in the brain extend
processes and wrap damaged blood vessels within minutes of iRjgryl 2C) (104, 105)
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They do this in a P2RY @ependent manner by responding to ATP released via connexin
hemichannels expressed by BBB astrocytes. Microglia depletion or inhibition of this purinergic
response during CVI results in extensive vascular leakage and secondagg danhe brain
parenchymd105) These data demonstrate that microglia play an important role in forming a
guastbarrier after vascular injury, and a failure to perform this function can result in significant
secondary brain damage. It is also important to note that microgabaun a homeostatic
P2RY12Z state to project processes and seal barriers. Thus, any scenario that causes microglia
to become reactive and downregulate P2RY12 (e.qg., infection, neurodegeneration, prior injury,
etc.) will impede their barrier sealing cagg after injury. This may explain in part why
infections have such a profoundly negative impact on clinical outcome in patients with brain
injuries and strokeg€l05-109).

Because microglia have such an important role in CNS homed&asieurn of these
sentinels to a naive state is an important step in the recovery process after injury. The molecular
signature of microglia (as a surrogate for functional potential) in response to brain injury has
been examined in several different animal medeom days to months pestjury. As
expected, based on imaging studies, microglia become reactive quickly after injury (within 24
hrs). They downregulate homeostatic genes (B2yy12 Siglec H, Tmem119, Sall1, Tgfprl
and upregulate genes associatgth RNA / protein synthesis, inflammation, phagocytosis,
lipid metabolism, and cytokine production, among oth@®0-112) The gene expression
pattern to some degree resembles that observed during neurodegenerative (igégyses
although this may simply refté a common microglial response to different types of brain
damage (i.e., trauma versus degeneration). Changes in microglial gene expression can persist
for months following TBI in rodents, some of which are linked to their ability to modulate
neuronal syapseq112) It is unclear bw these changes influence actual neural function, but
a sustained shift of microglia programming away from homeostasis after TBI could reflect an
unresolved anatomical disturbance and / or an inability of these cells to regain homeostatic
properties.

| postulate that it is quite important for microglia to regain some fofmaivety
following CNS injury. One reason for this is that the CNS will eventually face new challenges
that require a nimble microglial response. An example of such a challenge@dary injury.

A recent study demonstrated that the neuroprotective, bagabing microglia response
observed along the glia limitans superficialis after a single mTBI is lost when a second injury
is experienced one day latéfig. 1.2B) (52). High parameter flow cytometry revealed that

microglia, one day following a single mTBI, were large (high FSC), granulated (high SSC),
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and clearly activated (P2RY®ZX3CRI" F480"). Morphologically, these cells were non
ramified andcontained inclusions, supporting their conversion into phagocytes. Following
exposure to a second mTBI, many of these cells died within a few hours, which combined with
their lack of naivete, contributed to extensive leak of the glia limitans supesfiaiadi cell
death in the brain parenchyma. Importantly, it was possible therapeutically preserve the glia
limitans, reduce cortical cell death, and prevent microglia death by therapeutically
administering the ROS scavenger, glutathione, immediately foltpreinmjury(52). Repetitive
head injuries are known to trigger neurodegenerative dis€bk8416), andl postulate that
restoration of microglia homeostasis is an important variable to consider when assessing the
ability of the brain to withstand a secondary injury. Microglia cannot perform their barrier
sealing functions when they are in a reactiates
1.4.2Infiltrating myelomonocytic cells contribute to damage and repair after injury

Another important component of the innate immune reaction is the recruitment of
peripherally derived myelomonocytic cells (monocytes and neutrophits)1(.2). While CNS
injury studies typically conclude that myelomonocytic cells influence outcomes in a positive
or negative manne(103, 117, 118)it is important to note thathese cells can make
dichotomous contributions to the same injury paradigm that depend on time, location, and
function (119) CVI, TBI, and stroke can trigger a massive recruitment of myelomonocytic
cells into the CNS, which is often associated with brain swelling or ef#f#a105) A recent
study in a model of CVI demonstrated a causal relationship between myelomonocytic cell
extravasation and cerebral edenfB)5) As myelomonocytic cell extvasate across
cerebrovasculature, they breach BBB integrity and cause water to enter the brain, which can
be fatal. This extravasation in response to CVI can be completely blocked by therapeutic
administration of antibodies against the adhesion moleci@slLand VLA-4. Importantly,
LFA1/VLA4 blockade was able to prevent fatal brain swelling if given within 6 hours of a CVI
in mice(105) These data demonstrate thahaynonocytic cells can cause unintended damage
to the CNS as they traverse the BBB, which might lead to the conclusion these cells are
pathogenic following CVI. However, examination of cerebrovascular repair over the ensuing
week in the same model of CVévealed that myelomonocytic cells (specifically, CCR2
monocytes) played an essential role in angiogend$)s) They accomplished this by
endowing microglia with pr@angiogenic properties, such as the ability to produce VBGF
Interference with monocyte recruitment during Ck$air blocks development of repair
associated microglia (RAM) and angiogenesis. Thus, myelomonocytic cells can damage blood
vessels in the initial hours following a CVI but then contribute to their repair. These data have
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important implications for when herapeutics like LFA1/VLA4 blockade should be
administered.

In addition to facilitating parenchymal angiogenesis, peripheral monocytes are also
known to promote repair of damaged blood vessels in the meninges following (d2BI
TBI in mice and humans often causes damage to meningeal vasculature that needs to be
repaired(51, 120) In mice, meningeal vascular repair after mTBIl was shown to depend on
recruitment of nonclassical monocytes that promote angiogenic programming and release of
metalloproteinases like MMPR that break down provisionalatrix (120). Successful immune
mediated repair is a necessary step toward restoring CNS homeostasis after injury, and many
studies have focused on how immune cells help remodel the damagel@N321123).
However,we also know there are factors that can alter the CNS repair trajectory. For example,
secondary mTBI and peripheral infection were both shown to impede meningeal vascular
repair(105, 120) In fact, a broad range of microbes blocked repair of damaged blood vessels
in the meninges and brain parenchyma through induction of type | interferon signaling that
deviated preangiogenic programming in myeloid ce(B05). Infections and repetitive brain
injuries represent two factors among many that have the potential to promote faulty wound

healing in the CNS and foster development of neurodegenerative diseases.
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Figure 1.2: Immunological Response to Brain Injury.(A) Normal anatomy and physiology
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of cortex. Under homeostatic conditions, the meningeal compartment consisting of the dura,

arachnoigdandpia matemre flush with meningeal macrophages surveilling for signs of distress.
In the parenchyma, microglia, the CIS

resi dent

i mmune (B)&poh ,

ful

mild traumatic brain injury (mTBI), the meninges become compressed, and meningeal
macrophages and endothelial cells become distressed and die, attracting myelomonocytic cells
to the compartment. Thenderlying parenchyma is also distressed as some astrocytes at the

level of the glia limitans superficialis adamagedy impact. These damaged and distressed

astrocytes release ATP, inducing microglia, via purinergic receptors, to assume a more reactive
phenotype. As they assume the ameboid jellyfish morphology, the microglia caulk the holes in
the lawn of the astrocytes of the glia limitans superficialis preserving the integrity of the

parenchyma. Repeated mTBlI,

however,

generates greater traumaltingttramre

myelomonocytic cells to the meningeal compartment. This repeated trauma kills many more
of the astrocytes at the glia limitans superficialis as well as the microglia that had helped to

reinforce the barrier surface after the first mTBI. AdditibpndROS generated by the recruited

myelomonocytic cells generates more distress and helps to breach the glia limitans
superficialis. The peripherally derived myelomonocytic cells enter the parenchyma with the

repeated injury. This barrier breakdown canrbscued merely by scavenging ROS with
glutathione (not picturedjC) Cerebrovasculanjury resulting from ischemia and other brain

injuries results in significant damage to the cerebral vasculature. This damage is accompanied

by edema, water and red bbbcells exiting the vasculature. Myelomonocytic cells are quickly

recruited to the region as the integrity of the endothelium and astrocytes of the glia limitans
perivascularis is breached. These cells enter the parenchyma as microglia attempt to seal the
damaged vessels by wrapping their process around in a flilsefpattern.
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1.4.3Faulty CNS repair may promote neurodegeneration

With a detailed understanding of mechanisms underlying breakdown and repair of the
injured CNS, it becomes possible $peculate about how repetitive head injuries trigger
neurodegeneration. When CTE was first descr.i
by disruptions of barrier surfaces, meningeal and cortical hemorrhages, and behavioral changes
(124). Our knowledge about CTE has grown consitiy over the past centurgut diagnosis
remainscontroversial ancelusive in life. The most severe formof the disease has been
characterized aglial activation and diffuse pTau staining throughout the b(agy 125)
Because so few CTE cases hawerb extensively studied for neuropathological findings,
however,the existing diseasgefining stagingsystemmust be met with skepticisif126).
Despite uncertain diagnostic criterion,ist evident that repetitive head injuries results in
various neurodegenerative diseases including (IBE97) As discussed, both TBI and CVI
breach vascular and nemascular (glia limitans) CNS barriers, resulting in the activation of
microglia and astrocytes. A singt®nsevere CNS injury has reasonable chance of repairing
if immune-mediated repair mechanisms can engage undisturbed. However, CNS injuries do
not always resolve acute{§20), and factors such as age, genetics, prior injury, infection, etc.
all have the potential to impede the repair trajectory. Sustained leakage of CHE Ipdaices
the parenchyma in a state of chronic disequilibrium and immune activdtipostulate that
this failure to repair in a timely manner fosters the development of neurodegenerative
processes. CTE pviaes an example of how repetitive head trawan lead to chronic barrier
disruption, profound changes in glial cells, and an aberrant deposition of figaw.8) (20,
124, 125)Once initiated viatis cycle of repeat trauma and inadequate repair, aberrant proteins
such as pTau may begin to spread from neuron to neuron in diggananner(25) and/or in
exosomes secreted into the extracellular sgd2¢ fostering a neurodegenerative disease.
Ot her types of injuries, i ncluding CVI 6s, ma
aberrant protein deposition if left unresolvégropose that rapid restoration of injured CNS
barriers is essential fothe maintenance of CNS homeostasis and the deterrence of

neurodegenerative diseases.
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Figure 1.3: Neurodegenerative Process Induced by Repeated Brain InjurfA) Normal
anatomy and physiology of the corté®) Repeated brain traumas induce neurodegéonara
Repeated brain trauma creates chronically distressed vasculature and the accumulation of
aberrant phosphorylatgdu peptide. The astrocytes of the glia limitans superficialis assume a
more reactive phenotype, and the microglia also become moreveedripherally derived
immune cells also likely enter these active lesions attracted by the distressed neurons and
reactive glial cells.

1.5Concluding remarks and aims

Neurodegenerative diseases represent a dire public health issue without many viable
therapeutic targets. The brain and spinal cord are thought of as impenetrable tissues separate
from the periphery, but injury and other stimuli show that the CNS is qeritgtave. In both
neurodegenerative disease and trauma, resident cedlstavated and the barriers of the CNS
are compromised, allowing for greater interactions of peripheral immune cells. These

interactions cause greater inflammation and, paradoyidattilitate repair and maintenance.
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While the pathogenesis of most neurodegenerative diseases remains elusive, repetitive brain
injury initiates degenerative processes. Héngropose a potential mechanism that parallels
many of the immunological phen@ma that occurs in neurodegeneratigeseasesbarrier
breakdown, glia activation, and subsequent neuronal distiesgpurpose of this dissertation

is to explore these converging pathways in the context of primary tauopathy and then repetitive

head injuy. To accomplish this goal, | set out to address the following three aims:

1 Aim 1: Identify significant immune interactions thaideto disease progression tine
P301Smouse model oprimary tauopathyand then validate these interactions in human
tauopaties

1 Aim 2: Determine how the glia limitans superficialis breaks dowa murine model of
repetitive head injury

1 Aim 3: Elucidate therapeutics thagscue barrier breakdown and cell deatla imurine
model ofsingle and repedtead injury
With the fulfillment of these aims, | hope wstablish that the immune system plays

essential and overlapping roles in both neurodegenerative disehdeeanh injury and to

provide foundations for the development of therapeutics
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Chap2 er

Materials and met hods

***Djsclaimer: An abridged version of these methods appear in the published manGdieript
limitans superficialis oxidation and breakdown promote cortical cell death efsetitive
head injury(52). Additional methods relating to the tauopathy and NADPH oxidase projects
have been prepared for submission of manuscripts. | wrote all metha#pt as otherwise
statedfor this published manusegti as well as for the manuscripts in preparation
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Chapter 2 Materials and Methods
2.1 Mice

All mice were maintained in a closed breeding facility and were housed and treated in
accordance with the Institutional Animal Care and Use Committee at the National Institutes of
Health(NIH).
2.1.1Mice from Chapter 3

B6.P301S mice were praed by Regina Armstrong (Uniformed Services University)
(127) B6.129S2Cd8atm1Mak/J (CD8 KO{128) andC57BL/6-Prf1ltm1Sdz/J (Perforin KO)

(129) mice were purchased from the Jackson Laboratories and crossed to the B6.P301S mice
andresultingF2 generations weresed in experiments. Mice were studied at ages ranging from
27 weeks to 41 weeks.

2.1.2Mice from Chapter 4

C57BL/6J (B6),B6N.FVB-Tg(Aldh1l1-cre/ERT2)1Khakh/J Aldh1CeER/CTeER (130),
B6.129RCx3crimttyy  (Cx3crP®e®) (131) and B6.CgGt(ROSA)26Sortm14(CAG
tdTomato)Hze/J (Stdfl TdTomato)(132) were obtained from the Jackson Laboratories.
B6.LysMe™* (LysMP™*) mice were preided by T. Graf(133) Strains Cx3cr®™9% and
LysMPP9® mice were crossed with B6 mice to generate heterozygous reporter mice used for
experimaits. Alldh1°ERCeERmice were crossed with SthpTdTomato mice. The resultant
F1 mice were fed tamoxifen chow (Envigoy £-3 weeks to induce expression of TdTomato
in astrocytes. Mice were studied at ages ranging from 6 to 12 weeks.
2.1.3Mice from Chapter 5

C57BL/6J (B6) B6.129SCybbtmi1Din/J (NOX2 KO) (134) B6.129X%
Nox1tm1Kkr/J (NOX1 KO) (135) and B6.129Nox4tm1Kkr/J (NOX4 KO) (136) were
purchased from Jackson Laboratories. Mice were studied at ages ranging from 7 to 12 weeks.
2.2Human tissue selection

Human tissues were prgled by Dr. Daniel Perl at the Uniformed Services
University of the Health Sciences (Bethesda, Maryland, U.S.A.).

2.3 Tauopathy mouse behavioural scoring

P301S mice were scored on a 0 to 5 scale with O representing no overt disadhibty a

being moribund. Th&ablebelowoutlines clinical presentation at each score. A half point was

used if the animal were imetween phenotypes.
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Table 2.3.1: P301%ehavioural scale

o | ¢+ | 2 | 3 | ¢ | 5

No overt Overt Spinal Hunched Hunched Moribund
disability weakness atrophy back AND back AND
and AND sustained paresis of
diminished hindlimb hindlimb hind limbs
resistance to  scissoring  clasping with
scruffing with handling
handling

2.4 Survival studies

Mice weremonitored biweekly by a team of veterinarians and technicatrtheNIH.
| was notified when mice reached a stage & above table)r beyond and required
sacrifice. Mice were then euthanizeahd their age (weeks) was recorded.
2.5Tau load in murine blood detection

To collect 500+1L of murine blood, mice were anesthetized with isoflurane and were
bled retroorbitalwith a capillary tube (#2362-566, Fisher Scientific) into an EDFéoated
microtube (#NC9954576, Fisher Scientifi¢fholeblood was spu at 4°C at 12000 RPM for
10 minutes and supernatant collected and frozeBGC in 1.5 mL conical tubes for later
analysis withthe Simoa Human NeurologyPlex A assay (N4PA, Quanteri4PA was run
in accordance with the manXifacturerdés protoc
2.6 Skull thinning and mild traumatic brain injury

All brain injuries were performed as described previoasig depicted belo l37)
Mice were anestheted by intraperitoneal injection of ketamine (85 mg/kg), xylazine (13
mg/kg), and acepromazine (2 mg/kg) in PBS, and body temperatures were hel@.aA37
incision was made to expose the skull bone, and a metal bracket was secured on the skull bone
overthe barrel cortex (2.5 mm from bregma x 2.5 mm from sagittal suture). A1 mm x 1 mm
cranial window was quickly thinned over2lminutes using a dental drill with a 0.5 mm burr
to a thickness of ~280 nm. Once thinned, a microsurgical blade was used to lightly compress
the skull bone. For survival surgeries, the incision was closed with sutures, and mice were
injected intraperitoneally with Buprenex (0.1 mg/kg) for pain management as well as Antisedan
(1 mg/kg) for anaesthetic reversal. For reinjury studies, mice were anesthetized and prepped as
described above followed by additional compressions with the microblade at 24 hours post

primary injury.

Materials andmethods]|22



cortical

cancellous
cortical

A

4
V.

Glial
limitans

g

20X objective

Blade used to apply
downward pressure

inflammation

Microglial process extension
to the glial limitans

Figure 2.1 Compression injury model (adapted from Rothetal.(51)).(A) A mouseds b
is protected by the skuill composed of layers of cortical and cancellous bdrfeiowed by
the meninges and glia limitans superficial®) To induce an mTBI, a drill with a 0.05mm
drill bit is used to create a 1 mm x lnsmuare thinned area, drilling through the first layer of
cortical bone, cancellous bone, and the final layer of cancellous bone and leavi3@un20
of intact bone.C) A micro-blade is the used to compress the thinned skull (10x compressions).
(D) The thhned area can be visualized using4gymton microscopy.
2.7Blocking and antagonism studies
2.7.1LFA-1/VLA4 blockade

To block cell adhesion to the endothelium of peripheral immune teled 500
antirLFA-1 (clone M17/4, #BEO006) and 500y ant-VLA-4 (clone PS/2, #BE0071)
purchased from BioXcell. Rat IgG from BioXcell was used as an isotype control (#BE0090).
LFA-1/VLA-4 blockade or isotype control was given intraperitoneally at 6 hours and 22 hours
postsingle injury.
2.7.2R0OS antagonism

Reacive oxygen species were scavenged by intraperitoneally injedtthgnM
glutathione (GSH) (3.0mg/mL, #G42515G, Millipore Sigma) dissolved in PBS and pH
corrected to ~6.5 immediately following secondary injury. Vehicle was injected into the control

mice.
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2.7.3Microglia depletion

Microglia were depleted using the G&R inhibitor, PLX3397 (Adooq Biosence).
Mice were fed PLX3397 as a chow (300 mg/kg, Envigo) for a minimum of 14 days. Depletion
efficiency was approximately 50% and was determined by counting #pets from brain
sections using Imaris version39l image analysis software (Bitplane). i3 hefficiency
reflected a similar level of depletion (66%) as wikiaisemaret al had previously published
and validated using flow cytomet(83).
2.7.4ANOX2antagonism

The NOX2 complex of the NADPH oxidase enzyme was antagonized using a novel
drug compound created bthe National Center for Advancing Translational Sciences
(NCATS). Aworking40 mM solution waggenerated by first dissolving g NOX2 inhibitor
in 8.65mL of DMSO, creating a 4mM stock solution. The stock solution was then diluted 100
fold by combining 9.9nL artificial cerebral spinal fluid (aCSF) (#597316, Harvard Apparatus)
with 0.1 mL stock, resulting in a 40M solution. This solution was é&m directly applied to the
skull of control miceimmediately after mTBI. Vehicle aCSF (contained comparable levels of
DMSO) was applied to control mice.
2.8 Intravital two -photon microscopy

mTBI and control mice were imaged using a Leica SP8phaaton micrgcope
equipped with an 8,088z resonant scanner, a 25x coltarrected watedipping objective
(1.0 NA), a quad HyD external detector array, a Mai TaDepSed.aser (Spectrhysics)
tuned to 905 nm. Thredimensional timdapse movies were capturesl astacks. For blood
vessel visualization, 10aL of 1 mg/mL Evans blue (Sigma) dissolved in PBS was injected
intravenously immediately following surgical preparation. For all imagi@@gFawvas used to
submerge the lens above the thinned skull.
2.8.1ALDH1CreBER/+ x Stopflfl TdTomato mice

Surface associated astrocytes comprising the glia limitans superficialis were visualized
using ALDH1CreER/# Stopfl/fl TdTomato mice. A thredimensional 40rm zstack (1mm
step size) was then captured throughianedskull window of naive mice as well as at 24
hours and 30 hours pesstitial injury in single and repeat mTBI mice. For GSH treated mice,
resultant image files were thamalysedusing Imaris version 9.1 image analysis software.

AnALDH1"6 s ur6f avas created for each i mage and re
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2.8.2Glia limitans leakage assay

To assess the integrity of the glia limitans, pQGulforhodamine 101 (SR101) (1 mM,
#S7635, Sigma Aldrich) dissolved in PBS was applied to the skull for 12 minutes. SR101 was
then washed several times with aCSF overmifute period. A thredimensional 300m z
stack (1mm step size) was then captured using the-phvoton microscope. -gtacks were
started just above the skull bone. For quantificatiestazks were cropped to 25%@n to
remove the skull bone. The mean fluorescence intensity (MFI) of the channel corresponding to
SR101 signal (562 to 650 nm) was then calculated using Imaris ver8idnnSage analysis
software. MFI data were normalized for each experiment by averafjihg single injury or
norttreated group and calculating the fold increase for eachidhudil sample relative to the
average. Data were then expressed as a fold increase.
2.8.3CX3CR*"™* mice

Myeloid cells were visualized using CX3C¥f" mice. Thirty mirute three
dimensional 18Qum zstacks (3ym step size) were captured through a thinsiadl window
in naive mice and following single and repeat mTBI using thepfaaion microscope.
2.8.4LysMFP* mice.

Following described single and repeat injury, Ly8W mice were imaged to visualize
myelomonocytic cells. Thregimensional 210mm zstacks (3 step size) were captured by
two-photon microscopy for 30 minutes at 30 hours post initial injury. Usingignvarsion
9.3.1image analysis software, the meninges and parenchyma were separately identified and
analysedBased orduraland pial vasculature, the top-88 um of each 210m zstack was
identified as the meningeal space. Underlying tissue was igehtf the parenchyma and
adjusted to a uniform 1%0n for quantification. For both the meninges and parenchyma, a 3D
0surfaced cor r-GFP flunresdance gvas tcreatedl gnddititi by the average
size of a myeloid cell (assumed as 14®¢) to catulate the total number of myelomonocytic
cells in each compartment.
2.8.5AmpleE Red ROS detection assay

To visualize ROS in the lesion, 200 AmplexE Red Reagent (500M, #A12222,
ThermoFisheScientific) dissolved in aCSF was applied to the skull of LY&Mmice for 10
minutes. Ample€ Red Reagent was then washed once and then immediately imaged on the
two-photon microscope. A thredimensional 50um zstack (1mm step size) was then

capturel. Z-stacks were started just above the skull bone.
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2.9Immunohistochemistry
2.9.1Sacrifice and tissue fixation

Mice received an intracardiac perfusion with 4% paraformaldehyde (PFA). For animals
used in the tauopathy project (Chapter 3), heads and spinal cerdsemoved and fixed
overnight 4°C. The following morning brains and spinal cords were explanted from the skull
and vertebra and placed in 30% sucrose to cryoprotect before sending to Histoserv for
sectioning. Brains sectioned in house were not cryepted and were immediately sectioned
at thickness of 106m using a Compresstome (Precisionary). For animals used in the dead cell
detection assays (Chapters 4, 5), heads were removed and incubated overnight at for room
temperature in 4% PFA. Brains weheh sectioned at thickness of 1@ through the entire
lesion using a Compresstome (Precisionary).
2.9.2Ex vivo fluorescent labeling of murine tissue (ChapteCBF 1R inhibitor experiments)

Mice were sacrificed, prepared, and sectioned as described alévan thick brain
sections were blocked and greated with theadin/biotin blocking kit (#SP2001, Vector)
in 0.5% TritonX in PBS solution with 3 drops of Background Buster (#NB306, Innovex
Biosciences) for 30 minutes at room temperature with sigalSections were then switched to
a 0.1% TritorX in PBS solution and incubated overnight alGwith the following primary
antibodies: Ibdl (1:750, #01919741, Wako) and AT8 (1:200, #MN1020B, ThermoFisher
Scientific). After primary incubation, sections were washed and conjugated secondaries were
applied for 2 hours at room temperature with shaking: donkeyahit Alexa Flour 488
(1:750, #A21206, ThermoFishe3cientific and RhodaminX streptaidin conjugate (1I750;
#AS6366 Thermd-isherScientifig . Secti ons were mounted with
578920ML, Fisher Scientific). Images were captured using an Olympus FV1200 laser
scanning confocal microscope.
2.9.3Multiplex immunohistochemistry tissue preparatiddhépter 3)i provided by Dr.
Dragan Maric

Multiplex fluorescence immunohistochemistry (MHPC) was performed on 10 pm
thick 4% paraformaldehydéxed mouse brain and spinal cord cryosections and Shick
10% formalinfixed paraffin sections sourced frgmestmortem normal and tauopathy human
cortical tissues. To prepare for the slides for-MIE staining, the mouse sections were first
treated with a Zninute heat mediated antigen retrieval step in 10 mM Sodium Citrate buffer
pH 6 using an 800W microwavetsat 100% power. Human sections were first deparaffinized

using standard Xylene/Ethanol/Rehydration protocol followed by antigen unmasking with a
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10-minute heat mediated antigen retrieval step in 10 mM Tris/EDTA buffer pH 9 also using an
800W microwave deat 100% power. Both mouse and human sections were then sequentially
incubated for 15 min at room temperature (RT) with Fc receptor blocking solgtiB809,
Innovex Biosciences) to saturate endogenous Fc receptors, followed by Background Buster
(#NB306, Innovex Biosciencesyolution to minimize notspecific antibody binding, and
finally incubated for 5 min at RT in TrueBla®kReagent#23007 Biotium) to quench intrinsic
tissue autofluorescence. The sections were subsequently immunoreacted for Riiaisiag)
1 nmg/ml cocktail mixture of immunocompatible primary antibodies targeting
microglia/macrophagedb@1, #01919741, Wako Chemicglsspeciesspecific cytotoxic T
cells (mouse: CD8, #100758, BioLegendwuman: CD8, #MA180231, ThermoFisher
Scientific), neurons (NeuN#ABN9O0P, Millipore Sigmaor phosphorylated Tau (pT&ATS,
#MN1020, Invitrogei This step was followed by washing off excess primary antibodies in
PBS supplemented with 1 mg/ml boviserum albumin (BSA), followed by incubation dfe
sections using a 1 pg/ml cocktail mixture of the appropriately eadserbed secondary
antibodies including donkey antiguinea pig DyLight 405 (#706,47848, Jackson
ImmunoRes), donkey anthicken (#703475155, Jackson ImmunoRes), goat aabbit
Alexa Fluor 488 (#A11034, ThermoFisher Scientific), goateattAlexa Fluor 594 (#¥A11007,
ThermoFisher Scientific), goat amtiouse Alexa Fluor 594 (#A21145, ThermoFisher
Scientific), and goat anthouse Alexa kior 647 (#A21240, ThermoFisher Scientifig)ter
washing off excess secondary antibodies, sections were counterstained using 1 pg/ml DAPI
(#D1306, ThermoFisher Scientific) for visualization of cell nuclei. Slides were then
coverslipped usingE p r e diinmaudMounttE medium §9990402,Fisher Scientific) and
imaged using a multhannel wide field epifluorescence microscope
2.9.4Multispectral imaging of multiplex IHC stained sections (Chapteii 3rovided by
Dragan Maric

Imageswere acquiredrom whole specimenestionsusingthe Axio Imager.Z2slide
scanningluorescence microscope (Zeiggjuipped witha 20X/0.8 PlanApochromat(Phase
2) nonimmersionobjective (Zeiss), a high resolution OR&#Aash4.0 sCMOdigital camera
(Hamamatsy)a 200W X-Cite 200DC broad dnd lamp sourcéExcelitas Technologi¢sand
5 customizedilter sets Gemroch optimized to detect the following fluorophores: DAPI, Alexa
Fluor 488, Alexa Fluor 546, Alexa Fluor 594, and Alexa Fluor. bdhagetiles (600 x 600mm
viewing area) were indidually capturedat 0.325 micron/pixel spatiaksolution and the tiles
seamlessly stitchedthto whole specimen imagassing theZEN 2 image acquisition and
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analysis softwarprogram Zeisg, with an appropriate color table havibgen applied to each
imagechannelto either match its emission spectrum or to set a distinguishing color balance.
Pseudocoloredtitched images were then exported to Adobe Photoshop and overlaid as
individual layers to create multicolored merged compesat exported as -8it grayscale
BigTIFF files and imported in Imaris (Oxford Instruments) for image analysis
2.9.5Phosphorylated tau and microglia load quantification

TIFF files generated from either multiplex imaging or standard confocal microscopy
were baded into Imaris version 9.3.1 image analysis software (Bitplane) for analysis. To
guantify pTau and microglia, surfaces were first drawn of regions of interest. For whole brains
(Fig. 3.2 andFig. 3.8), the brain region was identified as the cerebral cortex (excluding the
olfactory bulb), and the brainstem was represented as the midbrain and hindbrain. For spinal
cord images, only a section of gray matter was outlined for quantification. For imageseproduc
by the confoca(Fig. 3.6), only neocortices were observed, so the brain surfaces created were
only of the neocortex and did not include the entire cerebral cortex (as obsdrige®Bif and
Fig.38) . After ROIls wer e JWasceentedaaass eatirednmsages. Taa c e 0
determine specific volume of AT®er ROI, AT8 surfaces were filtered to represent only the
predetermined ROI. Volume of the AT8urfaces in each ROl wasviied by the total volume
of the ROI, generating the amount of & surfaces pemm?® (Fig. 3.2andFig.3.8. 6 Spot s o«
Iba-1* cells were created in the neocorti¢Eiy. 3.6) to confirm depletion efficiency.
2.9.6CD8" T cell engagement with Ibaiicroglia quantification

CD8' cells were quantified in spinal cordsig. 37A) by wusing the &ésur
in Imaris version 9.3.1. Quantity of CD&ells was drided by the total volume of tissue and
displayed as CD8cells perrm?® (Fig. 3.7B). Engagements with IbaTells were quantified
manually by looking at each CD8 e | | 6surfaced and identifying
Ibal" cell. Fraction of CD8in direct contact with Ibalcells was displaye(Fig. 3.7B).
2.9.7Dead cell detection and quantificati¢gGhapter 4)

Prior to sacrifice, 20QlL propidium iodide(Pl), a celtmembrane impermeable dye (1
mg/mL, #P1304MP, ThermoFish8cientific), was applied to the skull for an hour. Animals
were then sacrificed and prepared as described aBestonswerewell-stained in 500rL of
PBS wi t h-diamidindBphehWindéle (DAPI, 1 mg/mL, #D9542, Sigma Aldrich) for
10 mirutesbefore washing and mounting on charged glass slides. A single section with the
highest density of propidium iodideagting was then imaged through entirplane using an

Olympus FV1200 lasescanning confocal microscope fitted with a 10x objective. Resultant
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image files were then analysed using Imaris versi@il9mage analysis software. DAPI
6sur f aces §anwaeadeellcwer anummedated as DAEIs that ceocalized with
propidium iodide. Dead cells were normalized for each experiment by averaging of the single
injury or nontreated group and calculating the fold change for eachithdil sample relatie

to the average. Data were then expressed as a fold change.

2.9.8Ex vivo labelling of cell types within the lesi@@hapter 4)

Prior to immunofluorescent staining, sections were then incubated im5@01%
TritonE X-100 (#AC215682, FisherScientific) in PBSlution and 3 drops of Background
Buster (#NB306, Innovex Biosciences) for 30 minutes. To visualize neurons *jNsh
microglia (Ibal®), Guinea pig ariNeun (1:500, #ABN91, Millipore Sigma) and rabbit anti
Iba-1l (1:500, #01919741, Wako Chemicals) we costained together. To label endothelial
cells (CD31) and oligodendrocytes (APY; mice were first anaesthetized and reirbitally
injected with 501 CD31 Alexa Fluor 647 in PBS (1:500, #102516, Biolegend); tissues were
then prepared as describdabae, and mouse amiPC (1:500, ®P8Q Sigma Aldrich) was
added as a primary antibody. ALDHAstrocytes were endogenously labelled using
ALDH1CreER/+x Stopfl/fl TdTomato mice, and sections werestained with Ib&al because
PI could not be utilized tadentify the center of the lesion. All primary antibodies solutions
were incubated overnight at’@ with shaking. The following morning sections were washed
thrice with PBS before incubating in 560 0.1% TritorE X-100 in PBS solution for 2 hours
with ore of the following secondaries: goat agtiinea pig Alexa Fluor 488 (1:500,1.073,
ThermoFisher Scientific), donkey améibbit Alexa Fluor 647 (1:500, #81573,
ThermoFisher Scientific), or goat amtiiouse Alexa Fluor 488 (1:500, #&A1131,
ThermoFishe6cientific). Finally, DAPI was added for 10 minutes as previously detailed, and
sections were washed and mounted on charged glass slides. For ttheaiNelbal and
ivCD31 and APC csstains, a single section with the highest density of propidium iodide
staining was then imaged through 26 zplane using an Olympus FV1200 laseanning
confocal microscope fitted with a 20x objective. Corresponding uninjured contralateral
hemispheres were imaged using the same parameters for a control group. Resultant image files
were theranalysedising Imaris version ®B.1image analysis software. DARV s ur f aces 6 w
created, and dead cells were enumerated as Dédfls that ceocalized with propidium
iodide. To quantify indiidual cell types of interest (Netilbal’, APC', ALDH1") , a 3D 6 s pc
correponding to their respective fluorescence and size was created.” @BBd were

guantified by cr eat’isigngl IrdvidBaDcelbtypesweramomnalized f CD:
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per experiment by averaging of the cell count of the uninjured contralateral heneignd
calculating the fold difference for each imigiual sample relative to the average. Data were
then expressed as a fold change.

2.10Flow cytometry

2.10.1Leukocyte isolation

2.10.1.1CNS tissue preparatiofChapter 3)

Mice were anesthetized witkofluraneand bled intraorbitally with a capillary tube
(#22-362566, Fisher Scientific) into an EDTFéoated microtube (#NC9954576, Fisher
Scientific). Collected whole blood was spun aP@at 12000 RPM for 10 minutes and
supernatant collected and frozen-80 °C in 1.5 mL conical tubes for later analysis with
Quanterix SIMOA. Then, mice were injected with chloral hydrate and perfused inteacardi
with chilled saline. Heads were removed and brains explanted. Cortex and brainstem were
isolated by cutting the braiat the cerebellum and discarding the cerebellum, leaving the
remaining hindbrain region referred to as the brainstem and the remaining anterior section
containing the cortex, midbrain, and olfactory bulbs as the brain. Spines were removed from
the spinakcolumn by using fine scissors to cut through the vertebrae exposing the spine. Each
tissuei brain, brainstem, spiriewas collected in a separate ih conical tube containing 7
mL of RPMI 1640 (#11878.19, Therm&isher Scientific). Tissue and RPMI wereysed into
a dounce grinder set (#D993&ET, SigmaAldrich) and mashed until no tissue was visible.
The pink milky solution was then poured back into ¢baicaltube and 3nL of 90% Percoll
(#GE1#544501, Sigma Aldrich)»solution was washed through tdeunce and emptied into
the conical tube, resulting in a 30% Percoll solutiddamples were spun at 5@ for 15
minutes in15 mL conical tubesand supernatant removed. Pellets were resuspended in
remaining solution (~25@.), and 200rL of eachsample was plated.
2.10.1.2Punch biopsyChapter 4)

Naive mice, 6 hours pastngle injury, and 30 hours pesingle or-reinjury mice were
anaesthetized, decapitated, and brains explantedn# punch biopsy (#MTR3 34, Brain
Tree Scientific) correspondingtiee mTBI lesion (2.5 mm from bregma x 2.5 mm from sagittal
suture) was then taken. Leukocytes were isolated by mashing the 2mm punch throogh a 40
cell strainer (#TS40, Alkali Scientific) and washed with PBS containing 2% FBS (FACS
buffer). Samples werspun at 50 for 5 minutes in 5@nL conical tubes and pellets were
isolated. After resuspending cells in 1 mL FACS buffer, cells were passed througima 35
cell strainer (#352235, Corningdn additional 1 mL FACS buffer and 86 90% Percoll
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(#GE1#5445-01, Sigma Aldrich) were passed through the cell strainer, resulting in a 30%
Percoll solution. Samples were spun for 15 minutes at 500G. Myelin and other debris were
removed by aspirating to final ~25@Q cellular pellet. Cells were then stained.
2.10.2FACSstaining

Cell suspensions were washed and resuspended inmL5@nasterstaining mix
containing FACS buffer, anthouse CD16/32 (1:200, #553141, B@)nhd described (below)
antibody cocktailsCells were lightprotected and incubatéd antibody cocktail®n ice for 15
minutes and at room temperature for 15 minutes followed by washing. Dead cells were
excluded by incubating cells with 5@ LiveDead fixable Blue Cell Staining kit (1:500 diluted,
#L.34962, ThermoFishe®cientific) on ice for 10 minutes. Cells weneashed and then passed
through a 35um filtered cap tube (#352235, Cornin@amples were acquired using a BD
FACSymphony A5 digital cytometer, and data were analysed using FlowJo sefteasion
10.

2.10.2.1CNS tissue antibodies (Chapter 3)

Staining cocktail includethe following antibodies obtained from Biolegend (BL) or
BD: CD11c AF488 (1:200, #117311, BLCD103 BVv421 (1:200, #6297 BD ), I-A/l-E
BV480 (1:450, #566088, BD), CD11b BV5701 : 1 0 0, #101233, BL) , TCF
#109241, BL), CD24 BV650 (1:300, #563545, BD), CX3CR1 BV711 (1:100, #149031, BL),
P2RY12 PE (1:200, #848004, BIgP117 PECF594 (1:400, #562417, BDNer-119PeCy5
(1:2000, #116@9, BL), CD206 PECy7 (1:400, #14720, BL), CD45 BUV395 (1:200,
#564279, BD)CD4 BUV496 (1:100, #612952, BDl)y6G BUV563 (1:150, #740554, BD),
CD19 BUV651(1:100,#612971 BD), CD44 BUV737 (1:1100, #612799, BI)P8 BUV805
(1:100, #612898, BD), Ly6C APC (1:600, #128015, BE}80 APGR700 (1:500, #565787,
BD), and FcURIU Cy7APC (1:300,#134325, BL)

2.10.2.2Punch biopsy antibodies (Chapter 4)

Staining cocktail includethe following antibodies obtained from Biolegend (BL) or
BD: CD11c AF488 (1:200, #117311, BL), Ly6C BB796 (1:200, custoade, BD), 1A/lI-E
Bv480 (1: 450, #566088, BD) , CD11b BV570 (1:°1:
#109241, BL), CD24 BV650 (1:300, #563545, BD), CX3CR1 BV711 (1:100, #149031, BL),
P2RY12 PE 1:200, #848004, BL), Tet19 AF647 (1:1000, #116218, BL), CD206-B§7
(1:400, #141720, BL), CD45 BUV395 (1:200, #564279, BD), Ly6G BUV650 (1:150,
#740554, BD), CD19 BUV680 (1:100, custenade, BD), CD44 BUV737 (1:1100, #612799,
BD), CD115 APC (1:200, #1380, BL) and F/480 AP&R700 (1:500, #565787, BD).
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2.10.3UMAP analysis.

Acquired samples were loaded into FlowJo software version 10 and cleaned using the
FlowAl algorithm. Samples were compensated and gated as dfedawn The Phenograph
and UMAPR, uniform manfiold approximation and projectioplug-ins in FlowJo were used to
identify the different microglia supopulationsUMAP is an algorithm that is used to cluster
different datasets based on a given set of parameters. For flow cytometry, these parameters
correspond to the different antibodies to differentiate cell typd8). Using the UMAP plugin,
therefore, clustered together cells that showcased similar antibody expression levels. After
FlowJo computed each UMAP and associated phenograph, | determined which phenographs
mapped to each cell cluster ahén looked at expression levédsidentify specific cell types.
To differentiate gross immune cells, all viable CDdélls underwent UMAP analysis.cells
were identified as CD4&i TCRb' cells and CD4 and CD8 were used to differentiate TD4
helper Tlymphocytes from CD8cytotoxic lymphocytesB cells were differientiated as CD45
CD19', neutrophils as CD45Ly6G", Ly6C" monocytes as CD45Ly6C", F480, CD11b,
CX3CRT'interm, and microglia as CD45-480, CD11l3, CX3CRZIhi, P2RY12. Microglia
were further differentiated into three different subsets: homeostatic and C&1AED11E,
MHCII* i the latter two phenotypes were determined by looking at CDddd MHCIF
expression. In Chapters 3 andmicroglia were isolated for indidual UMAP analysis as
depicted in the following gating strategidsg. 2.2 and Fig. 2.3). Microglia subtypes were
elucidated as described above using both the UMAP and phenograph plugins and then
examining the following markers to describe indual cell dusters: FSC, SSC, CDA45,
CX3CR1, P2RY12, CD11b, F480, CD11c (Chapter 3 only), MHCII (Chapter 3 only), CD206
(Chapter 4 only), and CD44 (Chapter 4 only).
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Figure 2.2 Gating strategy for microglia in CNS tissue Representative FACS plots from a
homozygoud?301Smouse show the gating strategy useddemtify microglia Single cells
were initially gated as viable (Live/Deadeukocytes (CD49. Cells were then gated CD19
T C RIby6C and Ly6Gto exclude Beells, T cells, inflammatory monocytes and neutrophils.
Microglia were then identified as CX3CRBR2RY12 and CD45 intermediate.
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Figure 2.3: Gating strategy for resident myeloid cellsn punch biopsy. (A) Representative
FACS plots from a naive mouse shthe gating strategy used to identify resident myeloid
cells. Single cells were initially gated as viable (Live/Deéslikocytes (CD4Y. Cells were
then gated CDI9 C R Iby6C and Ly6Gto exclude B cells, T cells, inflammatamponocytes,
and neutrophils. Resident myeloid cells were then identified as being CX3CR1
2.11Bulk RNA-seq
2.11.1Sample preparation

For bulk RNAseq,three mice per group were gathered of-aggched (~28 weeks)
negative, hemizygous, and homozygous mice. Homozygous behavioral score was dba ~2.5
the three mice. Animals were perfused with chilled normal saline and whole spinal cords were

collected and snap frozen using dry ice. Tissue was stor80 4T until use. tal RNA was
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extracted using the Qiagen RNeasy Mini Kit (
protocol.
2.12Single-cell RNA-seq
2.12.1Sample preparation

For sngle-cell RNA-seq,two mice per group of negative P301S wildtype (31 weeks),
homozygous P301S ldiype (30 weeks, behavioral score: 2), homozygous PEIS KO
(30 weeks, behavioral score: 3), and homozygous P301S wildtype (33 weeks, behavioral score:
3.5) were gathered and perfused with chilled normal saline. Spinal cords from each animal
were disseted and combined into respective group tubes (total of 4 tubes with two mice per
tube). Tissues were then processed using the Miltenyi Tumor Dissociation Kitg&330,
Miltenyi Biotec) and the gentl eMACSEumcto D
program (37C_m_TDK_1). Following dissociation, myelin was removed using Myelin
Removal Beads Il (#130967 3 1 , Mi tenyi Bi otec) according t
2.13Blinding and statistical analysis
2.13.1Randomization and blinding

Whenever possible, | blinded myself to experimental groups when processing tissues
or inducing injuries. For example, iftow cytometry experiments in Chapters 3 andl 4
assigned each mouse per experiment a randomized number so that during processing, | did not
know to which experimental groupbelonged. | carried this number throughout the entirety
of the studyuntil analysis was completed. When conducting immurtotiemistry andwo-
photon analysis, | blinded myself to animal ID until analysis was completed for the
experimental date. While it was impossible to blind myself to which animals received a reinjury
or drug paradigmshyecausd was the ongerformingall experimental procedures, | used a
random number generator to determine which animals recehedspecifiedinjury or
paradigm.
2.13.2Statistical analysis

Data serieswere assumed to be normally distributed, and all graphs, except for
RNAseq, represent pooled data from at least 2 independent experiments with on a%erage 3
mice per group (see inddual figure legends for greatertdd). Analyses involving two or
more groups were performedith an unpairedSt u d e-tes$t @rs onevay ANOVA,
respectivelyFor basi c comparisons involving more th
used as the posioc test after onevay ANOVA. For comparisons involving groups within
groups, multipletests with HolmSidak multiple comparisons test were utilii€wy. 4.4D).

Data were normalizedy dividing each indridual valuet o t he average of eac
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control group andhendisplayed a fold change. Statistical significance was determingel as

O 0.065. Al data are shown as the mean N S. D
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dysfuncti*doncehtd E€EDagements

***Disclaimer: The text and figures of this chapter have been adapted from a manuscript in
preparation. | am the first author of this manuscript. | wrote the entire report and designed and
crafted all figuregxcept for the RNAseq portioridr. Kory Johnsa at the National Institutes

of Neurological Disorders and StrokKRINDS) was responsible for all analysis and figure
generation related to RNAseq. A special thanks must be given to Dr. Dragan Maric for staining
and scanninghurine and human tissue, to @ayce Dorrier for maintaining the mouse colony

and completing every task big and small related to the project once | left for Cambridge, to
Drs. Vivienne Guedes and Chen Lai for performing the Simoa blood experiments, and to Dr.
Patrick Duncker for teachg me flow cytometry. It took a team to complete this work. Thank
you tomy supervisor Dr. Dorian McGavefar all his guidance and suppdrt
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Chapter 3 Primary Tauopathy Neurological Decline is Associated

with Microglial Dysfunction and CD8" T cell Engagemens

3.1lIntroduction

With an ageing population in most countries worldwide, the incidence of
neurodegenerative diseases is rapidly increaBimgexample, in the United States, of 2010
there were approximately5 million people living withA'l z h e i me r, bys205@, ithsse a s e
number is expected to grow to more tHahmillion as population dynamics shift39) If
similar trends exist globallyg{obal AD incidence estimate is 24 milliqd40, 141), thenwe
canexpect in 205@t least 67 million peopléo have AD. Currently, there are no efficacious
diseaseamodifying therapies that targé&tD. The few drugs that exi¢¢.g.,Levodopa forPD,
Riluzole for ALS, Memantine for AD, efcmerely address symptoms and do little to slow
disease pathophysiologythere are manytherapeutics in the pipeline, but olimited
understanding of the diseasespreventednostfrom advancing

Neurodegenerative diseases are marked by inflammatioreirpraggregation, and
degeneration of CNS tiss®42) A classical hypothesis of neurodegeneration postulates that
protein aggregation drives inflammation and thus neuronal lloggcent years, however, a
paradigm shift habegunas genesavelinked the immune systenotdifferent degenerative
disease$36, 143, 144)Sngle-cell RNAseq has furtherefined some of these observations
identifying ageassociated and diseaagssociated microglia, astroglia, and clonally expanded
CDS8' T cells in animal models and people with degenerative dis¢h2dsl, 28, 47) These
studies collectively demonstratigatthe immune system is significantly changed and shaped
by neurodegenerative and ageipgocesses. They fail, however, to look broader and
characterize how each of these g&lihction in the greater immune landscape. Here, | set out
to map the immune landscape in the contextmimary tauopathynouse modelising high
parameteflow cytomery, multiplex immunohistochemistry, and RNAseq. | hypothesized that
disease specific immunophenotypesich as the previously observed DAM and clonally
expanded CD8T cells,would drive pathology.
3.2Results
3.2.1Murine primary tauopathy drives sick microgf@enotype and CD8T-cell infiltration
into the CNS

To elucidate the immune landscape in a primary tauopathy, | performegdrgmeter
flow cytometry on whole spinal cords frothe P301S mousea mouse transgenic fahe

shortest human fotnepeat tau isform with the P301S mutatiqi27). Age-matched negative,
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hemizygous, and homozygous P301S mice were compar88 ateeks when the homozygous
mice had reached a behavioral score of 3 (see RableMaterials and Methods, Chapter 2),
showcasing a susteed clasp when handleBxamination of the flow cytometric data using
Uniform Manifold Approximation and Projections (UMAPS) reveaseweral immune cells
including three distinct microglia phenotypes, CO&ells, CD4 T cells, B cells, neutrophils
and Ly6C monocytes (Fig. 3.1A-B). The microglia population was subdied into
homeostatic, CD1I¢cand CD11tMHCII* microglia(Fig. 3.1A-C). Notably, whilethere was
an increase im DAM-like CD11¢ and CD11¢ MHCII* microglia in thesymptomatic
homozygous mice, homeostatic (CD45 intermediate, CX3CRARY 12, CD11ly, F480lo,
CD11c, MHCII) microglia quantity remained at similar frequency negative and
hemizygous mice (Fig. 3.1A-C) (12, 28). CD8" T cells and CD4 T cells were also
significantly increasedn the homozygos P301S micéFig. 3.1A-C). Furtherinspectionof
the CD8 T cell population indicated that a porti¢h2.4%) of these cells had established
residency, ceexpressing CD103 andwere increased in the homozygous P301S r{fag
3.1D).
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Figure 3.1: Tauopathy promotes

A

A |

—-— el

[ cD11c microglia [l cD11c* MHCI microglia

immune cell recruitment.(A) Concatenated UMAPS

generated from highdimensional flow cytometric analysis of whole spinal cords of negative (
/-), hemizygous (+J, or homozygous (+/+) mice for the P301S mutation. Several different
immune cell subtypes were identified including homeostatic microglia (blue), CD11c
microglia (green), CD1IcMHCII™ microglia (pink), CD8 T cells (orange), CD4T cells
(brown), neutrophils (@), and Ly6C monocytes (purple)B) Quantification of the number

of eachidentified cell type. (C) Histograms depicting the relative expression of FSC, SSC,
CD45, CX3CR1, P2RY12, CD11b, F480, CD11c, and MHCII in the three detected microglia
subclasses homeostatic microglia (blue), CDlhmicroglia (green), CD1Ic MHCII*
microglia (pink).(D) Gating to CD8 CD103 cells. Quantification of CD8CD103 cells.
Each symbol[B,D) depicts an indiidual mouse. Bar graph®,D) represent 2 independent
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experiments with -8 mice per experimental groupata were normalized to the average
number of specific cell type per experimental day. All data are displayed as mean + SD with
ns(not significantjindicatingPO 0. PG ,0 *P®, 0* 0RO OG.*G01,PCand **
0.0001 using vay ANOVAwi t h Fi sher 6s LSD test

pTau pathology is a hallmark of tauopathies, so,Hextamined tau distributions in
various CNS tissues of symptomatic homozygous mice (behavioral s8pege: ~32 weeks)
Grey matter of the spinal cords (Spinppssessed significantly more pTau pathology as
measured by AT8volume compared to the cortex (Brain) and fmadd hindbrain tissise
(Brainstem) Fig. 3.2A-B). Interestingly, upon further examination of these tissues with high
parameter flow cytometrgf cells gatedon microglia Fig. 3.2C), the spinal cord tissue was
found to possess higher levels of the DAike CD11¢ and CD11¢ MHCII* microglia
compared to the brain and brainstem tissues, suggesting that the rise of this sick microglia
phenotype is linkd to pTau distributiorHig. 3.2D-E). In contrast, the homeostatic microglia
subset decreased from the brain to the brainstem to the spine (lRgu&s2D-E).
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Figure 3.2 Microglia activation follows pTau pathology. (A) Representative images of
homozygous mouse spinal cord and sagittal brain sections withuggsef cortex (brain),

brainstem, and spine grey matter (spine) show that phosphorylated tau (pTau) load labeled with

the AT8 antibody (green) greatly varies legion (10nm in depth)(B) Quantification of pTau
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load in identified CNS regions: brain, brainstem, spi@¢ Representative FACS plots from a
homozygous P301S mouse show the gating strategy used to identify microglia. Single cells
wereinitially gated as viable (Live/Dead) leukocytes (CD4Zells were then gated CD19
T C R by6C and Ly6Gto exclude B cells, T cells, inflammatamyonocytesand neutrophils.
Microglia were identified as CX3CRP2RY1Z and CD45 intermediatéD) Concaenated
UMAPS generated from higtimensional flow cytometric analysis of brain, brainstem, and
spinal tissues from mice homozygous for P301S mutalibree different microglia subsets
were detected homeostatic microglia (blue), CDIlmicroglia (green), CD1IcMHCII*
microglia (pink)1 with expression profiles explored Fig 3.1C (E) Quantification of the
number of each microglial cell type per region. Each syifi@) depicts an indiidual mouse.
Bar graph(B) represents 3 indepeant experiments with -4 mice and bar graphE)
represerd 2 independent experiments withi32mice per experimental groufE) Data were
normalized to the average number of specific cell type per experimental day. All data are
displayed as mean + SBith ns(not significanjP O 0 . *0P30, 0* 8RO 0 *001, an
¥**pPpO 0. 000WwWaysANOVA with Fisherds LSD test.
3.2.2Microglia act as antigetpresenting cells and contain tau pathology in murine
tauopathy

| wanted to understand what genes artiyays were systemically upregulatharing
atauopathy, so | performed bulk RNAseq of P301S mice at 28 weeks and an average behavioral
score of 2.5for homozygous micePearson correlatichased clustered heatmap revealed
separate clustering of the three homozygous mice frormagehed hemizygous and negative
mice Fig. 3.3A). Principal component analysis (PCA) based on 99.5% of the genes confirmed
the homozygous micdustered separatelyig. 3.3B). Examining the pathways upregulated
and downregulated relative to the homozygous mouse elucidated, unsurprisiregly,
neuroinflammatory pathways were most highly upregulatéd. (3.3C). Based on these
pathways, | selectedeveral genes of interest and our bioinformatiaisedl ngenui t yods
6Connectd tool t o cr eat BEig. 34). The ndtwonk ahovicasede o f
traditional genes associated with activated microglia in neurodegenerative diseases including
CX3CRL, CSF1R Trem2 andCD68 Interestingly, these genes were also connected to the
complement system.¢., Clga, C3, C4a, Clgb, Clgand genes associated with antigen
presentationife., B2M, PSME1, PSMB8These interactions ggesta role for microgliaas
antigen presenting cells. Additionallysing anunbiasedautomated process in Ingenuity to
create a network of related upregulated genes and pathways not only identified the microglial
response but also hed in on antigen presentation pathwafgy( 3.5). Specifically, the

TREM2 gene was | inked to the Ol &nlAgu3be respons
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Figure 3.3: Bulk RNA-seq reveals that homozygous P301S mice are distinct from
hemizygous and wildtype Bulk RNA-seq results from spinal cords of wildtype, hemizygous
(+/-), and homozygous (+/+) P301S mice3 mice per group)A) Pearsorcorrelationbased
clustered heatmap using the unique union of significantly different genes in at least two classes.
(B) Covariancebased PCA scatterplot of the first and second principal components show
homozygous mice (red) separate from wildtype (green) and hemizygous (blue) mice. Each dot

represents and inddual mouse(C) Heatmap of top upregulated (red) and dowalaigd
(blue) pathways in homozygous mice versus hemizygous and wildtype mice.
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Figure 3.4: Interactome of differential genes of interest created in Ingenuity using the

Connect tool. Genes of interest includinbrem?2, Cd68, Cx3crl, Csflr, C3, C4algbwere
selected based on heat map findings, and oul
Ingenuity to generate this figur&olid lines represent direct relationships. Dashed lines
represent indirect relationships. Arrowhead endcaps indicaddationship that activates the

end node whereas a blunt endcap depicts a relationship that decrease the end node gene. Lines
lacking an endcap indicate an association between genes
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[ increased activation
[ decreased activation

Figure 3.5: Ingenuity autogenerated network showing top up and downregulated
pathwaysand genesUsing ingenuity software, our bioinformatician generated this network

that showcases specific pathways that are upregulated and downregulated in the P301S mouse
spinal cord Microglia related genes and responses are diregdtiyed to antigen presentation

and other immunological responses.
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To understandbetterthe role of microgliaat the symptomatic staged diseasge |
utilized the CSFLR inhibitor PLX3397 (Adoodioscience. | administered the drug orally
when the mice we just becoming symptomatibghavioral score: ~1, age: ~27 weeks) and
kept them on the drug for 3 weeks or until | was contacted by the vet for eutharrabiaon
of microglia dramatically increased the cortical pTau lokwy.(3.6A-C), indicating that

microglia play a role in containing pTau pathology at late stages of disease. This pTau volume

negatively correlated with the quantity of microglia obsenrd.3.6D) and led to increased
mortality (Fig. 3.6E).
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Figure 3.6: CSF-1R inhibition drives increased tau deposition and mortality. (A)
Representative imagef phosphorylated tau staining with the AT8 (cyan) antibody in a control
and CSFLR inhibited mousérain (100 mm in depth). White dashed line distinguishes the
neocortex.(B) Quantification of pTau (AT8 load in neocortex (C) Quantification of
microglia (Ibal*) loadin neocortex(B,C) Dataaredisplayed as mean + SDwithP O 0. 01
and** P O 0. 00 1ta U seidn ¢S t-2stdaadhrépiesents 4 independent experiments
with 1-4 mice per experimental groui2) Correlation of pTau (AT8 and microglia (lbal").

Data are displayed as a simple linear regression and thalge was determined through
Pear s on 0 s (ErSumnivakecunze oficantnol and CSER inhibited mice. Survival was
determined as animals that were sacrificed at or above a behavioral score of 3.

3.2.3CD8" T cells engage itroglia

Because | observed an increase in CD&sells in the spinal cords of symptomatic
P301S mice, and antigen presentation pathways were upregulated by bulk RNAseq, | next used
multiplex immunohistochemistry to observe the intdoas of CD8 T cells and microglia.

Whereas few CDS8T cells were observed in ageatched negative P30I1ice, homozygous
P301S mice (behavioral score: ~3; age: ~31 weeks) possessed numerduk ¢S, and
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most (~76%) were in direct contact withe-1" microglia, suggestinghat the microglia were
serving asantigen preseirtg cells(Fig. 3.7A-B). Based orthese novel observationsnéxt
examinedhumanbraintissue first looking atan injury-inducedtauopathychronic traumatic
encephalopathyCTE). Brain tissues were selected because of its accessibility and its known
pathological findings in CTE and other human primary tauopatiméso patients, | observed
similar CD8 T cell engagemertf Iba-1" microglia in areas of high pTau (AT8distribution

(Fig. 3.7C). This phenomenon was not unique to CaECD8" T cell engagement dba-1"
microgliawasalso observed in a patient with Parkinsonism Dementia Cortplexn,a rare
environmentallyinducedtauopathy Fig. 3.7D). These data takellectivelysuggesa shared
mechanism involving CD8T cells and microglia in a variety of primary tauopathies and

perhaps other neurodegenerative diseases.
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Figure 3.7. CD8" T cells engage microglia in murine and human tauopathiegA)
Representativemages of CD8T cells (yellow) engaging with Ib&" microglia (red) in the

presence and absence of tau pathology (AT8green) antibody in negative/{) and
homozygous (+/+) P301S mouse spinal cordsniOin depth).(B) Quantification of total

CD8" T cells and of the fraction of CDd cells in direct contact with Iba" cells. Pie chart

further depicts the relationship of CDB cell engagements with IBH cells in a homozygous

P301S mouse. Datredisplayed as mean3D with* PO 0. 05*P®Ond .00+ usi ng
tai |l ed t&stand eeprasénts 2 independent experiments with 3 mice per experimental
group(C,D) Representative images of CDB cells (yellow) engaging with Iba*" microglia

(red) in the presence diu pathology (AT81 green) in humairainswith chronic traumatic
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encephalopathy (CTHEY) or ParkinsoniseDementia Complex of Guam (PBGuam)(D) (5
mm in depth). Neurons depicted with Ne@blue) and Nuclei (white). ROIs boxed in white
and zoomed to the right show CD&ells (yellow) engaging 1ba" cells (red).(C) Images
represent 4 CTE patients, afi2) images represent 3 people with PIBQam.
3.2.4CD8" T cells selectively target sigkicroglia and attenuate disease progression

Next, | investigated theole of CD8" T cells in primary tauopathy by crossing a CD8
KO mouse with the P301S moud28) Homozygous P301SD8 KOmice(behavioral score:
~3, age: ~30 weeks) exhibited an increased pTau burden in both the brain asterai
relative to agematched homozygous P301S WT (behavioral scdrds) mice Fig. 3.8A-B).
Additionally, the homozygous P30T3I8 KO mice experienced higher mortalitlyig. 3.8C).
Investigating tau levels in the blood showed that homozygous REBD8KO (behavior score:
~3, age: ~30 weeks) mice expressed similar levels of serum tdetohomozygous P301S
WT mice (behavior score: ~3, age: ~34 weeks) that showcased similardsegRray. 3.8D).
High-parameteflow cytometry of isolated microglia (as first observedrig. 3.2D) illustrated
that in addition to driving pTau pathology earlier, homozygous P301S CD8 KOaisize
developed the sick CD11and CD11¢& MHCII* microglia sippopulations quickelRig. 3.8E-
F).
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Figure 38: CD8" T cells engage microglia in murine and human tauopathieg(A)
Representative images ajematchechomozygoud?301S WT and homozygous P302B8

KO brains depicting pTau (AT8i green) and DAPI (blue10 nm in depth). (B)
Quantification of pTau (AT8 load in brain and brainstem tissu¢€) Survival curve of
homozygoud?301S WT and homozygous P30@CB8 KO mice Survival was determined as
animals that were sacrificed at or abaa behavioral score of @) Quantification of tau in

the blood.(E) Concatenated UMAPS generated from hdgmensional flow cytometric
analysis of spinatordtissues. Cells were gated (see supplemental 1C for gating strategy) to
microglia before thereation of the UMAP. Three different microglia subsets were detécted
homeostatic microglia (blue), CDI1microglia (green), CD1TdVIHCII™ microglia (pink)i

with expression profiles explored in supplemental (f). Quantification of the number of
microglia subtypegrom spinal cord tissugB,D,F) Each symbol represents an widual
mouse(B) Dataaredisplayed as mean + SDwithPO 00 and **PO 0 .uing 2tailed

St ud ¢test @and represenindependent experiments with4lmice per experimental
group. Bar graph€D) represerg 522 mice per group over many experimental dates (blood
was collected from mice in many different experimental paradigms including IHC, flow
cytometry, and RNAseq). Bgraph(F) represent® independent experiments witk32mice
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per experimental groupepresentsdata were normalized to the average number of specific
microglia sultype per experimental dafD,F) Dataare displayed as mean = SD with(nst
significant)PO 0. BG, 0 * 0P, 0**0RQ 0 *001,PMn0d. 0*0*0*1* usi n
way ANOVA wi th Fisheros LSD test.

Single-cell RNAseq ofcells isolated from spinal cordslmdmozygous P3016D8 KO
versus agenatched and symptoamatched homozygous P301S WT mice expanded upon
these initial findings. Firsthe data revealedumerous cell types including two partitions of
microglia and a T lymphocyte/NK cell partitiofi§. 39A-B). Examining the exgssion of
the cytotoxiceffector moleculesshowed that granzymes A, B, and K were almost exclusively
expressed in the T cell/NK cells partition, suggesting that these cells possessed effector
functiors (Fig. 39C). Microglia partition 2 separated into dwseparate regions based on
experimental grougFig. 39B), so our bioinformaticiarcreatedclusters of the combined
microglia partition 2 and 11. This combined partition separated further into 5 distinct
sulxlusters that appeared similarly distributedoasrhomozygous P301&£D8 KO and
homozygous P301S WT micEi¢. 3.10A). Looking at quantity of cells demonstrated that the
homozygous P3016D8 KO mice had increased quantities of all but one cluster of microglia
(Fig. 310B). A subset of partition 2 clustd existed exclusively in the homozygous P301S
CD8 KO group.Comparing the homozygous P30CH®8 KO to agematched homozygous
P301S WTmicroglia revealedncreased expression of cell survival pathways in the CD8 KO
microglia, consistentvith thehypothesis that CD8T cells are targeting and killing microglia
in P301S WT micegFig. 3.11) Interestingly,further examination ofhe CD8 KO specific
microgliasubset led to aoveldiscovery these microglia possessed neurdrahscriptsand
expresse@ntiiral responseenes Fig. 312A). To confirm that this subset of microglia was
indeed microglia and not neurgnour bioinformatician created a UMAP comparing the
neuronalindmicroglia partitions. The neurons separated distinctly from all micragliagets
including the neurogontaining microglidrom the homozygous P301&D8 KO group €ig.
3.12B). A heatmap showing microglia genes also indicated that the CD8 KO only subcluster
expressedicroglialmarkersCsf1R Cx3CR1 TMEM119 andTrem2 whereas patrtition 8, the
neuronsexpressethe neuronal markérubala(Fig. 3.12C). These data suggdstat theCD8
KO only microglia contain parts of neuronisat they have acquireand are mounting an

immune response
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Figure 3.9: Single-cell RNAseqof P301S mice demonstrates that T cells / NK cells possess
effector function. (A)UMAP illustration of pooledisgle-cell RNAseq data fronspinal cords

of negative P301S WT (age: 8&ekg, homozygous P301S WT (age:\88ek9, homozygous
P301S CD8 KJage: 30weeky, and homozygous P30M8T (age: 33weeks. Partitions are
both numbered and labeled with cell typB) Comparative UMAP of negative P301S WT
(red), homozygous P301S WT (8&eksi cyan), and homozygous P301S WT (88eksi
blue).(C) Compaative UMAPS showing expression of Granzymes A, B, and K across all cell
types. Expressiolocalizesalmost exclusively to the T cell/NK cell partition.
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Figure 3.11: CD8 KO microglia show increased expression of ceflurvival pathways
compared to agematched wildtype P301S mice(A) lllustration of genes significantly
upregulated or downregulatédmozygous P301S wildtype mice versus homozygous P301S
CD8 KO mice.
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Figure 3.12 CD8 KO mouse specific novel microglia phenotype expresses neuronal and
antiviral responsagenes(A) Heatmap comparing nov€D8 KO microglia to other microglia
phenotypes indicates that t6®8 KO specific cluster upregulates bathtiviral and neuronal
genes elative to other microglia phenotypd®) UMAP of clusters based on partitions 8
(neurons) and 2 and 11 (microglia). This UMAP demonstrates that the novel microglia
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phenotype (red) clusters separately from the neuronal cluster (J@eHeatmap of comin
microglia and neuronal markers shown across neuronal partition 8 and the subclusters of
microglial partitions 2 and 11. Heatmap demonstrates thaCb KO specific microglia
cluster expresses microglial identity genes whereas partition 8, neurosssgEs a unique
neuronal signature.

3.3Discussion

Al t hough numer ous studi es hav essocigtegeint i f i
microglia phenotypes and the occurrence of peripheral immune cells in various
neurodegenerative diseases, few have interséosed immune phenomena. Herhighlight
immune phenotypes that increase in neurodegenerative diseases and showcase their
interactions with each other and pathologing the P301S mouse modéprimary tauopathy
Like other studies, | found distinct anoglia subsets and peripheral immune ¢€liB8" and
CD4" T lymphocyteselevatedn symptomatic tauopathy mickiterestingly, nvestigating the
unique pathways and signatures upreguldtgthgtauopathy showed that classical microglia
markers CX3CR1, CSF1R, CD68ren?, etc) were closely connected to regulators of antigen
presentation(B2M, PSME1, PSMB8and complemen{Clga, C3, C4a, Clgb, Cljc
Multiplex immunohistochemical staining of bo& murine model of tauopathy and patients
with injury- and environmentalijnduced tauopathies showed that Hia microglia were
indeed in contact with CD8T cellsin areas of high pTau patholagyartially depleting the
microglia compartment witta CSF-1R inhibitor or knocking out CD8T cells increased
mortality and enhanced pTau depositiGollectively, these datdemonstratéhe importance
of microglia and CD8T cells in primary tauopathgnd suggest thanhancemendf these
cells in both humans dmurine modks could represena potentiatherapeutic intervention.

While aberrant protein aggregation and degeneration have long been the hallmarks of
neurodegenerative diseases, the past thirty years have elucidated the importance of the immune
system(145). Reactive HLADR™ microgliawerefirstobser ved i n Al@b6hei mer
66). As tools developed, GWAS studies elucidatachune egulatory genes associated with
neurodegenerative diseagd®, 143, 144)More recently, sngle-cell RNA sequencig has
increased our understanding of reactive microgtantifying several different subsets of
disease and age associated microgli@l2, 28, 32, 47)Consistent with these studies, we
identified three different microglia subsefisomeostatic, CD1I¢ and CD11t MHCIIY) in
symptomatic P301S mice using high dimensional flow cytometry. The latter two more DAM
like microglia were foundalmost exclusivelyin symptomatic P301S mice and appea®d
correlate with pTau pathology, Il ndicating a
phenotype and pTau spreadifartially ablating the microglia compartment using the CSF
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1R inhibitor, PLX3397, in earbgtage symptomatic midacreasecpTau bad andmortality.
Reactivemicrogliahave been shown to be resistantdépletion by PLX3397and knocking
out specific machinery of activated microglia attenuates pTau path@8g¥46) While other
notable studiebave suggested that microglia propagate pTau pathology, a more nuanced view
of the roles of the different microglia subsets must be consi@é2@dOur data indicates that
microglia in late stages of the disedssp contailpp Tau pat hol ogy. As the
phenotype predominate at this time in the disease course and may be resistant to depletion, it
is possible that both hypotheses atorrect: homeostatic microglia may contain pTau
pathology, and thésickdmicrogliaphenotypesnay propagate it.

Lymphocytes increase in the bloadd CNS tissuef patientswith neurodegenerative
disease$l4, 67, 71, 88) foundthatCD8" and CD4 lymphocytes were increasedtire spins
of symptomatic P301S miagith a subset 0€ED8" T cellsestablishingesidency While the
specificity of these lymphodgsremains unknown and requires further investigation, these
observationalignwith the findingdrom a recent landmark stuttyat shovedclonal expansion
of CD8' T effector/ memory cells in the CSF of humans with Abaddition to an increase
of CD8" T cells in the parenchym@4). Interestigly, analysis ofmy bulk RNAseqgdata
indicated that symptomatic P301S mice had interacting pathways of microglia activation and
antigen presentation, promoting a potential relationship between the identified microglia
subsets and the CDJ cells.

Microglia can act asAPCsin viral models presenting viruspecific peptides (83).
Their ability to act a®\PCsin neurodegenerative diseases, however, remains understudied. To
present antigen to a lymphocyte, an APC must directly engage the cell. 8tudesPRPPS1
Al zhei mer 6s di sease mo &betweeanball'umictoglimandB8 di r e c t
T cdls(86, 147) | identified similar engagements in the P301S mouse model. 76% of the CD8
T cells in symptomatic P301S mice were in direct contact witlilloells, stggesting that the
microglia weredisplaying cognate peptides that tBB8" T cellswere recognizingHumans
with injury- and environmentalynducedtauopathiesChronic Traumatic Encephalopathy
(CTE) and Parkinsonisibementia Complex on Guam (PB&uam) respectively alsohad
Iba-1* CD8" T cell engagements in and around areas of high pTau density. While, to my
knowledge, no study has identified a pTau specific CD8&ell, work in PD elucidated that
there areJsyruclein specific CD8 T cells (71). My single-cell RNAseq data identified a
specific subset of microglia expressiagtiviral immune responsgenes. As a recent study

showed tht pTau aggregates contain RNsdit is possiblehat microglia aréaking upthis
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RNA-ladened pTauwhich triggers an antiviral response and eventual targetingDj T
cells(85).

CD8+ T cellspossess the ability to Kill their targef3epleting them usually results in
greater survival of infected cell€&enetic ablation of this cell type in P30dfke accelerated
the disease time course, increasing mortalitg divingan ear |l i er ri se of
phenotype Additionally, sngle-cell RNAseq elucidated thdiomozygous P301E€D8 KO
mice possessed greater quantitieglbfmicroglia populations compared to agmatched and
symptomsmatched groups, suggesting that the CD8cells play a role in reducing the
microglial compartment. These results are again camistith the idea that specific subsets
of activated microglia drive pathology. Interestingignetic deletion o€D8" T cells in the
P301S model was also associated with higher serum tau levels relativenataged (~30
weeks) homozygous P301S WT mioat not to behaviorally matched older (~34 weeks)
homozygous P301S WT mice. These dalignedwith observations in humans that have
shown grum tau levelselate to cognitive decline in A[148).

In conclusion, my study illustrates the importance of microglia and*CD8ell
interactionsn late stage tauopathida.humans with neurodegenerative diseases,"Gx@lls
are clonally expanded and are specific, in some cases, to aberrant-diseafie proteis. it
will be important in future studies to determine #gmtigen specificity of CD8T cellsin the
CNS during tauopathiesCD8" T cells represenhighly druggabletherapeut targets so

understandingheir roleduringneurodegeneration must remain a focusfiditional research
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Glia |Ilimtans superfignaarhotse oxo rdtait
death after repetitive head injury

**Disclaimer: The text and figures of this chapter have been adapted from the magliscliipitans
superficialis oxidation and breakdown promote cortical cell death after repetitive head%duitywas
the first author of this manuscript. | wrote the entire artioe designed and crafted all figures. My
supervisor Dr. Dorian McGavesdited the manuscript prior to submission sered as corresponding
author.**
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Chapter 4 Glia Limitans Superficialis Oxidation and Breakdown

Promote Cortical Cell Death after Repetitive Head I njury

4.1 Introduction

Traumatic brain injuries (TBI) represent a dire global health and economic problem,
impacting 69 million people worldwide and dogt ~$400 billion (USD) in associated medical
fees annually149, 150) Most of these injuries (~81%) are mild in nature and are not medically
treated. Recent studies, however, have linked repetitive mild TBI (mTBI) sustained in sports
and cerain occupations to lontgrm neurodegenerative and psychiatric dise6EE3116).

For example, in the United States 110 out of 111 professional football players who routinely
experienced head injuries over the course of ttesieers, and thought they suffered from a
degenerative disease, were found posettem to have suffered from a neurodegenerative
disease referred to as chronic traumatic encephalopathy (C3E)

Currently, no therapeutic has succeeded in improving outcome3PBbEi51) These
failures likely stem from our incomplete understanding of injury pathophysiology. Physical
barriers are crucial in proteat the brain from injury and disease, and TBI studies have
focused on understanding breakdown of specific barriers associated with meningeal and
parenchymal vasculatu(@20, 152) Maintenance of vascular integrity in the CNS is important
because its breakdown has been associated with disability following15B8) However,
vasculature is not the only relevant barrier surface to consider. The glia limitans superficialis
is a layer of surfacassociated astrocytes that reside beneath the pia mater and serves as a
barrierbetween cerebral spinal fluid space and CNS parenci)mia covers the entire brain
parenchyma, yet little is known about this important barrier surface in the context of TBI
despite the fact it is permeabilized following brain inj@si, 116) I, thereforg set out to
elucidate mechanisms of glia limitans superficialis breakdown after single and repetitive mTBI,
with the hope of discovering a druggable pathway to preserve barrier integrity and mitigate
adverse, poshjury outcomes.

4.2 Results
4.2.1Repeat in injury increases breakdown of the glia limitans superficialis

To understand breakdown and inflammation of the glia limitans superficialis after
repeat head injury,developed a 2&our reinjury model intended to reflect secondary injury
to a region d meninges and neocortex encountered 24 hours after a primary injury. Mice
receiving a mTBI as previously descri@@7)at 0 hours and again at 24 hours were evaluated
at 30 hours poshitial injury. Briefly, the injury was induced by thinning to the skull to
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approximately 30m thickness, then a blade was used to compress the thinned area, resulting
in a mTBI. These compssions were repeated 24 hours later if part of the reinjury group.
Reinjured mice were compared at the same time point to mice that only received a single mTBI
at 0 hoursl. initially examined the structural integrity of the glia limitans superficialis i
Aldh1¢eER* Stod TdTomato mice fed tamoxifen chow for three weeks to induce expression
of Aldhli a promoter active in nearly all adult astrocytE30) Two-photon imaging through

the thinned skull window of uninjured reporter mice revealed a layeomtiguoussurface
associated astrocytes comprising the glia limitans superficigig. @.1A). By contrast, a
single mTBI examined at 30 hours pagury caused notable disruptions in the structural
integrity of this barrier fig. 4.1A). The breach in integrity was even ra@rofound after a
second mTBI at 24 hour§ig. 4.1A). Reinjury led to death of surface associated astrocytes
evidenced by the absenceAltih1°*E**Stod" TdTomato signal in regioref the glia limitans
superficialis.

To quantify the functional integrity of the glia limitans superficialiapplied alow
molecular weight fluorescent dye (SR101) transcranially. When the glia limitans superficialis
is intact, SR101 localizes primarilp the meninge¢51). However, breach of this structure
results in passage of SR101 into the neocortex, which can be quantified iphdion
microscopy(51, 154) Using this assayl,determined that reinjury significantly increased glia
limitanssuperficialis permeability relative to a single injury, allowing passage of more SR101
into the underlying brain parenchymgid. 4.1B,C). This was associated with a marked
increase in neocortical cell death, as revealed by quantification of transcrapidlym iodide
staining Fig. 4.1D,E). Further examination of the lesion identified that the cell death appeared
relatively indiscriminate across several glial cell groups including myeloid cells, astrocytes,
oligodendrocytes, reducing these cells by -580 in the lesion compared to nonured
neocortex FFig. 4.2E,F,G,H,1,J). Neuronal density was also reduced modestig. (4.2C,D)
by about 25% in the lesion. Unsurprisingly, because no cortical haemorrhaging occurs in this
model, no difference was not@ad CD31 cell densityKig. 4.2K,L ).Collectively, these data
demonstrate that the glia limitans superficialis is further breached following a second mTBI,

which leads to enhanced permeability and parenchymal cell death.
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Figure 4.1 Reinjury promotes degradation of the glia limitans superficialis (A)
Representativey maximally projecte&d st acks (40 &em i n*astrecpash ) s h

(green) inAldh1¢eER*Stod/ TdTomatonaive, singlenjury, and reinjury mice. All injury

mice were sacrificed at 30 hours after initial mTBI. White dotted lines denote the vasculature.

| mages are representative of 4 indegpendent
Representativezmaximally projectedst acks (300 em in depth) of
applied transcranially through the skull (green). Glia limitans superficialis depicted-as red
dashed | ine. 6t Quiareificaiom of: SRIDD leakage. by mean fluorescent
intensity (MFI). (D) Representativey maximal projectorzst acks (100 em in d
propidium iodidelabeled (Pl abel ed) dead cel | sE)Quamgifitgtion Sc al e
of cell death by selecting only BIAPI* cells. Each symbol i€ andE depicts an indiidual

mouse. Bar graphs represent 2 independent pooled experimentsiwtiic8 per group per
experiment. Data were normalized to average single injury mouse per experimental day and
displayed as the mean fold change +t SDWRhO Oan®*sPO 0. @ 0ali |(e2d tSt ude n:
test).
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Figure 4.2 Reinjury promotes cell death of several distinct cell populations
(A,C,E,G,I ,K) Representativey maximal projectiore-stacks (2Qum in depth) of reinjured
lesions versus the uninjured contralateral hemispheres stained with DAPI, PI,Ibeefn,
APC, or CD31(A,C,E) DAPI (blue), PI (red), Neun (greemrAF488 secondary antibody), and
ibal (white- AF647 secondary) were stained amalsized togethefl) APC (yellow- AF488
secondary antibody) ar(&) iv CD31 (magenta AF647 directly conjugated antibody) were
also cestained with DAPI and PI to facilitate finding the center of the lesion but only APC and
CD31 were quantified(G) ALDH1 (red) stain depicts the endogenous fluorescence of the
Aldh1°eER* Stod TdTomato.Scale bar: 2@um (B) Quantification of cellularity by selecting
only propidium iodide (P} 4 Ngliafnidino2-phenylindole (DAPIy cells. (D,F,H,J)
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