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Abstract
A Multi-Omic Approach to Define Molecular Changes in Human Tauopathy
By Ashlyn Johnson

Tauopathies are a heterogeneous class of disorders united in their common pathology: the delete-
rious accumulation of tau protein. As a major underlying cause of dementia, tauopathies pose a
global health threat and research is urgently required to identify new therapeutic solutions. With
this dissertation, I aimed to define how tauopathy impacts the human brain on a molecular level.

I begin by describing the biology of tau and summarizing the characteristic pathology, genetics,
and clinical presentations of major tauopathies. I describe potential opportunities and challenges
for targeting tau therapeutically and summarize important transcriptomic and proteomic studies of
tauopathy, including prior work from our laboratory. I then use quantitative proteomics to identify
the impact of tauopathy on the human grey and white matter proteome. I find that much of the grey
and white matter proteome is shared, but they exhibit distinct expression profiles. Using a consen-
sus weighted gene correlation network analysis (WGCNA), I identify unique and shared disease-
associated changes in microglia and endothelia across grey and white matter. I then create a
WGCNA network out of white:grey protein ratios and find a disease associated increase in mito-
chondrial proteins in white matter and decrease in grey matter. Next, [ use a targeted transcriptomic
approach to profile glial transcripts in human Alzheimer’s disease (AD) and frontotemporal de-
mentia with tau pathology (FTD-tau). I find that glial related pathway scores including astrocytes,
microglia, and oligodendrocytes are increased in FTD-tau. Finally, I discuss the advantages of
systems biology approaches to defining molecular changes in human neurodegeneration and con-
clude that the results of this dissertation collectively demonstrated the importance of characterizing
grey/white matter and glial changes in tauopathy.
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CHAPTER 1: AN OVERVIEW OF TAUOPATHY



1.1 CONTEXT, AUTHOR’S CONTRIBUTION, AND ACKNOWLEDGMENT OF RE-
PRODUCTION

The following chapter reviews the characteristics of human tauopathy with an emphasis on
frontotemporal dementia, the biology of tau, and existing and prospective clinical therapies that
target tau. I also review known transcriptomic and proteomic changes in tauopathy which served
as motivating work for the studies outlined in this dissertation. This chapter includes text and fig-
ures from Gutierrez-Quiceno L, Dammer EB, Johnson AG, et al. (2021) A proteomic network
approach resolves state-specific molecular phenotypes in chronic traumatic encephalopathy. Mol.
Neurodegener. The dissertation author specifically contributed to the western blots, densitometric
analysis, immunostaining, and careful review and editing of the manuscript.
1.2 ABSTRACT

Tauopathies are a class of disorders characterized by abnormal accumulation of tau protein.
Here, we first review the biology of tau protein. We then summarize the defining pathology, clin-
ical symptoms, and current therapies of major tauopathies including Alzheimer’s disease, fronto-
temporal dementia, progressive supranuclear palsy, corticobasal degeneration, and chronic trau-
matic encephalopathy. We then highlight prospective therapies that target tau biology. Finally, we
discuss previous literature regarding transcriptomic and proteomic changes in human tauopathy
and highlight known proteomic and transcriptomic differences in grey and white matter.
1.3 PHYSIOLOGY AND PATHOPHYSIOLOGY OF TAU

In 1975, Murray Weingarten and Marc Kischner discovered a protein that was necessary
for the assembly of 6S tubulin into 36S rings and microtubules, which they named tau (Weingarten
et al., 1975). Ten years later, tau was identified as the main component of neurofibrillary tangles

in Alzheimer’s disease (AD) (Brion et al., 1985; Grundke-Igbal et al., 1986; Kosik et al., 1986;



Wood et al., 1986). In the decades since, research has centered on both the basic biology of tau
and its role in neurodegenerative processes.

The gene for human tau, microtubule associated protein tau (MAPT), is located on chro-
mosome 1721 (Neve et al., 1986). There are four main regions of the tau protein: the amino-
terminal region, the proline-rich region, the microtubule binding domain, and the carboxy-terminal
region (Brandt et al., 2020). The 6 isoforms differ by the presence of zero, one, or two amino-
terminal inserts and three or four repeats in the microtubule binding domain (Goedert et al., 1989).
Functionally, the amino-terminal region protrudes from the surface of the microtubule, interacting
with other proteins such as Annexin A2 and A6 and components of the plasma membrane
(Hirokawa et al., 1988; Brandt et al., 1995; Gauthier-Kemper et al., 2018; Hernandez et al., 2020).
The proline-rich domain is important for the association of tau with actin and is the most abun-
dantly phosphorylated region of tau (He et al., 2009; Wegmann et al., 2021). The microtubule
binding domain consisting of three or four 31-residue repeats, binds to microtubules, and is the
site of most pathogenic missense MAPT mutations (Kadavath et al., 2015; Strang et al., 2019). The
carboxy-terminal region inhibits tau polymer formation (Abraha et al., 2000).

The tau transcript is comprised of 16 exons which yield six major protein isoforms of tau
through alternative splicing of exon 10. Absence of exon 10 results in tau isoforms with three
microtubule binding domain repeats (3R tau) while the presence of exon 10 results in isoforms
with four repeats (4R tau). In development, 3R tau is most prominent. In the healthy adult brain,
3R and 4R tau are expressed at an approximately equal ratio which can be altered in neurodegen-
erative tauopathy (Boyarko and Hook, 2021). Expression of tau is most abundant in neurons, spe-
cifically axons, but is also expressed at lower levels in astrocytes and oligodendrocytes (Binder et

al., 1985; Forrest et al., 2023).



Tau is an intrinsically disordered protein (Jeganathan et al., 2008) yet aggregates into
paired helical filaments and neurofibrillary tangles in neurodegenerative disease states (Kidd,
1963; Wang and Mandelkow, 2016). One major factor that influences tau’s propensity to aggre-
gate is the presence of post-translational modifications (Alquezar et al., 2020). Modifications such
as phosphorylation, acetylation, and nitration all weaken the interaction of tau with microtubules
by making tau increasingly negatively charged, thus creating a pool of tau that is now more likely
to self-assemble due to its modifications (Alquezar et al., 2020). Further, these post-translational
modifications can either promote or inhibit tau aggregation depending on the site and type of mod-
ification (Wegmann et al., 2021).

How tau misfolds and propagates its altered conformation to other tau within the same cell
and across other cells in a prion-like manner is an active area of study (Frost et al., 2009). Several
mechanisms of tau release/secretion and uptake have been demonstrated (Brunello et al., 2020).
Tau may be released from cells through a variety of pathways including via ectosomes, exosomes,
and directly through the plasma membrane (Brunello et al., 2020; Merezhko et al., 2020). Methods
of tau uptake or internalization include clathrin-mediated endocytosis, macropinocytosis, and
membrane fusion (Zhao et al., 2021). Additionally, tunneling nanotubes provide a direct channel
of transport of tau from one cell to another (Zhang et al., 2021). Inhibiting tau uptake or clearing
extracellular tau could serve as a therapeutic strategy to mitigate propagation of tau aggregation.
1.4 SUBCLASSIFICATION OF HUMAN TAUOPATHIES

Tauopathies are a heterogeneous class of disorders united in their common pathology: the
deleterious accumulation of tau protein. The regional, cellular, and subcellular distributions of
pathological tau accumulations and the resulting clinical symptoms thereof are variable. In 2019,

the global cost of dementia (direct medical costs, direct social sector costs, informal care costs)



was estimated to be $1313.4 billion (Wimo et al., 2023). As a major underlying cause of dementia,
tauopathies pose a global health threat and research is urgently required to identify new therapeutic
solutions. Here, I will review examples of tauopathy, outlining their historical context, defining
pathology, genetic links, clinical presentation, and existing therapies.

1.4.1 Alzheimer’s Disease

In 1907, Alois Alzheimer and Oskar Fischer used Bielschowsky silver staining to describe
neuritic plaques (Fischer Priv.-Doz. Dr., 1907) and the co-occurrence of these plaques with neu-
rofibrillary tangles (Alzheimer, 1907) in human brain from patients with presenile (Alzheimer)
and senile (Fischer) dementia (Goedert, 2009). These pathological observations are now known as
the defining pathology of AD: extracellular plaques comprised of amyloid beta (Af) and intracel-
lular neurofibrillary tangles comprised of hyperphosphorylated tau.

AD is the most common cause of dementia, affecting an estimated 6.7 Americans over the
age of 65 as of 2023 (Rajan et al., 2021; Alzheimer’s Association, 2023). The prevalence of AD
is higher in women than men and in non-Hispanic Black and Hispanic older adults than their White
counterparts (Alzheimer’s Association, 2023).The majority of AD cases are late-onset (after the
age of 65) and sporadic, arising from an interaction between genetic risk factors and environmental
exposure. Only 5-10% of AD cases are early onset (before the age of 65) and only 10% of early
onset AD cases can be attributed to autosomal dominant mutations in genes such as amyloid pre-
cursor protein (APP), presenilin 1 (PSEN1) and presenilin 2 (PSEN2) (Wingo et al., 2012; Barber
et al., 2017; Reitz et al., 2020). Other genetic variants are associated with AD risk, though not
explicitly causal. For example, the strongest genetic risk factor for late onset AD is the €4 allele of
apolipoprotein E (APOE) (Strittmatter et al., 1993; Wightman et al., 2021). To date, genome wide

association studies (GWAS) have identified 101 independent AD-associated variants across 81



genome-wide significant loci (Andrews et al., 2023).

The amyloid cascade hypothesis has been a major focus in defining AD pathophysiology
and therapeutic strategies. Supported by discoveries that genetic mutations in APP, PSEN1 and
PSEN2 lead to overproduction and oligomerization of toxic AP42 and deposition of diffuse
plaques, the amyloid hypothesis posits that the deposition of A is a main contributor to AD and
that deposition of tau, neurodegeneration, and the other pathological characteristics of AD are
downstream consequences of this abnormal accumulation (Hardy and Higgins, 1992; Hardy,
2006). This deposition of amyloid initiates neuroinflammation and synaptic damage which ulti-
mately leads to a change in kinase and phosphatase activity which triggers tau pathology. These
processes then culminate in neuron dysfunction and death (Tcw and Goate, 2017). Recently, a
large-scale imaging study identified amyloid in 24% of the cognitively normal elderly group that
was sampled (Jansen et al., 2022), calling into question what factors outside of amyloid deposition
may trigger the transition from normal cognition to cognitive impairment in subjects with amyloid
pathology. Additional investigation of the asymptomatic phase of AD will shed light on other
processes that may contribute to the clinical phenotype of AD.

The most common form of AD, late-onset, typically presents as an amnestic disorder in
which a progressive decline in episodic memory is the key clinical feature. There are also impair-
ments in executive function, language, and visuospatial function along with neuropsychiatric
symptoms (Rabinovici, 2019). Early-onset amnestic AD is characterized by a diagnosis before age
65 and a more aggressive course of disease compared to its late-onset counterpart. Other atypical
variants include visuospatial variant (posterior cortical atrophy), language variant (logopenic var-
iant primary progressive aphasia), and behavioral/dysexecutive variants (Polsinelli and

Apostolova, 2022). Notably, the clinical presentations of these atypical variants of AD overlap



with the clinical presentations of frontotemporal dementia (discussed below), thus biomarker test-
ing and careful consideration of differential diagnoses is important for delineating between the two
(Chaudhry et al., 2020; Giebel et al., 2021).

Clinically, AD progression can be conceptualized as a continuum beginning with preclin-
ical AD in which there are no symptoms but biological changes in the brain (Jack et al., 2013).
Next, patients enter a period of mild cognitive impairment (MCI) in which they experience mild
symptoms with little interference in daily life. Then, patients experience a progression of dementia
from mild to moderate to severe in which symptoms progressively interfere with participating in
daily activities (Aisen et al., 2017; Alzheimer’s Association, 2023). AD progression can also be
characterized neuropathologically. There are several neuropathological staging schemes for AD
including Braak staging, Consortium to Establish a Registry for Alzheimer’s Disease (CERAD)
scoring, and Thal phases which characterize the progression and burden of tau (Braak) and amyloid
(CERAD and Thal) pathology. These schemes also provide conceptual framework for understand-
ing the progression of AD.

Braak and Braak established six neuropathological hierarchical stages as part of the diag-
nostic criteria for AD (Braak and Braak, 1991; Braak et al., 2006; Hyman et al., 2012; Montine et
al., 2012; Macedo et al., 2023). Importantly, Braak stages characterize the progression of neurofi-
brillary tau pathology in AD. Neurofibrillary tangles develop in the transentorhinal region (stage
I) and then extend into the entorhinal region (stage II), neocortex of the fusiform and lingual gyri
(stage III), and neocortical association areas (stage IV). Neocortical pathology then extends in the
direction of the frontal, superolateral, and occipital cortices, reaching the peristriate region (stage
V). Finally, pathology reaches the secondary and primary neocortical areas and the striate region

(stage VI). With each increase in Braak stage number, the density and severity of lesions present



in prior stages become more severe (Braak and Braak, 1991; Braak et al., 2006; Hyman et al.,
2012; Montine et al., 2012; Macedo et al., 2023).

CERAD scores quantify neuritic plaque density in the cortex. Scores range from 0 to 3
where 0 represents an absence of neuritic plaques and 3 represents more than 20 neuritic plaques
per square millimeter (Mirra et al., 1991; Doher et al., 2023). Thal phase scoring, similar to Braak
staging, evaluates the distribution of amyloid plaques. Beginning with an absence of amyloid
plaques (0), then deposition in the neocortex (1), allocortex (2), subcortical regions including stri-
atum (3), brainstem (4) and then finally cerebellum (5) (Thal et al., 2002; Doher et al., 2023).
Neuropathologists will use Braak, CERAD, and Thal scores together to evaluate the probability
that AD pathology is responsible for the clinical symptoms (Hyman et al., 2012; Montine et al.,
2012).

Though there is no cure for AD, there are several therapeutic options. The two main classes
of drugs used to reduce AD symptoms include cholinesterase inhibitors and N-methyl D-aspartate
(NMDA) receptor antagonists. Early loss of cholinergic neurons in the basal forebrain leading to
dysfunction in cholinergic neurotransmission is a classic feature of AD (Chen et al., 2022). Cho-
linesterase inhibitors prevent the breakdown of acetylcholine to address the deficit in cholinergic
neurotransmission (Marucci et al., 2021). Neuronal excitotoxicity is a component of AD patho-
genesis, thus NMDA receptor antagonists are used to prevent glutamate binding (Witt et al., 2004)
although the putative mechanism for this class remains unknown. Recently, two disease-modifying
therapies for AD were approved by the United States Food and Drug Administration (FDA): adu-
canumab (Budd Haeberlein et al., 2022) and lecanemab (van Dyck et al., 2023). Both are mono-
clonal antibodies that target A and were shown to affect the rate of cognitive decline, but there is

concern over the tradeoff between the relatively intense course of treatment, potential for side



effects and cost with the relatively small effect on the rate of cognitive decline (Cummings et al.,
2022; Reardon, 2023). In July 2023, a third amyloid monoclonal, donanemab, was submitted for
FDA approval due to strong phase three clinical trial results in which AD progression was slowed
by up to 60% in patients with MCI (Sims et al., 2023).

1.4.2 Frontotemporal Dementia

The first description of the disorder now known as frontotemporal dementia (FTD) was
provided by Arnold Pick in 1892 in which he described a patient with a progressive decline in
language abilities (Pick, 1892). Alois Alzheimer used silver staining to identify neuronal cytoplas-
mic inclusions which were later deemed Pick bodies (Alzheimer, 1911; Olney et al., 2017). Today,
FTD is a clinical diagnosis for the symptoms that arise from frontotemporal lobar degeneration
(FTLD) which is associated with a variety of protein pathologies. FTD is the second most common
cause of dementia in persons under the age of 65 after AD and affects over 50,000 people in the
United States alone (Knopman and Roberts, 2011).

There are three primary clinical variants of FTD: behavioral variant (bvFTD), semantic
variant primary progressive apahasia (svPPA), and nonfluent/agrammatic primary progressive
aphasia (nfvPPA) (Olney et al., 2017). Diagnostic criteria for bvFTD includes a progressive de-
cline in behavior or cognition and at least three of the following: behavioral disinhibition, apathy,
loss of sympathy or empathy, stereotyped or ritualistic behaviors, dietary changes, and deficits in
executive function but not episodic memory or visuospatial skills (Rascovsky et al., 2011). Diag-
nostic criteria for svPPA include impairments in confrontation naming and single-word compre-
hension and at least three of the following: decreased object knowledge, dyslexia or dysgraphia,
retention of repetition, and retention of speech production. Finally, diagnostic criteria for nfvPPA

include agrammatism and/or speech apraxia and at least two of the following: difficulty
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understanding complex sentences, spared understanding of single words and spared object
knowledge (Gorno-Tempini et al., 2011). The behavioral variant is the most common clinical
presentation, accounting for around half of the cases (Woollacott and Rohrer, 2016).

The neuropathology FTLD is heterogeneous. Abnormal deposition of tau and TAR DNA-
binding protein (TDP-43) are the two major neuropathologies of FTLD, each individually contrib-
uting to 45% of cases. An additional 5% of cases exhibit fused in sarcoma (FUS) pathology, while
the remaining 5% demonstrate accumulation of other proteins such as ubiquitin and p62 (Younes
and Miller, 2020). Atrophy of the frontal and anterior temporal lobes are gross pathological hall-
marks of FTLD and protein deposits can be localized to the cytoplasm and/or nucleus of neurons
and/or glia (Cairns et al., 2007; Snowden et al., 2007).

There is a significant genetic component to FTD, with nearly 30% of patients demonstrat-
ing a family history of disease (Rohrer et al., 2009; Wood et al., 2013; Greaves and Rohrer, 2019).
Autosomal dominant mutations in microtubule-associated protein tau (MAPT), progranulin
(GRN), and chromosome 9 open reading frame 72 (C90rf72) are the most common causes of ge-
netic FTD. MAPT mutations lead to tau pathology while mutations in GRN and C9orf72 lead to
TDP-43 pathology. There are less common autosomal dominant mutations in genes such as VCP,
CHMP2B, TARDBP, and FUS, as well as other genetic risk factors that also lead to FTD (Sirkis et
al., 2019; Sawyer et al., 2022).

For the purposes of this dissertation, there is a focus on frontotemporal dementia with tau
pathology (noted as FTD-tau or FTD-MAPT) in chapters 2 and 3. Progressive supranuclear palsy
(PSP) and corticobasal degeneration (CBD) are sometimes considered part of the FTLD tau spec-
trum, but in this dissertation will be considered as separate tauopathies and discussed in sections

below. Pick’s disease is a sporadic form of FTD-tau in which spherical inclusions of 3R tau form
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within neurons along with ramified astrocytes and oligodendroglial coiled inclusions. Most pa-
tients with Pick's disease present clinically with bvFTD (Irwin et al., 2016). Frontotemporal de-
mentia with parkinsonism linked to chromosome 17 (FTDP-17) is caused by mutations in MAPT.
3R tau, 4R tau, or a combination thereof accumulates in neuron and glia, resulting in deficits in
behavior, language, memory, and movement (Ghetti et al., 2015). MAPT mutations were first im-
plicated in FTDP-17 in 1998 (Hutton et al., 1998; Poorkaj et al., 1998; Spillantini et al., 1998).
Today, over 50 MAPT mutations have been identified (Strang et al., 2019).

There are no disease modifying therapies for FTD and current treatment strategies focus
on managing symptoms. Anti-depressants and anti-psychotics can be helpful in managing the be-
havioral symptoms of FTD. Physical and occupational therapies are also recommended to prevent
falls and aid daily activities while speech therapy is also recommended for FTD patients experi-
encing aphasia (Tsai and Boxer, 2014).

1.4.3 Progressive Supranuclear Palsy

PSP was first described in 1964 by John Steele, Clifford Richardson, and Jerzy Olszewski
where patients presented with downward gaze, postural instability, motor abnormalities, and de-
mentia. Post-mortem examination of their brains revealed neural loss and gliosis in many subcor-
tical and brainstem regions and neurofibrillary tangles with an absence of senile plaques (Steele et
al., 1964). PSP is characterized by deposits of hyperphosphorylated straight and tubular tau fila-
ments comprised of 4R tau in neurons and glia, including tufted astrocytes and oligodendroglial
coiled bodies. These depositions primarily impact the brainstem, subthalamic nucleus, and basal
ganglia (Kovacs et al., 2020). However, the regional deposition of tau varies and is reflective of
the varied clinical phenotypes of PSP. For example, behavioral and speech abnormalities are as-

sociated with more cortical tau pathology while motor symptoms are associated with less cortical
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tau pathology (Robinson et al., 2020).

Most PSP cases are sporadic with no family history of the disease. In rare instances, PSP
can be associated with mutations in MAPT. GWAS studies have identified several variants that
increase risk for PSP including the H1 and H1c haplotype of MAPT and single nucleotide poly-
morphisms (SNPs) in several genes including myelin-associated oligodendrocyte basic protein
(MOBP) and CXC motif chemokine receptor 4 (CXCR4) (Pittman, 2005; Yokoyama et al., 2017).
Current treatments of PSP only manage symptoms and do not modify the disease. Pharmacologic
therapies targeting motor symptoms and mood are common (Coughlin and Litvan, 2020).

1.4.4 Corticobasal Degeneration

First deemed corticodentatonigral degeneration, the disorder now known as CBD was first
described in 1967 by Jean Rebeiz, Edwin Kolodny, and Edward Richardson (Rebeiz et al., 1967).
In this initial publication, the authors described three patients with muscular and motor abnormal-
ities including apraxia but relatively intact cognition. Upon death, pathological examination re-
vealed atrophy in the frontal and parietal regions, enlarged ventricles, neuronal loss (especially in
the substantia nigra), astrogliosis, and swollen neuronal cell bodies (Rebeiz et al., 1967). Over
twenty years later, three patients presented with clinical symptoms similar to PSP and pathology
similar to Pick’s disease. Pathological findings included frontoparietal atrophy, neuronal loss and
gliosis in the cortex, basal ganglia, and other brain stem regions, and inclusions in the substantia
nigra similar to those in PSP and Pick’s disease. Given the distribution of neuronal loss and inclu-
sions in the cortex and the basal ganglia, the name of the disorder was simplified to corticobasal
degeneration (Gibb et al., 1989).

Like PSP, CBD is a 4R tauopathy. Staining reveals diffuse granular cytoplasmic tau as well

as spherical cytoplasmic bodies within neurons (ballooned neurons), oligodendroglial coiled
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bodies, and astrocytic plaques (Saranza et al., 2019). The astrocytic plaques are characteristic of
CBD and distinguish it from PSP (Dickson et al., 2002; Kovacs, 2015). Like PSP, most cases of
CBD are sporadic. Some mutations in MAPT have been associated with CBD including N296N
(Spillantini et al., 2000), G389R (Rossi et al., 2008), p.N410H (Kouri et al., 2014), and P301S
(Bugiani et al., 1999). CBD and PSP share some common genetic risk factors including H1 hap-
lotypes and SNPs around MOBP and CXCR4 (Houlden et al., 2001; Yokoyama et al., 2017). While
there are no disease-modifying treatments for CBD, current treatments target symptoms such as
levodopa for Parkinsonism, botulinum toxin for dystonia, and clonazepam for myoclonus
(Kompoliti et al., 1998; Cordivari et al., 2001; Constantinides et al., 2019).
1.4.5 Chronic Traumatic Encephalopathy

Our understanding of chronic traumatic encephalopathy (CTE) has evolved substantially
over the last century (Lindsley, 2017). In 1928, Harrison Martland theorized that up to fifty percent
of boxers (the less skilled ones) go on to develop a condition called “Punch Drunk” due to repeated
concussions from multiple blows to the head, leading to gliosis and degenerative processes. These
boxers developed symptoms including motor impairments, tremors, and personality changes
(Martland, 1928). Punch Drunk was renamed dementia pugilistica in 1937 (Millspaugh, 1937) and
finally defined as a medical diagnosis and termed chronic traumatic encephalopathy in 1957
(Critchley, 1957). Though initially described in boxers, CTE has been diagnosed in athletes and
military members who have suffered repetitive head injury. From 2005 to 2010, Bennet Omalu
reported the autopsy results of three National Football League (NFL) players whose pathological
findings were indicative of CTE including neuronal loss, diffuse amyloid plaques, and neurofibril-
lary tangles and threads throughout the cortex (Omalu et al., 2005, 2006, 2010). These reports

raised widespread concern over the long-term consequences of repetitive head injury for athletes,
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both amateur and professional. In 2017, post-mortem pathological investigation of a convenience
sample of over 200 American football players revealed that 87% of cases met the neuropatholog-
ical criteria for a CTE diagnosis (Mez et al., 2017).

The criteria for pathological CTE diagnosis include aggregates of phosphorylated tau in
neurons in cortical sulci near blood vessels in deeper cortical layers. Phosphorylated tau aggregates
may also be present in glia, particularly astrocytes (Bieniek et al., 2021). Similar to Braak staging
in AD, pathologists can categorize the severity of CTE pathology into four progressive patholog-
ical stages (McKee et al., 2013). Briefly, stage I (CTE 1) is characterized by perivascular phos-
phorylated tau, neurofibrillary, and astrocytic tangles at the depths of sulci with very sparse pa-
thology outside of these pathological focal points. Stage II (CTE II) is defined by spread of phos-
phorylated tau from pathological focal points to outer layers of nearby cortex. Stage III (CTE III)
exhibits more widespread phosphorylated tau pathology throughout the cortex, large concentra-
tions of neuronal and astrocytic tau pathology at the depths of sulci, and tau pathology in various
subcortical and brainstem regions. Stage IV (CTE IV) demonstrates widespread phosphorylated
tau throughout most of the cortex, marked astrocytic tau pathology, and neuronal loss in the cortex
and some subcortical regions.

The clinical presentation of CTE includes a variety of changes in cognition, behavior,
mood, and motor skills (Montenigro et al., 2015). Cognitive symptoms such as deficits in memory,
executive control, and attention progress slowly to dementia in over two-thirds of cases (McKee
et al., 2013; Montenigro et al., 2014). Behavioral changes can include increased violent behavior,
impulsivity, and delusions. Mood changes can include depression, anxiety, and suicidal ideation.
Motor changes can include ataxia, Parkinsonism, and tremors (Montenigro et al., 2015). While

diagnosis of CTE cannot be confirmed until autopsy, proposed criteria for clinical diagnosis
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include a history of multiple head impacts, exclusion of other neurological disorders that may
account for symptoms, persistence of symptoms of at least twelve months, at least one core clinical
feature and two supportive features of traumatic encephalopathy syndrome (Montenigro et al.,
2014).

The greatest risk factor for and precipitating event of CTE is repetitive brain injury. How-
ever, given the variation of pathology between individuals, there are likely other factors that con-
tribute to the risk for developing CTE and disease progression, including genetic variants. The
minor allele of TMEM106B was associated with decreased phosphorylated tau and neuroinflam-
mation and increased synaptic protein density (Cherry et al., 2018a). APOEe4 was associated with
CTE stage and phosphorylated tau burden (Atherton et al., 2022). Though there are no disease-
modifying treatments for CTE, prevention of TBI is an important measure for prevention of CTE.
Current pharmacological treatments for CTE are off-label and include memory impairment medi-
cations used for AD, stimulants, dopamine agonists, and antidepressant and anxiety medications
(Pierre et al., 2021).

1.5 PROSPECTIVE THERAPEUTIC STRATEGIES FOR TARGETING TAU

The lack of disease modifying therapies for most tauopathies presents a daunting challenge
for medical providers. Investigation into therapeutic strategies for targeting tau are needed to ad-
dress this gap in therapy. The principles of tau biology provide windows of opportunity for thera-
peutic strategies. For example, tau in disease can be overexpressed, post-translationally modified,
mutated, and/or aggregated, all of which are pathological mechanisms that can serve as therapeutic
targets (Congdon et al., 2023). The current landscape of tau-targeting therapies was thoroughly

reviewed by Congdon et al. (2023) and briefly summarized below:
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Tau anti-sense oligonucleotides (ASOs) are one method of targeting tau overexpression
(Scoles et al., 2019). Tau ASO MAPTRrx decreased phosphorylated tau and inflammatory markers
in the CSF in Phase I testing and is in Phase II clinical trials for patients with MCI or mild AD
(Mummery et al., 2023). Tau ASO NIO752 is in two Phase I clinical trials for patients with PSP
and MCI or early AD. Kinase inhibitors are one way to target hyperphosphorylation. Lithium
chloride is an inhibitor of glycogen synthase kinase 3f, a tau kinase (Fu et al., 2010). A Phase II
trial assessing the efficacy of lithium chloride for treating bvFTD was completed in 2022 but re-
sults have yet to be reported. Another very active line of therapeutic research is that of tau immu-
notherapy. E2814 is an antibody that binds to extracellular tau and is currently in Phase III testing
alongside anti-amyloid antibodies in patients with autosomal dominant early-onset AD (Roberts
et al., 2020). Several vaccines that target tau phosphorylation sites and tau fragments are also un-
dergoing clinical testing in patients with AD and FTD (Hickman et al., 2011; Kontsekova et al.,
2014; Novak et al., 2017).

While there is certainly promise for tau-targeting therapies, there are notable challenges.
There has been success in using monoclonal antibodies to target amyloid (Sims et al., 2023; van
Dyck et al., 2023), but several anti-tau therapies failed in clinical trials. Monoclonal antibodies
targeting the amino terminus of tau all failed to meet endpoints or demonstrate a slowing effect on
cognitive decline. Discouragingly, the amino-terminal targeting antibody Gosuranemab exacer-
bated cognitive decline in early AD patients (Imbimbo et al., 2023). Further research into the basic
science of tau and the specific molecular changes in tauopathy may provide further insight into the
best strategies for targeting tau for therapeutics.

1.6 MOLECULAR CHANGES IN TAUOPATHY

Advances in transcriptomic and proteomic approaches have led to the generation of many
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hypotheses and systems-level insights into the molecular underpinnings of tauopathy. There is an
abundance of transcriptomic and proteomic investigations of human AD, including studies of post-
mortem brain and biofluids, creating opportunities for meta-analyses (Rehiman et al., 2020; Wan
et al., 2020; Noori et al., 2021; Shokhirev and Johnson, 2022; Viejo et al., 2022). Work from the
Emory proteomics core has leveraged proteomic profiling of post-mortem human AD brain to
identify AD-associated changes in the matrisome (Dammer et al., 2022; Johnson et al., 2022), glial
energy metabolism (Johnson et al., 2020), proteostasis (Dammer et al., 2022), disease-associated-
microglia (Rangaraju et al., 2018), and other pathways (Rayaprolu et al., 2021). Importantly, these
works all leveraged systems biology, or integrative approaches including weighted gene correla-
tion network analysis (WGCNA) and enrichment analyses to generate pathway level insights.

Transcriptomic and proteomic studies of FTD-tau human brain are less common than those
of AD but have been used to identify dysregulated processes and pathways including calcium sig-
naling (Minaya et al., 2023), oxidative phosphorylation (Bridel et al., 2023), RNA processing,
oligodendrocyte and axons (Miedema et al., 2022), as well as increased abundance of astrocytic
and endothelial cell proteins (Bridel et al., 2023). Omic studies of human CTE brain are even less
common but they have identified changes in oligodendrocytes and astrocytes in CTE white matter
(Chancellor et al., 2021), a decrease in phosphatases (Seo et al., 2017), a decrease in axonal guid-
ance signaling proteins (Bi et al., 2019), and an increase in RNA processing proteins and oxidative
stress in astrocytes (Cherry et al., 2018b). Collectively, these high-throughput studies of molecular
changes in tauopathy demonstrate immense utility for hypothesis generation and systems-level
insights.

Previously, we used quantitative proteomics on samples from human dorsolateral prefron-

tal cortex and temporal cortex to examine proteomic changes in tauopathy, with a focus on the
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stages of CTE and FTD-tau (Gutierrez-Quiceno et al., 2021). Most FTD-tau samples were derived
from patients with mutations in MAPT. Three key findings were: 1) early enrichment of immuno-
globulins in CTE, particularly in CTE II, 2) FTD-tau samples demonstrated exaggerated proteomic
changes when compared to control and CTE, and 3) an enrichment of astrocytic proteins in FTD-
tau that exceeded that of other tauopathies.

The enrichment of astrocytic proteins in FTD-tau was demonstrated both computationally
and biochemically. WGCNA modules in which FTD-tau eigenprotein values were significantly
increased were also enriched with astrocytic proteins (Figure 1.1A, Figure 1.1B). The Digital Sort-
ing Algorithm (Zhong et al., 2013), a cellular deconvolution method, demonstrated a significant
increase in the relative abundance of astrocytes in FTD-tau that was higher than controls, all stages
of CTE, and asymptomatic AD and AD cases from an external dataset (Johnson et al., 2018) (Fig-
ure 1.1.C).

To validate these findings, we performed protein blotting for astrocytic proteins glial fi-
brillary acidic protein (GFAP) (Figure 1.2A), hepatic and glial cell adhesion molecule
(HEPACAM) (Figure 1.2B), and megalencephalic leukoencephalopathy with subcortical cysts 1
(MLC1) (Figure 1.2C). All of which were significantly enriched in FTD-tau relative to control.
HEPCAM and MLCI1 were enriched in FTD-tau relative to AD and CTE IV. Positive im-
munostaining for GFAP was noted in all groups (control, AD, FTD-MAPT, and CTE 1V) (Figure
1.2.D). However, in FTD-MAPT tissues, astrocytes stained with GFAP were predominantly sur-
rounding vasculature which was distinct from the other tauopathies examined. Likewise, positive
staining for MLC1 was concentrated near perivascular astrocytes and was much darker in FTD-
MAPT than AD and CTE IV. Limitations of this study included the lack of broad proteomic cov-

erage of multiple tauopathies, including AD, and more importantly, that the samples were greatly
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biased toward grey matter highlighting the need for studies that investigate both grey and white
matter as in Chapter 2 of this dissertation. The marked enrichment of astrocytic proteins in FTD-
tau, especially over that of other tauopathies, was a major motivation for Chapter 3 of this disser-
tation.

1.7 A NEED FOR INCLUDING WHITE MATTER IN STUDIES OF TAUOPATHIES

The transcriptomic and proteomic studies reviewed previously were performed with pri-
marily grey matter samples. The brain is comprised of both grey and white matter which exhibit
distinct cellular and subcellular compositions. Grey matter is enriched with neuronal cell bodies
while white matter is enriched with axons (Fields, 2010). Tauopathies exhibit grey and white mat-
ter tau pathology in a disease-specific manner (Vega et al., 2021; Coughlin et al., 2022). Yet, grey
and white matter are most often studied in isolation.

There are few omics-based studies that directly compare grey and white matter in non-
pathological contexts. Proteomic comparison of grey and white matter samples from 8 subjects
free from pathology demonstrated a largely shared proteome in grey and white matter samples.
Differential expression and pathway analysis identified an upregulation of proteins associated with
cell signaling, biomolecule and energy metabolism, and protein trafficking in grey matter and an
upregulation of proteins associated with cellular development and post-translational modifications
in white matter (Alexander-Kaufman et al., 2007). Transcriptional comparison of grey and white
matter superior frontal gyrus from three subjects free from pathology and neurodegeneration
demonstrated distinct expression profiles. Synaptic genes were upregulated in grey matter while
axonal genes and long intergenic non-coding RNAs were upregulated in white matter (Mills et al.,
2013). Notably, these studies had small samples sizes and were limited by the technology that was

available at the time.
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Many disease-oriented studies that include both grey and white matter are focused on mul-
tiple sclerosis (MS). Such transcriptomic studies of MS have identified disease-associated changes
in CD56 bright natural killer cells and downregulation of white matter specific genes in both grey
and white matter lesions and tissue-specific changes in mast cells and grey matter-specific genes
(Satoh and Kino, 2015; Chai et al., 2022). Transcriptomic profiling of microglia isolated from
control and MS grey and white matter demonstrated tissue and disease-specific expression: in-
creased interferon genes in grey matter and NF-xB genes in white matter; increased lipid metabo-
lism genes in white matter MS and increased glycolysis and iron homeostasis genes in grey matter
MS (van der Poel et al., 2019). Proteomic studies of grey and white matter MS samples are less
common but have identified diverging patterns of mitochondrial protein expression between grey
and white matter, across MS disease progression (Rai et al., 2021). Collectively, these studies
demonstrate the value of including both grey and white matter in transcriptomic and proteomic
studies of neurological disease. This value and the paucity white matter proteomic studies of hu-
man tauopathy were major motivations for Chapter 3 of this dissertation.

1.8 OVERVIEW OF THE DISSERTATION

With this dissertation, I aimed to define how tauopathy impacts the human brain on a mo-
lecular level.

In Chapter 2, I use a multi-network proteomic approach to identify and compare grey and
white matter DLPFC proteomic changes in human tauopathy. With an expanded sample of human
tauopathies (AD, FTD-Tau, PSP, CBD, and CTE I-1V), I identified tissue-specific and disease-
specific proteomic changes in microglial, endothelial, and mitochondrial processes. The dataset
generated in this study will be an asset to others, and future investigations motivated by my find-

ings could reveal new biomarker and therapeutic opportunities.
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In Chapter 3 I use a targeted approach to measure transcripts related to glial biology in
human control, AD, and FTD-tau DLPFC. My goal was to understand how glia in FTD-tau may
differ from those in AD and control. I identified an increase in glial-related pathway scores and
decrease in neuron-related pathway scores in FTD-tau samples. AD samples had intermediate
pathway scores compared to control and FTD-tau, suggesting that FTD-tau may represent a more
extreme form of tauopathy with increased contributions from glial processes. Comparison of this
transcriptomic dataset with a previously published proteomic dataset (Gutierrez-Quiceno et al.,
2021) revealed findings not identified in the prior dataset and demonstrated the utility of multi-
omic approaches to understanding tauopathy.

Finally, in Chapter 4, I summarize the findings of my dissertation, evaluate limitations, and
make recommendations for future studies. Specifically, I speculate on the utility of the ratio net-
work approach for other scientific questions, suggest methods that are more suited for evaluating
cell-type specific contributions to tauopathy, and reflect on the translational potential of this work

as an extension of systems biology approaches.
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Figure 1.1 Quantitative proteomics and WGCNA demonstrate an enrichment of astrocytic
proteins in FTD-Tau samples. (A) Enrichment of cell type specific proteins within WGNCA
modules, determined by Fisher’s Exact Test and Benjamini-Hochberg False Discovery Rate (FDR)
p-value adjustment. (B) Boxplots of eigenprotein values for astrocyte-enriched modules. (C) Rel-
ative abundance of cell-type specific proteins as determined by DSA. Left panel is from dataset
generated in (Gutierrez-Quiceno et al., 2021) and the right panel is from the dataset generated in

(Johnson et al., 2018).
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Figure 1.2 Western blotting and IHC for astrocytic proteins demonstrates enrichment of astro-
cytes in FTD-Tau tissues. (A-C) Protein blots and densitometry for three astrocytic proteins. *
designates p-value < .05. GFAP: FTD-MAPT was significant compared to control and CTE IV.

HEPACAM and MLC1: FTD-MAPT was significant compared to control, AD, and CTE IV.
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CHAPTER 2: CONSENSUS AND RATIO PROTEOMIC NETWORKS OF GREY AND
WHITE MATTER REVEAL TISSUE-SPECIFIC CHANGES IN HUMAN TAUOPATHY
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2.1 CONTEXT, AUTHOR’S CONTRIBUTION, AND ACKNOWLEDGMENT OF RE-
PRODUCTION

This chapter describes a proteomic comparison of grey and white matter in control and
tauopathy. The dissertation author contributed to design and execution of bioinformatic analyses,
interpretation of results, and writing the manuscript under the guidance of Dr. Chad Hales. Dr.
Eric Dammer provided guidance and support in bioinformatic analysis. Dr. Chad Hales and James
Webster generated samples for proteomic analysis and Duc Duong and Dr. Nicholas Seyfried fa-
cilitated sample processing and proteomic measurements.
2.2 ABSTRACT
Objective
To identify the impact of tauopathy on the human grey and white matter proteome.
Method
We applied tandem mass tagged labeling and mass spectrometry, consensus, and ratio weighted
gene correlation network analysis (WGCNA) to grey and white matter sampled from post-mortem
human dorsolateral prefrontal cortex. The sampled tissues included control as well as Alzheimer’s
disease, corticobasal degeneration, progressive supranuclear palsy, frontotemporal degeneration
with tau pathology, and chronic traumatic encephalopathy.
Results
Only eight proteins were unique to grey matter while six were unique to white matter. Comparison
of the grey and white matter proteome revealed an enrichment of microglial proteins in the white
matter. Consensus WGCNA sorted over 6700 protein isoforms into 46 consensus modules across
the grey and white matter proteomic networks. Consensus network modules demonstrated unique

and shared disease-associated microglial and endothelial protein changes. Ratio WGCNA sorted
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over 6500 protein ratios (white:grey) into 33 modules. Modules associated with mitochondrial
proteins and processes demonstrated higher white:grey ratios in diseased tissues relative to control,
driven by mitochondrial protein downregulation in grey and upregulation in white.
Interpretation
The dataset is an important resource for understanding proteomic changes in human tauopathy
grey and white matter. The identification of unique and shared disease-associated changes across
grey and white matter emphasizes the utility of examining both tissue types. These results indicate
that microglia, endothelial, and mitochondrial changes in white matter warrant future study to de-
fine their contributions to tauopathy.
2.3 INTRODUCTION

Tauopathies are neurodegenerative diseases characterized by abnormal accumulation and hy-
perphosphorylation of tau. As a major underlying cause of dementia, tauopathies like Alzheimer’s
disease (AD), frontotemporal degeneration (FTD-tau), corticobasal degeneration (CBD), progres-
sive supranuclear palsy (PSP), and chronic traumatic encephalopathy (CTE), represent a global
public health concern. Tau accumulation can vary by cell type and region, and symptoms can
include changes in memory, personality, executive function, language, and motor skills (Musa et
al., 2020; Chung et al., 2021; Zhang et al., 2022). Given this heterogeneity, studies that include
multiple tauopathies may provide clarity on the variable nature of tauopathy.

Advances in proteomic profiling and bioinformatics have deepened our understanding of how
the brain changes in neurodegenerative disease. Mitochondrial dysfunction (Johnson et al., 2020;
Swarup et al., 2020), glial reactivity (Johnson et al., 2020; Miedema et al., 2022), the spliceosome
(Hales et al., 2016; Bishof et al., 2018), and the matrisome (Dammer et al., 2022) are just a few of

the processes and pathways that proteomic studies have further implicated in neurodegenerative
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disease. These studies have primarily used tissue from grey matter (GM), the area of the brain
concentrated with neuronal cell bodies. However, tau-mediated neurodegeneration also impacts
white matter (WM), the area of the brain in which axons are concentrated. White matter degener-
ation is associated with tau deposition in AD and tau accumulates in WM in a disease-specific
manner. Thus, proteomic studies that include WM may provide a more complete understanding of
how tauopathy impacts the brain.

With this work, we aimed to identify and compare how the GM and WM proteomes change in
tauopathy. We dissected GM and WM from human dorsolateral prefrontal cortex (DLPFC) and
employed tandem mass tagged (TMT) labelling and mass spectrometry. Using differential expres-
sion, clustering, cellular deconvolution, and weighted gene correlation network analyses
(WGCNA), we defined GM and WM tissue-specific, disease-associated proteomic changes in hu-
man tauopathy.

2.4 MATERIALS AND METHODS
2.4.1 Collection of human postmortem brain

Human brain tissues were obtained and processed as previously described(Gutierrez-
Quiceno et al., 2021). Briefly, tissues were obtained from the Emory Goizueta Alzheimer’s Dis-
ease Research Center Neuropathology Brain Bank in Atlanta, Georgia and from the Veteran’s
Affairs-Boston University Concussion Legacy Foundation Brain Bank in Boston Massachusetts.
Samples of fresh frozen dorsolateral prefrontal cortex (DLPFC) were used for the present study.
Specimens were selected for this study based on demographics and neuropathological diagnosis
(Tables 2.1, 2.2). FTD-tau samples were comprised of seven cases with a familial mutation in the

tau gene and two sporadic cases with Pick’s pathology.
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2.4.2 Preparation of brain homogenates

Approximately 100 mg of GM and WM were dissected with a razor blade from fresh frozen
DLPFC. Clean razor blades were used for each sample to avoid cross contamination. Each ~100
mg tissue piece was individually homogenized in 500 uL of urea lysis buffer (§M urea, 100 mM
NaHPO4, pH 8.5), including 5 uL (100x stock) HALT protease and phosphatase inhibitor cocktail
(Pierce). All homogenization was performed using a Bullet Blender (Next Advance) according to
manufacturer protocols. Briefly, each tissue piece was added to Urea lysis buffer in a 1.5 mL Rino
tube (Next Advance) harboring 750 mg stainless steel beads (0.9-2 mm in diameter) and blended
twice for 5 minute intervals in the cold room (4°C). Protein supernatants were transferred to 1.5
mL Eppendorf tubes and sonicated (Sonic Dismembrator, Fisher Scientific) 3 times for 5 s with
15 s intervals of rest at 30% amplitude to disrupt nucleic acids and subsequently vortexed. Protein
concentration was determined by the bicinchoninic acid (BCA) method, and samples were frozen
in aliquots at —80°C. Protein homogenates (100 ug) were diluted with 50 mM NH4HCO3 to a
final concentration of less than 2M urea and then treated with 1 mM dithiothreitol (DTT) at 25°C
for 30 minutes, followed by 5 mM iodoacetimide (IAA) at 25°C for 30 minutes in the dark. Protein
was digested with 1:100 (w/w) lysyl endopeptidase (Wako) at 25°C for 2 hours and further di-
gested overnight with 1:50 (w/w) trypsin (Promega) at 25°C. Resulting peptides were desalted
with a Sep-Pak C18 column (Waters) and dried under vacuum.
2.4.3 Tandem Mass Tag (TMT) Labeling

All samples were labeled using the TMT 11-plex kit (ThermoFisher 90406) according to
manufacturer’s protocol. Each sample (containing 100 pg of peptides) was re-suspended in
100 mM TEAB buffer (100 uL). The TMT labeling reagents were equilibrated to room tempera-

ture, and anhydrous ACN (256 puL) was added to each reagent channel. Each channel was gently
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vortexed for 5 min, and then 41 puL from each TMT channel was transferred to the peptide solutions
and allowed to incubate for 1 h at room temperature. The reaction was quenched with 5% (vol/vol)
hydroxylamine (8 ul) (Pierce). All channels for each batch were then combined and dried by
SpeedVac (LabConco) to approximately 150 pL and diluted with 1 mL of 0.1% (vol/vol) TFA,
then acidified to a final concentration of 1% (vol/vol) FA and 0.1% (vol/vol) TFA. Peptides were
desalted with a 200 mg C18 Sep-Pak column (Waters). Each Sep-Pak column was activated with
3 mL of methanol, washed with 3 mL of 50% (vol/vol) ACN, and equilibrated with 2x3 mL of
0.1% TFA. The samples were then loaded and each column was washed with 2x3 mL 0.1%
(vol/vol) TFA, followed by 2 mL of 1% (vol/vol) FA. Elution was performed with 2 volumes of
1.5 mL 50% (vol/vol) ACN. The eluates were then dried to completeness.
2.4.4 High pH Fractionation

Dried samples were re-suspended in high pH loading buffer (0.07% vol/vol NH4OH,
0.045% vol/vol FA, 2% vol/vol ACN) and loaded onto an Agilent ZORBAX 300 Extend-C18
column (2.Imm x 150 mm with 3.5 um beads). An Agilent 1100 HPLC system was used to carry
out the fractionation. Solvent A consisted of 0.0175% (vol/vol) NH40OH, 0.01125% (vol/vol) FA,
and 2% (vol/vol) ACN; solvent B consisted of 0.0175% (vol/vol) NH40OH, 0.01125% (vol/vol)
FA, and 90% (vol/vol) ACN. The sample elution was performed over a 58.6 min gradient with a
flow rate of 0.4 mL/min. The gradient consisted of 100% solvent A for 2 min, then 0% to 12%
solvent B over 6 min, then 12% to 40 % over 28 min, then 40% to 44% over 4 min, then 44% to
60% over 5 min, and then held constant at 60% solvent B for 13.6 min. A total of 96 individual
equal volume fractions were collected across the gradient and subsequently pooled by concatena-

tion into 24 fractions and dried to completeness using a vacuum centrifugation.
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2.4.5 Liquid Chromatography Tandem Mass Spectrometry

Each of the 24 high-pH peptide fractions was resuspended in loading buffer (0.1% FA,
0.03% TFA, 1% ACN). Peptide eluents were separated on a self-packed C18 (1.9 pm Dr. Maisch,
Germany) fused silica column (50 cm x 75uM internal diameter (ID), New Objective, Woburn,
MA) by a Dionex Ultimate U3000 RSLCnano (Thermo Scientific) and monitored on an Orbitrap
Fusion mass spectrometer (Thermo Scientific). Elution was performed over gradients of 100 and
120 minutes at a rate of 300 nL/min and 250 nL/min with buffer B ranging from 7% to 40% (buffer
A: 0.1% FA in water, buffer B: 0.1 % FA in 80% ACN). Mass spectrometry was performed in
positive ion mode using data-dependent acquisition with 3 second top speed cycles. Each cycle
consisted of one full MS scan followed by as many MS/MS events that could fit within the given
3 second cycle time limit. MS scans were collected at a resolution of 120,000 (400-1600 m/z
range, 4x10"5 AGC, 50 ms maximum ion injection time, FAIMS CV of -45 and -65). Only pre-
cursors with charge states between 2+ and 5+ were selected for MS/MS. All higher energy colli-
sion-induced dissociation (HCD) MS/MS spectra were acquired at a resolution of 60,000 (1.6 m/z
isolation width, 35% collision energy, 5x10"4 AGC target, 50 ms maximum ion time). Dynamic
exclusion was set to exclude previously sequenced peaks for 20 seconds within a 10-ppm isolation
window.
2.4.6 Proteomic Data Analysis

All raw files were searched using Thermo's Proteome Discoverer suite (version 2.3.0.522)
with Sequest HT. The spectra were searched against a human uniprot database downloaded April
2015 (90293 target sequences). Search parameters included 20ppm precursor mass window, 0.05
Da product mass window, dynamic modifications methione (+15.995 Da), deamidated asparagine

and glutamine (+0.984 Da), phosphorylated serine, threonine and tyrosine (+79.966 Da), and static
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modifications for carbamidomethyl cysteines(+57.021 Da) and N-terminal and Lysine-tagged
TMT (+229.26340 Da). Percolator was used filter PSMs to 0.1%. Peptides were grouped using
strict parsimony and only razor and unique peptides were used for protein level quantitation. Re-
porter ions were quantified from MS2 scans using an integration tolerance of 20 ppm with the
most confident centroid setting. Only unique and razor (i.e., parsimonious) peptides were consid-
ered for quantification.MS/MS spectra were identified using the UniprotKB Human proteome da-
tabase. Peptides were assembled into proteins to determine abundances based on extracted ion
intensities and gene symbol redundancy was managed as previously described (Gutierrez-Quiceno
et al., 2021). Data was normalized using global internal standard (GIS) samples.

The Tunable Approach for Median Polish of Ratio (TAMPOR) (Dammer et al., 2023)
method was applied to remove variability due to batch and remove proteins with greater than 50%
missingness. Next, the data from GM and WM samples were split into two matrices. WGCNA
network connectivity outliers were eliminated (|Z.k| >3 SD from mean). If a sample was removed
from the GM matrix, then it was also removed from the WM matrix, and vice-versa. Nonparamet-
ric bootstrap regression removed any residual covariance due to TMT batch according to a linear
mixed model that also included (protected) diagnosis/CTE stage. The variancePartition package
in R (Hoffman and Schadt, 2016) was used to visualize the decrease in covariance due to TMT
batch after TAMPOR and bootstrap regression (Supplemental Figure 2.1). Due to the low covari-
ance attributed to age, sex, and post-mortem interval (PMI) and the prevalence of young, male,
samples with longer PMIs in the CTE samples, we elected to not regress for these factors (Supple-
mental Figure 2.1). The GM and WM matrices were joined and proteins with more than 50%

missingness were removed. The resulting data matrix was the basis for downstream analyses.
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WGCNA analyses were used to identify clusters or modules of proteins with highly corre-
lated expression patterns. To prepare the data for consensus WGCNA (cWGCNA) analysis, the
data were again split into two separate matrices (GM and WM) and proteins absent in both matrices
were removed. The power at which approximate scale free topology was determined at the elbow
of the curve of power vs R-squared approaching an asymptote, ideally with R?~ 0.8 and with over-
all connectivity reduced to around 100; this power was 9.0. We then used the blockwiseConsen-
susModules function with the following parameters: deepsplit = 4, minModuleSize = 20,
mergeCutHeight = 0.07, TOMDenom = “mean, corType = “bicor”, network Type = “signed”, pam-
Stage = TRUE, pamRespectsDendro = TRUE, and reassignThresh = 0.05.

In parallel, ratios of WM to GM protein abundances were calculated as input fora WGCNA
analysis. Similar to the data preparation for the c(WGCNA analysis, batch corrected and regressed
data were split into individual GM and WM matrices. For each pair of samples (one GM and one
WM sample per subject), the GM abundance was subtracted from the WM abundance to create a
WM:GM ratio. The power at which approximate scale free topology was determined at the elbow
of the curve of power vs R-squared approaching an asymptote, ideally with R?~0.8 and with over-
all connectivity reduced to around 100; this power was 8.5. We then used the blockwiseModules
function with the same parameters as was used for cWGCNA analysis. Additional cleanup was
used to ensure that resulting network modules members had an intramodule kME values of at least
0.28.

Cell subtype analysis with brain cell type proteome and transcriptome as the reference
(Dammer, 2023), was used to identify cell type markers in the WGCNA modules (both consensus
and ratio). This analysis was also modified to identify WGCNA modules enriched with mitochon-

drial markers generated from Human MitoCarta3.0(Rath et al., 2021) and tissue-specific
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microglial markers(van der Poel et al., 2019). Gene ontology (GO) pathway analyses were per-
formed using the GOparallel function (Dammer, 2022a). Briefly, hypergeometric overlap with
Fisher Exact Test for enrichment were used to assess enrichment of WGCNA modules or lists of
differentially abundant proteins with GO terms. GO terms were derived from lists maintained by
the Bader Lab at the University of Toronto. The database was accessed on March 1%, 2023, and
those GO terms were used for all GO analyses in this work. Redundant GO terms were pruned
using the ontologyIndex package (Greene et al., 2017).

Differential abundance was calculated with two approaches. 1) To compare GM and WM
protein abundance within each disease group: The GM abundance was subtracted from the WM
abundance for each pair of samples (one GM and one WM sample per subject) to calculate the
mean of the differences, with paired T-tests and Benjamini-Hochberg FDR adjustment of p-values
for multiple tests to determine statistical significance. For each protein, a sample pair was removed
from the paired analysis if one of the samples was missing data. If there were not more than two
pairs of samples, then that protein was also removed from the analysis. 2) To compare protein
abundances between disease groups to control within GM or WM: Average control protein abun-
dance was subtracted from average disease protein abundance, with one-way ANOVA plus
Tukey’s honestly significant difference (Tukey HSD) to determine statistical significance, using
the parANOVA function (Dammer, 2022b).

K-Means analysis was performed on both the samples and the proteins. For clustering of
samples, we specified the number of clusters as 2 based on a priori knowledge that the samples
were derived from GM and WM. For clustering of the proteins, we reduced the dataset to proteins
with no missing data (n = 4700) and used the within cluster sums of squares method within the

fviz_nbclust function in the factoextra R package(Kassambra and Mundt, 2020) to determine to
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optimal number of clusters as 4. We used a random seed of 1969 and set centers equal to 4 and
nstart equal to 25 in the kmeans function in the stats R package(R Core Team, 2023).

Cell type deconvolution was performed using the EnsDeconv R package (Cai et al., 2022).
TAMPOR and batch-regressed non-log2 transformed data were the input. The parameters for de-
convolution were set with the get params function: data_type = “singlecell-rna”, data name =
names(testdata$ref list), n_markers = 50, Marker.Method = ¢("t", "wilcox", "combined", "none",
"regression"), TNormalization = "none", CNormalization = "none", and dmeths =
c("DCQ","CIBERSORT","ICeDT","FARDEEP","EPIC","hspe").

The shiny R package was used to create an interactive app for exploration of this dataset.
The app can be accessed at ashlyngjohnson.github.io/greywhiteproteome. Scripts used for data
analysis can be found at https://github.com/ashlyngjohnson/grey white tauopathy.

2.5 RESULTS
2.5.1 Cell-type specific proteins are differentially expressed in GM and WM DLPFC prote-
omes.

Our prior work leveraged TMT labeling and LC-MS/MS to compare the proteomes of con-
trol and tauopathy DLPFC and temporal lobe cortex (Gutierrez-Quiceno et al., 2021). However,
these and other proteomic studies of neurodegeneration have been biased toward GM, though WM
changes are known components of disease pathogenesis (Holleran et al., 2017; Chancellor et al.,
2021; Vega et al., 2021; Coughlin et al., 2022; Alosco et al., 2023). Thus, we aimed to identify
and compare GM and WM proteomic alterations in human tauopathy to more fully understand tau-
mediated neurodegeneration. We hypothesized that WM would share many changes with GM,
while also demonstrating unique disease-associated changes. We dissected GM and WM from

human control (n = 12), AD (n=12), CBD (n=4), PSP (n=5), FTD-tau (n=9), CTE [ (n=5),
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CTEI (n=5), CTEII (n=15), CTE IV (n = 6) DLPFC. From a total of 126 samples (2 samples
— GM and WM - per subject) across 14 TMT batches, LC-MS/MS identified over 9,000 high
confidence unique protein isoforms.

We found that 89.3% of the proteome or 8,542 proteins were detected in at least one sample
of both GM and WM (Figure 2.1A). 615 proteins were measured in at least one GM sample and
zero samples of WM (Figure 2.1A). 412 proteins were measured in at least one WM sample and
zero GM samples (Figure 2.1A). Interestingly, just 8 proteins (ARC, NSG2, CSMD2, LRFN2,
LRRTM1, PCDH7, CDH9, KHDRBS2) were measured in all 63 GM samples and zero WM sam-
ples. Only 6 proteins (TMC7, SRCIN1, HHIP, GNGS, SLC27A6, GJB1) were measured in all 63
WM samples and zero GM samples (Figure 2.1B), all of which are enriched in oligodendroglial
cell types at the transcript level (Zhang et al., 2014a, 2016).

After pre-processing to remove sample outliers and proteins with high missingness across
samples, 122 samples (from 61 subjects) and 6,728 unique protein isoforms were selected for
downstream analysis. We used a paired differential expression analysis to compare GM and WM.
Proteins with an FDR p-value < 0.05 and a mean difference with an absolute value greater than or
equal to 1 were differentially expressed. 462 proteins were upregulated in control GM while 278
were upregulated in control WM (Figure 2.1C). As expected, cell type analysis demonstrated en-
richment of neuronal proteins in upregulated GM proteins and enrichment of oligodendrocyte pro-
teins in the upregulated WM proteins. Microglial proteins were enriched in upregulated WM pro-
teins, but not upregulated GM proteins (Figure 2.1D). This pattern of differential expression and
cell type enrichment was similar for GM vs WM comparisons in all other disease groups (Supple-
mental Figures 2.2, 2.3). Interestingly, endothelial proteins were significantly enriched in WM

FTD-tau samples but not other WM samples (Supplemental Figure 2.3A).
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Given the enrichment of microglial proteins in WM, we compared our results with an ex-
isting transcriptome of human microglia derived from occipital cortex and corpus callosum from
control and subjects with multiple sclerosis (MS) (van der Poel et al., 2019). With a similar analysis
(van der Poel et al., 2019), we restricted the comparison to proteins with an absolute mean differ-
ence greater than or equal to 2. Upregulated WM proteins across all GM vs WM comparisons in
our dataset were enriched for upregulated WM-specific microglial markers identified in the com-
parison dataset (van der Poel et al., 2019) (Supplemental Figure 2.3B). Cellular deconvolution
analysis identified a higher proportion of microglia in WM than GM and endothelia in FTD-tau
WM than all of other groups. The deconvolution results also aligned well with GM and WM dif-
ferential expression and cell type analyses, further demonstrating the strength of this approach and
dataset. (Supplemental Figure 2.4).

We then used k-means clustering analysis on the 122 samples, specifying the number of
clusters, k, as 2, given our a priori knowledge that the samples were derived from either GM or
WM. Reassuringly, the GM and WM samples formed two distinct clusters. Further hierarchical
clustering of the samples within their respective k-means clusters showed that the FTD-tau sam-
ples were most similar to one another. We also used k-means clustering analysis (k =4) on proteins
with no missingness across all samples (n = 4700) (Figure 2.2A). Cluster 1 (n = 1,526 proteins)
was significantly enriched with microglial proteins with a trending enrichment in endothelial pro-
teins (Figure 2.2B) whose top gene ontologies were associated with inflammation-associated terms
such as Wound Healing and Acute-Phase Response (Figure 2.2C). Notably, the FTD-tau samples
had increased expression of Cluster 1 proteins, particularly in WM (Figure 2.2A). Cluster 2 was
enriched for oligodendroglial proteins while Cluster 3 was enriched for neuronal proteins (Figure

2.2B). Top GO terms for Cluster 2 were associated with cytoskeleton and myelin while top GO
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terms for Clusters 3 and 4 were associated with mitochondria and translation, respectively (Sup-
plemental File 2.1). Differential expression, cell type and cellular deconvolution, and k-means
analyses collectively demonstrated an enrichment of microglial proteins in WM and endothelial
proteins in FTD-tau WM.

2.5.2 Consensus WGCNA reveals unique disease-associated endothelial and microglial pro-
tein changes in WM.

WGCNA is an unsupervised systems biology approach to characterize proteomic changes
based on protein expression profiles through pairwise correlations of proteins. Modules consist of
proteins whose expression profiles are highly correlated and often biologically related in function.
We previously applied WGCNA in a cohort of GM-matter biased samples and identified an en-
richment of astrocytic proteins in FTD-tau and stage-specific molecular phenotypes in CTE
(Gutierrez-Quiceno et al., 2021). Given the notable difference in protein expression and cell type
enrichment between the GM and WM tissues (Figures 2.1, 2.2), we treated the GM and WM sam-
ples as separate networks and used cWGCNA to identify shared or consensus modules between
the two networks. We identified 46 consensus modules across the GM and WM proteomes (Figure
2.3A). Inter-module correlation was well preserved across both networks (Figures 2.3B,C) with a
mean preservation for each eigenprotein of 0.82 (Figure 2.3D). M22, a heterogeneous module was
the most preserved while M 11, a module of actin-related and tRNA aminoacylation proteins was
the least preserved (Figure 2.3D).

Enrichment of microglial proteins in WM and endothelial proteins in FTD-tau WM iden-
tified in our differential expression analyses drove us to examine consensus modules that may
reflect these findings. After identifying consensus modules enriched for cell-type specific proteins

(Figure 2.4A), cluster-specific proteins from our k-means analysis (Figure 2.4B), and GO terms
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associated with microglial and endothelial processes (Supplemental File 2.2), we identified four
consensus modules of interest. Module 28 (M28) was enriched with Cluster 1 proteins as well as
complement and blood-related proteins which are associated with microglial processes (Figure
2.4C). M28 eigenprotein values demonstrated WM disease-associated changes (one-way
ANOVA, p =0.002). PSP (T-test, p=0.00093) and CTE III (T-test, p = 0.021) M28 eigenprotein
values were significantly higher than control. Module 45 (M45) was enriched with endothelial
proteins associated with the circulatory system (Figure 2.4D) and demonstrated WM disease-as-
sociated changes (one-way ANOVA, p = 0.00051). AD M45 eigenprotein values were signifi-
cantly lower than control (T-test, p = 0.044) while FTD-tau M45 eigenprotein values were signif-
icantly higher (T-test, p = 0.0061). Module 19 (M19) was enriched with Cluster 1 and microglial
proteins and demonstrated both GM (one-way ANOVA, p =0.0038) and WM (one-way ANOVA,
p = 0.039) matter disease-associated changes (Figure 2.4E). GM CBD (T-test, p =0.02) and FTD-
tau (T-test, p = 0.00023) M19 eigenprotein values were higher than control, while only FTD-tau
(T-test, p=10.0015) M19 eigenprotein values were higher than control in WM. Finally, Module 27
(M27) was enriched with endothelial and astrocytic proteins and demonstrated disease-associated
changes in both GM (one-way ANOVA, p = 3.7e-08) and WM (one-way ANOVA, p = 4.1e-06)
matter (Figure 2.4F). Specifically, AD (T-test, p = 0.021) and FTD-tau (T-test, p = 6.5¢-07) M27
eigenprotein values were higher than control in GM, while CTE IV (T-test, p = 0.0085) and FTD-
tau (T-test, p = 1.8e-05) M27 eigenprotein values were higher than control in WM. Enriched GO
terms for M27 indicate that proteins in this module are involved in extracellular matrix and base-
ment membrane processes. Collectively, these results demonstrate both unique and shared disease-

associated microglial and endothelial protein changes across GM and WM.
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2.5.3 WGCNA of WM:GM ratio reveals disease-associated alterations in mitochondrial pro-
teins

Recently, grey to white matter signal ratio was identified as a novel metric of neurodegen-
eration and was associated with tau deposition (Putcha et al., 2023). To assess if the ratio of pro-
teins across GM and WM were dysregulated in disease, we calculated a ratio by subtracting GM
abundance from WM abundance. WGCNA of the resulting 6,573 ratios revealed 33 modules (Fig-
ure 2.5A). Module 1 (M1) proteins had the highest ratios, indicating higher expression in WM than
GM (Figure 2.5B,C). Top GO terms were associated with myelin sheath and sphingolipid metab-
olism (Supplemental File 2.3). Module 2 (M2) proteins had the lowest ratios (Figure 2.5B,C),
indicating higher expression in GM than WM. Top GO terms were associated with synaptic vesi-
cles. Thus, the modules with the most extreme ratios were associated with the primary cellular
components of GM and WM. Furthermore, disease associated changes in M1 eigenprotein values
demonstrated a marked decrease of oligodendroglial proteins in AD (T-test, p = 0.046), CBD (T-
test, p = 0.035), FTD-tau (T-test, p = 1.4e-05), and CTE IV (T-test, p = 0.017) relative to control
(Figure 2.5C).

The ratio network approach revealed 6 mitochondria-associated modules which demon-
strated elevated WM:GM ratios in one or more disease groups relative to control: modules (M) 21,
16, 9, 13, 14, and 30 (Supplemental File 2.5). Most of these modules were comprised of proteins
involved in multiple Mitocarta-defined (Rath et al., 2021) mitochondrial pathways such as metab-
olism, central dogma, oxidative phosphorylation, and protein import, sorting and homeostasis. No-
tably, M13 was only enriched for mitochondrial central dogma proteins while M14 and M30 were
enriched for mitochondrial metabolism and central dogma proteins (Figure 2.6A, B). An elevated

WM:GM ratio may be driven by both a decrease in protein expression in GM and/or an increase
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in WM. Thus, we examined differential expression patterns of all proteins in the 6 mitochondrial
modules of interest and all mitochondrial proteins as defined in Mitocarta 3.0 (Rath et al., 2021),
comparing each disease group to control (Figure 2.6C,D) . Indeed, most of these proteins were
downregulated in GM and upregulated in WM. FTD-tau samples demonstrated the most differen-
tially expressed proteins, mitochondrial and otherwise (Supplemental Figures 2.5, 2.6). Notably,
this diverging pattern of mitochondrial expression in GM and WM in diseased tissues was not
evident in the consensus network mitochondrial modules (Supplemental File 2.4). The ratio net-
work approach identified reciprocal proteomic changes across GM and WM that were not readily
detectible through conventional WGCNA.
2.6 DISCUSSION

Tauopathies and dementia are a global health concern, yet there is a paucity in research to
define how tauopathy impacts WM. To better inform our understanding of disease, we used quan-
titative proteomics to identify and compare changes in GM and WM human tauopathy tissues.
Initial comparison of GM and WM demonstrated that a majority of the proteome is shared, though
there are select proteins that are tissue specific. Comparison of GM and WM demonstrated enrich-
ment of microglial proteins in WM, which was validated in an orthogonal dataset(van der Poel et
al., 2019). K-means clustering analysis and cWGCNA of GM and WM networks demonstrated
tissue-specific, disease-associated changes in microglial and endothelial proteins. Ratio WGCNA
identified a non-specific, disease-associated dysregulation of white:grey ratio in mitochondrial
proteins. Together, our results highlight the value of examining both GM and WM to better under-
stand the pathophysiology of tauopathy.

We identified eight (GM) and six (WM) proteins that were only detected in one tissue type.

While this tissue-specificity of a select few proteins may be tool or technique dependent, they may
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be useful as markers of GM or WM in tissue preparations. Comparison of GM and WM revealed
an enrichment of microglial proteins in white matter, regardless of disease status, and an enrich-
ment of endothelial proteins in FTD-tau WM. Enrichment of microglial proteins in WM may be
driven by tissue-specific molecular profiles or tissue-specific differences in microglial density.
Indeed, prior work has demonstrated higher density of microglia in WM regions compared to GM
(Mittelbronn et al., 2001; Mizee et al., 2017). However, unique molecular signatures have also
been attributed to microglia in WM in mice and humans in the contexts of aging (Hahn et al., 2023)
and disease, including MS (van der Poel et al., 2019) and AD (Safaiyan et al., 2021). It is likely
that both a difference in microglia cell count and molecular phenotype in WM drive our findings.

The results of our K-means clustering and cWGCNA analyses identified shared and unique
disease-associated changes in microglial and endothelial pathways and processes, where FTD-tau
samples were often the extreme. Prior work has also demonstrated increased astrocyte, microglia,
and endothelial transcripts and proteins in FTD-tau relative to control and other tauopathies
(Gutierrez-Quiceno et al., 2021; Johnson et al., 2021; Bridel et al., 2023; Hartnell et al., 2023).
Proteins associated with microglia, innate immunity, the extracellular matrix, and the basement
membrane were dysregulated in both GM and WM while proteins associated with complement,
blood, and the circulatory system were dysregulated in WM. These WM-specific changes appear
to be targeted to vasculature. WM vascularization is less dense than GM and vulnerable to chronic
hypoperfusion (Pansieri et al., 2023). This difference in density could make the WM more vulner-
able to disease-associated changes in vascular-associated proteins. Recent work demonstrated that
capillaries in WM are wider than capillaries in GM, and this width increases in neurodegenerative
disease(Hase et al., 2019), which may explain the unique WM increases in consensus modules

M28 and M45.
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Ratio WGCNA identified, in an unbiased manner, a dysregulation of mitochondrial pro-
teins. Proteomic studies of predominantly GM samples previously demonstrated dysregulation
(often a decrease) of mitochondrial proteins in neurodegenerative disease (Adav et al., 2019;
Agrawal and Fox, 2019; Johnson et al., 2020; Swarup et al., 2020). For this study, mitochondrial
protein dysregulation was driven by disease-associated downregulation in GM and upregulation
in WM. Interestingly, mitochondrial protein expression in multiple sclerosis GM and WM lesions
also demonstrated an opposite or reciprocal pattern of expression (Rai et al., 2021). It was postu-
lated that mitochondrial proteins were decreased in GM lesions and increased in WM due to both
neuronal loss and defective retrograde transport of damaged mitochondria back to the cell body
(Rai et al., 2021). However, the increase in mitochondrial proteins in WM could also be explained
by altered mitochondrial dynamics in glial cells, which comprise a larger proportion of the cells in
WM than GM (Yu et al., 2018).

There are important limitations of this study to consider. Primarily, the sample size is low.
The FTD-tau group predominantly consisted of samples from subjects with MAPT mutations
which could lead to higher in-group homogeneity compared to other disease groups, driving sig-
nificant findings. The dissection of GM and WM from each sample was performed by hand, which
is less precise than other techniques such as laser-capture microdissection (Liao et al., 2004). Fu-
ture studies may benefit from spatial biology as a more precise method of defining tissue/region-
specific molecular changes (Hahn et al., 2023). Finally, there is potential for bias in selecting which
findings to highlight from the many WGCNA modules that demonstrate tissue-specific and/or dis-
ease-specific changes. Our systems-based approach also yielded several prospective avenues of

research outside the scope of the present manuscript including WM-specific, disease-associated
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changes in collagen and extracellular matrix proteins (Supplemental Files 2.2, 2.4) and disease-
associated WM:GM ratio changes in cytoskeletal proteins (Supplemental Files 2.3, 2.5)

This work provides improved understanding of GM and WM proteomic changes in tauopa-
thy, both shared and distinct. This dataset is a resource for investigators to explore novel insights
on GM and WM proteomic differences in control and tauopathy conditions. Studies that measure
or modify WM microglia, endothelia, or mitochondria in neurodegenerative disease models may
also reveal new biomarker and therapeutic opportunities. Future human brain proteomic studies
will benefit from separating GM and WM to uncover unique and reciprocal disease-associated
changes.
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TABLES

Table 2.1. Demographics for all samples.
Overall, Control, AD, CBD, FTD, PSP, CTEIL CTEIL CTEILCTE YV,
p-value'

N=63 N=12 N=12 N=4 N=9 N=5 N=5 N=5 N=5 N=6

PMI
(hours), 15 6 7 7 15 15 48 48 48 53

<0.001
Median ~ (7-42) (6-8) (6-13) (4—12) (7—18) (11 —23)(24 — 48)(36 — 48)(48 — 72)(48 — 68)
(IQR)

Age at Death

(vears), Me-65 60 68 67 64 75 30 70 60 73

dian (60 — 72)(55 — 74)(61 — 70)(64 — 75)(60 — 65)(70 — 83)(27 — 60)(60 — 70)(40 — 70)(63 — 79)0'12
(IQR)

Sex, n (%) 0.032

Female 17 (27) 6(50) 6(50) 0(0) 4(44) 1(20) 0(0) 0(0) 0(0) 0(0)

Male 46 (73) 6(50) 6(50) 4(100) 5(56) 4(80) 5(100) 5(100) 5(100) 6 (100)

IKruskal-Wallis rank sum test; Fisher's exact test
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Table 2.2 Demographics after removal of outlier samples.
Overall, Control, AD, CBD, FTD, PSP, CTEIL, CTEI, CTE IILCTE 1V,
p-value!

N=61 N=12 N=12 N=4 N=9 N=4 N=4 N=5 N=5 N=6

PMI
(hours), 13 6 7 7 15 13 36 48 48 53

<0.001
Median  (7-37) (6-8) (6-13) (4—12) (7—18) (11 —27)(24 —48)(36 — 48)(48 — 72)(48 — 68)
(IQR)

Age at Death

(vears), 65 60 68 67 64 73 45 70 60 73
Median (60— 71)(55 — 74)(61 — 70)(64 — 75)(60 — 65)(68 — 77)(28 — 63)(60 — 70)(40 — 70)(63 — 79)0'33
(IQR)

Sex, n (%) 0.042

Female 17 (28) 6(50) 6(50) 0(0) 4(44) 1(25) 0(0) 0(0) 0(0) 0(0)

Male 44 (72) 6(50) 6(50) 4(100) 5(56) 3(75) 4(100) 5(100) 5(100) 6 (100)

IKruskal-Wallis rank sum test; Fisher's exact test
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Figure 2.1. Comparison of GM and WM cell-type specific differential expression. (A) Overlap
of proteins detected in GM and WM prior to removing sample outliers and proteins with high
missingness. (B) Schematic demonstrating the dissection site and the unique proteins for GM and
WM. Created with BioRender.com (C) Volcano plot demonstrating differentially expressed pro-
teins in control GM and WM. Differentially expressed proteins had an absolute mean difference
greater than one and a Benjamini-Hochberg FDR adjustment p-value of less than 0.05. (D)
Heatmap of enrichment of cell type specific proteins in control GM and WM as determined by
Fisher’s Exact Test and Benjamini-Hochberg FDR p-value adjustment. * = p-value < .05, ** = p-

value < .01, *** = p-value <.005.
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Figure 2.3. Consensus WGCNA network of human control and tauopathy GM and WM. (A)
Diagram illustrating the association of each module with brain cell types and sample traits (disease
group). The inner dendrogram illustrates module relatedness. The GM layer illustrates the bicor-
relation of each module eigenprotein with each trait in the GM network. The WM layer illustrates
the bicorrelation of each module eigenprotein with each trait in the WM network. The consensus
correlation layer indicates a module’s consensus correlation. If a module had a negative bicorrela-
tion in GM and WM, then the consensus correlation was negative, and vice versa. If bicorrelations
were opposite in GM and WM, then the cell is shaded grey as there is no consensus. The cell type
layer indicates enrichment of each module for cell type specific proteins as determined by Fisher’s
Exact Test and Benjamini-Hochberg FDR p-value adjustment. The table below the diagram indi-
cates each module’s annotation. Modules were annotated based on the results of gene ontology
and those with no clear ontology were not assigned an annotation. Heatmaps illustrating the adja-
cency or correlation of modules within the GM (C) and WM (C) networks. (D) Mean preservation
of adjacency for each module eigengene to all other module eigengenes. Preservation is defined

as one minus the absolute difference of the eigengene networks in the GM and WM datasets.
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Figure 2.4. Consensus network reveals modules with unique and shared disease-associated

changes. (A) Heatmap of enrichment of cell type specific proteins in in each consensus module as

determined by Fisher’s Exact Test and Benjamini-Hochberg FDR p-value adjustment. * = p-value

<0.05, ** =p-value <0.01, *** =p-value < 0.005. (B) Heatmap of enrichment of k-means cluster

proteins in in each consensus module as determined by Fisher’s Exact Test and Benjamini-

Hochberg FDR p-value adjustment. * = p-value < 0.05, ** = p-value <0.01, *** =p-value < 0.005.

(C) Boxplots of module eigenprotein values for (C) M28, (D) M45, (E) M19, and (F) M27 by

disease group. Module hub proteins for each network are highlighted in black (GM) and white

(WM) text in boxes below each boxplot.
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Figure 2.5. Ratio network modules with the most extreme white:grey ratios are associated
with the primary cell types in GM and WM. (A) Diagram illustrating the association of each
module with brain cell types and sample traits (disease group). The inner dendrogram illustrates
module relatedness. The ratio layer illustrates the bicorrelation of each module eigenprotein with
each trait. The cell type layer indicates enrichment of each module for cell type specific proteins
as determined by Fisher’s Exact Test and Benjamini-Hochberg FDR p-value adjustment. The table
to the right of the diagram indicates each module’s annotation. Modules were annotated based on
the results of gene ontology and those with no clear ontology were not assigned an annotation. (B)
Mean white:grey ratio of each protein in control samples, separated by module. Boxplots of mod-
ule eigenprotein values for (C) M1 and (D) M2 by disease group. Module hub proteins are high-

lighted in boxes below each boxplot



-Iog10(FDR)0 10 20 30 40 50

Metabolism | *a& | «xx | 2%

Central Dogma | ** | +* | &% | R

Qg vemg'r?c% il

Oxi
Phosphorqaﬁon i *“-

Frﬂtemérﬂ%%lensgswg il il il

Signaling il I

SmaHf\Ao\ecu\e
ransport

Other *

= I T T | e
2o I8 TS R8E5RAEER - NNIEEEEB28RS
= = =S == = = = Z 2 2 S EEEEE S EEEE E =
B M%1 I\At\lochor&d‘na/P{olem M16: M\lochondna/()xwdatwe M9: I\/'glochohndn‘a/l()xwdalwe
argeting and Insertion orylation = D')’E”D’" M13; Mitochondrial Translation  M14: Mitochondria M30: Mitochondria
g avAng 0.00024 WavAg)Vp 0.0031 1-Way AOV'p = 0.05 1 WayAOVp=0.0046 ~ 1-WayAOV p=1.1e08 1-Way AOV p = 0.013
2 0.3 0.3 . 03 - o3 047 = -
S . -0 : : 03
= Pt 0.3
£ o] 'l . o - AR | I o2 L . o2{  [. 02
20141 . . e | | LY . B 01,7 - @7 0.1 dg- . =041
200 ‘!'I |I--l 0.0 -J-h,.“*FH 00 ‘ll|!~ Tamo B ool ¥8 Bg_.m o0
5-0.1' .- .0_1_H.__—1"'.-. | b O [ H 8;H =7 0
=) B - 5 - : -0 i : 0217 R
202" 0201 R 0312 02
s zaL == oA == o oo L === °
s T e T 25 R
S oo O = Coo o oo O
ATP5PB, IMMT,
ATPEPD, ANKD. HSPD1, TUFM, OGDH,
i A, ki oaR
PIMS ATPS SDR39U1, PDP1
c AD - Control D FTD-Tau - Control
White Matter ) White Matter )
8 ! 8 T 8
1 |
g go ! g g
B k] ! k] K
it T 1 T T
2 24 2 24
3 3 ! 3 S
=S k) - =
g £ o 4 £
0 0

-2 -1 0 1 2 - 2 -
Log?2 Difference Log2 Difference Log2 Difference
EM21 mM13 JOther
[CIM16 M 14 A Mitochondrial
mM9 mM30  Protein

Log2 Difference

52

Figure 2.6. Ratio network reveals disease-associated alterations in mitochondrial proteins.

(A) Heatmap of enrichment of proteins specific to mitochondrial pathways in in each ratio module

as determined by Fisher’s Exact Test and Benjamini-Hochberg FDR p-value adjustment. * = p-

value < 0.05, ** = p-value < 0.01, *** = p-value < 0.005. (C) Boxplots of module eigenprotein

values by disease group for modules enriched with mitochondrial proteins. Module hub proteins

are highlighted in boxes below each boxplot. Differential expression comparing AD (C) and FTD-

tau (D) tissues to control tissues within GM and WM, filtered for proteins in modules of interest

(C) and mitochondrial proteins defined in Mitocarta 3.0. Colors are indicative of module member-

ship; white indicates the protein does not belong to one of the modules of interest. Triangle shape

indicates that a protein is a mitochondrial protein.
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Supplementary Figure 2.1. Data processing and normalization. (A) Data processing pipeline.

(B) Multidimensional scaling (MDS) plot of all samples prior to TAMPOR. Each point is a sample

and each color corresponds to a TMT batch. (C) Percentage of variance explained for each protein

across all covariates prior to TAMPOR. (D) MDS plot of all samples after TAMPOR. Each point

is a sample and each color corresponds to a TMT batch. Percentage of variance explained for each

protein across all covariates after TAMPOR (E) and after TAMPOR, outlier removal, and boot-

strap regression to remove remaining any remaining batch effect (F).



~log10(p-value)

C 2N WsE OO N @

-log10(p-value)
N W e OO N @

© o

-log10(p-value)

O 2 NWE OO ~N®

~log10(p-value)
N W e OO N @

Control B AD
SYP  RAB15, = 462 | '

N

=235

n=278 i PLEKHB1

X PMP2 MBP  TSPANS
o
G MOF

2=

© o N

-log10(p-value)

C 2 NWsE OO N®

MBP,
9 PMP2
[}
Q‘M’:P’WB = ‘: ﬁZCBH PLP1
O >
%2 oLbngg o PLP! L & PLEKHB1
o cD9 =
ZC3H13 S 8
GRINZA o 9 4
. 2 B 1
SLC13A5 /' ‘e W 8
2
RNV N || A pj ARSIy W - SRR
| ]
Grey 1 White 0
-5 -4 -3 -2 -1 0 1 2 3 4 5 -5 -4 -3 -2 -1 0 1 2 3 4 5§
Mean Difference Mean Difference
CBD D FTD-Tau
n=413 1 1 n=252 12 n=413 1
1 1 11
| 1 10
1 1 9
1 1 El
1 1 g7
| 1 & 6
GRIN2A I ° EU’ 7
RAB15 ! ! 34
SLC13A5 g o MER !
L S\, Ribne 2020 B—o— PMP2 : s L8
SYNGR1
——————— L - —TSPANE- — — k- TMETES | _ op XSS
SLC17A7 1 SLC13A5, 1
| White 0 CORO6 Grey
5 -4 -3 -2 -1 0 1 2 3 4 5 5 -4 -3 -2 -1 0
Mean Difference Mean Difference
PSP F CTE |
n=784 1 12 n=307 1 1 n=308
) 11 1 |
\ 10 1 1
SYP GABRA1 , o . .
)
! 28 ! ! PMP2
1 S 7 1 1
i L i i TSPANS
1 S ; 1 1 PLEKpB1
g4 ! 1.3 MBP
1 3 q
PLP1
5 SYNGRT | e B
gt by e, ooy 1 | % ;-
1 "1 GRIN2A \ ' NT1
RAB3A CORO6  Grey 0 Grey , White  CD4ZC3H13
5 -4 -3 -2 -1 0 -5 -4 -3 -2 -1 0 1 2 3 4 5
Mean Difference Mean Difference
CTE Il H CTE Il
n=242 1 I n=245 12 n=315 1 1 n=275
1 1 1" 1 1
| 1 10 1 1
| 1 9 1 I
; i R : i PLEKHB1
1 1 [ ] 1 PLP1
1 1 &6 1 1 Pl
1 1 S .| svneRri >
GRINZA ool 1o ©°. TSPANS 2. SYR % -
COROB—, o PMP2 "3 e O\m "
SYT1 2 GRIN2A LDN11
o
1 SLT13As ) ; AQP1
Grey 1 White 0 Grey | White
-5 -4 -3 -2 -1 0 1 2 3 4 5 -5 -4 -3 -2 -1 0 1 2 3 4 5
Mean Difference Mean Difference
CTE IV
1 I n=212
1 1
1 |
1 1
1 1
1 1
1 1 o
1 1
SYNGR1
SRINZA - o TSPANS
SYT1 ® e o
iy, R R I P T
SLC13A5 |
Grey
-4 -3 -2 - 4 5

Mean Difference



55

Supplementary Figure 2.2. Differential expression of GM and WM proteins. Volcano plots
demonstrating differentially expressed proteins in GM (left) and WM (right) in (A) control, (B)
AD, (C) CBD, (D) FTD-tau, (E) PSP, (F) CTE I, (G) CTE 11, (H) CTE 111, and (I) CTE IV samples.
Differentially expressed proteins had an absolute mean difference greater than one and a Benja-

mini-Hochberg FDR adjustment p-value less than 0.05.
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Supplemental Figure 2.3. Enrichment analyses of differentially expressed GM and WM pro-
teins. Heatmap of enrichment of (A) cell type specific proteins and (B) microglial markers as
determined by Fisher’s Exact Test and Benjamini-Hochberg FDR p-value adjustment. * = p-value

<0.05, ** = p-value < 0.01, *** = p-value < 0.005.
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Supplemental Figure 2.5. Differential expression of WM:GM protein ratios in disease. Vol-
cano plots demonstrating differentially expressed protein ratios in (A) AD, (B) CBD, (C) FTD-
tau, (D) PSP, (E) CTE I, (F) CTE 11, (G) CTE III, and (H) CTE IV samples, as compared to control.
Within each volcano plot, colored points on the right indicate proteins with higher WM:GM ratios
in the disease state. Grey points on the left indicate proteins with lower WM:GM ratios in the
disease state. Differentially expressed protein ratios had a Benjamini-Hochberg FDR adjustment

p-value less than 0.05.
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Supplemental Figure 2.6. Differential expression of proteins in disease. Volcano plots demon-
strating differentially expressed proteins in GM (left) and WM (right) in (A) AD, (B) CBD, (C)
FTD-tau, (D) PSP, (E) CTE I, (F) CTE I, (G) CTE III, and (H) CTE IV samples, as compared to
control. Within each volcano plot, colored points on the right indicate proteins upregulated in the
disease state. Grey or white points on the left indicate proteins downregulated in the disease state.
Differentially expressed proteins had a Benjamini-Hochberg FDR adjustment p-value less than
0.05.

SUPPLEMENTAL FILES

Supplemental File 2.1. Top GO terms within each K-Means cluster.

Supplemental File 2.2. Top GO terms within each consensus network module.
Supplemental File 2.3. Top GO terms within each ratio network module.

Supplemental File 2.4. Consensus network module eigenprotein boxplots and iGraphs.

Supplemental File 2.5. Ratio network module eigenprotein boxplots and iGraphs.
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CHAPTER 3: GLIAL PROFILING OF HUMAN TAUOPATHY BRAIN DEMON-
STRATES ENRICHMENT OF ASTROCYTIC TRANSCRIPTS IN TAU-RELATED
FRONTOTEMPORAL DEGENERATION
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3.1 CONTEXT, AUTHOR’S CONTRIBUTION, AND ACKNOWLEDGMENT OF RE-
PRODUCTION

This chapter describes glial transcript expression in control and tauopathy human brain.
The dissertation author contributed to design and execution of experiments, analysis of data, and
writing the manuscript under the guidance of Dr. Chad Hales. James Webster contributed to con-
ducting experiments. This chapter is reproduced from Johnson AG, Webster JA, Hales CM (2022)
Glial profiling of human tauopathy brain demonstrates enrichment of astrocytic transcripts in tau-
related frontotemporal degeneration. Neurobiol Aging.
3.2 ABSTRACT

To understand how glia may be altered in frontotemporal degeneration with tau pathology
(FTD-tau), we used a NanoString glial profiling panel to measure 770 transcripts related to glial
biology in human control (n = 8), Alzheimer’s disease (AD) (n = 8), and FTD-tau (n = 8) dorso-
lateral prefrontal cortex. Compared to control, 43 genes were upregulated and 86 genes were down-
regulated in the FTD-tau samples. Only 3 genes were upregulated and 2 were downregulated in
AD. Pathway analysis revealed many astrocyte-, microglia-, and oligodendrocyte-related pathway
scores increased in FTD-tau, while neuron-related pathway scores decreased. We compared these
results to a previously published proteomic dataset containing many of the same samples and found
that the targeted panel approach obtained measurements for genes whose proteins were not meas-
ured in the proteomics. Our results point to the utility of multi-omic approaches and marked
dysregulation of glia in FTD-tau.
3.3 INTRODUCTION

Frontotemporal degeneration (FTD) is a clinically, pathologically, and genetically hetero-

geneous spectrum of disorders characterized by protein accumulations and degeneration of the



64

frontal and temporal lobes (Onyike and Huey, 2013; Olney et al., 2017). As the second most com-
mon form of dementia in people under 65 years of age, FTD results in a dramatic deviation from
the neurotypical aging process (Onyike and Diehl-Schmid, 2013). Symptoms include a variety of
behavioral and personality changes, memory impairments, and language deficits (Woollacott and
Rohrer, 2016; Olney et al., 2017). Almost half of all FTD cases have abnormal accumulations of
tau (FTD-tau). FTD-tau can be sporadic or inherited due to mutations in the gene that encodes for
the tau protein, microtubule associated protein tau (MAPT) (Hock and Polymenidou, 2016; Oeckl
et al., 2016). In FTD-tau, tau can accumulate in neurons as well as in glia, particularly in astrocytes
and oligodendrocytes (Taniguchi et al., 2004; Ghetti et al., 2015). Whether glial tau pathology
arises via cell autonomous or cell non-autonomous mechanisms is debated (Li and Haney, 2020),
and the role of glia in tau-mediated neurodegenerative processes is an active topic of investigation.

Previously, we used tandem mass tagged (TMT) labeling and mass spectrometry to exam-
ine the total proteome of human control and tauopathy brain, including chronic traumatic enceph-
alopathy (CTE) and FTD-tau (Gutierrez-Quiceno et al., 2021). Through differential expression and
cell subtype analysis, we identified unique enrichment of glial proteins, particularly astrocytic and
microglial proteins, in the FTD-tau samples relative to control. However, whether this enrichment
reflects a proliferation of glial cells or a transition in the protein expression profile of glial cells is
unclear. Furthermore, if this enrichment does indeed reflect a change in the molecular profile of
these glial cells, it is unknown if this profile is similar to previously published phenotypes of glial
cells such as A1/A2 astrocytes (Liddelow et al., 2017) or disease associated microglia (DAM)
(Keren-Shaul et al., 2017). These and other characterizations of glial molecular profiles are most
often defined by RNA expression (Zamanian et al., 2012; Clarke et al., 2018; Diaz-Castro et al.,

2019). Since, transcriptomic and proteomic data are often discordant (Wang et al., 2019;
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Mangleburg et al., 2020), we sought to further examine glia in FTD-tau using a targeted, tran-
scriptomic approach.

To determine how glia in FTD-tau may differ from those in Alzheimer’s disease (AD) and
control human dorsolateral prefrontal cortex (DLPFC), we used the NanoString nCounter glial
profiling panel to examine the expression of 770 genes involved in glial biology. We then com-
pared this targeted transcriptome with the corresponding proteome to determine concordance and
to measure unique glial transcriptomic changes. Defining similar and unique proteome to tran-
scriptome changes could provide additional insights into FTD pathophysiology.

3.4 MATERIALS AND METHODS
3.4.1 Collection of postmortem brain tissue

Postmortem brain tissue was obtained from the Emory Goizueta Alzheimer’s Disease Re-
search Center Neuropathology Brain Bank in Atlanta, Georgia. Brains were collected from de-
ceased subjects following Institutional Review Board protocols under which consent was obtained
from the subjects’ family. Brain hemispheres were separated such that one hemisphere was stored
in coronal sections at -80 °C and the other hemisphere was fixed for immunohistochemistry. For
this study, we used samples of DLPFC from fresh, frozen human brain. Research subjects were
selected based on neuropathological diagnosis (control, AD, and FTD-tau) and demographics.
Neuropathological diagnosis was carried out by board-certified neuropathologists and was deter-
mined via standard immunohistochemical methods including hematoxylin, eosin, and silver-stain-
ing as well as more targeted labeling for amyloid beta 42, hyperphosphorylated tau, alpha-synu-
clein, and phosphorylated TDP43. The AD samples were all Braak stage VI and had a CERAD
score of 3. The FTD-tau group was composed of six samples collected from subjects with a muta-

tion in the MAPT gene, and two samples collected from subjects with a neuropathological
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diagnosis of Pick’s disease. Five of the donors had P301L tau mutations and one donor had an
R406W tau mutation. The P301L MAPT mutation generates primarily 4R tau pathology (Hutton
et al., 1998) while R406W a mixed 3R/4R tau pathology (Ghetti et al., 2015). Pick’s disease is a
3R tauopathy (Delacourte et al., 1998). Samples were matched across disease group for age and
sex (Table 3.1).
3.4.2 RNA isolation and NanoString nCounter glial profiling panel

30 to 50 milligrams of frozen DLPFC, primarily gray matter, was homogenized in one
milliliter of Trizol with a bullet blender. Chloroform and centrifugation were used to obtain an
aqueous phase containing RNA. The aqueous phase was mixed 1:1 in 100% ethanol and then
processed with the Quick-RNA Miniprep Kit (Zymo Research, USA). RNA was eluted in nuclease
free water and stored at -80 °C until analysis. Quality of the RNA was determined by the Emory
Integrated Genomics Core. All samples had concentrations greater than 20 ng/ul and DV2o values
greater than 20%, per manufacturer’s recommendation. Samples from each disease group were
randomly distributed across two nCounter Human glial profiling panels (NanoString, USA) and
run on an nCounter FLEX Analysis System (NanoString, USA).
3.4.3 Analysis of glial profiling panel results and comparison with corresponding proteome

Raw data were imported into nSolver 4.0 and analyzed via the nCounter Advanced Anal-
ysis plugin (version 2.1.134) to normalize the data (Supplementary File 3.1) and conduct differen-
tial expression (Supplementary File 3.2), pathway scoring (Supplementary File 3.3), and cell type
profiling analyses (Supplementary File 3.4). Covariates included disease (control, AD, and FTD-
tau) and cartridge ID (to control for batch effects). All samples passed the quality control analysis
conducted by the Advanced Analysis plugin (Figure 3.1A). Differential expression was calculated

using disease as the predictor variable and the cartridge ID as the confounder variable. P-values



67

were adjusted for multiple tests using the Benjamini-Yekutieli (BY) method.

We performed comparisons between the results of the glial profiling panel and a published
proteomic dataset that included 11 out of 24 of the samples used for the glial panel (Gutierrez-
Quiceno et al., 2021). First, we compared the number of genes measured (above threshold) via the
glial panel with the number of proteins measured in our proteomic experiments, prior to batch
correction. We then compared the number of above threshold genes with the number of measured
proteins after batch correction. We also compared the number of significant differentially ex-
pressed genes with the number of significant differentially expressed proteins. Finally, we corre-
lated logy fold change values of differentially expressed genes and proteins in FTD-tau.

3.4.4 Statistical analysis and visualization methods

R (version 4.1.1) was used for statistical analysis and data visualization. To test for a dif-
ference in mean pathway score and cell type score between groups, we used One-Way Analysis of
Variance (ANOVA) and p-values were adjusted for multiple tests using the BY method. We used
pairwise t-tests for post-hoc comparisons and used the BY method to adjust for multiple tests.
Correlations were performed using the Pearson method. Boxplots and scatterplots were created
using the ggplot2 package (Wickham, 2016) and venn diagrams were created using the VennDia-
gram package (Chen and Boutros, 2011). Gene ontology (GO) analyses were conducted using the
gprofiler2 package using the g:SCS multiple testing correction with significance threshold of .05

(Raudvere et al., 2019).
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3.5 RESULTS
3.5.1 Glia- and neuron-associated transcripts display opposite patterns of differential expres-
sion in FTD-tau relative to control.

We previously performed TMT quantitative proteomics on human DLPFC and temporal
cortex on 83 samples of tauopathy including CTE, FTD-tau (inherited and sporadic), progressive
supranuclear palsy (PSP), corticobasal degeneration (CBD), as well as control cases (Gutierrez-
Quiceno et al., 2021). Through differential expression and weighted correlation network analysis
(WGCNA), we found that FTD-tau and FTD-MAPT samples were enriched with glia-associated
proteins, especially from astrocytes (Gutierrez-Quiceno et al., 2021). Whether this pattern of in-
creased glia associated proteins was also reflected in the transcriptome was unclear. To assess the
expression of glial-specific genes in FTD-tau, we used a glial profiling panel to measure 770 genes
related to glial biology in human control (N = 8), AD (N=8), and FTD-tau (N==8) brain. No signif-
icant differences were found between groups in post-mortem interval (PMI), APOE genotype, and
race (Table 3.1). Samples loosely clustered by disease group but not by cartridge ID (Figure 3.1A).
Expression data were normalized (Figure 3.1B, Supplementary File 3.1) for subsequent differential
expression and pathway analysis (Figures 3.2 — 3.6). Finally, histograms of p-value frequency with
co-variates cartridge ID (Figure 3.1C) and disease group (Figure 3.1D) showed that disease group
is associated with lower (more significant) p-values while cartridge ID was not, indicating that
there was not a significant batch effect on expression data.

For differential expression analysis, the AD and the FTD-tau groups were compared sepa-
rately to the control group (Supplementary File 3.2). Three genes were upregulated, and two genes
were downregulated in AD relative to control (Figures 3.2A, 3.2C). When comparing FTD-tau to

control, 43 genes were upregulated and 86 genes were downregulated (Figures 3.2B, 3.2D, and
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3.2E). Interestingly, 10 of the 20 most upregulated (by log> fold change value) genes in FTD-tau
relative to control were a part of at least one astrocyte-related pathway (Figure 3.2D). A majority
of the top 20 most downregulated genes (by log> fold change value) in FTD-tau relative to control
were associated with pathways related to neuronal signaling, synapses, and cytoskeletal dynamics
(Figure 3.2E).

3.5.2 Glia-associated, particularly astrocytic, pathway scores, are increased in FTD-tau sam-
ples relative to control.

Next, we compared the pathway scores of the samples in each disease group to gain a
higher-level understanding of how differential expression patterns between disease groups im-
pacted biological processes (Supplementary File 3.3). Pathway scores are greatly influenced by
differential expression, and increased scores typically represent elevated expression of the pathway
genes. Out of 55 total pathways, there were significant differences between disease groups in 39
pathways (Supplemental Table 3.1). Post-hoc testing revealed that there was a significant differ-
ence between control and FTD-tau in all 39 of the significant pathways but no significant differ-
ences between control and AD nor AD and FTD-tau.
3.5.2.1 Neuronal pathways

Most pathway scores were lower in the FTD-tau group relative to control for neuronal
processes. Representative pathways like neuroactive ligands and receptors (Figures 3.3A, 3.3B,
and 3.3C) and neurotrophin signaling (Figures 3.3D, 3.3E, and 3.3F) displayed this pattern of gene
expression. In both pathways, all but one of the FTD-tau samples clustered together (Figures 3.3A
and 3.3D). The FTD-tau group had lower neuroactive ligands and receptors (Figure 3.3B) and
neurotrophin signaling pathway (Figure 3.3E) scores. The decrease in the neuroactive ligand and

receptor pathway scores in the FTD-tau group relative to control is driven by a significant
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differential decrease in expression of glycine, glutamate, and GABA receptors and receptor subu-
nits (GLRA3, GABRA4, GABRG2, GABRB3, GRIA3) which were decreased by log> fold change
values of -1.41 (BY p-value =0.00546), -1.2 (BY p-value =0.00647 ), -1.74 (BY p-value=0.0193
), -1.16 (BY p-value = 0.0338), and -0.98 (BY p-value = 0.0193), respectively (Figure 3.3C). The
decrease in the neurotrophin signaling pathway scores in the FTD-tau group relative to control is
driven by a significant differential decrease in expression of the kinases glycogen synthase kinase
3 (GSK3B) and cyclin dependent kinase 5 regulatory subunit 1 (CDK5R1) as well as SHC-trans-
forming protein 3 (SHC3), which were decreased by log: fold change values of -0.558 (BY p-value
=0.00689), -0.867 (BY p-value =0.0227), and -0.925 (BY p-value =0.0181), respectively (Figure
3.3F).
3.5.2.2 Oligodendrocyte pathways

Conversely, pathway scores were higher in the FTD-tau group relative to control for path-
ways associated with oligodendrocytes, microglia, and astrocytes. Representative pathways like
oligodendrocyte differentiation and maturation (Figures 3.4A, 3.4B, and 3.4C) and myelogenesis
(Figures 3.4D, 3.4E, and 3.4F) displayed this pattern of gene expression. In both pathways, all but
two of the FTD-tau samples clustered together (Figures 3.4A and 3.4D). The FTD-tau group had
higher oligodendrocyte differentiation and maturation (Figure 3.4B) and myelogenesis pathway
(Figure 3.4E) scores. The increased oligodendrocyte differentiation and maturation pathway scores
in the FTD-tau group were likely driven by the increased differential expression of SRY-box tran-
scription factor 9 (SOX9) and gelsolin (GSN), which were upregulated by a log> fold change value
of 1.34 (BY p-value = 0.00647) and 1.7 (BY p-value = 0.00514), respectively (Figure 3.4C). The

increased myelogenesis pathway scores in the FTD-tau group are driven by the increased
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differential expression of peripheral myelin protein 22 (PMP22) which was upregulated by a log>
fold change value of 1 (BY p-value = 0.0108).
3.5.2.3 Microglial pathways

For microglia, representative pathways included microglial markers (Figures 3.5A, 3.5B,
and 3.5C) and primed microglia (Figures 3.5D, 3.5E, and 3.5F). FTD-tau samples tended to cluster
near the AD samples (Figures 3.5A and 3.5D). The FTD-tau group had higher microglial markers
(Figure 3.5B) and primed microglia pathway (Figure 3.5E) scores relative to control. Both path-
ways shared increased differential expression of several genes including of colony stimulating
factor 1 receptor (CSFIR) and ras homolog family member B (RHOB) which were increased by a
log> fold change value of 1.53 (BY p-value = 0.00679), and 1.22 (BY p-value = 0.0334), respec-
tively. Additionally, the increased microglial markers pathway scores in the FTD-tau group were
also driven by the increased differential expression of plexin domain containing 2 (PLXDC?2), and
MAF BZIP transcription factor B (MAFB) which were upregulated by a log» fold change value of
1.12 (BY p-value = 0.00514) and 0.973 (BY p-value = 0.00647), respectively (Figure 3.5C). The
increased primed microglia pathway scores in the FTD-tau group were also driven by increased
differential expression of secreted protein acidic and rich in cysteine (SPARC) and granulin (GRN)
which were upregulated by a log» fold change value of 1.82 (BY p-value = 0.00514) and 0.849
(BY p-value = 0.00514), respectively (Figure 3.5F).
3.5.2.4 Astrocyte pathways

Finally, for astrocytes, representative pathways included astrocyte differentiation and func-
tion (Figures 3.6A, 3.6B, and 3.6C) and astrocyte markers (Figures 3.6D, 3.6E, and 3.6F). In these
pathways, the FTD-tau groups did not cluster as well together but the heatmaps showed increased

expression for many of the genes in these pathways (Figures 3.6A and 3.6D). The FTD-tau group
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had higher astrocyte differentiation and function (Figure 3.6B) and astrocyte markers pathway
(Figure 3.6E) scores relative to control. Both pathways shared increased differential expression of
glial fibrillary acidic protein (GFAP) which was increased by a log> fold change value of 2.78 (BY
p-value = 0.00514). In fact, GFAP was the most upregulated gene (by log> fold change value) in
the FTD-tau group relative to control. Additionally, the increased astrocyte differentiation and
function pathway scores in the FTD-tau group relative to control were driven by increased differ-
ential expression of epidermal growth factor receptor (EGFR) and toll-like receptor 4 (TLR4)
which were increased by a log; fold change value of 1.18 (BY p-value = 0.00514) and 1.46 (BY
p-value = 0.00647), respectively (Figure 3.6C). The increased astrocyte markers pathway scores
in the FTD-tau group relative to control were driven by increased differential expression of com-
plement component 4 A/B (C44/B) and ADCY AP receptor type 1 (ADCYAPIRI) which were
increased by a log: fold change value of 2.75 (BY p-value = 0.00514) and 1.18 (BY p-value =
0.00514), respectively (Figure 3.6F).

3.5.3 Cell type analysis reveals enrichment of astrocytic transcripts in FTD-tau.

We used a cell type analysis to determine whether the disease group impacted enrichment
or depletion of specific cell types (Supplemental Table 3.2, Supplementary File 3.4). Quality con-
trol (Figure 3.7A) led us to focus only on astrocytes (Figure 3.7B), endothelial cells (Figure 3.7C),
macrophages and microglia (Figure 3.7D), and oligodendrocytes (Figure 3.7E). After adjusting for
multiple comparisons, the only significant difference in cell type score between disease groups
was identified in astrocytes (one way ANOVA p =.01319). Post-hoc testing determined that the
FTD-tau group was enriched in astrocytic transcripts relative to the control (adjusted p-value =

0.000527) and AD (adjusted p-value = 0.02915) groups. This significant increase in astrocyte cell
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type score follows the same pattern of increase as observed in astrocytic pathways (Figure 3.6)
and is likely driven by increased expression of known astrocyte markers.
3.5.4 Comparison of proteomic and glial profiling panel results

Finally, we examined the concordance between the transcriptomic and proteomic ap-
proaches (Gutierrez-Quiceno et al., 2021). There were 584 genes/proteins common (overlapping)
between the above threshold genes in the glial panel and all the proteins measured (prior to batch
correction) (Figure 3.8A). 103 genes were measured by the glial panel that were not measured in
the proteomic experiments (unique glial panel). Gene ontology (GO) analyses of the unique glial
panel genes and the overlapping genes/proteins revealed that the unique glial panel genes were
more likely to encode for proteins that localize to the plasma membrane (Figure 3.8A, Supple-
mental Figure 3.1). This pattern of unique glial panel genes being primarily membrane-bound con-
tinued when we compared our glial panel dataset to only proteins that survived batch correction
(Figure 3.8B, Supplemental Figure 3.2). However, when we compared only significant genes and
proteins, this pattern disappeared and the GO terms for cellular component were more heteroge-
neous (Figure 3.8C, Supplemental Figure 3.3).

Finally, the log> fold change values of genes and proteins were positively correlated (Figure
3.9A, Pearson’s r = .515, p <2.2 x 10"'%). We also found that fold change values of genes/proteins
with significant differential expression were more positively correlated (Figure 3.9B, Pearson’s r
=.798, p = 3.84 x 107'2). This was surprising given that transcriptomic and proteomic concordance
is often poor (Wang et al., 2019; Mangleburg et al., 2020). There were more significant downreg-
ulated genes/proteins common to both datasets than significant upregulated genes/proteins. There
were two significant genes that had opposite patterns of expression in the glial panel versus the

proteomic dataset (Figure 3.9C).
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3.6 DISCUSSION

In this study, we profiled glial-associated transcripts in human control, AD, and FTD-tau
post-mortem brain to understand how glial cells and their molecular profiles differ between control
and neurodegenerative states. We identified differentially expressed genes in the FTD-tau group
relative to control, but few in the AD group. Pathway analysis revealed that neuronal processes
were decreased in the FTD-tau group while astrocyte, oligodendrocyte, and microglial pathways
were increased. Interestingly, the AD samples often had intermediate pathway scores between
control and FTD-tau samples suggesting that FTD-tau may represent a more extreme form of
tauopathy with substantially more glial involvement. Finally, comparing fold change values in the
targeted glial transcriptome to brain proteome revealed a significant positive correlation.
3.6.1 Comparison of glial profiling panel with proteomic data yields novel insights.

Although we were surprised by the concordance between the glial panel and the proteomic
data given that there is often a mismatch between RNA and protein measurements, we also iden-
tified genes for which we did not obtain protein-level data. There were 103 genes measured by the
glial panel that were not detected in the proteome. The third and fifth most upregulated genes in
the FTD-tau samples, S100412 and IL 18, did not survive batch correction for the proteome. Many
of the genes not measured in the proteomic study predominantly encoded for membrane proteins.
RNA and protein measurements often do not correlate well due to differences in factors such as
turnover rate, degradation, regulation, and extraction methods, all of which could also explain the
unique glial panel genes in our comparison of the two datasets (Vogel and Marcotte, 2012; Liu et
al., 2016). The results of this study point to the utility of multi-omic approaches to gather more
complete measurements of a sample and to gain deeper insight on the molecular underpinnings of

disease.
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3.6.2 Robust differential expression of astrocytic and inflammatory genes in FTD-tau

The five most upregulated genes in FTD-tau (GFAP, C4A/B, S100412, CD163, and IL18)
were previously associated with neurodegenerative diseases. The majority of these genes specifi-
cally associated with AD, but some were studied in relation to tau and tau pathology. For example,
C4, a complement protein, was identified in subjects with Pick’s disease (Singhrao et al., 1996).
Other components of the complement pathway were upregulated in FTD-tau, including C3 and
Clq, and were previously implicated in mouse models of tau-mediated neurodegeneration
(Litvinchuk et al., 2018; Wu et al., 2019). The complement pathway scores of our FTD-tau samples
also trended toward significance (one-way ANOVA adjusted p-value = .055). IL18 may impact
expression of tau kinases and hyperphosphorylated tau (Ojala et al., 2008) and is also a down-
stream effector of the NLRP3 inflammasome (van de Veerdonk et al., 2011). In our study, FTD-
tau samples had higher inflammasome pathway scores than control (Supplemental Table 3.1). In-
deed, inhibition of the NLRP3 inflammasome in a mouse model of FTD-tau triggered a small
reduction in phosphorylated tau (Hull et al., 2020). While this approach was targeted to genes
associated with glial cells, the upregulated genes in FTD-tau implicate inflammatory processes
and glial cells in the pathogenesis of FTD-tau.

Like the five most upregulated genes, the five most downregulated genes in FTD-tau
(RIMS1, EGRI1, RAB3A, GABRG2, and NEFL) were also previously associated with neuro-
degenerative disease. Synaptic proteins like RIMS1, RAB3A, and GABRG2 were reduced in
other neurodegenerative states, likely due to the loss of neurons (and their synapses). EGR1 is a
transcription factor widely studied in the fields of cancer and AD (Gomez Ravetti et al., 2010; Hu
etal., 2019; Lietal., 2019). Prior literature implicated EGR1 in the phosphorylation of tau through

activation of Cdk5 (Lu et al., 2011), thus modulating EGR1 may be a useful way to target tau
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pathology therapeutically. NEFL is a cytoskeletal protein associated with Charcot-Marie-Tooth
neuropathy (DiVincenzo et al., 2014; Sainio et al., 2018). NEFL in serum, plasma, and CSF has
been widely studied for its potential as a biomarker for neurodegenerative disease, including for
FTD (Halbgebauer et al., 2021; Lim et al., 2021; Schmitz et al., 2021; Silva-Spinola et al., 2021).
In sum, the downregulated genes reflect the state of neurodegeneration and dysregulated processes
such as synaptic function and cytoskeletal dynamics.
3.6.3 Glial pathways are increased in FTD-tau

Pathway analysis identified multiple FTD-tau associated pathways. We observed that neu-
ronal pathways were primarily decreased in FTD-tau and pathway scores associated with oligoden-
drocytes, astrocytes, and microglia were increased. Of note, the astrocyte differentiation and func-
tion pathway scores had the largest F-value after one-way ANOVA analysis. Driven by a signifi-
cant upregulation of GFAP, EGFR, TLR4, and GRN, it seems that astrocyte function is markedly
and uniquely dysregulated in our FTD-tau group. Astrocytes express low levels of endogenous
tau, but tau can aggregate in astrocytes, along with other non-neuronal cell types (LoPresti et al.,
1995; Zhang et al., 2014b; Ghetti et al., 2015; Sharma et al., 2015; Kovacs et al., 2017). One study
using IPSC-derived astrocytes from subjects with MAPT mutations reported alterations in function
such as increased vulnerability to oxidative stress as well as increased expression of 4R tau
(Hallmann et al., 2017). Considering the results from this study as well as the prior literature, future
work should continue to focus on understanding the role of astrocytes in FTD-tau, particularly in
cases where MAPT mutations are present. In addition to these cell-type specific observations,
many pathways that are already known to be dysregulated in FTD-tau and other neurodegenerative
diseases had significantly different pathway scores in the FTD-tau samples, including autophagy,

phagocytosis, cytoskeletal dynamics, insulin signaling, and Wnt signaling, among others.
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While statistical analysis did not reveal any significant differences in pathway scores be-
tween FTD-tau and AD samples, the mean pathway score for the AD samples tended to be midway
between the means of the control and FTD-tau pathway scores. It is possible that since the FTD-
tau samples were more homogenous (6 out of 8 of the samples were from subjects with a MAPT
mutation) and the AD samples were more heterogeneous, the variability contributed to this ob-
served pattern in the pathway scores. It is also possible that FTD-tau may represent a more extreme
form a tauopathy which could contribute to this pattern as well. This pattern is similar to what we
observed in our proteomic dataset, especially regarding astrocytic proteins (Gutierrez-Quiceno et
al., 2021).

3.6.4 Limitations and future studies

There were several limitations to this work that are important to consider. The sample size
of 24 individual brains, 8 per disease condition, is small. Our FTD-tau group was primarily com-
posed of samples from subjects with a mutation in MAPT (6 out of 8 samples) and this group was
compared to AD samples from subjects who had sporadic (or non-familial) AD in our pathway
analyses. The prevalence of MAPT mutation cases in our FTD-tau group could make the group
more homogenous, thus improving the chances of identifying significant changes. Another limi-
tation of this study is that we did not have sufficient power to differentiate between 3R and 4R
tauopathy in our FTD-tau group. Future studies could include larger groups of distinct 3R and 4R
tauopathies to help discern the unique impacts that 3R or 4R tau pathology have on glial gene
expression. A targeted transcriptomic approach with the glial profiling panel was chosen given the
intriguing FTD-tau glial proteomic findings, particularly with astrocytes. This method was also
attractive due to the available analysis pipelines and the lower cost relative to other sequencing

approaches. However, unbiased RNA sequencing as well as single-cell/nucleus RNA sequencing
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could be considered in the future to explore additional disease-related findings with increased cell-
type specificity. Future studies could also include an additional group of samples from subjects
with only sporadic FTD-tau. Furthermore, this study did not include samples from subjects with
FTD mediated by non-tau pathology (e.g., TDP-43, FUS, etc.). Future work should include these
other sub-groups of FTD to determine whether this glial enrichment is specific to FTD-tau.
3.7 CONCLUSION

Understanding how glia contribute to neurodegenerative disease is both an understudied
topic but also a growing question within the field. We asked how glia may be altered in human
FTD-tau DLPFC. Differential expression and pathway analysis revealed an enrichment of glial
transcripts in FTD-tau samples, but not AD. Scores for the astrocyte markers and astrocyte differ-
entiation and function pathways were especially increased in FTD-tau samples. This increase in
pathway scores was driven by a robust upregulation of astrocytic genes like GFAP, C4A4/B,
ADCYAPIRI, and others. After comparison of the glial panel results with the brain proteome, we
found that the targeted glial panel allowed us to measure genes that were not detected or did not
survive batch correction in the proteomic dataset. Furthermore, our glial profiling panel results and
the proteomic dataset correlated well. Multi-omic approaches such as this are useful to capture
more complete data. Overall, glial cells and their processes appear to be more dysregulated in
FTD-tau than in AD.
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TABLES

Table 3.1 Summary demographic information.

Characteristic Control, N=8'" AD,N=8'" FTD,N=8'" p-value?
Age 65 (10) 67 (6) 66 (8) 0.9
PMI 7.3(3.7) 7.7 (3.2) 14.1 (9.9) 0.081
APOE 0.5
E2/3 1 (12%) 2 (25%) 1 (12%)
E3/3 5 (62%) 2 (25%) 3 (38%)
E3/4 1 (12%) 3 (38%) 1 (12%)
E4/4 0 (0%) 1(12%) 0 (0%)
unknown 1(12%) 0 (0%) 3 (38%)
Sex >0.9
Female 4 (50%) 4 (50%) 4 (50%)
Male 4 (50%) 4 (50%) 4 (50%)
Race 0.3
Black 2 (25%) 0 (0%) 0 (0%)
White 6 (75%) 8 (100%) 8 (100%)

"Mean (SD); n (%)

20One-way ANOVA,; Fisher's exact test
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Figure 3.1. Overview of quality control results for the glial profiling panel. A) Overview

heatmap of all normalized data displaying z-scored expression data. Each row represents an indi-

vidual probe and each column is a sample. Across the top are rows for quality control flags, disease

group, and cartridge ID. Blue marks on the left side of the heat map indicate whether the probe

was pruned due to not reaching threshold for analysis. B) Normalization factors for each sample.

C) Frequency of p-values based on cartridge ID. D) Frequency of p-values based on disease.
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Figure 3.2. Transcriptomic profiling reveals differentially expressed genes in post-mortem
AD and FTD-tau human DLPFC relative to control brain. Volcano plots demonstrate differ-
entially expressed genes in AD (A) and FTD-tau (B) relative to control. Purple (A) or yellow (B)
points indicate significant differential expression (Benjamini—Yekutieli p-value < .05). Tables
demonstrate the logs fold change, Benjamini—Yekutieli p-value, and NanoString annotated gene
sets of all differentially expressed genes in AD brain (C), the 20 most upregulated genes (D), and

the 20 most downregulated genes (E) in FTD-tau brain by fold change value.
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Figure 3.3. Transcripts associated with neuronal pathways are decreased in FTD-tau relative
to control. Representative pathways include neuroactive ligands and receptors (A-C) and neuro-
trophin signaling (D-F). Heatmaps of each pathway (A, D) reveal that samples cluster generally
by disease. Boxplots of the pathway score for each sample (B, E) demonstrate decreased pathway
scores for the FTD-tau group (neuroactive ligands and receptors: one-way ANOVA adjusted p-
value = .028, post-hoc control vs FTD adjusted p-value = 0.019574; neurotrophin signaling: one-
way ANOVA adjusted p-value = .028, post-hoc control vs FTD adjusted p-value = 0.019574).
Significance bar and * indicate a post-hoc p-value <.05. Volcano plots of differentially expressed
genes in FTD-tau brain relative to control illustrate the differential expression of genes in the neu-
roactive ligands and receptors (C) and neurotrophin signaling pathways (F). Yellow points indicate
significant differentially expressed genes (Benjamini—Yekutieli p-value <.05) in FTD-tau relative
to control. Triangle-shaped points indicate that the gene is part of the pathway and significant

genes that are part of the pathway are also labelled in red text.
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Figure 3.4. Transcripts associated with oligodendroglial pathways are increased in FTD-tau
relative to control. Representative pathways include oligodendrocyte differentiation and matura-
tion (A-C) and myelogenesis (D-F). Heatmaps of each pathway (A, D) reveal that samples cluster
generally by disease. Boxplots of the pathway score for each sample (B, E) demonstrate increased
pathway scores for the FTD-tau group (oligodendrocyte differentiation and maturation: one-way
ANOVA adjusted p-value = .028, post-hoc control vs FTD adjusted p-value = 0.019574; myelo-
genesis: one-way ANOVA adjusted p-value = .034, post-hoc control vs FTD adjusted p-value =
0.023068). Significance bar and * indicate a post-hoc p-value <.05. Volcano plots of differentially
expressed genes in FTD-tau brain relative to control illustrate the differential expression of genes
in the oligodendrocyte differentiation and maturation (C) and myelogenesis pathways (F). Yellow
points indicate significant differentially expressed genes (Benjamini—Yekutieli p-value < .05) in
FTD-tau relative to control. Triangle-shaped points indicate that the gene is part of the pathway

and significant genes that are part of the pathway are also labelled in red text.
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Figure 3.5. Transcripts associated with microglial pathways are increased in FTD-tau rela-
tive to control.

Representative pathways include microglial markers (A-C) and primed microglia (D-F). Heatmaps
of each pathway (A, D). Boxplots of the pathway score for each sample (B, E) demonstrate in-
creased pathway scores for the FTD-tau group (microglial markers: one-way ANOVA adjusted p-
value = .028, post-hoc control vs FTD adjusted p-value = 0.019574; primed microglia: one-way
ANOVA adjusted p-value = .028, post-hoc control vs FTD adjusted p-value = 0.019574). Signif-
icance bar and * indicate a post-hoc p-value < .05. Volcano plots of differentially expressed genes
in FTD-tau brain relative to control illustrate the differential expression of genes in the microglial
markers (C) and primed microglia (F). Yellow points indicate significant differentially expressed
genes (Benjamini—Yekutieli p-value <.05) in FTD-tau relative to control. Triangle-shaped points
indicate that the gene is part of the pathway and significant genes that are part of the pathway are

also labelled in red text.
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Figure 3.6. Transcripts associated with astrocytic pathways are increased in FTD-tau rela-
tive to control.

Representative pathways include astrocyte differentiation and function (A-C) and astrocyte mark-
ers (D-F). Heatmaps of each pathway (A, D). Boxplots of the pathway score for each sample (B,
E) demonstrate increased pathway scores for the FTD-tau group (astrocyte differentiation and
function: one-way ANOVA adjusted p-value = .028, post-hoc control vs FTD adjusted p-value =
0.019574; astrocyte markers: one-way ANOVA adjusted p-value = .028, post-hoc control vs FTD
adjusted p-value = 0.019574). Volcano plots of differentially expressed genes in FTD-tau brain
relative to control illustrate the differential expression of genes in the astrocyte differentiation and
function (C) and astrocyte markers (F). Yellow points indicate significant differentially expressed
genes (Benjamini—Yekutieli p-value <.05) in FTD-tau relative to control. Triangle-shaped points
indicate that the gene is part of the pathway and significant genes that are part of the pathway are

also labelled in red text.
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Figure 3.7. Cell type analysis indicates that astrocytes are enriched in FTD-tau samples rel-
ative to AD and control samples. The logio transformed results (p-values) of a test for cell type
marker co-expression (A). Boxplots of cell type scores (astrocytes (B), endothelial cells (C), mac-
rophages and microglia (D) and oligodendrocytes (E)) for each sample. Only cellular populations
whose markers were significantly correlated (A) are shown. Astrocytes are enriched in the FTD-
tau group (One-way ANOVA adjusted p-value = .013 relative to control (adjusted p-value =

0.000527) and AD (adjusted p-value = 0.02915) brain. * indicates post-hoc p-value < .05.
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Figure 3.8. Genes unique to the glial profiling panel are associated with membrane-related

cellular component GO terms. Up to the 20 most significant cellular component GO terms are

displayed on the left for genes unique to the glial profiling panel and on the right for genes that

were measured in both datasets. Comparisons include above threshold genes in the glial profiling

panel with all measured proteins (prior to batch correction) (A) and only proteins that survived

batch correction (B). Finally, only significant differentially expressed genes in the glial profiling

panel and proteins were compared (C), where the tendency for the unique glial profiling panel

genes to be localized to the membrane disappeared.
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Supplemental Table 3.1: Mean pathway scores from glial profiling panel.
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Mean (SD) ANOVA Results
Pathway Control AD FTD  F-value P-value é;{l o P-
Al Astrocyte i(l):‘s“;) i323§> (11"1177) 5325 001347 0.07914
A2 Astrocyte 3:3;) igﬁgi) (li(.)552) 3.072  0.06758 0.33477
Angiogenesis 0.79 (1.22) ?(')?667) a:gg) 5970 0.00886  0.05457
fa't‘it;’fle“ Processing and Presen-, ,; ; 55 ?1'%184) a:gg) 6.634  0.00585  0.03994
Apoptosis E(l):gé) ?(').1723) ?1'.94?2) 7427 0.00364 0.03282
;Ai;;rocyte DifferentiationFunc- E(l)g 3) ?00988) (114541) 12502 000027  0.02792
Astrocyte Markers é:ZZ) E(l’:% ?1'4.194 9607 000109 0.02792
Autophagy 0.79 (0.63) Egzgg) Egzgj) 9.048  0.00147  0.02792
Blood Brain Barrier i?zg) i(l)(z)é) (11 .1367) 5.286 0.01382  0.07935
Calcium Signaling 129 (2.16) ?6.7788) é:gz) 6707  0.00559  0.03925
Cannabinoid Signaling 1.44 (1.75) ?052? 0) agg) 9.471 0.00117  0.02792
Cell Cycle 1.06 (1.17) ?0'9711) a:%) 8794  0.00168 0.02792
Cell Migration (}ig) E(l’:(l)i) (11.4'1815) 5918 0.00915 0.05506
Chemokines 0.13 (1.43)&8:‘7%) ?('5809) 0976 039325  1.00000
Cholinergic Synapse 1.20 (1.31) ?03610) a%) 8.832 0.00165  0.02792
Circadian Signaling 0.40 (0.56) ?0'957) igzgg) 5112 001553  0.08531
Complement System E}gg) E?:g) (1;3?’2) 5995  0.00872 0.05457
Cytokines (}?é) ?(').19?’7) (12"&) 9.087  0.00144  0.02792
Cytoskeletal Dynamics 236 2,638 2% 48 000206 0.02792
(1.56)  (3.36)



Dopaminergic Synapse
GABAergic Synapse
Gap Junctions

Glucose Metabolism
Glutamatergic Synapse
Homeostatic Microglia
Hypoxia
Inflammasome

Insulin Signaling
Interferon Signaling

Ion Transport

0.62

1.28 (1.90) %),
1.79 (1.93)?1'?54)
0.78 (0.51)&8:(5)2)
1.04 (0.67) igiég)
1.54 (2.26) ?(fg%
Q11 037

084)  (0.67)
041 -005

095  (0.52)
072 028

055 (051
0.72 (0.47) ?6(.)515)
050 -0.53

(199)  (0.57)

0.35
161 2.10) o

-0.82 -0.13
JAK-STAT 0.96)  (0.71)
. . -1.18 0.06
Lipid Metabolism (1.18) (0.95)
0.36
MAPK & PI3K 1.49 (1'89)(1.18)
Microglia Neurodegenerative-2.20 0.76
Phenotype (MGnD) (1.44) (1.37)
. . -1.95 0.32
Microglial Markers (1.35) (1.30)
. -1.86 0.19
Myelogenesis (2.03) (2.02)
Neuroactive Ligands and Re- 0.46
ceptors 1.88 (2'12)(1.12)
. 0.67
Neurogenesis 2.94 (3.58) (1.98)
Neuronal Markers 0.79 (1.22) 0.46
' “77(0.53)

Neurotrophin Signaling

NF-kappaB Signaling

0.28
0.71(066) 562

-0.80 0.27
0.97)  (0.99)

-1.90
(2.31)
2.17
(2.50)
-0.78
(0.84)
-0.92
(1.51)
-2.03
(2.43)
0.74
(2.07)
0.46
(1.45)
0.44
(0.79)
-0.72
(0.92)
1.03
(1.28)
-1.95
(2.70)
0.95
(0.57)
1.12
(0.89)
-1.85
(1.91)
1.45
(3.06)
1.64
(2.57)
1.68
(1.48)
234
2.71)
-3.61
(4.11)
124
(1.94)
-0.99
(1.20)
1.07
(1.60)

7.045

8.713

11.360

7.261

6.852

4.230

1.424

7.907

9.109

3.228

6.215

11.039

10.223

8.034

6.765

7.805

7.290

8.426

7.902

5.162

8.306

4.981

0.00456

0.00176

0.00045

0.00401

0.00512

0.02860

0.26300

0.00276

0.00142

0.05994

0.00759

0.00053

0.00079

0.00256

0.00540

0.00292

0.00394

0.00206

0.00276

0.01502

0.00220

0.01696

0.03600

0.02792

0.02792

0.03377

0.03921

0.14746

1.00000

0.02792

0.02792

0.30288

0.04914

0.02792

0.02792

0.02792

0.03925

0.02792

0.03377

0.02792

0.02792

0.08431

0.02792

0.09117
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NO Metabolism and Signaling E(l)gg)

-0.10
(0.82)

Oligodendrocyte  Differentia--1.86 0.47

tionMaturation

Oligodendrocyte Markers

(137)  (1.78)

Oxidative & Nitrosative Stress  0.29 (0.55) (0.42)

Phagocytosis

Primed Microglia
Proteotoxic Stress
Purinergic Signaling
Serotonergic Synapse
Stage 1 DAM

Stage 2 DAM

T-cell signaling
TGF-Beta Signaling

Whnt Signaling

-1.22 0.72
(1.19)  (1.82)
0.04
0.19
1.64.(1.60) [ 3
.76 0.06
(2.50)  (1.95)
-0.11
109 (1.08) g6
-1.16 0.06
0.86)  (1.14)
0.45
110 (1:53) 5 60y
-0.76 0.30
0.87)  (0.63)
1.17 0.19
0.84)  (1.02)
-0.99 -0.06
0.78)  (0.78)
-0.74 -0.06
0.86)  (0.64)
0.09

0.780.95) )

1.34
(1.35)
1.39
(1.13)
0.50
(0.91)
-0.33
(1.03)
-1.83
(2.37)
2.70
(3.55)
-0.97
(1.41)
1.10
(1.37)
-1.55
(2.00)
0.47
(1.89)
0.98
(1.49)
1.05
(1.42)
0.80
(0.77)
-0.88
(0.92)

12.189

10.670

4.848

1.506

7.885

7.904

6.583

7.804

6.726

2.263

7.103

7.768

8.281

8.354

0.00031

0.00063

0.01857

0.24483

0.00279

0.00276

0.00603

0.00292

0.00553

0.12881

0.00440

0.00298

0.00223

0.00214

0.02792

0.02792

0.09775

1.00000

0.02792

0.02792

0.04012

0.02792

0.03925

0.62584

0.03588

0.02792

0.02792

0.02792
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Mean pathway scores were compared via one-way ANOVA and adjusted for multiple comparisons
using the Benjamini-Yekutieli method. Significant pathway names are bold.
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Supplemental Table 3.2: Cell type scores from glial profiling panel.

Mean (SD) ANOVA Results
Cell Type Control AD FTD F-value P-value Adj P-value
Astrocytes 738 791 865 oy G36 0.00040 0.01319

(0.49)  (0.60) (0.49)

. 6.12 6.79 7.33
Neutrophils (0.64) (0.43) (0.93) 6.025 0.00855 0.07579

. 7.63 8.52 8.68
Oligodendrocytes (0.44) 0.81) (0.39) 7.560 0.00337 0.05590

6.08 541 5.64
B-cells (0.86) (0.46) (0.45) 2.359 0.11910 0.43959

. 4.92 523 583
Cytotoxic cells 0.51) 0.87) (0.71) 3.389 0.05303 0.25164

4.95 515 5.74
Mast cells 081)  (0.73) (0.84) 2.153 0.14102 0.46846

. 7.36 7.60 8.11
Endothelial Cells 0.66)  (0.61) (0.57) 3.150 0.06363 0.26420

569 610 652
De 032)  (087) (049 O771 003987 022076

. . 6.11 6.75 7.26
Macrophages Microglia (0.55) (0.64) (0.87) 5.429 0.01257 0.08354

6.48 6.77 6.79
Neuron (0.44) (039) (0.44) 1.351 0.28049 0.84706

5.63 6.32 6.70
CD45 (0.43) (0.47) (0.89) 5.923 0.00913 0.07579

Mean cell type scores were compared via one-way ANOVA and adjusted for multiple comparisons
using the Benjamini-Yekutieli method. Significant cell types are bold.
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Supplemental Figure 3.1. Comparison of transcripts and proteins measured via the Glial

Profiling Panel and quantitative proteomics respectively, prior to batch correction. GO on-

tology analyses are displayed on the right for transcripts/proteins that were measured in both the

glial profiling panel and proteomic datasets. On the left are GO analyses for transcripts that were

only measured in the glial profiling panel.
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Supplemental Figure 3.2. Comparison of transcripts and proteins measured via Glial Profil-
ing Panel and quantitative proteomics respectively, after batch correction. GO ontology anal-
yses are displayed on the right for transcripts/proteins that were measured in both the glial profiling
panel and proteomic datasets. On the left are GO analyses for transcripts that were only measured

in the glial profiling panel.
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Supplemental Figure 3.3. Comparison of significant differentially expressed transcripts and

proteins measured via the Glial Profiling Panel and quantitative proteomics in FTD-tau rel-

ative to control brain. GO ontology analyses are displayed on the right for transcripts/proteins

that were measured in both the glial panel and proteomic datasets. On the left are GO analyses for

transcripts that were only measured in the glial profiling panel.
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SUPPLEMENTAL FILES

Supplementary files may be located at https://doi.org/10.1016/j.neurobiolaging.2021.12.005.

Supplementary File 3.1. Glial profiling panel data. Excel file composed of four sheets. 1) “raw”
- Raw count data. Each column is a sample annotated with the disease group. Each row is an
individual probe. 2) “normalized” — Normalized count data. Each column is a sample annotated
with the disease group. 3) “annotations” — Important annotations for each probe as provided by
NanoString. 4) “covariates” — Cartridge ID and disease group classifications for each sample.
Supplementary File 3.2. Differential expression data from glial profiling panel. Excel file
composed of two sheets. 1) “FTD” - FTD-tau vs control. 2) “AD” - AD vs control. Columns con-
tain statistical data. Each row is an individual probe.

Supplementary File 3.3. Raw pathway scores for each sample. Excel file. Each column is a
pathway. Each row is a sample. Disease group is annotated within the sample name.
Supplementary File 3.4. Raw cell type scores for each sample. Excel file. Each column is a cell

type. Each row is a sample. Disease group is annotated within the sample name.
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CHAPTER 4: DISCUSSION AND FUTURE DIRECTIONS
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4.1 SUMMARY OF RESULTS

The aim of this dissertation was to define how tauopathy impacts the human brain on a
molecular level. To this aim, I investigated proteomic (Chapter 2) and transcriptomic (Chapter 3)
changes in samples of human dorsolateral prefrontal cortex (DLPFC) from control and tauopathy
subjects. I leveraged systems biology approaches to generate insights into the impact of tau pa-
thology on cell type-specific and pathway level transcript and protein expression. Collectively, the
results of this dissertation highlighted disease-associated changes in microglia, endothelia, astro-
cytes, and mitochondria in human tauopathy across transcripts and proteins. Notably, the insights
generated from this study were not readily evident from simple differential expression analyses.

To address a deficit in understanding of how tauopathy impacts white matter and to expand
on findings from previous work (Gutierrez-Quiceno et al., 2021), I examined proteomic changes
in grey (GM) and white (WM) matter DLPFC through differential expression and weighted gene
correlation network analyses (WGCNA). Differential expression identified an enrichment of mi-
croglial proteins in WM while cellular deconvolution analysis identified an enrichment of astro-
cytes in FTD-tau. Consensus WGCNA identified shared and unique microglial and endothelial
disease-associated changes in GM and WM. Ratio WGCNA identified higher white:grey ratios of
mitochondrial proteins in all disease groups, relative to control. Collectively, the findings from
this study demonstrate the importance of considering both GM and WM to better understand the
pathophysiology of neurodegenerative disease.

To further investigate marked astrocytic enrichment in human FTD-tau identified from
prior work in the lab (Gutierrez-Quiceno et al., 2021) and Chapter 2 of this dissertation, [ used a
targeted transcriptomic approach to profile glial transcripts in control, AD, and FTD-tau DLPFC

(Chapter 3). Over 129 transcripts were differentially expressed in FTD-tau samples relative to
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control while only 5 were significant in AD. Pathway scores analysis demonstrated marked dysreg-
ulation of glia-related pathway scores in FTD-tau. AD samples usually demonstrated intermediate
pathway scores compared to both control and AD, suggesting that FTD-tau may represent a more
extreme form of tauopathy. Finally, comparison of the fold change values in the targeted tran-
scriptomic dataset with the brain proteome demonstrated a significant positive correlation, but also
revealed that the glial panel measured over 100 transcripts not detected in the proteome - many of
which encoded for membrane proteins. Together, these findings demonstrate that glia, especially
astrocytes, are greatly dysregulated in FTD-tau, even more so than AD.
4.2 SYSTEMS BIOLOGY APPROACHES REVEAL THE MOLECULAR PATHWAYS
THROUGH THE FOREST OF THOUSANDS OF MOLECULAR TREES

Systems biology approaches aim to derive big picture insights from granular data (Wanjek,
2022). As transcriptomic and proteomic datasets have grown larger and larger, systems biology
approaches have grown increasingly popular as a way to make sense of highly dimensional data
(Karahalil, 2016; Hampel et al., 2021). Throughout this dissertation, I used systems biology ap-
proaches including considering multiple omic datasets, cellular deconvolution, cell type and path-
way analyses, and multiple WGCNA networks. These methods across the two datasets presented
in this dissertation led to the following overarching conclusions:
4.2.1 Astrocytic transcripts and proteins are increased in FTD-tau

Our lab previously demonstrated a unique enrichment of astrocytic proteins in FTD-tau
human brain that exceeded that of AD and CTE (Gutierrez-Quiceno et al., 2021). In Chapter 2, we
identified a similar enrichment of astrocytic proteins in FTD-tau in GM and WM that was partic-
ularly evident in the cellular deconvolution results (Supplemental Figure 2.4). Chapter 3 featured

a targeted investigation of astrocytic transcripts in AD and FTD-tau and, once again, identified
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astrocytic enrichment in FTD-tau through both cell type and pathway analysis (Figure 3.6 and 3.7).
The replication of this finding across three separate studies and multiple levels of expression sug-
gests that astrocytes can be a target for both biomarker and therapeutic studies in FTD-tau. Given
that levels of these astrocytic transcripts/proteins in AD were often in the middle of control and
FTD-tau values, perhaps FTD-tau represents an extreme state of neuroinflammation. To follow up
on this marked enrichment of astrocytic proteins, specifically astrocytic endfoot proteins (Figure
1.2), we have isolated and quantified the proteins within gliovascular units of wildtype and mice
expressing mutant human tau to better understand how mutant tau impacts the astrocytic endfeet.
This study is ongoing in the lab, but nearing completion.
4.2.2 Microglial changes in tauopathy

Chapters 2 and 3 both demonstrated microglial changes in tauopathy. In GM, microglia
markers are increased in FTD-tau at the transcript and protein level (Figure 3.5, 2.2). Interestingly,
in WM, CBD and PSP demonstrated increases in microglial proteins, but not FTD-tau (Figure 2.2).
Microglial changes in tauopathy appear to varied and not as consistent as the astrocytic enrichment
in FTD-tau. Given the enrichment of microglia in WM (Figure 2.1, 2.2), future studies aiming to
understand neuroinflammation should consider WM changes in addition to GM changes.
4.2.3 White:Grey protein ratios reveal disease-associated signature of neurodegeneration

In Chapter 2, we used white:grey protein ratios to generate a WGCNA network to group
proteins together based on how their expression changed in both GM and WM across disease
states. An advantage of this ratio approach over the consensus network is that the protein ratio as
input for WGCNA allows the algorithm to consider not only the correlation between proteins but
also how those proteins differ between distinct issues when creating protein modules, providing

an extra dimension of information that is typically absent from other WGCNA studies. In doing
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so, we identify a disease-associated increase in mitochondria in WM and decrease in GM. This
reciprocal change in mitochondrial protein expression could serve as a biomarker for neurodegen-
erative disorders as positron emission tomography (PET) tracers for mitochondria already exist
(van den Ameele et al., 2021; Detmer et al., 2022).

4.3 LIMITATIONS AND FUTURE DIRECTIONS

Both studies in this dissertation suffer from similar limitations that are important to con-
sider. Sample size is low, particularly for the glial profiling study. Except for most of the CTE
samples in Chapter 2, all the samples were from Emory’s Goizueta Alzheimer’s Disease Research
Center. Validation in cohorts from other regions would increase confidence in the widespread ap-
plicability of our findings or demonstrate potential regional effects that would also be interesting
to investigate. The ARTFL-LEFFTDS Longitudinal Frontotemporal Lobar Degeneration
(ALLFTD) study (Rohrer and Boxer, 2021) and the National Centralized Repository for Alz-
heimer’s Disease and Related Dementias could serve as access points for additional biospecimens
while strategic collaborations with other major brain banks could allow for more direct comparison
of regional variation between cases.

The FTD-tau group in both studies contains mostly (but not only) cases with MAPT muta-
tions. The presence of these mutations in the FTD-tau group could lead to increased homogeneity
within the group, leading to comparison of groups with unequal variance, driving significant find-
ings in the more homogeneous group. Future studies could compare these genetic FTD-tau cases
to genetic forms of AD, eliminating any concern about comparing sporadic and genetic forms of
different disorders.

We were not powered or designed to make any comparisons between 3R and 4R tauopathy

cases. Future proteomic studies with access to an abundance of tauopathy cases (for sufficient
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statistical power) and careful neuropathological characterization could directly compare molecular
changes due to 3R, 4R, or mixed tau pathology. Comparison of transcriptomes from SH-SY5Y
cells expressing either 4R or 3R demonstrated differences in Wnt signaling and transcripts related
to development and neurite outgrowth (Chen et al., 2010), thus examination of the impact of 3R
and 4R tau pathology on the human brain should be fruitful.

Finally, our studies were limited to bulk tissue which lacks resolution on cell-type specific
contributions to disease. While we made substantial use of in silico methods to parse apart the
contribution of brain cell types to tauopathy including cellular deconvolution (Cai et al., 2022) and
enrichment analyses (Dammer, 2023), future studies would benefit from methods that are opti-
mized to parse apart cell-type contributions. Single-cell sequencing is a transcriptomic approach
capable of obtaining individual cell transcriptomes in human post-mortem tissue and this method
has already been applied to studies of human AD and other neurodegenerative diseases (Mathys
et al., 2019; Pozojevic and Spielmann, 2023). Single-cell proteomics in post-mortem human brain
is more challenging, but in active technical development (Bennett et al., 2023). Spatial proteomics
can also provide insight into the contributions of particular cell-type specific proteins to neuropa-
thological changes, but would require some a priori knowledge of proteins of interest
(Vijayaragavan et al., 2022). Given this need for a priori knowledge, spatial proteomics would be
a suitable way to follow up on the results of this dissertation, particularly the mitochondrial find-
ings in Chapter 2.

The results of this dissertation also point to avenues of future research outside of addressing
limitations. Creation of a WGCNA network from protein ratios derived from protein measure-
ments from two different tissues demonstrates feasibility for this approach to understanding pro-

tein changes across tissues or even sample types in states of control and disease. Instead of
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examining grey and white matter, one could examine a brain region and the regions to which it
projects. Outside of region-to-region comparisons, this approach may be applied to any two sam-
ples in which you expect that changes in one may affect the other such as brain and cerebrospinal
fluid (CSF), and CSF and blood. Imaging studies have employed ratio-based techniques to identify
neuropathological changes in neurodegeneration (Moccia et al., 2017; Son et al., 2019; Putcha et
al., 2023), further pointing to the feasibility and utility of this approach in future transcriptomic
and proteomic studies.

The identification of WM-specific changes in tauopathy begs the question of whether these
proteomic changes in disease are secondary to tau-mediated changes in GM or related to patho-
logical tau in WM cell types. Since human tissues are limited to a single time point, mouse models
of tauopathy may provide insight into the origin of WM changes in tauopathy. Viral or genetic
expression of wildtype or mutant human tau in oligodendrocytes in mice would provide a more
concentrated model of WM tauopathy and allow separation of the impact of tau pathology on WM
from the impact of tau pathology in GM on WM. One such study found that expression of human
P301L tau in mouse oligodendrocytes induced tau inclusions and axonal degeneration (Higuchi et
al., 2005). Future studies could alter specific tau mutations, tau isoform, or level of expres-
sion/overexpression to further understand the impact of tau on WM.

The identification of increased glial-specific transcripts in FTD-tau that exceeds that of AD
in Chapter 3 also opens avenues for further questions regarding whether this neuroinflammatory
phenotype is related to tau or just a reflection of an extreme disease state. Comparison of FTD-tau
to other FTD subtypes like FTD with TDP-43 or FUS pathology, sporadic or genetic, could provide
insight into the specificity of this finding to tau-mediated neurodegeneration. One proteomic study

of human middle frontal gyrus from subjects with FTD with tau pathology and FTD with TDP-43
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pathology demonstrated an increase in astrocytic and endothelial proteins in FTD-tau that was not
evident in FTD-TDP (Bridel et al., 2023). Studies that include FTD samples from across the neu-
ropathological and genetic spectrum of FTLD with sufficient power to detect differences between
the groups would provide insight into the molecular differences between FTD subtypes and gen-
erate better targets for biomarker and therapeutic development.
4.4 TRANSLATIONAL POTENTIAL

Studies such as those in this dissertation are important for characterizing the molecular
changes underlying neurodegenerative disorders with the principle that this increased understand-
ing may lead to therapeutic interventions. These system biology approaches also identify processes
and pathways that are altered in disease which can then be monitored to assess efficacy of new
therapies. Results from this dissertation suggest that markers of neuroinflammation and glia may
be useful when differentiating FTD-tau from AD in the clinic. Indeed, astrocytic protein YKL-40
(Zhang et al., 2016) was increased in CSF from FTD subjects relative to AD subjects (Teunissen
et al.,, 2016). An important next step that would increase the therapeutic potential for this work is
to correlate the brain transcriptome and proteome with CSF and other biofluid measurements and
clinical traits. Correlation of the WM proteome with biofluids may also yield novel biomarkers
and therapeutic targets, as WM molecular changes have been largely ignored in favor of GM.
4.5 CONCLUSION

The aim of this dissertation was to define how tauopathy impacts the human brain on a
molecular level. Proteomic profiling of GM and WM in control and tauopathy conditions identified
tissue-specific changes in microglia and endothelia as well as mitochondria proteins in tauopathy.
The GM and WM specific effects demonstrated the importance of studying both tissues to gain a

more complete picture of the impact of tau pathology on the human brain. Profiling of glial
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transcripts in AD and FTD-tau identified an enrichment of glial, and particularly astrocytic, tran-
scripts in FTD-tau. Findings suggest that astrocytes, perhaps beyond their role as just inflammatory
cells, could serve as important mediators in disease progression. Important contributions have been
made to improving our understanding of disease pathogenesis for tauopathies. The hope is that
these findings will ultimately lead to novel diagnostics or treatments that will reduce the suffering

for patients and families dealing with tauopathies.
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