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Abstract

Since its discovery in 2006, TAR DNA binding protein 43 (TDP-43) has driven rapidly

evolving research in neurodegenerative diseases including Amyotrophic Lateral Sclerosis

(ALS), Frontotemporal lobar degeneration (FTLD), and limbic predominant age-related TDP-43
encephalopathy (LATE). TDP-43 mislocalization or aggregation is the hallmark of TDP-43
proteinopathy and is associated with cognitive impairment that can be mapped to its regional
deposition. Studies in human tissue and model systems demonstrate that TDP-43 may potentiate
other proteinopathies such as the amyloid or tau pathology seen in Alzheimer’s Disease (AD)

in the combination of AD+LATE. Despite this growing body of literature, there remain gaps in
our understanding of whether there is heterogeneity in TDP-43 driven mechanisms across cell
types. The growing observations of correlation between TDP-43 proteinopathy and glial pathology
suggest a relationship between the two, including pathogenic glial cell-autonomous dysfunction
and dysregulated glial immune responses to neuronal TDP-43. Neuroinflammation associated
with ALS/FTLD and AD is largely mediated by astrocytic and microglia processes and genetic
variants in these diseases regulate innate immune pathways demonstrating the importance of

glia. In this review, we discuss the available data on TDP-43 in glia within the context of the
neurodegenerative diseases ALS and FTLD and highlight the current lack of information about
glial TDP-43 interaction in AD+LATE. TDP-43 has proven to be a significant modulator of
cognitive and neuropathological outcomes. A deeper understanding of its role in diverse cell types
may provide relevant insights into neurodegenerative syndromes.
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INTRODUCTION

Transactive response DNA-binding protein 43 (TDP-43) is an RNA binding protein
that is involved in many important cellular functions, including regulation of pre-RNA
splicing, mRNA stabilization, DNA repair mechanisms, and stress granule formation (Ratti
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and Buratti, 2016). In 2006, TDP-43 was discovered as the major pathologic protein
comprising the ubiquitinated inclusions in amyotrophic lateral sclerosis (ALS), launching

a transformative new direction for research in neurodegenerative diseases (Arai et al.,
2006). Shortly after, TDP-43 was also identified as a component of protein inclusions in
over half of cases of frontotemporal lobar degeneration (FTLD; Neumann et al., 2006),
anchoring FTLD and ALS on opposite sides of a clinical spectrum with shared pathological
features. Although there was some debate as to whether TDP-43 was contributing to, or
resulting from, the progressive neurodegenerative processes occurring in the brain and spinal
cord of these diseases, mutations were ultimately identified in the gene encoding TDP-43,
TARDBP, strongly supporting a causative or at least contributory role for TDP-43 in both
ALS and FTLD (Gendron et al., 2013). Variants in TARDBP have also been reported in
patients initially presenting with parkinsonism and diagnosed with Parkinson’s Disease,
suggesting that TDP-43 plays a primary role in neurodegenerative conditions other than
ALS and FTLD as well (Quadri et al., 2011; Rayaprolu et al., 2013). As such, aberrant
TDP-43 localization and aggregation is emerging as a shared proteinopathy, crossing
multiple neurodegenerative diseases most recently to include Alzheimer’s Disease (AD).

It is not clear how disease associated TDP-43 variants drive neuronal injury, but data
suggest that the aberrant protein confers both cell autonomous dysfunction in neurons as
well as non-cell autonomous injury through glial cells (Gao et al., 2018). Glia function
and glia-neuron communication are critical to the maintenance of brain metabolic and
network homeostasis (Allen and Barres, 2009; Liddelow and Barres, 2017; Verkhratsky
and Nedergaard, 2018; Augusto-Oliveira et al., 2019). TDP-43 expression is ubiquitous in
human neural cells and /in vitroand in vivo studies suggest possible roles for appropriate
TDP-43 function in maintaining normal physiology in oligodendrocytes, astrocyte and
microglia (Paolicelli et al., 2017; Wang et al., 2018; LaRocca et al., 2019; Peng et al., 2020).
Therefore, glial disruption by dysregulated levels or variant forms of TDP-43 may result
in significant downstream detrimental effects to neuronal health and normal brain systems
function across the neurodegenerative disease spectrum.

Given the role glia play in the pathophysiology of neurodegenerative diseases, and the
presence of TDP-43 in glia themselves, there is value to investigating how TDP-43
proteinopathy impacts glial cells and their interactions with the repertoire of neural cells
in brain. Just as our appreciation for glial tau pathology has evolved over the years, the
importance of glial TDP-43 pathology is also becoming increasingly apparent (Kovacs,
2018).

In this review, we will discuss the current state of knowledge regarding TDP-43 and

its role in glial biology in the context of common neurodegenerative syndromes through
evidence borne by clinical and pathological observations. We will explore the glial function
of TDP-43 and the glial reaction to TDP-43 in the context of various neurodegenerative
disease models focusing on ALS/FTLD and AD. Last, we will suggest that despite the
substantial role for glia in AD pathophysiology and growing evidence of comorbid TDP-43
pathology in AD, there remain large gaps in our understanding of how TDP-43 and
neuroimmune glia may interact to contribute to AD pathophysiology. The relationship
between this multifunctional protein and glia, cells both exquisitely sensitive to the
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environment and critical in maintaining CNS homeostasis, may reveal novel mechanisms
of AD pathophysiology and suggest therapeutic targets aimed at regulating glial responses.

TDP-43 was first identified in 1995 as an HIV-1 TAR regulatory element binding protein
found to regulate gene expression (Ou et al., 1995). The 43 kDa protein is a highly
conserved nuclear ribonucleoprotein with two RNA recognition motifs through which it
binds DNA and RNA as well as a prion-like domain in the C-terminus which contributes
to its phase separation properties and aggregation propensity (Gitler and Shorter, 2011).
TDP-43 is predominantly localized to the nucleus where it regulates RNA processing. It

is shuttled between the nucleus and cytoplasm through active and passive transport in
normal physiological states. In the cytoplasm, TDP-43 mediates mMRNA stability, RNA
transport and granule formation. Numerous studies have identified putative targets of
TDP-43 mediated splicing, many of which involve genes implicated in neurological disease
(Sephton et al., 2011; Tollervey et al., 2011; Tziortzouda et al., 2021). Preserved nuclear
localization of TDP-43 is important for its normal function while aberrant cytoplasmic
aggregation of TDP-43 is associated with a toxic gain function /n vitro (Barmada et al.,
2010; Hergesheimer et al., 2019). TDP-43 mislocalization has motivated attempts to tease
apart the relative significance of loss of nuclear TDP-43 localization, gain of toxic TDP-43
function, both mechanisms acting in tandem, or as yet undefined mechanisms responsible
for neurodegeneration. Of note, recent work has suggested that formation of TDP-43
aggregates may even be protective (Liu et al., 2013; Bolognesi et al., 2019; de Boer et

al., 2020; Suk and Rousseaux, 2020).

TDP-43 also influences cellular responses to stress. Cellular stress promotes phosphorylated
TDP-43 separation into liquid droplets, proposed precursors to TDP-43 aggregates. TDP-43
is also recruited to stress granules, cytoplasmic inclusions that regulate mMRNA utilization

in times of cellular stress (Gasset-Rosa et al., 2019; Nelson et al., 2019b). Typically, after
removal of the stressor, stress granules disassemble and TDP-43 will relocalize to the
nucleus; however, this process may be dysregulated in the setting of chronic stress (Jo et al.,
2020). In this context, stress granules and subsequent recruitment of TDP-43 into insoluble
or dissociation resistant aggregates may drive TDP-43 aggregation (Dewey et al., 2012).

In turn, TDP-43 can modulate stress granule assembly and disassembly dynamics (Dewey
et al., 2012; Khalfallah et al., 2018) and thus improper TDP-43 activity could alter the
cellular accommaodation to stress. Pathologic TDP-43 can be found in extracellular vesicles
isolated from ALS patient samples and has been shown to transmit across cells through
microvesicles or independently in /n vitro studies (Feiler et al., 2015; Sproviero et al., 2018).
Many of these pathogenic mechanisms that have been identified in ALS or FTLD are only
now being investigated in AD+LATE now that it is a defined neuropathology. Additionally,
how glia contribute to, or protect from, TDP-43 transmission is an outstanding question.

It was not until 2006 that TDP-43 was considered a likely key player in neurodegenerative
disease. It was then that phosphorylated TDP-43 was found to be the elusive ubiquitinated
protein in ALS/FTLD aggregates observed in the nucleus and cytoplasm of both neurons and
glia (Neumann et al., 2006). Subsequently, discovery of pathogenic 7DP-43 gene variants in
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families with ALS confirmed a driving role of TDP-43 in some forms of neurodegeneration
(Gitcho et al., 2008; Lagier-Tourenne and Cleveland, 2009). Since that time, TDP-43
function and dysfunction, through its established roles in transcription regulation, splicing,
RNA stability, ribonucleoprotein (RNP) granule, and stress granule formation have been
linked to neurodegenerative disease pathogenesis (Buratti et al., 2001; Tollervey et al.,
2011; Bhardwaj et al., 2013). The list of genes associated with monogenic forms of FTLD
and/or ALS TDP-43 proteinopathy is rapidly growing and includes C9orf72, GRN, TBK-1,
DCTNL1, Ubiquilin 2, and others (Farrer et al., 2009), which provides a starting point for
understanding the relationship between TDP-43 and FTLD pathophysiology (Abramzon et
al., 2020). TDP-43 deposition is a primary pathological feature of both sporadic and most,
but not all, monogenic forms of ALS (Suk and Rousseaux, 2020). However, individuals
with SOD1 variant associated ALS do not show TDP-43 pathology (Mackenzie et al., 2007)
further supporting the premise that TDP-43 is not solely a downstream consequence of
motor neuron degeneration. However, TDP-43 is recognized as a prevalent pathological
finding in many neurodegenerative diseases and is independently linked to neurologic
syndromes beyond its well-established association with FTLD/ALS (de Boer et al., 2020).
The more recently defined neurodegenerative syndrome, Limbic-predominant age-related
TDP-43 encephalopathy (LATE) is characterized by TDP-43 deposition in older adults
with or without hippocampal sclerosis (HS; discussed below; Nelson et al., 2019a).
Common variants at the loci of TMEM106B, ABCC9, and GRN genes are associated with
TDP-43 pathology in HS suggesting that TDP-43 is not always a non-specific secondary
consequence of a neurodegenerative disease process (Dickson et al., 2010; Van Deerlin
etal., 2010; Nelson et al., 2014, 2015; Yu et al., 2015). Work identifying the genetic
underpinnings associated with TDP-43 pathology in cognitively impaired individuals more
broadly may therefore provide additional mechanistic insight into the degenerative processes
leading to dementia.

GLIA IN NEURODEGENERATION

Astrocytes:

Each of the glial cell types plays a variety of roles in neurodegenerative disease
pathogenesis. While extensively reviewed elsewhere (Salter and Stevens, 2017; Gopinath
et al., 2020; Escartin et al., 2021), we provide a brief summary of each glial cell type

and examples of proposed roles in neurodegeneration here with a focus on evidence from
ALS/FTLD and AD.

Astrocytes are intimately involved in synaptic signaling, maintenance of the blood brain
barrier and CNS homeostasis, neuronal support, and secretion of cytokines and chemokines
that can alter the inflammatory profile of adjacent cells (Verkhratsky and Nedergaard,

2018; Linnerbauer and Rothhammer, 2020). These functions are disrupted in human
neurodegenerative diseases. “Reactive astrocytes” is the umbrella term for a set of molecular
and morphological states that astrocytes assume in response to brain injury and disease
(Escartin et al., 2021). They demonstrate cellular hypertrophy, cytoskeleton changes, and
elimination of processes, all of which may affect their critical role in synaptic transmission
(Verkhratsky and Nedergaard, 2018; Escartin et al., 2021; Smit et al., 2021). While increased
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levels of GFAP have traditionally been used to assess for the presence of reactive astrocytes,
recent work has demonstrated heterogeneity of astrocytes across brain regions, disease
states, and homeostasis (Escartin et al., 2019, 2021). Reactive astrocytes may provide

both beneficial, or disease-promoting functions (Linnerbauer and Rothhammer, 2020) and a
spectrum of astrocytic phenotypes can be documented within the same brain in the disease
state. Analyses of patient tissue were invaluable in identifying disease associated astrocytic
phenotypes in both ALS and FTLD. Hybrid studies co-culturing patient post-mortem tissue
derived astrocytes with stem cell induced motor neurons demonstrate that patient astrocytes
generate high levels of proinflammatory cytokines and can confer non-cell autonomous
neuronal toxicity /in vitro (Haidet-Phillips et al., 2011). Astrocytes are also dynamic
contributors to AD pathogenesis. In a murine model of AD, reactive astrocytes are found
collocated with amyloid plaques, calcium signaling becomes uncoupled from neuronal
signaling, and there is increased release of GABA, glutamate, and other gliotransmitters
(Smit et al., 2021). Because of their roles in maintaining synaptic signaling and the blood
brain barrier, it is hypothesized that reactive astrocytes with deleterious functions will make
good therapeutic targets for neurodegenerative conditions (Escartin et al., 2019; Smit et al.,
2021).

Oligodendrocytes:

Oligodendrocytes are the primary myelinating cells of the central nervous system, and

are thus particularly important in neuronal signaling (Tognatta and Miller, 2016; Butt et
al., 2019). They also secrete neurotrophic factors that maintain neuronal health (Tognatta
and Miller, 2016). Oligodendrocytes are the mature form of oligodendrocyte progenitor
cells (OPCs), which proliferate throughout the lifespan of the animal (Butt et al., 2019).
Proliferation, differentiation, and maturation of OPCs into mature oligodendrocytes were
all demonstrated to be altered in neurodegenerative diseases and in aging (Andrea et al.,
2016; Tognatta and Miller, 2016; Butt et al., 2019). Like astrocytes, oligodendrocytes

and OPCs have only recently been identified as having heterogenous populations between
brain regions and grey and white matter, though the functional differences between these
subpopulations remain to be discovered (Foerster et al., 2019). In many neurodegenerative
conditions as well as aging, remyelination events are common, where OPCs mature into
oligodendrocytes and replace lost myelin sheaths (Tognatta and Miller, 2016). However, in
most neurodegenerative conditions this remyelination is not sufficient to slow the disease
course, which leads to myelin and white matter loss (Tognatta and Miller, 2016; Butt et al.,
2019).

Due to their specialized role in maintaining axonal homeostasis, oligodendrocytes require
transport of MRNA and translation in the myelin compartment leaving them particularly
vulnerable to dysfunction of RNA binding proteins such as TDP-43. Postmortem studies
in ALS demonstrate disruption of mMRNA delivery and concomitant oligodendroglial
pathological protein inclusions (Pons et al., 2020). Knockdown of the oligodendroglial
lactate transporter, MCT1, a protein with decreased expression in oligodendrocytes of
affected ALS postmortem tissue, results in axon damage and loss of neuronal support
underscoring the importance of oligodendroglial metabolic integrity to ALS pathology
(Lee et al., 2012). In human AD brain, oligodendrocytes show altered glycolytic and
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ketolytic processing, indicating that this dysfunction may contribute to observed brain
hypometabolism in AD (Saito et al., 2021). OPC senescence may also contribute to
neurodegenerative conditions such as AD (Butt et al., 2019). In particular, senolytic
treatment in an AD murine model selectively affected OPCs and reduced cognitive deficits
as well as reducing AD pathology indicating a role for OPC senescence in modulating the
neurodegenerative phenotype (Zhang et al., 2019). Their senescence phenotype as well as
significant alteration in neurodegenerative disorders has encouraged researchers to consider
OPCs as another potential therapeutic target in neurodegenerative conditions (Tognatta and
Miller, 2016; Butt et al., 2019; Zhang et al., 2019).

Microglia, the innate immune cells of the central nervous system, are a major component
of neuroinflammation (Salter and Stevens, 2017; Gopinath et al., 2020). It is well known
that the role of microglia in neurodegeneration is, to say the least, complicated. In
neurodegenerative disease states, microglia have beneficial functions: clearing pathologic
peptides and degenerated neurons (Salter and Stevens, 2017; Gopinath et al., 2020).
Microglia may also mediate detrimental functions: participating in synaptic stripping and
releasing inflammatory cytokines that promote disease progression (Salter and Stevens,
2017; Gopinath et al., 2020).

Genetic studies in familial ALS/FTLD have highlighted innate immune pathways relevant
to disease pathogenesis. Progranulin, the protein encoded by the familial FTLD gene, GRN,
functions as a chemoattractant in brain to recruit microglia and promote phagocytosis
(Pickford et al., 2011). More recently, variants in the TANK-binding kinase 1 (TBKI) gene
were found to cause a spectrum of neurodegenerative disease including FTLD, ALS, and
parkinsonism (Swift et al., 2021). 7BK1 was previously identified as an IKK kinase that can
activate NFkB and regulate the inflammatory response in myeloid cells including microglia
(Pomerantz and Baltimore, 1999; Yu et al., 2012, p 1). The intersection of ALS/FTLD
genes 7TBK1and C9orf72in the stimulator of interferon genes (STING) pathway has led

to the suggestion that innate immune interferon pathways may be a potential therapeutic
target in ALS (Van Damme and Robberecht, 2021). Both rare and common variants in
immune genes expressed by microglia are associated with higher risk of AD (McQuade
and Blurton-Jones, 2019) underscoring that primary dysfunction of microglia contributes to
AD pathogenesis. The burden of common genetic risk variants in innate immune pathway
genes is correlated with impaired cognition and increased amyloid deposition (Femminella
et al., 2020). Transcriptomic analyses in several animal models of AD have revealed
subpopulations of microglia with unique gene expression during disease (Keren-Shaul et
al., 2017; Mathys et al., 2017; Rangaraju et al., 2018), identifying multiple microglia
phenotypes (both detrimental and beneficial). Studies in human post-mortem autopsy tissue
have attempted to verify these findings, also identifying multiple microglia states in disease
(Friedman et al., 2018; Mathys et al., 2019; Nguyen et al., 2020; Srinivasan et al., 2020). In
addition to these microglia subtypes, in animal models senescence results in dysregulation
of microglia maintenance of the CNS homeostatic environment, suggesting that senescent
phenotypes may also play a role in neurodegenerative diseases (Shaerzadeh et al., 2020;
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Trivifio and von Bernhardi, 2021). Similar to astrocytes, this heterogeneity of microglia
subtypes has made research to identify specific drivers of disease more complicated.

Overall, glia contribute significantly to neurodegenerative disorders including ALS/FTLD
and AD. Each cell type contributes differentially to the neurodegeneration observed.

While their heterogeneity is beginning to be investigated to understand disease-relevant
mechanisms, ongoing research will help determine which subtypes in what brain regions are
important for pathogenic mechanisms in these disorders.

TDP-43 PROTEINOPATHIES

Clinicopathologic correlation of TDP-43 proteinopathies:

TDP-43 proteinopathy refers collectively to neurodegenerative diseases which are
characterized by the presence of abnormal accumulations of TDP-43 and associated
degenerative changes (de Boer et al., 2020). The various diseases can generally be
distinguished clinically by the types of symptoms observed, and pathologically by the
pattern of TDP-43 throughout the brain and spinal cord. Classically, the symptoms
correlate with the brain regions most affected by the disease. TDP-43 proteinopathies
broadly fall into three main categories: motor neuron disease, frontotemporal dementia,
and age-related, limbic-predominant disease (neuronal progression summarized in Figure
1). However, it is important to note that TDP-43 pathologic accumulation occurs in

less common complex neurodegenerative diseases including Multisystem proteinopathy
and Guam Parkinson-dementia complex (de Boer et al., 2020) as well as a number of

rare monogenic diseases. Alexander Disease (AxD), caused by pathogenic variants in
GFAP, is an autosomal dominant disease causing developmental delay, demyelination, and
increased head circumference. Pathological “Rosenthal Filaments” (RF) accumulations in
astrocytes is the hallmark of AxD. Phosphorylated TDP-43 colocalizes with RFs in both
patient tissue and rodent models of AXD (Walker et al., 2014). A case report of the
neurodegenerative autosomal recessive disease, Cockayne syndrome, which causes variable
neurological signs including ataxia, retinopathy, and neuropathy is also reported to show
both RFs and intraneuronal phosphorylated TDP-43 (Sakurai et al., 2013). These diseases
demonstrate the wide variety of TDP-43 proteinopathies. Due to their relative prevalence in
the population, we will focus on motor neuron, frontotemporal dementia, and age-related
limbic predominant disease for this review.

ALS, a prototypical motor neuron disease clinically characterized by progressive upper
and lower motor neuron symptoms, was the first neurodegenerative disease in which
TDP-43-positive inclusions were identified (Arai et al., 2006). The neuropathology of
ALS correlates with the clinical symptoms such that TDP-43-positive inclusions are
identified in both primary motor cortex, where upper motor neurons reside, as well as

in brainstem motor nuclei and the anterior horns of the spinal cord, thus affecting the
lower motor neurons (Figure 1 A). While ALS is defined as a motor neuron disease, a
significant proportion of individuals will develop executive cognitive dysfunction or frank
frontotemporal dementia (FTD; Liscic et al., 2008; Burrell et al., 2016). FTD represents a
heterogeneous spectrum of cognitive disorders with variable phenotypes including marked
behavioral changes, executive dysfunction, parkinsonism, and primary progressive aphasia
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(Seeley, 2008; Olney et al., 2017). The underlying neuropathology of FTD is also highly
variable, but approximately 50% of cases are associated with TDP-43 pathology in a
frontotemporal lobar pattern (FTLD-TDP; Figure 1B; lkeda et al., 2004). In these cases,
the location of the inclusions also correlates with the clinical symptoms as frontal cortex
is particularly important for personality and executive function and the temporal lobe for
language.

Although initially thought to be specific for ALS and FTLD-TDP, TDP-43 was soon
described in aging and other neurodegenerative diseases, most often in sporadic late-onset
AD with up to 57% of individuals reported to have comorbid TDP-43 pathology at autopsy
(Matej et al., 2019). Over the last decade, awareness of TDP-43 pathology in aging

and AD has increased, culminating in the recent publication of consensus guidelines for
neuropathologic evaluation and a common terminology: Limbic Predominant Age-Related
TDP-43 Encephalopathy (LATE; Figure 1C; Nelson et al., 2019a). As the name implies,
this TDP-43 pathology seen in aging has a characteristic pattern of deposition in the

limbic structures of the brain that is distinct from that of ALS and FTLD-TDP. The strong
association between LATE and AD also distinguishes LATE from ALS and FTLD-TDP.
Clinically, the presence of LATE, with or without AD, is associated with anatomically
based cognitive/behavior features related to the regional distribution of TDP-43, such that
pathology in the amygdala, hippocampus, and neocortex correlates to emotional lability,
amnestic deficits, and global cognitive decline respectively (Nelson et al., 2010, 2019z;
Brenowitz et al., 2014; Josephs et al., 2014; Wilson et al., 2016; Bayram et al., 2019;
Robinson et al., 2020). The clinical symptoms in the presence of both LATE and AD suggest
a possible additive or synergistic effect. In AD, the presence of TDP-43 appears to correlate
with the degree of clinical impairment as well as regional pathology and atrophy (Amador-
Ortiz et al., 2007; Josephs et al., 2008; Nelson et al., 2010). Individuals found to have LATE
and AD neuropathologic change present at autopsy often had greater cognitive deficits,
more rapid decline in cognitive function, and more pronounced hippocampal atrophy on
ante-mortem imaging than those with AD pathology alone (Josephs et al., 2008, 2017). In
addition to evidence that TDP-43 deposition on its own can lead to cognitive decline and
potentiate that of AD, there are early suggestions that its absence may be an indicator of
cognitive resilience in AD. In a small community-based cohort, individuals who were found
to be cognitively intact despite fitting AD neuropathological criteria (resilient) had minimal
TDP-43 compared to matched cases with similar AD pathology and dementia (Latimer et
al., 2019). These associations suggest that TDP-43 may be a relevant contributor to the
disease process in individuals with sporadic late-onset AD, however those mechanisms
remain elusive.

Glial TDP-43 pathology in ALS and FTLD-TDP-43:

Neuronal inclusions, intranuclear and cytoplasmic, are the pathognomonic lesions
considered necessary and sufficient for the diagnosis of TDP-43 proteinopathies. Particularly
in FTLD-TDP and ALS, detailed descriptions and classification schemes were published
that distinguish between various subtypes of TDP-43 pathology with a stronger emphasis on
neuronal TDP-43. Pathologic TDP-43 inclusions in glial cells are nonetheless well described
in ALS and FTLD-TDP (Neumann et al., 2007; Philips et al., 2013), as are the variable glial
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reactions in brain regions affected by neuronal TDP-43 pathology (Figure 2 A-D). Although
some studies employing double labeling for TDP-43 and glial markers have shown TDP-43
inclusions in both astrocytes and oligodendroglia (Neumann et al., 2007; Arai et al., 2010),
there is no known correlation between glial TDP-43 and FTLD-TDP subtype. There may be
an association between the presence of glial TDP-43 and clinical phenotype however, with

a series of more rapidly progressive forms of FTLD-TDP showing marked oligodendroglial
TDP-43 pathology (Lee et al., 2017). A recent quantitative analysis of cortex and spinal cord
tissue from sporadic and genetic ALS cases mapped the pan-glial expression of TDP-43 as
well as the correlation of glial reaction to TDP-43 load (Nolan et al., 2020). Oligodendrocyte
accumulation of TDP-43 was a prominent feature, as was previously reported (Philips et

al., 2013), while TDP-43 aggregate accumulation within astrocytes themselves was not
observed. TDP-43 aggregates were found to colocalize with microglia, although it was

not possible to distinguish whether there was aberrant localization of intrinsic microglial
TDP-43 or if the microglia were in the process of internalizing external TDP-43. As may

be expected, increased expression of a microglia activation marker, CD68, was correlated
with higher grey matter TDP-43 immunolabeling in both the sporadic and C9orf72 familial
ALS forms (Nolan et al., 2020), highlighting the relationship between TDP-43 and microglia
activation though not clarifying the directionality of that interaction.

TDP-43 was recently shown to induce inflammation though the STING pathway, a process
which activates Interferon type 1 and NFkB signaling and is regulated by the ALS/FTLD-
TDP gene TBK-1 (Balka et al., 2020). TDP-43 overexpression induced mitochondrial
DNA leakage into the cytosol, activating the DNA sensor cGAS and subsequently STING
signaling (Yu et al., 2020). The STING pathway may be one example by which TDP-43
induces activation of microglia, and presumably contributes to observed inflammatory
neuropathological change. Recent work suggests that there may be regional differences

in the microglia population and response to pathology. A study of familial FTLD-TDP
demonstrated that while there was a higher overall burden of microglia in FTLD-TDP white
matter, those cells were more dystrophic in contrast to those in the grey matter, which
instead appeared more activated (Woollacott et al., 2018). Studies such as these emphasize
the importance of further refining our understanding of microglia states and designing
studies aimed at targeting particular glial functions in the “right” region of brain.

Glial TDP-43 pathology in LATE:

Unlike ALS and FTLD-TDP, there are only rare mentions in the literature of glial TDP-43
inclusions in the context of LATE and the consensus criteria focuses exclusively on neuronal
cytoplasmic and intranuclear inclusions. However, it is unclear whether the paucity of LATE
glial TDP-43 descriptions is because LATE, as a recently described pathological entity, was
only formally defined in 2019 (Nelson et al., 2019a) or if there is truly a lack of glial
TDP-43 pathology in aging. Of note, several studies do mention glial TDP-43 inclusions,
usually in summary tables of neuropathologic findings, but do not provide morphologic
details or descriptions regarding specific glial cell type or brain regions involved (Uryu et
al., 2008; Hunter et al., 2020). It may be that as the neuropathologic evaluation of TDP-43
proteinopathy becomes more routine in the aging population, the full breadth of TDP-43
pathology of LATE will become apparent and lead to more detailed investigation of glial
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TDP-43 pathology. This progression would be akin to the expansion of the neuropathologic
characterization of glial tau pathology in recent years (Kovacs, 2018). This will require a
concerted effort to characterize the extent of glial TDP-43 pathology in aged human brains,
including double-labeling studies to confirm the cell types involved.

Despite the scarcity of well documented descriptions of TDP-43 mislocalization or
aggregation within glia in LATE, the glial response observed in association with the
presence of TDP-43 pathology in LATE is well characterized, most notably in the
hippocampus. Hippocampal sclerosis of aging, which is defined by marked neuron loss
and severe astrogliosis, is often seen in AD and almost always associated with the presence
of TDP-43 (Amador-Ortiz et al., 2007; Nelson et al., 2019a).

Astrogliosis is a part of the brain’s response to injury, and reactive astrocytes are a common
and non-specific finding in most neurodegenerative diseases. In AD, astrogliosis is often
seen in the upper layers of the neocortex, the hippocampus, and the amygdala; but in the
presence of comorbid LATE this astrogliosis is markedly increased (Figure 2 E-H). While
it is unclear whether TDP-43 plays an active role in the pathophysiologic processes that
lead to astrogliosis, recent studies have identified phosphorylated TDP-43 (pTDP-43) in
the hippocampus in the absence of hippocampal sclerosis, suggesting that the pTDP-43
pathology precedes, and therefore potentially contributes to, neurodegeneration and reactive
gliosis (Power et al., 2018; Nelson et al., 2019a). Currently, it is unknown whether the
reactive gliosis is a non-specific response to neuron loss, or a more specific response to the
TDP-43 pathology.

Loss of myelin integrity occurs early (Cai and Xiao, 2016; Butt et al., 2019) and is markedly
increased in AD, as is the loss of oligodendrocytes (Nasrabady et al., 2018). TDP-43
deposition in oligodendroglia is established in ALS/FTLD-TDP, though similar findings in
LATE have not been reported (de Boer et al., 2020). The relationship between pathologic
protein aggregates and microglia crosses diseases and is complex, likely changing over the
course of disease, though little is known regarding the intersection between microglia and
LATE pathology in the context of AD.

TDP-43, GLIA, AND NEURODEGENERATIVE DISEASE MODELS

An abundance of evidence across brain syndromes supports a role for non-cell autonomous
mechanisms in neurodegeneration. To better understand the cascade of events resulting in
neuronal degeneration and cognitive dysfunction in TDP-43 proteinopathy, it is important to
shed light on the relevant pathogenic processes driven by glia.

The discovery of the shared property of RNA/DNA binding by TDP-43 and FUS helped
bring RNA processing to the forefront of disease relevant mechanisms (Ling et al., 2013).
Glial cells require local RNA translation, RNA transport, and subcellular localization for
normal functioning making them vulnerable to acquired or genetic driven RNA processing
dysfunction (Barton et al., 2019). In ALS animal models, deletion of TDP-43 in motor
neurons alone does not fully recapitulate the human neurodegenerative disease phenotype
of motor neuron disease, emphasizing that global CNS dysfunction is related to both
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neuronal and non-neuronal health and likely the interaction between the two (non-cell
autonomous). A murine model of TDP-43 deficiency in which neuronal and glial TDP-43
are depleted develop a severe behavioral phenotype and neurodegeneration reflecting the
significant contribution of glia in TDP-43 neurodegeneration (Yang et al., 2014). TDP-43
mediated glial dysfunction is linked to neuronal toxicity (Swarup et al., 2011) and therefore
mapping the glial pathways that are dysregulated by TDP-43 or impaired in the presence

of pathological TDP-43 is important for a holistic approach to modulating TDP-43
proteinopathy. Model systems are a convenient way to understand the effects of TDP-43
mislocalization on glia. While many studies are directed towards ALS TDP-43 variants, we
focus here on studies that may provide insight as to how wildtype TDP-43 may contribute to
common neurodegenerative disease.

Work in human patient induced pluripotent stem cell derived astrocytes collected from
“sporadic” ALS cases demonstrate a relative resilience to cell death by TDP-43 aggregates
compared to similarly challenged neurons. Using a seeding paradigm whereby TDP-43
aggregates isolated from patient spinal cord are introduced in culture and assessed for

cell to cell spread and cell toxicity, astrocytes remained more unaffected than neurons
(Smethurst et al., 2020). Furthermore, the authors report that introducing astrocytes or
astrocyte conditioned media to neurons seeded with TDP-43 aggregates promotes clearance
of TDP-43 from neurons and decreases in activated caspase 3, a marker of neuronal death
(Smethurst et al., 2020). These data indicate that astrocytes may be both resilient to toxicity,
and also provide beneficial functions to neurons in the presence of pathological TDP-43.
Nevertheless, aggregated TDP-43 can mediate toxic effects on astrocytes contributing

to dysfunctional glial physiology and subsequent non-cell autonomous neuronal injury.
Astrocytes with TDP-43 inclusions show disrupted aerobic glycolysis and lipid metabolism
which in turn may impair metabolic neuronal support (Velebit et al., 2020). In addition,

it appears levels of wildtype TDP-43 itself are relevant to intact TDP-43 function.
Overexpression of TDP-43 in mice disrupts amino acid homeostasis of astrocytes and
neurons (Hebron et al., 2014; Heyburn et al., 2016). Overexpression of TDP-43 via
transient transfection in primary murine astrocytes induces expression of PTP1B, an
inflammatory mediator also associated with myeloid inflammatory responses (Lee et

al., 2020). On the other hand, astrocytes with reduced TDP-43 expression via SiRNA
mediated knockdown have increased double stranded RNA which stimulates innate immune
responses and subsequent cell activation (LaRocca et al., 2019). Localization of TDP-43

in astrocytes, as shown in neurons, may contribute to the astroglial pathologic response
seen in neurodegeneration. Expression of the pathologic C-terminal fragment of TDP-43

in vitro in astrocytes leads to cytoplasmic inclusions with subsequent clearing of TDP-43
from the nucleus (\Velebit et al., 2020), consistent with previous work demonstrating

that restricting TDP-43 to the cytoplasm leads to TDP-43 cytoplasmic aggregation and
relocalization of previously nuclear TDP-43 (Winton et al., 2008). Selective glial expression
of ALS mutant TDP-43 in rodent models highlights the non-cell autonomous mechanisms
of neurodegeneration. Astrocyte specific mutant TDP-43 expression in rats leads to loss

of astrocyte glutamate transporters in addition to motor neurons (Tong et al., 2013).
However, some human neural studies, which can only be performed /n vitro have not
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yet captured the non-cell autonomous effect of astrocytic mutant TDP-43 expression. An
iPSC-based co-culture method demonstrated the cell autonomous effects of pathological
TDP-43 cytoplasmic accumulation in astrocytes; however there was no impact on neuronal
survival when mutant astrocytes were cultured with motor neurons (Serio et al., 2013).

Oligodendrocytes:

Microglia:

Less is known about TDP-43 in oligodendrocytes outside of the ALS context, though
ALS human pathological studies clearly demonstrate oligodendroglial TDP-43 inclusions
(Brettschneider et al., 2014). Selective deletion of TDP-43 in astrocytes by conditional
excision using cell type specific promoters to drive Cre-mediated recombinase in a floxed
TDP-43 murine transgenic model, results in cellular and motor dysfunction as well as
acquisition of a reactive astrocytic phenotype, activation of microglia, and loss of mature
oligodendrocytes (Peng et al., 2020). Using the same murine model to selectively delete
TDP-43 in oligodendrocytes in vivo leads to loss of mature oligodendrocytes and halts
maturation of new oligodendrocytes in addition to demonstrating a progressive loss of
myelin (Wang et al., 2018). Studies in infectious models of Multiple Sclerosis using Theiler
virus link neuroinflammatory processes and oligodendroglial dysfunction. Theiler virus
infected mice show a chronic immune mediated demyelinating and behavioral phenotype.
Concomitantly, TDP-43 is found to be mislocalized to the cytosol in oligodendrocytes and
other glia (Masaki et al., 2019). Of note, human neuropathological studies in sporadic
ALS in which TDP-43 aggregates are a hallmark, do not always show a significant loss

of oligodendroglial populations. This implies that the complete loss of TDP-43 in animal
models may lead to biological effects distinct from sporadic neurodegenerative disease
patients who have present, though abnormally localized and aggregated TDP-43.

Work in a murine model engineered to express an inducible pathological TDP-43 which
forms neuronal aggregates, a neurodegenerative phenotype, and microglia activation has
shed some light on the association between TDP-43 and microglial function (Spiller et al.,
2018). Spiller et al. demonstrate the development of a behavioral phenotype and neuronal
loss after induction and subsequent accumulation of human TDP-43 (hTDP-43) aggregates.
After suppressing expression of the mutant hTDP-43 construct, microglia proliferate,
adopting a reactive morphology, and mediate motor neuron functional recovery and TDP-43
clearance (Spiller et al., 2018). These data suggest that once TDP-43 accumulation has

led to neuronal dysfunction, microglia can play a restorative role, conferring neuronal
protection. Real time imaging of a GFP-tagged wildtype TDP-43 in a zebrafish model of
neurodegeneration visualized microglia phagocytosis and localization of neuronal TDP-43
after UV-induced neuronal injury (Svahn et al., 2018). Microglia targeted and phagocytosed
UV-injured neurons, internalizing neuronal nuclear TDP-43. In the presence of microglia
depletion, however, TDP-43 was mislocalized to the cytoplasm and axons of UV-injured
neurons. These findings led the authors to suggest that one mechanism of aberrant TDP-43
accumulation may be defective microglia clearance.

As innate immune cells, microglia respond to microbial or damage associated cues through
multiple signaling pathways. These Toll like receptor (TLR), CD-14, and NFkB mediated
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signaling events drive transcriptional responses to danger signals while the non-canonical
NLRP-3 inflammasome complex recognizes intracellular danger molecules and mediates
post-translational inflammatory pathways resulting in release of 1l-1b, IL-18, and additional
cytokines (Heneka et al., 2018). Exposure to wildtype and disease associated genetic
variants of TDP-43 /n vitro can induce an inflammatory response in microglia by activating
NFkB and the NLRP3 inflammasome that is dependent on TDP-43 and CD14 interactions at
the cell surface (Zhao et al., 2015). TDP-43 mutant murine models of ALS show induction
of NLRP3 expression and inflammasome activation in spinal cord tissue, which occurs in
cases of both wildtype and mutant TDP-43 expression. Similarly, microglia isolated from
WT or mutant TDP-43 expressing mice release increased IL-1b that is attenuated in the
presence of an NLRP3 inhibitor (Deora et al., 2020).

In parallel, inflammatory processes may direct TDP-43 function and localization within
glia. /n vitro, TDP-43 potentiates the microglia inflammatory response to the canonical
TLR4 inflammatory stimulus, lipopolysaccharide (LPS), leading to increased release of
inflammatory cytokines (Swarup et al., 2011). TDP-43 and the NFKkB p65 subunit have
been found to co-immunoprecipitate in ALS patient tissue extracts, though not in tissue
of unaffected human subjects (Swarup et al., 2011). This interaction may have functional
consequences as suggested by a genetic reporter assay which showed that TDP-43 acts

as a co-activator of the NFkB p65 subunit in BV2 cells, a microglia-like cell line. The
same group later demonstrated that the inflammatory response induced by LPS in primary
microglia and astrocytes /n vitroresults in relocalization of TDP-43 to the cytosol (Correia
et al., 2015). In addition to pathological aggregation of TDP-43 in the cytoplasm, the
potentiation of p65 mediated transcription by TDP-43 in the nuclei of affected patients
indicates that TDP-43 may mediate a toxic gain of function in the nucleus.

In response to internalization of exogenous aggregated TDP-43, endogenous TDP-43 has
been observed to relocate to the cytoplasm from the nucleus in primary /n vitro assayed
microglia (Leal-Lasarte et al., 2017). Once in the cytoplasm, TDP-43 was again found

to activate the NLRP3 inflammasome, inducing IL-1b and IL-18 processing as well as
caspase-3 activation. Thus, consistent with findings from TDP-43 transgene expression,
TDP-43 exposure can acutely induce the NLRP3 inflammasome and other inflammatory
sequences. The question regarding from where microglial aggregated TDP-43 is derived
in a patient with a TDP-43 proteinopathy remains to be established. Release from dying
neurons is a credible and likely possibility, though uptake either directly from neurons or
in extracellular vesicles are also possibilities (Feiler et al., 2015; Sproviero et al., 2018).

In total, data in microglia indicate that the aberrant accumulation of TDP-43 in the cytosol
may induce intracellular inflammatory signaling by the NLRP3 inflammasome in addition
to stimulating cell surface TLR signaling. The loss of nuclear TDP-43 may also result in
impaired RNA regulation, though this has not yet been validated experimentally.

The effects of changes in TDP-43 are cell type specific and may be beneficial or deleterious
depending on what change in TDP-43 is modeled. Furthermore, the pathogenic effects

of TDP-43 may also involve non-neural cells and vasculature in the CNS. For example,
neuronal expression of wildtype TDP-43 via intracerebral injection into mouse cortex
induces microglial and astrocytic activation (Zamudio et al., 2020) but also leads to
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increased blood brain barrier permeability. Importantly, the presence of TDP-43 in neurons
additionally caused an increased vulnerability to low-dose intra-peritoneal injected LPS
induced systemic inflammation (Zamudio et al., 2020). Models such as these begin to
interrogate the complex interaction between the CNS and the periphery which undoubtedly
is an extremely relevant issue in human patients. While these models provide insight into
the pathogenic mechanisms of TDP-43 dysfunction in glial cell types, understanding how
these interactions might change in the presence of additional pathology is necessary to better
define the pathogenic role of TDP-43 in diseases such as AD.

TDP-43 INTERACTIONS WITH AD PATHOLOGY

TDP-43 pathology is often observed in the presence of AD neuropathologic change. This
co-pathology would now be defined as AD + LATE, in other words the combination

of AD pathologies Ab plaques and phosphorylated tau neurofibrillary tangles along with
neuronal TDP-43 inclusions. When these pathologies occur together, they influence clinical
measures, suggesting that the interaction between these different pathological mechanisms
may ultimately contribute to cognitive decline.

TDP-43 interaction with Ab:

TDP-43 and amyloid-beta (Ab) often co-occur in AD brain, raising the question whether
one can potentiate the deposition of the other. Expressing Ab;_4» via lentivirus in rat

cortex led to a concomitant increase in TDP-43 expression, phosphorylation, cytosolic
mislocalization, and aggregation, all biochemical features of TDP-43 found in AD brain
(Herman et al., 2011, 2012). Using the 3XFAD mouse model, TDP-43 and its 35kDa
c-terminal fragment were higher at six months of age which correlated with the accumulated
amounts of Ab oligomers in brain (Caccamo et al., 2010). This was further confirmed by
reverting the mutant PSENI variant to wildtype in the 3XFAD line resulting in a double
transgenic (APP/Tau) that does not accumulate Ab oligomers, with a concomitant decrease
in TDP-43 expression (Caccamo et al., 2010). Targeted deletion studies demonstrated that
loss of forebrain neuronal TDP-43 in the AD model APPg,/PS1AE9 mouse enhanced
neurodegeneration in the hippocampus and cortex but also reduced both oligomeric and
plaque Ab (LaClair et al., 2016). Instead, there was an accumulation of prefibril Ab that
correlated with the loss of synaptophysin at eight months of age in APPg,o/PS1AE9 without
TDP-43. In the APP/PS1 murine AD model, TDP-43 oligomers were shown to inhibit the
fibril formation of Aby_4q /in vitro, though TDP-43 did not inhibit the seeding of fibrils
(Shih et al., 2020). In the same APP/PS1 mouse model, however, the injection of TDP-43
oligomers into brain increased Ab plaques and worsened memory performance, indicating
that /n vivo conditions for Ab and TDP-43 interaction may differ from the fibril formation
in vitro (Shih et al., 2020). Additional data from studies employing lentiviral delivery

of TDP-43 into rat cortex indicated that TDP-43 co-localized with BACEL (a key Ab
cleaving enzyme), increased BACEL expression, and led to increases in APP-c terminal
fragment processing, a key mechanism for Ab accumulation (Herman et al., 2012). This
direct interaction of TDP-43 and BACE1 may explain some of the previous findings of
TDP-43 manipulating the aggregation and accumulation of Ab. Together, these data suggest
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that TDP-43 is not a by-product of neurodegeneration in AD but may interact with the levels
of Ab present, and lead to exacerbated neurodegeneration in these AD models.

TDP-43 interaction with Tau:

Tau is the other primary pathology seen in AD, where in its hyperphosphorylated state, tau
forms neurofibrillary tangles and may seed across extracellular space to spread pathology
between cells (Goedert et al., 2017). There are several putative mechanisms by which
TDP-43 may regulate tau pathology through its mRNA splicing functions. In the healthy
brain, 3-repeat (3R) and 4-repeat (4R) tau isoforms are in approximately equal ratio
resulting from alternate splicing of exon 10. TDP-43 assists with splicing of tau mMRNA,
leading to exclusion of exon 10 (Gu et al., 2017) and subsequent decrease of 4R isoforms.
Overexpression of TDP-43, or mutations of TDP-43 associated with ALS/FTLD-TDP, both
lead to inclusion of exon 10 and increased levels of 3R tau which disrupts the 3R/4R

tau ratio in both /n vitro and 7n vivo murine models (Gu et al., 2017). These changes

to tau splicing and the 3R/4R tau ratio because of TDP-43 aggregation and depletion

from the nucleus are hypothesized to contribute to neurofibrillary tangle formation (Gu
etal., 2017). A later study found that de-phosphorylation of TDP-43 at specific serines

by protein phosphatases 1a and 1y subsequently alters the cellular location of TDP-43

and thus its ability to suppress exon 10 inclusion in tau mRNA (Gu et al., 2018). The
authors suggest that since protein phosphatase 1 expression is decreased in AD brain (Gong
et al., 1993), this reduction could lead to both the hyperphosphorylation of TDP-43 and

the inclusion of exon 10 in tau and the subsequent production of neurofibrillary tangles,
though this chain of events remains to be demonstrated experimentally. A set of biochemical
assays demonstrated that TDP-43 oligomers can serve as a template for oligomeric tau
aggregates (Montalbano et al., 2020). Tau oligomers can also alter TDP-43 localization
and oligomerization, indicating that tau pathology may induce TDP-43 pathology and vice
versa (Montalbano et al., 2020). /n vivo, expression of a disease associated TDP-43 variant
in cholinergic neurons using an inducible transgenic rat model increases tau pathology in
the hippocampus (Moszczynski et al., 2019). This synergism of pathologies even across
brain regions is intriguing and fits with hypotheses of both TDP-43 and tau having seeding
properties (Jo et al., 2020). Taken together, these studies indicate TDP-43 and tau may
influence the pathology of the other through indirect or direct mechanisms.

GLIAL TDP-43 IN AD

While it is clear from other neurodegenerative model systems involving TDP-43 alone
that TDP-43 plays a role in glia and in the glial response to neurodegeneration, there

is an absence of literature attempting to understand the role of TDP-43 in glia in AD
pathogenesis. A few studies have noted additional inflammation as a result of LATE
pathology that is increased beyond that seen in AD pathology without TDP-43. However,
only one study has directly experimentally investigated the role of TDP-43 in a glial cell
type in AD models.

It was repeatedly demonstrated that the presence of TDP-43 pathology induces microglia
activation, or other neuroinflammation, beyond that seen in standard AD models. The
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injection of TDP-43 oligomers into the cortex of APP/PS1 mice caused an increase in Iba-1
expression, often thought to correlate with increased microgliosis (Shih et al., 2020). The
increased accumulation of Ab fibrils in the presence of TDP-43 /n vivo compared to /n
vitrowas attributed to the contributions of neuroinflammation, as suggested by the enhanced
microglial Iba-1 immunoreactivity (Shih et al., 2020). Induced expression of Ab;_4, or
TDP-43 alone in rat cortex increases the number of Iba-1 and GFAP positive cells, both
glial markers of neuroinflammation (Herman et al., 2012). The combination of Ab and
TDP-43 increased the number and protein expression of Iba-1 and GFAP even further, as
well as increasing TNFa and IL-6 secretion, indicating that the co-localization of these two
pathological proteins may increase neuroinflammation phenotypes (Herman et al., 2012).
TDP-43 and mutant tau may synergistically induce inflammatory responses as evidenced by
increased Iba-1 immunoreactivity in the setting of co-expression of TDP-43 and mutant tau
in rat cortex (Moszczynski et al., 2019). TDP-43 colocalizes with mitochondria in control
neurons, and there appears to be significantly higher levels of mitochondrial TDP-43 in
human ALS and AD (Wang et al., 2016; Gao et al., 2020). The 5XxFAD mouse model

brain recapitulates the enhanced TDP-43 levels in mitochondria which is also associated
with mitochondrial dysfunction. Inhibiting TDP-43 mitochondrial localization was reported
to protect cognition and neuronal loss (Gao et al., 2020). Interestingly, while inhibiting
TDP-43 localization to mitochondria does not change the plaque formation or load, it does
decrease both neuronal loss and microgliosis (based on number of Iba-1 positive cells) in
the 5xFAD mice (Gao et al., 2020). This suggests that augmented TDP-43 localization to
mitochondria may change neuronal behavior and neuroinflammatory responses — whether
the neuroinflammation is in response to the neuron loss, or a cause of neurodegeneration
remains unclear in these experiments. Further studies are needed to accurately and
quantitatively assess morphology, cell function, and cytokine and/or gene expression under
different AD+TDP-43 pathology conditions to further understand the effects on different
glial cell types.

One study directly investigated the effects of manipulating TDP-43 expression in microglia
in the presence of AD pathology in murine models. After demonstrating that TDP-43
depletion in the microglia-like cell line, BV2, results in increased phagocytosis and
lysosomal biogenesis, the authors studied the /77 vivo consequence of selectively depleting
TDP-43 in microglia on neuroinflammation (Paolicelli et al., 2017). Using an inducible
microglia specific TDP-43 knockout line (TDP-43cKO) the authors found enhanced
microglia clearance of injected Ab compared to WT mice (Paolicelli et al., 2017). Depletion
of TDP-43 in microglia in the context of overexpression of pathological APP (TDP-43cKO/
APPC) led to reduced Abyg and reduced Ab plaques (Paolicelli et al., 2017). However, the
TDP-43cKO/APPC mice also had significantly reduced synaptic markers, indicating that
synaptic stripping may also occur alongside the Ab clearance. This enhanced phagocytic
phenotype in microglia that resulted in reduced synapses was present in TDP-43 cKO

mice without the APPtransgene suggesting that microglia lacking TDP-43 do not require
an inflammatory stimulus to begin the synaptic stripping process. This has additional
implications for neurodegenerative disease, where synaptic stripping is hypothesized to be
an underlying mechanism of cognitive decline. Similar to what was shown in ALS/FTLD-
TDP, the phagocytic marker CD68 is more highly expressed in microglia in individuals
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with TDP-43 pathology, indicating that the increased phagocytic phenotype seen in animal
models may also be present in humans with TDP-43 pathology (Paolicelli et al., 2017).
These studies are informative and point to a key role for TDP-43 in microglia in AD,

though it is still unknown whether these findings are recapitulated in human brain with

AD pathology with or without the co-presence of TDP-43 pathology. Additional studies are
needed to determine both whether TDP-43 is depleted from the nucleus in microglia in the
setting of pathological TDP-43 aggregates, and whether TDP-43 aggregation in neurons may
induce an exaggerated phagocytic phenotype in microglia, potentially leading to synaptic
stripping and cognitive decline.

Together, the extant literature, though small, indicates that TDP-43 pathology may further
induce activation of microglia and astrocytes and neuroinflammation in AD. There is a
suggested bidirectional interaction between TDP-43 and Ab as well as TDP-43 and tau
where the two pathological proteins may influence the abnormal accumulation of the other.
Further studies are needed to elucidate the interactions of different glia cell types with
TDP-43 pathology in AD.

DISCUSSION

Neurodegeneration is a confluence of diverse mechanisms mediated by multiple cell types
across a temporal axis (some examples: Lee et al., 2012; Radford et al., 2015; De

Strooper and Karran, 2016; Salter and Stevens, 2017; Barton et al., 2019; Butt et al.,

2019; Trivifio and von Bernhardi, 2021). In this review, we have brought together the
research on glia cell types and TDP-43 proteinopathies. Glia clearly interact with TDP-43
in ALS/FTLD-TDP, and we hypothesize that they are similarly important in AD+LATE and
other TDP-43 proteinopathy pathophysiology. The mechanisms of TDP-43 mislocalization
and aggregation in the TDP-43 proteinopathies ALS, FTLD-TDP are a relatively recent
discovery. Although the pathological diagnosis of these disorders focuses on neuronal
cytoplasmic inclusions, data from both post-mortem patient tissue as well as model systems
demonstrate that glial cells are themselves affected by TDP-43 pathology as well as reactive
to TDP-43 pathology in neurons. As a new entity in the neuropathology field, AD+LATE

is defined solely by neuronal inclusions and little information exists about glia responses

or glial inclusions. Given the significant role glia play in these neurodegenerative disorders
it seems crucial to increase our understanding of how TDP-43 and glia interact in these
proteinopathies including in AD+LATE.

The cellular responses of glial cells vary by cell type, and it remains to be seen if it

varies by brain region as well. For both astrocytes and microglia, model systems suggest
that these cells may play beneficial or detrimental roles depending on the type of TDP-43
pathology present. Based on the existing literature, we propose the following overview

of TDP-43 and its relationship with glia and neurodegeneration. In the healthy brain,
TDP-43 functions normally in splicing, RNA binding, and shuttling between the nucleus and
cytoplasm, with the primary concentration in the nucleus. TDP-43 is present ubiquitously

in all cell types of the brain (Figure 3A). In ALS/FTLD-TDP, the primary pathology is
thought to be neuronal TDP-43 cytoplasmic inclusions (Figure 3B). In both post-mortem
patient tissue, and in model systems, glial cytoplasmic inclusions have also been identified.
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Model systems additionally point to a variety of reparative (clearing TDP-43 from neurons
by microglia and astrocytes) and disease-causing (loss of maturation of oligodendrocytes
and myelination) mechanisms for TDP-43 in different glial cells (Figure 3B). Additionally,
potential mechanisms of transfer of TDP-43 between cells via uptake of endosomes
containing TDP-43 aggregates is known (Figure 3B). While the contribution of glia to
ALS/FTLD-TDP is somewhat explored, the relationship of TDP-43 and glia in comorbid
pathologies such as AD+LATE remains relatively unknown. Like ALS/FTLD-TDP, the
primary pathology to confer diagnosis is TDP-43 cytoplasmic inclusions in neurons (Figure
3C). Perhaps because LATE has only recently been defined with a consensus diagnosis,
little acknowledgement of the potential contribution of glia to this pathology is described

in the literature. We suspect that TDP-43 cytoplasmic inclusions are present in glia as well
as in neurons, though this remains to be shown for all glial cell types (Figure 3C). The

few studies that exist suggest that TDP-43 mislocalization in glial cells is important for

AD pathogenesis. Neuropathology is clear that TDP-43 aggregation in neurons enhances
gliosis (Figure 2), suggesting that whether or not TDP-43 dysfunction is present in glia their
response may alter cognitive outcomes. Together, these data indicate that much remains to
be discovered about whether TDP-43 itself is altered in glial cells in AD+LATE and how
that contributes to disease progression.

In addition to understanding the role of TDP-43 in glia, research is needed to further
elucidate the interaction of TDP-43 in combination with other pathologies that co-occur in
AD+LATE. The synergy between TDP-43 dysfunction and accumulation of Ab as well as
tau splicing indicates that TDP-43 may directly enhance primary AD pathology. Additional
human tissue-based studies are crucial to this effort to identify the contribution of glia to
TDP-43 pathology, particularly longitudinal studies with well characterized participants and
an autopsy endpoint to further define the clinical and pathologic associations of TDP-43 and
glia. These studies not only need carefully defined tissue sets, but double-labeling to identify
TDP-43 inclusions in each of the glial cell types. Such work may help drive better clinical
testing approaches to facilitate the identification of individuals with comorbid AD+LATE.
AD and ALS/FTLD-TDP are complex diseases whose drug discovery efforts are challenged
by clinical, neuropathologic and mechanistic heterogeneity. In the case of AD in particular,
which has had a longer run with clinical trials than FTD and ALS, therapeutic efforts have
been unsuccessful and there is a pressing need to expand beyond the current approaches. In
part, the concern that human clinical trials begin too late in an individual, after disease

has already started, is likely true and a contributing factor to repeatedly failed trials.
Because glial function is implicated in accelerating disease progression, glial mechanisms
are attractive candidates for strategies to halt or slow disease even if the initial insult has
begun. Studies to better define the relationship of TDP-43 and specific glial cell types may
thus inform strategies which can join the armamentarium of therapies that will be required
for successful approaches to these devastating neurodegenerative diseases.
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A. ALS: Amyotrophic Lateral Sclerosis B. FTLD: Frontotemporal C. LATE: Limbic Predominant Age-
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Figure 1. Clinicopathological Classification of TDP-43 Proteinopathies.
TDP-43 proteinopathies are defined based upon which brain regions contain the greatest

abundance of pathology. (A) in ALS, abnormal TDP-43 inclusions are found in both

the upper motor neurons of the primary motor cortex (green) as well as lower motor
neurons, including those of the anterior horn of the spinal cord (purple). This pattern of
pathology correlates with the clinical symptoms of motor neuron dysfunction. (B) FTLD is
characterized by abnormal TDP-43 inclusions predominantly affecting cells in the frontal
(pink) and temporal (orange) lobes, correlating with the behavioral disturbances classically
seen in FTLD. (C) LATE has only recently been described and consensus criteria propose
four stages of disease defined by the brain regions involved by abnormal inclusions of
TDP-43. While a stage 0 indicates no abnormal TDP-43 aggregates, in stage one the
aggregates are limited to the amygdala (yellow); the clinical implications of stage 1 LATE
are not well understood. In stage 2 both amygdala and hippocampus (orange) are involved,
while by stage 3, neocortex (pink) is also involved. These later stages correlate well with
clinical symptoms, including amnestic complaints (hippocampus) and more global cognitive
dysfunction (neocortex).
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Figure 2. TDP-43 pathology and glial responses across the TDP-43 proteinopathies.
(A, B) In ALS, cells within the anterior horn of the spinal cord are affected (A, H&E/LFB

stain) and immunohistochemical staining for phosphorylated TDP-43 highlights inclusions
both in neurons (arrow) and glia (asterisk) (B, pTDP-43 immunostain). (C, D) In FTLD,

the subcortical white matter is often gliotic as evidenced by increased reactive astroglia
(plus signs and inset) (C, H&E/LFB stain) in association with numerous pTD-43 inclusions
in oligodendroglia (asterisk, D, pTDP-43 immunostain). (E-H) In LATE, which is often
seen comorbid with Alzheimer’s disease, there is a robust glial reaction (E, G, H&E/LFB
stain, with reactive astrocytes shown by plus signs and in the insets) in association with

the presence of neuronal pTDP-43 inclusions (arrows, F, H, pTDP-43 immunostain). In this
case, while pTDP-43 inclusions were found bilaterally in the amygdala, the left side showed
significantly more inclusions compared to the right, which correlated with the striking
increase in reactive astroglia also seen in the left amygdala (inset). Whether the pTDP-43
inclusions are found in glia as well as neurons (arrows) is not well characterized in the
context of AD+LATE. + = reactive astrocyte, arrow = neuronal TDP-43 inclusion, * = glial
TDP-43 inclusion
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Figure 3. Gliainvolvement in TDP-43 proteinopathy isknown in ALS/FTLD-TDP while much
remainsunknown in AD+LATE.

(A) In the healthy brain, TDP-43 is ubiquitously expressed by both neurons and glia.
Indicated here in red, TDP-43 shuttles between the nucleus and cytoplasm in normal
function, but the majority remains located in the nucleus where it performs its typical RNA
binding and splicing functions. (B) In ALS/FTLD TDP-43 aggregates in the cytoplasm of
neurons are a hallmark of pathology in about half of cases. In addition, TDP-43 is known
to aggregate in the cytoplasm of oligodendrocytes, oligodendrocyte precursor cells (OPCs),
astrocytes, and microglia. TDP-43 aggregates may be transferred to microglia through
exosomes as depicted. (C) In AD with LATE pathology, TDP-43 aggregates are found in the
cytoplasm of neurons shown in solid red. This may lead to abnormal splicing of tau, and
increased accumulation of oligomeric amyloid beta. Both of which may further accelerate
the AD pathological hallmarks of neurofibrillary tangles and amyloid plaques, though more
research is needed. Additionally, it remains unknown whether TDP-43 aggregates in glia
such as astrocytes, OPCs, oligodendrocytes, and microglia all of which are activated and
responsive to AD pathology. We suspect that TDP-43 pathology exists in these glial cell
types as well as in neurons as indicated by the dashed red TDP-43, but further work is
needed to confirm this. We hypothesize that mislocalization of TDP-43 is occurring in glia,
and that this significantly impacts AD pathological response; however, there is currently
little evidence for which cell types are impacted and further research is needed. (Created
with Biorender.com)
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