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Dishaben Miteshkumar Soni
THE IMPACT OF INPP5D ON MICROGLIAL RESPONSE TO TAU PATHOLOGY
IN ALZHEIMER’S DISEASE

Alzheimer’s Disease (AD), the most prevalent form of dementia, is
neuropathologically defined by the extracellular buildup of amyloid-beta (AB) plaques, the
formation of intracellular neurofibrillary  tangles (NFTs) composed of
hyperphosphorylated tau protein, and progressive neuronal degeneration, ultimately
leading to cognitive decline. Genetic studies have identified immune-related risk genes
linked to AD, underscoring the regulatory role of microglia in AD pathogenesis. Among
these genes, INPP5D, which is exclusively expressed by microglia in the brain, has been
associated with an increased risk for AD. Elevated INPP5D expression in microglia
correlates with amyloid-plaque burden in human AD brain tissue, and studies indicate that
INPP5D deficiency modulates amyloid pathology, with effects differing by disease stage
and model system. While INPP5D modulation has been shown to impact amyloid
pathology, its influence on tau pathology remains largely unexplored. This dissertation
seeks to illuminate the role of INPP5D in tau pathogenesis.

Our initial studies demonstrated a positive correlation between INPP5D
expression and tau-seeding activity in human AD brain samples. Likewise, we observed
increased INPP5D expression associated with phospho-tau ATS levels in PS19 mice,
indicating a significant link between INPP5D and tau pathology. Building on these
findings, we explored the effect of /npp5d haplodeficiency on tau pathogenesis in PS19
mice, revealing that Inpp5d haplodeficiency recovered motor functions, mitigated tau

pathology, lowered proinflammatory cytokine levels and altered microglial morphology
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without affecting the overall cellular composition. Transcriptomic analysis also showed the
upregulation of genes involved in cell migration, immune response, angiogenesis, and
wound healing. These results highlight a complex interplay between /npp5d, tau pathology,
and behavioral outcomes, supporting Inpp5d’s involvement in tau pathogenesis.

To explore this further, we treated primary microglia isolated from Wildtype,
Inpp5d*", and Inpp5d’~ mice with recombinant mutant tau-preformed fibrils and insoluble-
tau extracted from PS19 mice brains. Our results revealed increased tau uptake in Inpp5d*”
and Inpp5d’ microglia, suggesting that Inpp5d modulation enhances tau uptake,
potentially influencing disease progression through altered microglial response.

While further research is needed to clarify the mechanisms through which
INPP5D influences tau pathogenesis, our findings highlight INPPSD as a promising

therapeutic target for modulating tau pathology and improving microglial function in AD.

William A. Truitt, Ph.D., Chair
Adrian L. Oblak, Ph.D.
Cristian Lasagna-Reeves, Ph.D.
Stephanie J. Bissel, Ph.D.

Shaoyou Chu, Ph.D.
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Chapter One: Introduction

This chapter provides a thorough overview of Alzheimer’s disease, covering its
significance, clinical features, and pathophysiological characteristics, focusing on a brief
overview of amyloid beta, tau pathology, microglia, the impact of relevant genetic factors,
and INPP5D, leading the foundation to understand the role of INPP5D in tau pathogenesis,
the central focus of this dissertation.
1.1 Overview of Alzheimer’s disease

Dementia refers to a significant decline that disrupts an individual’s ability to carry out
daily tasks. Alzheimer’s disease (AD) stands as the most prevalent neurodegenerative
disorder and the primary contributor to dementia on a global scale. As the population ages,
the prevalence of AD is anticipated to rise significantly, with the risk of developing AD
multiplying every five years after the age of 65 (Qiu et al., 2009; Santana et al., 2015). In
addition to its cognitive impact, AD has become the seventh leading cause of death in the
United States, which highlights its implications for public health. AD not only affects those
diagnosed but also places a significant emotional, physical, and financial strain on
caregivers and the healthcare systems (Wimo et al., 2023). Despite the extensive research
dedicated to understanding and treating AD, no effective cure or treatment exists to halt
the progression of AD (Akiyama et al., 2000). As the economic impact is comparable to
cancer and cardiovascular diseases, Alzheimer’s disease has become a critical focus for
global health initiatives (Akiyama et al., 2000; Wong, 2020).

AD is a progressive and incurable disease condition characterized by cognitive decline,
loss of independence, and changes in behavior. Clinically, AD predominantly impacts

short-term memory, motor skills, spatial awareness, and executive functions, with episodic



memory loss being the critical symptom. However, it can present in atypical forms with
progressive language impairment, posterior cortical atrophy, and frontal lobe variants,
where memory may initially remain preserved (Tarawneh & Holtzman, 2012 Graff-
Radford, et al., 2021).

The medical community was first introduced to AD in 1906 by the work of a German
psychiatrist and neurologist, Dr. Alois Alzheimer, who reported on the condition of a 51-
year-old patient, Auguste Deter, who had suffered from progressive symptoms of memory
loss, speech issues, disorientation, and hallucination over five years. The brain autopsy of
Auguste Deter revealed key pathological markers, including extracellular amyloid beta
(AP) plaques, intracellular neurofibrillary tangles (NFTs), and morphological changes in
microglia, the immune cells residing in the brain, accompanied by pronounced cerebral
atrophy (Alzheimer, 1906; Alzheimer, 1907; Hannah, 1991; Hippius and Neundorfer
2003). Around the same time, a psychiatrist and neuropathologist, Dr. Oskar Fischer, also
described neuritic plaques in 12 cases of senile dementia, further confirming the early
understanding of what would later be known as Alzheimer’s disease (Fischer, 1907;
Goedert, 2009). These observations and supporting evidence on genetic modifications, in
1992, laid the groundwork to understand how the deposition of amyloid beta may trigger
the series of chain reactions resulting in the formation of Neurofibrillary tangles (NFTs)
and neuronal loss, ultimately leading to cognitive decline (Hardy& Higgins, 1992; Tew &
Goate, 2017).

Although AP accumulation has been significant in triggering the onset of AD, it is
believed to be insufficient for the disease progression. Numerous studies have indicated a

stronger link between NFTs and AD than AP alone (Arriagada et al., 1992; Bierer et al.,



1995; Giannakopoulos et al., 2003; La Joie et al., 2020). In some cases, tau tangles are
found in the brains of individuals with little to no AP pathology (de Paula et al., 2009).
Research has shown that A accumulation can occur without accompanying cognitive
decline (Mintun et al., 2006; Aizenstein et al., 2008). Additionally, patients with both A}
and tau exhibit higher levels of specific biomarkers than those with only AB (Suérez-Calvet
et al., 2019). While amyloid pathology has been a primary focus, tau research is gaining
attention in Alzheimer’s disease. There are some encouraging findings from tau-based
strategies, with two anti-tau therapies currently in Phase III and eight therapies in Phase II
trials (Medina, 2018; Cummings et al., 2023). Beyond AP and tau, other factors like
inflammation and Oxidative stress are also thought to contribute to AD pathogenesis
(Mohandas et al., 2009; Rather et al., 2021). These studies highlight the complexity of
Alzheimer’s Disease, indicating intertwined processes such as AP accumulation, tau
pathogenesis, and neuroinflammation that play crucial roles in disease development and
progression. They emphasize the need for a multifaceted approach to understanding,
diagnosing, and treating the disease.
1.1.1 Early-onset and Late-onset Alzheimer’s Disease

As age is a crucial risk factor for AD, the onset of clinical symptoms is often
categorized by age threshold and typically in two forms: Early-Onset AD (EOAD), which
constitutes about 5-10% of AD cases and generally becomes apparent before the age of 65,
and Late-Onset AD (LOAD), which becomes apparent after the age of 65 and which is the
most common form (Cacace et al., 2016; Reitz et al., 2020; Rabinovici et al., 2019).
Alzheimer’s disease is genetically categorized into familial (mendelian inheritance) and

sporadic cases. Familial early-onset Alzheimer's disease (EOAD) is often associated with



a genetic mutation, and its heritability ranges from 92 to 100%. Approximately 60% of
EOAD cases occur in families with multiple relatives affected by AD, and within these
cases, about 14% follow the autosomal dominant pattern that typically involves three or
more generations (Campion et al., 1999; Bekris et al., 2010; Jarmolowicz et al., 2015).

EOAD is associated with mutations in three key genes: amyloid precursor protein
(APP) and presenilin-1 (PSEN1) or presenilin-2 (PSEN2) (Bertram et al., 2010; Piaceri et
al., 2013). The APP gene, situated on chromosome 21, contains 18 exons that encode for a
single-pass transmembrane protein with a large extracellular domain, which undergoes
alternative splicing to produce ten different isoforms, with APP695 being the predominant
isoform in the CNS. APP is processed through two primary pathways: (1. The
nonamyloidogenic pathway: This pathway involves cleavage by a-secretase producing
soluble APP (sAPPa) and membrane-bound fragments and (2. The amyloidogenic
pathway: In this pathway, APP is first cleaved by [B-secretase (BACE 1) to produce
(sAPPp). This is followed by y-secretase cleavage of remaining BCTF, generating AP
peptides, such as AB1-40 and AB1-42, which then aggregates to form senile plaques, one
of the hallmarks of AD (Glenner & Wong, 1984; Tanzi & Bertram, 2005; Tabaton &
Tomagno, 2007; Piaceri et al., 2013 ).

Reports indicate that approximately 50 pathogenic mutations in APP have been
identified, such as Swedish mutation (K670N/M671L), Leuven E682K, Arctic (E693QG),
Italian (E693K) that impact either cleavage process or stability of AP that leads to increase
in pathogenic A species and AB1-42/AB1-40 ratio (Mullan et al., 1992; Tcw & Goate,
2017; Nilsberth et al., 2001). Mutations like Osaka (E693del) and A673V further intensify

AP toxicity, and Osaka mutation has been observed to promote synaptic damage (Giaccone



et al., 2010; Tomiyama & Shimada, 2020). Few studies have also linked APP processing
with tau regulation in AD that goes beyond only AP signaling. For instance, the
extracellular domain of APP has been shown to facilitate the uptake of tau fibrils in
forebrain neuronal cellular models, leading to tau propagation and aggregation (Moore et
al., 2015). Moreover, soluble tau interacts with the N-terminal region of APP and
exacerbates tau pathology (Chen et al., 2023).

PSEN1 and PSEN?2 are located on chromosome 14 and 1, respectively, each consist of
12 exons and encodes for 467 amino-acid transmembrane proteins that form a catalytic
domain of the y-secretase complex, which becomes active after cleavage into 30 KDa N-
terminal (NFT) and 20 KDa C-terminal fragment (CFT) (Rogaev et al., 1995; Sherrington
et al.,, 1995). Mutations in the key residues (Asp257 and Asp385) in these NFT/CFT
heterodimers disrupt y-secretase activity. Based on population studies, mutations in the
PSEN1 gene have been indicated as the most common genetic cause of EOAD. They are
associated with developing severe and rapid acceleration of AP and tau pathologies about
8.5 years earlier than APP mutation and about 14 years earlier than PSEN2 (Dai et al.,
2018). Thus far, about 200 to 300 PSEN1 mutations have been reported, many of them are
clustered in exons 5, 6, 7, and 8. Mutations in PSENIsuch as Y115H, T116I, M146L,
F176V lead to increase ratio of AB1-42/ AB1-40 (Kovacs & Tanzi, 1998; Menéndez, 2004;
Larner & Doran, 2006; Piaceri et al., 2013). Conversely, PSEN2 mutations are rare but also
alter this ratio, with mutations like T122P, M2391, and M239V and present a broader age
range between 40 to 80 years and have lower penetrance than PSEN1; therefore, not all

PSEN?2 carriers develop AD (Rogaev et al., 1995; Jayadev et al., 2010).



Mutations in PSENI1 related to tau pathology disrupt the physiological role of
neurofilament assembly and neurite growth, which leads to cytoskeleton changes and an
increase in tau phosphorylation and aggregation (Dowjat et al., 2001). Furthermore, AD-
linked PSEN, A246 mutation increases enzyme GSK3 activation, which causes increased
hyperphosphorylation of tau (Takashima et al., 1998). The effect of PSEN1 mutations on
the APP processing by y-secretase is unclear, likely due to discrepancies in experimental
models and the interaction of other proteins, such as endogenous components of the y-
secretase complex (Jayadev et al., 2010).

Late-onset Alzheimer’s disease (LOAD) is the most common form of AD and accounts
for roughly 90 % of all AD cases, with the majority being sporadic. Unlike early-onset AD,
LOAD typically begins between the ages of 60 and 65 (Isik 2010; Rabinovici 2019).
Although genetic factors significantly influence the risk of developing LOAD, it is
considered a polygenic and multifactorial condition. Its progression involves complex
interactions among various genetic polymorphisms, lifestyle factors, and environmental
exposure, with no single model that can fully explain the development of the disease
(Rabinovici 2019). The apolipoprotein ¢4 (APOE4) is the most well-established risk factor
for LOAD, present in 20-25% of the general population and 40 to 65% of Alzheimer’s
disease patients (Corbo & Scacchi, 1999; Verghese et al., 2011; Piaceri et al., 2013).

The apolipoprotein (APOE) encodes a polymorphic glycoprotein highly expressed in
the liver and brain. In the brain, it is produced mainly by astrocytes, which play a crucial
role in cholesterol homeostasis and facilitate the transport of lipids to neurons through the
APOE receptor (Holtzman et al., 2012; Liu et al., 2013). It has three polymorphic forms,

g2 (APOE2), e3 (APOE3), and ¢4 (APOE4), with ¢4 variant linked to an increased risk of



AD. These isoforms differ at two amino acid positions C112 (rs420358) and R158
(rs7412), which affect the structure and binding affinity of the isoform, 112 where APOE?2
has cystine at both sites (C112 & C158), APOE3 has cystine and arginine (C112 & R158),
and APOE4 has arginine at both sites (R112 & R158) (MclIntosh et al., 2012; Belloy et al.,
2019). Carrying the APOE4 allele significantly increases the risk for developing AD and
influences the age of onset. Heterozygous carriers with one allele of APOE3/APOE4 have
a threefold increased risk, while homozygous carriers with two alleles APOE4/APOE4
have a 15-fold increased risk. In contrast, the APOE?2 allele has a protective effect,
potentially delaying the onset of disease, with an odds ratio (OR) of 0.6 (Corbo & Scacchi,
1999; Liu et al., 2013). In Alzheimer’s disease, APOE plays a role in transporting Af to
lipoprotein receptors for clearance, following an isoform-dependent pathway. Variations
in APOE isoforms affect their interaction with AP, influencing the efficiency of A
clearance. For example, Cysteine at 112 in APOE2 may disrupt salt bridges, affecting its
receptor binding. At the same time, arginine at 158 in APOE4 shifts APOE’s binding
preference for very low-density lipoproteins (VLDL), compromising receptor-mediated
clearance and proteolytic degradation of A, possibly contributing to disease progression
(Wilson et al., 1991; Weisgraber 1994; Castano et al., 1995; Mahley & Rall, 2000; Martins
et al., 2006).

Tau deposition is more pronounced in APOE4 carriers in the presence and absence of
AP plaques (Therriault et al., 2020; Raulin et al., 2022). Evidence also suggests that APOE3
binds strongly to tau at the microtubule-binding region, potentially inhibiting tau
phosphorylation and regulation of tau metabolism, whereas APOE4 shows weaker binding,

which may hamper the regulation of tau metabolism and contribute to disease progression



(Strittmatter et al., 1994). APOE4 also exacerbates tau-induced damage, microglia
reactivity, and neuroinflammation independent of amyloid pathology (Shi et al., 2017).

Additionally, GWAS studies have identified about 600 risk genetic variants that
increase the risk for LOAD; a few essential risk genes include TREM2, CD2AP, CD33,
PICALM, BINI, ABCA7, and CLU (Tanzi, 2012; Karch & Goate, 2015). While most of
these genes confer relatively modest risk with an odds ratio (OR) ranging from 1.1 to 2 per
allele, the variant TREM2R47H exhibits a risk level similar to APOE4. Genomic studies
have highlighted a few key biological pathways in AD, such as immune response,
cholesterol-lipid metabolism, and endosomal vesicle cycling (Chen et al., 2012; Tanzi,
2012).

1.1.2 Stages of Alzheimer’s disease and diagnostic criteria

The framework for diagnosing Alzheimer’s disease is categorized into three distinct
stages: Preclinical AD, Mild Cognitive Impairment (MCI) due to AD, and AD dementia.
Symptoms and clinical features of AD vary across the stages, positively correlating with
the extent of neuronal damage (McKhann et al., 2011).

During the preclinical stage of AD, pathological changes begin years before clinical
symptoms appear (Leclerc & Abulrob, 2013; Sperling et al., 2014). This phase is
characterized by the aggregation of A monomers and their secretion into the cerebral
spinal fluid (CSF), known as asymptomatic cerebral amyloidosis. As the disease
progresses, phosphorylated tau (p-tau) begins to appear in CSF, with neurofibrillary tangles
developing in the brain (Elman et al., 2014; Selkoe & Hardy, 2016). This stage includes

presymptomatic individuals with genetic mutations or asymptomatic individuals who show



biomarkers but no clinical symptoms with intact cognitive functions (Sperling et al., 2011;
Caselli & Reiman, 2013; Jarek et al., 2024).

In MCI, clinically, individuals show a decline in memory, language, attention, and
visuospatial functions, requiring minimal assistance in daily life. Pathological changes in
the brain may include hippocampal atrophy and early tau tangles in the entorhinal cortex
(Kelley & Petersen, 2007). Increased accumulation of AP in the neocortex and spread of
tau tangles in the temporal and parietal lobes contribute to reduced cognitive functions.
Concentrations of AP, total tau, and phosphorylated tau (p-tau) can be detected through
CSF analysis. However, visualization, mapping, and quantification of tau are limited due
to the lack of selectivity and efficacy of tau tracers. MRI (magnetic resonance imaging)
can detect structure abnormalities such as reduced gray matter volume and subcortical
hyperintensities (Albert et al., 2011; Chandra et al., 2019). Recent advancements have also
emphasized the potential of plasma biomarkers p-Tau217 and p-taul81, which strongly
correlate with CSF tau levels and amyloid PET imaging. MCI is diagnosed clinically,
where positron emission tomography (PET) can differentiate MCI from other causes of
dementia, and genetic testing can be used in cases with a strong family history of
Alzheimer’s disease (Albert et al., 2011; Thijssen et al., 2021).

AD dementia is the final and most severe phase of the disease. Symptoms highlight
extensive neuronal damage and impairment across multiple cognitive domains of the brain,
including memory, language, executive functions, and visuospatial skills. These domains
significantly impact individuals' personalities and daily lives. Confirmation of AD is
achieved through postmortem neuropathological examination. However, integrating

multiple approaches, such as cognitive examination, MRI, PET, and CSF biomarker



analysis, offers high sensitivity and specificity in diagnosing AD dementia (Chandra et al.,
2019; Vally & Kathdra, 2011).

Accurate diagnosis of Alzheimer’s disease requires a comprehensive approach,
integrating clinical evaluations, cognitive examinations, neuropathological neuroimaging,
and biomarker analysis. Although currently no cure exists for AD, early diagnosis remains
critical for effective management and planning. Researchers are making significant
progress in developing new diagnostic approaches, including blood tests to detect amyloid
and tau and imaging techniques promising for detecting AD at earlier stages. Timely
diagnosis helps access appropriate care and supports participation in clinical trials, which
are essential in advancing treatment options for AD (McKhann et al., 2011; Kelley &
Peterson, 2007).

1.1.3 Pathophysiology of Alzheimer’s Disease

Although extensive research has shed light on the molecular, biochemical, and cellular
processes involved in disease, the etiology and pathogenesis of AD still need to be
determined (Calabro et al., 2020). Central to the pathophysiology of AD is the
accumulation of AP and hyperphosphorylated tau proteins, which are believed to drive
disease progression through interconnected pathways.
1.1.3.1 Amyloid pathology in Alzheimer’s Disease

The AP pathology in AD involves the cleavage of APP (amyloid percussor protein), the
membrane protein found in neurons, by a-secretase or B-secretase (BACE-1) and y-
secretase through two main pathways: the nonamyloidogenic pathway and amyloidogenic
pathway. The nonamyloidogenic pathway produces nonpathogenic a-secretase cleaved

soluble APP (sAPPa) and membrane-bound fragments, while the amyloidogenic pathway
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produces B-secretase cleaved APP (sAPPp) followed by y-secretase cleavage of remaining
BCTF, which results in aberrant production of AP peptides such as AB1-40 and AB1-42.
Accumulation of these AP contributes to plaque formation that leads to neurotoxicity,
oxidative stress, and mitochondrial dysfunction factors linked to cognitive decline and
dementia (Zhang et al., 2010; O'Brien& Wong, 2011). AP pathology is extensively studied
and has been accepted as a driving force to initiate AD progression. Several therapies
targeting AP have been developed and approved over the past few years to slow AD
progression by reducing AP accumulation. For instance, Aducanumab (Aduhelm), a
monoclonal antibody developed by Biogen, targets an aggregated form of AP, specifically
binds to an epitope within 3-7 amino acids of AP peptide, effectively recognizing and
clearing fibrillar AP deposits (Tolar et al., 2020). Lecanemab (Leqembi), developed by
Biogen and Eisai, targets AP protofibrils, an intermediate form of AP aggregates that
precede into plaque formation (van Dyck et al., 2023). Recently, Donanemab (Kisunla),
developed by Eli Lilly, has received accelerated approval. It targets specific pyroglutamate-
modified forms of AP known as AP (p3-42), associated with stable and toxic AP plaques
(Sims et al., 2023). These therapies are approved for individuals with MCI to mild dementia
and show potential to slow disease progression. However, their use is constrained due to
severe ARIA (amyloid-related imaging abnormalities) side effects such as cerebral edema
(ARIA-E) and cerebral microhemorrhage (ARIA-H) (Alves et al., 2023; Cummings et al.,
2024).

Emerging evidence suggests that the etiopathogenesis of Alzheimer's disease may
involve multiple factors beyond AP accumulation, including tau pathology. Tau, when

hyperphosphorylated, forms neurofibrillary tangles (NFTs) and contributes to synaptic
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impairment, neuronal dysfunction, and AD progression, ultimately leading to dementia.
Additionally, neuroinflammation, potentially exacerbated by sustained inflammatory
responses linked to both AP and tau pathology, is also recognized as a significant factor in
AD progression.

1.1.3.2 Tau Pathology in Alzheimer’s Disease

The tau pathology has been identified as a significant contributor to the pathological
mechanisms associated with Alzheimer’s disease (AD) and its progression. This
perspective emphasized that pathological changes in tau protein, especially post-
translational modifications of tau, such as hyperphosphorylation, disrupt the ability of tau
to bind and stabilize microtubules. As a result, mis-localized and accumulated tau in the
cytoplasm promotes tau aggregation into the neurofibrillary tangles (NFTs). As tau
pathology advances, it triggers a cascade of events such as mitochondrial damage,
neuroinflammation, oxidative stress, and synaptic plasticity disruptions, neuronal death,
which collectively drive cognitive dysfunctions leading to dementia (Grundke-Igbal et al.,
1986; Walsh & Selkoe 2004; Igbal et al., 2010).

As the disease advances, Tau pathogenesis is classified into different stages based on
the Braak and Braak staging, which describes the progression of tau tangles through
various brain regions (Braak and Braak 1991). It initially appears in the tranentorhinal areas
and then progresses to the subiculum, corresponding to stages I and II. subsequently, it
spreads towards the inferior temporal cortex to limbic regions during stages III & IV and
eventually to neocortical areas in stages V & VI. Based on the stages, the progression of
tau is strongly correlated with the severity of cognitive dysfunction and clinical symptoms

(Braak and Braak 1991; Braak and Braak 1997). The specific mechanism that facilitates
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the transfer of tau in different anatomical regions has yet to be understood clearly.
However, studies suggest that tau-affected neurons can release pathogenic tau in
extracellular space, which can be taken up by neighboring healthy cells, contributing to tau
pathology and toxicity throughout the various brain regions (Alonso et al., 2016; Takeda
et al., 2015; Dai et al., 2018). Several studies have shown that injecting pathogenic tau
fibrils into the hippocampus or frontal cortex regions of the brains of mice shows an
increase in tau hyperphosphorylation and accumulation into interconnected areas of the
brain in a time-dependent manner (IBA et al., 2013; Peeraer et al., 2015; Asai et al., 2015).
In-vitro studies have suggested that pathogenic tau can act as a seed that can promote tau
aggregation of soluble tau (Takeda et al., 2015). The relationship between tau aggregates,
neurofibrillary tangles, the process of neurodegeneration, and cognitive impairment is
complex and needs to be fully understood. However, researchers have suggested that NFT
formation may serve as a mechanism for sequestering toxic forms of tau, acting as a
protective response, with increasing evidence suggesting that soluble tau oligomers may
be primarily responsible for neurotoxicity (Bretteville & Planel 2008; Lasagna-Reeves et
al., 2011; Flach et al., 2012; Gerson et al., 2014; Odfalk et al., 2022).

Pathological modifications of Tau, such as hyperphosphorylation and formation of
paired helical filaments, are observed not only in AD but in the family of other
neurodegenerative disorders known as primary tauopathies, which include frontotemporal
lobar degeneration subtypes such as Pick’s disease, argyrophilic grain disease (AGD),
progressive supranuclear palsy (PSP), corticobasal degeneration (CBD), and
frontotemporal dementia with Parkinsonism linked to chromosome 17 (FTDP-17) caused

by MAPT mutations. (Poorkaj et al., 1998; Spillantini et al., 1998; Hutton et al., 1998; Igbal
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et al., 2010). In FTLD-17, several specific missense mutations G272V, P301L, V337M,
and R406W in the MAPT gene impact tau at both RNA and protein levels (Hutton et al.,
1998; Hong et al., 1998; Brunello et al., 2020; Rawat et al., 2022). For example, at the
protein level, mutations modify the microtubule binding properties of tau encoded by exons
9-12 in the c-terminal, which impacts the ability of tau to stabilize microtubules and make
them more prone to aggregate into filamentous structures (van Slegtenhorst et al., 2000;
Ghetti et al.,2025; Orr et al., 2017). At the RNA level, it alters the splicing of tau, which
shifts the ratio of tau isoforms with 3R or 4R repeats and directly drives the formation of
pathogenic hyperphosphorylated tau and promotes aggregation into filamentous structures
(von Bergen et al., 2000; Zhong et al., 2021; Brunello et al., 2020; Rawat et al., 2022).
Primary tauopathies and AD display distinct yet overlapping histopathological tau
characteristics. For example, CBD is characterized by large swollen neurons termed
“ballooned neurons” and tau-filled astrocytic plaques, in which tau accumulates in an
annular pattern around the astrocytic process (Lowe et al., 1992; Feany & Dickson 1995;
Dickson et al., 1996; Chung et al., 2021) In PSP, tau accumulates in “tufted astrocytes,”
where tau deposits localize to the cell body and nearby cell processes, and in “coiled
bodies” within oligodendrocytes, especially in regions like the globus pallidus and sub-
thalamic nucleus (Dickson et al., 2007; Song et al., 2009). Pick’s disease is defined by
severe frontal and temporal atrophy, tau-positive pick bodies and ballooned neurons, and
microgliosis in the affected regions, including white matter regions (Dickson 1998; Kovacs
et al., 2012). AGD shows grain in limbic and cortical areas and tau-bearing structures in
astrocytes and oligodendrocytes (Saito et al., 2004; Rodriguez & Grinberg, 2015). In

contrast, AD tau pathology predominantly affects neurons forming NFTs and neurophil
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threads that spread in predicted sequences defined by Braak staging. Additionally,
activated microglia and astrocytes are often observed in affected brain areas around NFTs,
which may drive neuroinflammatory response and disease progression (Bancher et al.,
1989; Braak et al., 2006; DeTure & Dickson, 2019).

Research has highlighted the central role of tau protein in cognitive dysfunction
associated with Alzheimer's Disease (AD). Studies consistently show a strong correlation
between Tau, particularly neurofibrillary tangles (NFTs), and cognitive decline, with the
severity of dementia closely linked to NFTs in the neocortex and entorhinal regions, as
indicated by the Blessed Dementia Scale and Braak & Braak staging (Arriagada et al.,
1992). Tau tangles in the medial temporal lobe and entorhinal cortex are reliable early
indicators of cognitive deterioration, often outperforming AP levels in predicting cognitive
decline, particularly in subjective cognitive decline (SCD) (Schwarz et al., 2016; Buckley
et al., 2017; Kametani & Hasegawa, 2018). PET imaging further supports this, showing
that Tau tracer binding correlates strongly with neurodegeneration patterns and the severity
of cognitive impairment (Okamura & Yanai, 2017; Bejanin et al., 2017). Moreover, the
presence of Tau appears necessary for AP to exert its neurotoxic effects, as the absence of
Tau significantly reduces AB-induced neurotoxicity (Rapoport et al., 2002; Roberson et al.,
2007). These findings suggest that while both AP and Tau are involved in AD pathology,
the progression of the disease is more associated with Tau, emphasizing its potential as a
therapeutic target to mitigate cognitive decline.
1.1.3.2.1 Tau protein functions

Tau is a microtubule-associated protein crucial in assembling and stabilizing

microtubules (Weingarten & Lockwood, 1975; Brunden et al., 2014). The subcellular
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distribution of tau changes during the developmental process; for instance, initially, it is
found throughout the soma and neurites of immature neurons. However, as neurons mature
and polarize, tau becomes predominantly concentrated in axons. Tau is also found in
astrocytes and oligodendrocytes to a lesser extent (LoPresti et al., 1995; McMillan et
al.,2008; Zang et al.,2014; Rosler et al., 2019). Tau was initially recognized for stabilizing
microtubules essential for maintaining cellular structure and cell division (Weingarten &
Lockwood, 1975; Brunden et al., 2014). However, it also plays the key role of a facilitator
that allows microtubules to extend and sustain flexible domains since downregulation in
tau expression can impair neurite polarity, which disrupts neurite outgrowth (Caceres &
Kosik, 1990; Qiang et al., 2018). Furthermore, Tau is crucial in regulating axonal transport,
in which tau influences the movement of motor proteins, kinesin, and dynein along the
microtubule. This ensures cellular cargo transport to specific regions within neurons (Dixit
et al., 2008).

Tau knockout mice have shown impairment in both LTP (Long-term potentiation) and
LTD (Long-term depression), which are vital processes in learning and memory. This
suggests that tau is also critical in cognitive functions and aging processes (Kimura et al.,
2014; Ahmed et al., 2014). Accumulation of pathogenic tau contributes to the dysfunction
of the protein degradation pathway as well as it binds to ribosomal components and reduces
protein production (Meier et al., 2015; Yu et al., 2019; Kavanagh et al., 2022; Buchholz &
Zempel, 2024). Nuclear co-localization of tau under normal physiological conditions
safeguards RNA and DNA from oxidative stress and ensures their stability (Kampers et
al., 1996; Sultan et al., 2011; Violet et al., 2014; Buchholz & Zempel, 2024 ). However,

the interaction of tau oligomers with RBPs such as Musashi (MSI) may increase the
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tendency of the pathological protein to aggregate more, which contributes to impairment
of nuclear-cytoplasmic transport, chromatin remodeling, and nuclear lamina integrity
(Montalbano et al., 2019).

1.1.3.2.2 Tau structure, localization, and isoforms

In humans, tau is encoded by the MAPT gene on chromosome 17q2. It comprises 16
exons and through alternative splicing, it produces six different isoforms (Neve et al.,1986;
Andreadis, 2005), ranging from 352 to 441 amino acids. These isoforms are differed by
amino-terminal inserts, which are ON, IN, or 2N, and carboxy-terminal repeats, either 3R
or 4R. N-terminal inserts (ON, 1N, or 2N) of 29 to 58 amino acid inserts are influenced by
alternative splicing of exon 2 or 3, while exon 10 regulates the inclusion (4R) or exclusion
(3R) of microtubule binding repeat region. All this results in isoforms, ON3R, ON4R,
IN3R, 1N4R, 2N3R, and 2N4R (Brandt et al., 1995; Gauthier-Kemper et al., 2011;
Mukrasch et al., 2007, Sillen et al., 2007; Guo et al., 2017).

Tau isoforms differ in size, ranging from ON3R, the smallest tau isoform, with 352
amino acids, to 2N4R, the largest, with 441 amino acids (Goedert et al., 1989). While the
fetal brain mainly produces the ON3R form, the expression of tau isoforms changes as the
brain develops (McMillan et al., 2008; Yijun & Yang, 2023). All six isoforms are present
in the adult brain, with a roughly equal distribution of 3R:4R ratio. Both isoforms promote
stabilization of microtubules, but the 4R isoforms show a stronger affinity for
microtubules, resulting in pronounced stabilization than the 3R isoforms. Therefore,
balance in the ratio of these two isoforms is crucial to ensure proper microtubule dynamics
and prevent potential disruptions that could contribute to neuronal cell death and

neurodegenerative disease (Goedert et al., 1989; Panda et al., 2003). The longest form of
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human tau, 2N4R, and mouse tau share 89% of homology and differ in expression patterns.
Adult mice only express 4R tau isoforms, while 3R isoforms are only transiently expressed
in the neurons of fetal or newborn mice. Additionally, specific N-terminal sequences found
in humans (residue 17-28) are absent in mice, which may affect protein interactions and
secretion in mice (Brion et Al., 1993; Spillantini & Goedert, 1998; Adams et al., 2009;
Hernandez et al., 2020; Guo et al., 2017)

Alternative splicing is influenced by MAPT mutations, mitochondrial complex I
inhibition, and the presence of microRNAs and RNA-binding proteins, which also affect
the expression of tau isoforms. Downregulation in miRNA-132 leads to increased levels
of neuronal splicing factor PTPB2, which contributes to the mis-splicing of exon 10,
leading to an imbalance in the 3R:4R ratio in neurodegenerative disease such as progressive
supranuclear palsy (PSP) (Smith et al., 2011). Reduction in the RNA-binding protein, FUS
(Fused in sarcoma) that binds to tau pre-mRNA, increases alternate splicing of exon 3 and
10, leading to an increase in production 4R tau isoform in some patients with ALS and
FTLD (Orozco et al., 2012). Additionally, the downregulation of miRNA-129 exacerbates
tau toxicity in Drosophila and has been observed in human brains affected by Alzheimer’s
disease (Santa-Maria et al.,2015). In Alzheimer’s disease, the neurofibrillary threads and
NFTs comprise 3R and 4R isoforms within neurons, as well as a pathological form of tau
isoforms 3R and 4R also accumulates outside the neurons and is commonly found within
neuritic plaques (G6tz et al., 2019). Furthermore, soluble and non-fibrillar tau oligomers
are considered more critical in inducing neurotoxicity than insoluble tau fibrils since
soluble tau has been observed to suppress neuronal activity (Lasagna-Reeves et al., 2012;

Busche et al., 2018; Hyman B., 2023; Chen & Yu et al., 2023).
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Two major haplotypes, the H1 and the H2 haplotypes, influence MAPT gene expression
and splicing, including splicing regulators. The H1 haplotype, common in majority of the
European population, influences splicing and the inclusion of exon ten and increases the
risk of developing neurodegenerative diseases such as progressive supranuclear palsy
(PSP), Parkinson’s disease (PD), and Alzheimer’s disease (AD) (Pastor et al., 2000;
Pittman et al., 2005; Caffrey et al., 2006; Caffrey et al., 2007; Caffrey et al., 2012.,
Buchholz & Zempel 2024). On the other hand, the H2 haplotype, characterized by a large
inversion across the MAPT gene region, promotes the inclusion of exon 3 and is associated
with a lower risk of Alzheimer’s disease (Baker & Houlden, 1999; Stefansson et al.,2005;
Caffrey et al., 2006; Allen et al., 2014; Buchholz & Zempel 2024). This haplotype is much
less prevalent, generally found only in a quarter of the European population, and rarely
seen elsewhere (Evans et al., 2004; Buchholz & Zempel, 2024).

The structure of Tau is essential for its proper functioning. It is a highly hydrophilic
and disordered protein lacking stable secondary structures (Jeganathan et al., 2008;
Mukrasch et al., 2009). The Tau isoform 2N4R contains about a quarter of charged
residues, predominantly positively charged, contributing to the fundamental nature of tau
(Guo et al., 2017). Despite its flexibility, biophysical studies such as small angle X-ray
scattering, nuclear magnetic resonance and fluorescence spectroscopy suggest that tau
adopts a distinct hairpin-like structure in solutions where all its domains, N-terminus, c-
terminus, and repeat domains, come in proximity, where the c-terminus wraps over the
microtubule-binding domain and N-terminus loop back over the c-terminus, appearing like
a paperclip, and are believed to prevent tau aggregation (Rapoport et al., 2002; Jeganathan

et al., 2006). Tau structure changes upon binding with microtubules, and its
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hyperphosphorylation can modify its conformation and impact its interaction and
functionality (Leroy et al., 2002).
1.1.3.2.3 Post-translational modifications of tau

Tau functionality and interaction with other proteins are regulated by post-translational
modifications (PTMs). It undergoes modification at serine, tyrosine, and threonine,
including phosphorylation, acetylation, ubiquitination, truncation, and O-GlcNAcylation
(Arnold et al., 1996; Cripps et al., 2006; Mondragén-Rodriguez et al., 2009; Lee et al.,
2004; Morris et al., 2015). Additionally, tau is processed by the ubiquitin-proteasome
system (UPS) and chaperone-mediated autophagy, which are involved in protein
degradation and turnover (David et al., 2002; Donal et al., 2010; Rodriguez-Martin et al.,
2013; Guo et al., 2017).
Hyperphosphorylation: Phosphorylation is crucial for the function of tau, and it is the
most studied post-translational modification of the protein. It acts as a fine-tuning
mechanism that helps regulate tau binding to microtubules, maintaining the structure of
microtubules crucial for various cellular functions. Its phosphorylation is regulated by a
balance between kinases and phosphatases (Hanger et al., 2009). Tau has 85 putative
phosphorylation sites, including 45 serine, 35 threonine, and 5 tyrosine residues. Among
them, 45 sites have been confirmed through experiments (Danger et al., 2009; Wang &
Mandelkow, 2016). In the longest form of tau (2N4R), these phosphorylation sites are
distributed with serine comprising 53%, threonine 43%, and tyrosine 6% of total
phosphorylated regions. Most of the phosphorylation sites of tau are easily accessible due
to their unfolded structure, which allows phosphorylation to influence the functions of tau

(Hanger et al., 2009; Guo et al., 2017; Rawat et al., 2022). Phosphorylation sites, located
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in flanking regions with 17-Thr-Pro or Ser-Pro motifs, are targeted by proline-directed
Ser/threonine kinases, which have been notably observed in AD and other tauopathies. For
example, tau hyperphosphorylation at Ser262 (in KXGS motifs), Ser293, Ser324, and
Ser356, concentrated in the flanking region, decreases tau binding to microtubules (Drewes
et al., 1995; Hanger et al., 2009; Wang & Mandelkow, 2016 ).

Other phosphorylation sites near repeat domains are regulated by proline-directed
serine/threonine kinases such as microtubule affinity-regulating kinases (MARKSs), cyclic
AMP-dependent protein kinase (PKA), and Ca2+- or calmodulin-dependent protein kinase
IT (CaMKII) (Hanger et al., 2009). This phosphorylation dissociated tau binding to
microtubules with specific sites like Thr214, Thr231, and Ser235(Sengupta et al., 1998;
Ksiezak-Reding et al., 2003). Phosphorylation at Ser231 influences conformational
changes, leading to trans-to-cis isomerization and affecting its ability to bind microtubules;
however, the PIN1 enzyme that restores its function can reverse the conformational change.
This conformational change in trans-to-cis has been observed in human AD brains due to
the inhibition of the PIN1 enzyme. (Drewes et al., 1995; Lu et al.,1999, Hanger et al., 2009;
Wang & Mandelkow, 2016; Guo et al., 2017 ). Additionally, tyrosine kinases can
phosphorylate tau at tyrosine residues, such as members of SRC family kinases, FYN,
LCK, SYK, and c-Abl at Tyrl8 and Tyr394 (Derkinderen et al.,2005; Sato et al., 2006;
Wang & Mandelko, 2016).

In Alzheimer’s disease, Tau phosphorylation at Tyr18 and Tyr394 has been observed
in paired helical filaments (PHFs); however, not all NFTs show Tyr18 phosphorylation,
which indicates variability and different implications depending on the disease contexts.

For example, in transgenic mice expressing human tau ON4R tau with mutation (P301L)
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increases phosphorylation of Tyr residues associated with tau aggregation, which might
contribute to disease pathology (Lee et al., 2004; Hanger et al., 2009; Vega et al., 2015;
Wang & Mandelko, 2016). Glycogen synthase kinase (GSK) 3a/p phosphorylates about 29
distinct sites in the brains of individuals with AD, and its overactivation has been positively
associated with NFT burden in AD brains (Hanger et al., 2009; Leroy et al., 2002; Guo et
al., 2017). GSK3p phosphorylates Thr231 and other residues that prime tau for further
phosphorylation and contribute to tau aggregation (Cho & Johnson et al., 2002). Other
kinases, Cdk5, p38MAPK, CK15, PKA, DYRKIA, and TAOKSs, are implicated in tau
tangle formation (Guo et al., 2017). For instance, MAPKs phosphorylate tau and are
observed to colocalize with NFTs in AD brains (Zhu et al., 2005). CK 16 phosphorylate tau
at 46 sites has been associated with AD tau pathology (Schwab et al., 2000). DYRKIA
also phosphorylates tau at three sites and has been implicated as a priming kinase for
GSK3, which then phosphorylates tau at nearby sites (Coutadeur et al., 2015; Guo et al.,
2017). Protein phosphatases such as PP2A, PP2B, PP2C, and PP5 also involve tau
dephosphorylation. Among these phosphatases, PP2A is responsible for over 70% of
phosphatase activity in the brain and plays a crucial role in tau dephosphorylation (Gong
et al., 2000; Liu et al., 2005). PP2A activity diminishes by half, potentially leading to
elevated tau phosphorylation (Liu et al., 2005). This could also result from specific
phosphorylation in the proline-rich domain that may inhibit the binding of PP2A to tau,
preventing its dephosphorylation (Sontag et al., 2004; Chen et al., 2008). PP5 phosphatase
activity has also been reduced by 20% in AD brains, possibly due to disruptions in calcium
levels and calcium-binding proteins that regulate PP5 phosphatase activity (Planel et al.,

2001; Liu et al., 2005; Berridge, 2013; Guo et al., 2017).
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Tau hyperphosphorylation drives tau pathology through different mechanisms. One of
the primary consequences of hyperphosphorylation is that it weakens tau binding to
microtubules, which mis-localizes tau from axons to the somatodendritic compartment,
causing disruptions in synaptic functions and axonal microtubule integrity (Thies et al.,
2007; Hoover et al., 2010; Ittner et al., 2010). Hyperphosphorylation also influences the
degradation of tau. For instance, when tau is phosphorylated at Ser262 or Ser 356, it would
not be recognized by the CHIP-HSP90 complex, which typically directs tau to the
proteasomal pathway for degradation (Dickey et al., 2007). Similarly, phosphorylation at
Ser422 inhibits the protease caspase-3 from cleaving tau, which results in reduced tau
clearance, allowing the accumulation of tau, which becomes prone to pathological
aggregation (Guillozet-Bongaarts et al, 2006; Wang & Mandelkow, 2016).
Phosphorylation of tau is more likely to form oligomers and multimeric aggregates (Kopke
et al.,1993; von Bergen et al., 2000). For example, phosphorylation in proline-rich regions
increases the tendency of tau to aggregate, while phosphorylation in the c-terminal region
promotes tau self-assembly and aggregation in AD brains (Eidenmiiller et al., 2001; Liu et
al., 2007; Guo et al., 2017).

Acetylation: Tau post-translational modification through acetylation has recently been
recognized as a critical change in its physiological and pathological activities (Wang &
Mandelkow, 2016). Tau can be acetylated and deacetylated at several Lys residues in
microtubule-binding repeats and proline-rich regions, where acetylation is driven by
cAMP-response element binding protein (CREB)-binding protein or the P300
acetyltransferase and deacetylation (Min et al., 2010) is driven by sirtuin 1 (SIRT1) and

histone deacetylase 6 (HDAC6) (Cook et al., 2013). Tau also possesses intrinsic
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acetyltransferase activity, allowing it to catalyze its own acetylation through cysteine
residues 291 and 322, which are within the second (R2) and third (R3) microtubule-binding
domains (Cohen et al., 2013; Cook et al., 2013). Ternary acetylation of these residues is
influenced by the proximity of the lysine residues 274 and 340, which facilitates tau
fragmentation and degradation through autophagy (Luo et al., 2014; Guo et al., 2017).
Acetylation or auto-acetylation of tau at lysine residues can influence its function and
pathology. For example, acetylation at lysine residues 259, 290, 321, and 353 in healthy
human brains helps prevent tau from hyperphosphorylation and reduces its tendency to
aggregate, thus playing a protective role (Cook et al., 2013; Guo et al., 2017). However, in
AD brains and transgenic mice, rTg4510, which overexpresses mutant P301L tau,
acetylation of lysine residues has been observed to diminish, possibly contributing to
disease pathology (Cook et al., 2013). Acetylation at lysine residues at 280, 281, 174, and
274 inhibits tau degradation by the proteasomal degradation pathway, contributing to the
accumulation of hyperphosphorylated tau and tau-related toxicity and damage. These
modifications have also been observed in human AD brains and other tauopathies (Min et
al., 2010; Irwin et al., 2013; Min et al., 2015). Additionally, mutant constructs that mimic
or block the tau acetylation have been shown to exacerbate neurotoxicity and synaptic
dysfunctions in the drosophila transgenic model as well as in the mice that express pseudo-
acetylated (lysine substituted with glutamine) human tau (Guo et al., 2017). For example,
the drosophila transgenic model that mimics acetylation at Lys280 exhibits neurotoxicity
caused by tau overexpression and hyperphosphorylation that contributes to locomotor
defects and photoreceptor damage where the solubility of tau remains unchanged (Gorsky

et al., 2016). Mice expressing pseudo-acetylated human tau at Lys274/Lys281
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(K274/281Q) exhibit synaptic dysfunctions and impaired Long-term potentiation (LTP)
(Tarcy et al., 2005; Guo et al., 2017). It suggests that tau acetylation at specific sites
aggravates neurotoxicity, possibly contributing to synaptic dysfunctions and memory
deficits.

Glycosylation: Glycosylation refers to the process where sugar molecules are chemically
linked to proteins. This modification comes in two primary forms: N-glycosylation, in
which sugar attaches to the amine group of asparagine, and O-glycosylation, in which sugar
attaches to hydroxyl groups of serine and threonine. Each type impacts the tau protein in
unique ways (Wang et al., 1996; Mietelska-Porowska et al., 2014). In Alzheimer’s disease
brains, tau protein undergoes N-glycosylation, unlike healthy brains. As
hyperphosphorylation contributes to tau aggregation and disrupts microtubule assembly,
N-glycosylation contributes to maintaining and stabilizing the structural integrity of the
NFTs in the pathological state in AD brains (Wang et al., 1996).

Additionally, N-glycosylation has been shown to reduce tau phosphorylation at
Ser214, Ser262, and Ser356 by protein kinase A and increase phosphorylation at Ser198,
Ser199, and Ser202 by protein phosphatase 2A and 5, which may affect tau conformation
making it more prone to aggregate (Liu et al., 2002). Conversely, O-GlcNAosylation on
tau at site Ser400 reduces tau phosphorylation at nearby sites Ser396 and Ser404, which
may decrease tau hyperphosphorylation and aggregation. This explains the lower detection
of O-GlcNAosylation due to decreased glucose levels in AD brains, which may contribute
to the excessive phosphorylation of tau in AD brains and other tauopathies (Liu et al., 2004;

Smet-Nocca et al., 2011). Corresponding to this, the levels of O-GlcNAc transferase, the
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enzyme responsible for O-GlcNAcylation, have also been shown to be reduced in AD
brains (Wang et al., 2016).

Ubiquitination: Proteins are tagged for degradation in the cytosol by attaching ubiquitin
molecules to their lysine residues, which facilitates their degradation via the proteasomal
pathway. Tau is typically targeted for proteasomal degradation through Lys48-linked
polyubiquitination by the action of the CHIP enzyme (Shimura et al., 2003; Petrucelli et
al., 2004). However, in paired helical filaments (PHFs), tau is predominately
monoubiquitinated at the microtubule-binding region, with amino acids processed before
ubiquitination (Morishima-Kawashima et al., 1993). It has also been shown that tau can be
targeted for proteasomal degradation through Lys63-linked polyubiquitination by action of
the tumor necrosis factor receptor-associated factor 6 (TRAF6) (Babu et al., 2005).
However, Lys63-linked polyubiquitination of tau directs tau towards autophagy clearance
rather than proteosomes since soluble factors such as ESCRTO and its components bind to
Lys63 chains and inhibit their association with proteasome thereby preventing their
degradation by ubiquitin proteasomal system (UPS) (Nathan et al., 2013; Wang &
Mandelkow, 2016). This suggests that the role and processing of ubiquitinated tau, whether
processed by proteasomal degradation or autophagy clearance, remains unclear, requiring
further investigation. In neurodegenerative diseases like AD, disruption in the proteasomal
degradation pathway has been observed (Keller et al., 2000), which may lead to the
accumulation of ubiquitinated tau in the brain. However, it is unclear if this disruption is a
trigger or an effect of the disease. While ubiquitination generally helps eliminate
pathogenic proteins in neurodegenerative diseases like AD, the ubiquitination signals in

tau sometimes contribute to its pathogenicity (Watanabe et al., 2020).
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Truncation: Tau truncation is a prominent feature in Alzheimer’s disease and other
tauopathies, leading to the formation of tau fragments that can either aggregate readily or
cause neurodegeneration without aggregating (Corsetti et al., 2015). Tau truncation at sites
such as residue D421 by caspase 3 and in the N-terminal regions at D13 by caspase 6 results
in fragments that can aggregate easily or cause neurodegeneration independent of
aggregation. For instance, 20-22 kDa N-terminal tau fragments have been observed in CSF
fluid of AD brains and mouse models expressing a transgenic nerve growth factor (NGF)-
specific antibody (AD11), which appears to be neurotoxic in primary neurons (Horowitz
et al., 2004; Rawat et al., 2022).

Tau can be cleaved at residue Arg45 or Arg230 by the calpain enzyme, which produces
a 17-kDa neurotoxic fragment that induces tau-mediated toxicity in response to beta-
amyloid (Park & Ferreira, 2005; Garg et al., 2011; Wang & Mandelkow, 2016). Tau
truncation at residues D421 and E391 is associated with NFTs in AD brains; for example,
truncation at residues D421 predominantly has been observed in the subiculum, while E391
in the entorhinal cortex and both correlate positively with the severity of dementia and
Braak staging (Basurto-Islas et al., 2008). In human AD brains, tau can be cleaved at
residue Thr231, which produces truncated tau fragment tauiz4 441, which lacks an N-
terminal region and appears to be more toxic and binds more strongly microtubules,
possibly promoting tau-mediated toxicity; however, its exact role in tau pathology is still
unknown (Derisbourg et al., 2015; Wang & Mandelkow, 2016).

Other post-translational modifications, such as glycation, deamidation, and
isomerization, have also been observed in tau extracted from AD brains but not healthy

brains (Watanabe et al., 2004; Ledesma et al., 1995). Nitration at specific residues, such as
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Y197 and Y394, has been observed in AD brains, which contributes to tau lesions and
abnormal conformation of tau proteins that either decreases its affinity to bind to
microtubules or increases its tendency to aggregate, possibly contributing to disease
pathology (Reyes et al., 2011).

SUMOylation is another form of PTMs of tau, primarily at Lys340, which counteracts
ubiquitylation. In AD brains, SUMO-1 (small ubiquitin-like modifier protein 1) is found
alongside hyperphosphorylated protein, suggesting that SUMOylation may enhance the
phosphorylation of tau and inhibit proteasomal degradation of tau, thereby contributing to
pathology on tauopathies (Luo et al., 2014; Guo et al., 2017). A study has identified
methylation of tau at lysine and arginine residues (Funk et al., 2014). While functional
consequences of tau methylation are to be explored, it has been observed to be methylated
at the same lysine sites where ubiquitination and acetylation occur (Yang et al., 2008; Guo
et al., 2017). Overall, tau undergoes numerous post-translational modifications in both a
regular and disease state, affecting various sites of the tau. This complexity makes it
challenging to identify the key pathways regulating tau modification and understand how
they impact health and disease.
1.1.3.2.4 Tau spread and propagation

The progression of tau pathology in Alzheimer’s disease is classified according to Braak
staging, which provides a framework for understanding the regional progression of tau
pathology. Initially (stages I & II), tau accumulates in the transentorhinal cortex, then
spreads to the hippocampal and limbic regions (stages III & IV) and eventually spreads
across the cerebral cortex (Stages V & VI) (Braak & Braak, 1991). However, in other

tauopathies, the spread of tau can vary depending on both region and cell types (Wang &
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Mandelkow, 2016). Although the exact mechanism underlying tau propagation is still
under investigation, several factors have been suggested, which include elevated cellular
metabolic demands that increase oxidative damage (Yan et al., 2013), increased
susceptibility of neurons due to insufficient myelin insulation (Braak & Braak, 1996), the
network of neuronal connections (Hyman et al., 1984), and the interplay between
neuroinflammatory processes and prion-features like tau protein (Stancu et al., 2019).
Recent research has revealed that Tau protein, traditionally regarded as an intracellular
component, is also present in the extracellular space, including in cerebrospinal fluid (CSF)
and interstitial fluid of transgenic mouse brains (Kim et al., 2010; Chai & Dage, 2012;
Yamada et al., 2011). Studies demonstrate that when human Tau is overproduced in both
neuronal and non-neuronal cells, it can be secreted extracellularly, where it may interact
with neighboring cells via specific receptors, such as muscarinic receptors, eliciting
toxicity and potentially leading to cell death (Gomez-Ramos et al., 2006; Zang et al., 2021).
This extracellular Tau, detectable in the CSF of Alzheimer’s disease (AD) patients, aligns
with the concept of Tau propagation through neuronal connectivity. In-vivo studies have
shown that injecting synthetic Tau fibrils or aggregates derived from human brains or
transgenic Tau mice into specific brain regions can induce a time-dependent spread of Tau
pathology to connected brain regions, both in wild-type and human Tau transgenic mice
(Clavaguera et al., 2009; Holmes & Diamond, 2014; Wang & Mandelkow, 2016). This
spread is facilitated by neuronal connectivity, which is regulated by Ca**-dependent
mechanisms. Stimulation of AMPA receptors, for example, increases presynaptic calcium
levels, encouraging Tau release via exocytosis (Schmitz et al., 2009; Pooler et al., 2013).

Various mechanisms have been proposed for Tau propagation, including (1) synaptic
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vesicles, which are regulated by AMPA receptor stimulation and calcium levels, and whose
disruption has been shown to reduce Tau transmission (Pooler et al., 2013; Sokolow et al.,
2015), (2) exosomes, membrane-bound vesicles facilitating Tau transport to adjacent cells,
including microglia (Théry et al., 2009; Simon et al., 2012; Asai et al., 2015), (3)
ectosomes, plasma membrane-derived vesicles that release Tau and may activate exosomal
Tau release in response to accumulation, and (4) non-vesicular release, in which Tau exits
from cells across the plasma membrane independently of vesicular systems (Chai & Dage,
2012; Katinelos et al., 2018; Merezhko et al., 2018). These findings highlight the
complexity of tau release and propagation mechanisms, which contribute to the progressive
spread of pathology in tauopathies like AD.

After tau is released into extracellular space in the form of pathological oligomers,
monomers, or aggregates, whether via cell death (Simon et al., 2012), mechanisms such as
vesicular systems, or the shedding of micro-vesicles across the plasma membrane (Nickel
et al., 2009; Saman et al., 2012), it can be internalized by neighboring cells, including
neurons and glia cells, by various mechanisms, such as tau uptake regulated through tau
interaction with LRP1 (low-density lipoprotein receptor-related protein 1) (Rauch et al.,
2020), muscarinic receptors (Gomez-Ramos et al., 2008; Morozova et al., 2019) and
heparan sulfate proteoglycans (HSPGs) (Christianson et al., 2013; Holmes et al., 2013),
macropinocytosis (Holmes et al., 2013), clathrin- or dynamin-mediated endocytosis (Wu
et al., 2013; Christianson & Belting 2014) or membrane fusion of exosomes (Saman et al.,
2012; Meldolesi 2021). Moreover, nano-tubular structures, which form de novo between
cells, form direct continuity between cells and facilitate tau transmission between cells

(Rustom et al., 2004). Once neurons internalize pathological tau, it interacts with existing
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molecules within that cell, triggering abnormal tau misfolding (Calafate et al., 2016; Flavin
et al., 2017). This facilitates the propagation of tau-related damage to neighboring cells
(Calafate et al., 2016; Flavin et al., 2017). Tau propagation advances primarily through
neurons but extends to glial cells such as microglia and astrocytes, which can engulf
extracellular tau and contribute to tau propagation (Luo et al., 2015; Maphis et al., 2015
Bolos et al., 2016; Perea et al., 2019). Recent studies have demonstrated that microglia can
mediate tau spread between anatomically connected hippocampal regions by contributing
to neuroinflammatory responses, which has been observed in the hTau transgenic mice,
expressing human MAPT and lack endogenous mouse Mapt, with a microglial fractalkine
receptor Cx3crl-knockout background (hTauCx3crl”") (Maphis et al., 2015; Wang &
Mandelkow, 2016). Microglia isolated from AD human brains can internalize and degrade
tau seeds in in-vitro settings (Hopp et al., 2018; Behrendt et al., 2019). Additionally, a
study has observed that increased expression of Transcription Factor EB (TFEB) in
astrocytes upregulates tau internalization along with lysosome activity that alleviates tau
pathology in PS19 mice (Martini-Stoica et al., 2018). Oligodendrocytes, along with
neurons, have also been shown to contribute to tau propagation (Narasimhan et al., 2020).
1.2 Brain macrophage: Microglia

In 1919, Spanish neuroscientist Pio del Rio-Hortega, a student of neuroscientist
Santiago Ramoén y Cajal, made the groundbreaking discovery of microglia, identifying
them as resident immune cells of the central nervous system. Rio-Hortega distinguished
microglia from neurons and astrocytes and proposed that microglia originate from
mesodermal precursors, which sets them apart from neuroectodermal origins (Kettenmann

etal., 2011; Sierra et al., 2019).
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In early embryonic development, beginning around day 8.5 (ES8.5) postfertilization,
erythromyeloid progenitors (EMPs) appear in the yolk sac. From this, a subset of cells,
which are characterized by CD45" cKit" expression, migrate to the fetal liver and
differentiate into various myeloid cells, including tissue-resident macrophages (Alliot et
al., 1999; Ginhoux et al., 2010; Gomez et al., 2015). Within the yolk sac, a remaining
specific subset of EMPs matures into CX3CR1" cells. These cells migrate to the brain
around days E9.5 to E10.5 and reach the neuroepithelium just before the blood-brain barrier
forms around days E13.5 to E14.5 and become microglia precursors (Ginhoux et al., 2010;
Schulz et al., 2012; Matcovitch-Natan et al., 2016). Once they arrive, these cells proliferate
and form a stable microglia population that persists throughout the CNS (Ajami et al.,
2007). Microglia development is driven by the transcription factors PU.1 and IRFS8
(Kierdorf et al., 2013). They maintain their population through the balance of cell
proliferation and apoptosis, with 26-28% of microglia being renewed annually, with a cell
half-life of about 4 to 4.2 years (Bruttger et al., 2015; Réu et al., 2017). Their generation
relies on the interaction with either colony-stimulating factor-1 (CSF1) or IL-34, which are
uniquely expressed in different regions of the CNS (Greter et al., 2012; Wang et al., 2012;
Bruttger et al., 2015).

Microglia share developmental similarities with CNS macrophages, as both originate
from embryonic precursors and depend on PU.1 for their development (Kierdorf et al.,
2013; Godmann et al., 2016). However, microglia reside in the brain parenchyma and
maintain long-term stability, while CNS macrophages, especially in regions like the
choroidal plexus, exhibit a dual origin from both embryonic and blood-derived sources and

have higher turnover rates (Perdiguero & Geissmann, 2016). Moreover, microglia and
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macrophages share similar markers, such as F4/80, CD11B, and CX3CRI1 (Prinz et al.,
2011); they can be distinguished through specific markers; for instance, CD45 expression
will be high in activated microglia whereas macrophages generally characterized by high
CD45 expression (Greter et al., 2015). Additionally, TMEM119 and P2RY12 are also
commonly used specific markers for microglia (Greter et al., 2015; Butovsky et al., 2014).
IBA1 (ionized calcium-binding adaptor molecule 1) is also widely used as a marker to
identify microglia and tissue macrophages (Imai et al., 1996).

Microglia account for 10 ~ 20% of glial cells in the rodent brain, whereas they represent
0.5 to 16% of glial cells in the human brain. Although they are found in all major brain
regions, their density is not uniform, being more concentrated in gray matter areas than
white. Specifically, they are more prevalent in the hippocampus, olfactory telencephalon,
basal ganglia, and substantia nigra in comparison to fiber tracts and cerebellum (Lawson
et al., 1990; Sarlus et al.,2017; Perea et al., 2020).

Moreover, recent transcriptomic studies have demonstrated that microglia expression
shows spatial and temporal heterogeneity, revealing their diverse cellular phenotypes that
demonstrate their functional diversity and adaptation to factors such as age, brain regions,
and pathological conditions (Grabert et al., 2016; Keren-Shaul et al., 2017; Hammond et
al., 2019; Perea et al., 2020; Healy et al., 2022). Research on aged microglia in rodent
models has reported significant changes in their morphology and activation and showed
that aged rat microglia exhibit shortened and less complex branches, especially in white
matter, and showed higher levels of activation markers such as MHC II, CD45, and CD4
(Perry et al., 1993), along with higher phagocytosis activity (Vaughan & Peters, 1974),

suggesting that aged microglia become more sensitive to stimuli (Peters et al., 1991;
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Divangahi et al., 2021). Transcriptomic studies on aged microglia also indicate the
upregulation of neuroprotective pathways and cytoskeleton alterations (Hickman et al.,
2013; Orre et al., 2014; Antignano et al., 2018).

Research studies have also suggested that sex differences influence microglia dynamics
as they play a crucial role in neuroinflammation, contributing to the progression of
neurological diseases and the effectiveness of the treatments. Male and female microglia
differ in cell density, morphology, and transcriptomic profiles, likely due to a combination
of genetic variations, developmental programming, and early hormonal exposure like
estrogen or testosterone (Hanamsagar et al., 2017; Villa et al., 2018; Yanguas-Casas,
2020). Transcriptomic data have demonstrated that male microglia mature slower than
female microglia, following unique developmental trajectories that increase their
sensitivity to inflammatory responses, which may accelerate aging in male microglia and
increase the vulnerability to neurological disorders (Vegeto et al., 2001; Villa et al., 2016).

On the other hand, female microglia exhibit neuroprotective properties by limiting
damage during acute cerebral ischemia and expressing more genes related to cell repair
and inflammatory response regulation (Villa et al., 2018).). Research has also indicated
that sex-specific microRNA expression in microglia leads to differential responses in tau
pathology in males and females (Kodama et al., 2020; Perea et al., 2020).

Single-cell RNA sequencing studies have highlighted the complexity and heterogeneity
of microglia responses, revealing distinct microglia phenotypes such as disease-associated
microglia (DAMs) and microglial neurodegenerative phenotypes (MGnD) (Martinez et al.,
2014; Butovsky et al., 2014; Keren-Shaul et al., 2017; Krasemann et al., 2017). Microglia

maintain a homeostatic state under normal conditions with minimal inflammatory activity,
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immune surveillance, and debris clearance, generally recognized by markers P2RY12,
TMEM119, and CX3CR1 (Butovsky et al., 2014; Butovsky & Weiner, 2018). However,
under pathogenic conditions such as Alzheimer’s disease or tau pathology, microglia shift
from homeostatic to a distinct state such as DAM or MGnD. DAM/MGnD state marked
by upregulation of genes APOE, AXL, CLEC74, and ITGAX, which supports enhanced
inflammatory, phagocytic, and stress-related activity along with downregulating
homeostatic genes such as P2RY12 and CX3CRI (Keren-Shaul et al., 2017; Krasemann et
al., 2017). These transcriptomic signatures highlight the heterogeneous nature of microglia
and potential pathways that interact with neurodegenerative processes. Microglia are
crucial in both acute and chronic pathological events in the CNS and represent promising
therapeutic targets for developing treatments for neurodegenerative diseases, including
Alzheimer’s disease, Parkinson’s disease, multiple system atrophy, amyotrophic lateral
sclerosis, frontotemporal dementia, progressive supranuclear palsy, dementia with Lewy
bodies and Huntington’s disease (Gao et al., 2023).
1.2.1 Physiological functions of microglia

Microglia are highly effective phagocytes of the central nervous system, essential for
eliminating dead or dying cells and cellular debris. In physiological conditions, they
constantly survey their environment with their branched, mobile processes, monitoring for
damage or disease. In their resting state, microglia have a ramified appearance with finely
branched processes that continuously extend and retract to monitor vast brain regions,
establishing interaction with neurons, astrocytes, and vasculature to regulate synaptic
functions (Nimmerjahn et al., 2005; Davalos et al., 2005; Wake et al., 2009). Upon

encountering any damage or disease, microglia undergo a phenotypic shift from ramified,
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surveillant form to activated, rounded amoeboid shape. This activated state enables them
to be adept at clearing cellular debris and dead or dying cells (Nimmerjahn et al., 2005;
Hanisch & Kettenmann et al., 2007; Prinz & Mildner et al., 2011; Zusso et al., 2012;
Colonna & Butovsky, 2017).

Synaptic elimination and remodeling: Microglia play a critical role in synaptic
elimination and remodeling, engaging in synaptic pruning and phagocytosis of apoptotic
or dysfunctional neurons to refine neural networks (Brown & Vilalta, 2015; Hong et al.,
2016). This pruning relies on immune signaling pathways, including the classical
complement and other signaling mechanisms (Stephan et al., 2012). Neuronal release of
ATP serves as a “find-me” signal, directing microglial processes toward active regions via
the purinergic receptor P2RY 12, essential for synaptic plasticity and adaptability during
visual development. Studies show that P2RY'12 deficiency reduces adaptability in visual
neural pathways and affects neuronal calcium regulation (Dissing-Olesen et al., 2014; Sipe
et al., 2016; Cserép et al., 2020).

In the hippocampus, the CX3CL1/CX3CRI1 signaling axis regulates synaptic
pruning, with CX3CL1 acting as a signaling molecule. Mice lacking CX3CR1 display
fewer microglia and denser dendritic spines, which leads to impaired neuronal connectivity
and behavioral issues (Paolicelli et al., 2011; Zhang et al., 2014). The complement system,
particularly components Clq and C3, tags synapses for microglial phagocytosis through
complement receptor CR3. For example, C1Q deficiency can result in spontaneous seizures
due to inefficient synapse removal, indicating its essential role in neural stability (Chu et
al., 2010; Stephan et al., 2012; Zhang et al., 2014). This pruning mechanism may also be

reactivated in neurodegenerative conditions. In mouse models of frontotemporal dementia
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(FTD), deleting C1Q in progranulin-deficient mice reduces neurodegeneration and
behavior impairments (Lui et al., 2016). Similarly, in Alzheimer’s disease (AD),
upregulation of C1Q precedes AP deposition, and targeting C1Q or related components
could limit excessive synapse loss (Hong et al., 2016).

Other factors like TREM2 also influence early synaptic pruning. TREM2 deficiency
results in reduced microglial density, inefficient synapse elimination, increased excitatory
signaling, and weakened long-range connections (Filipello et al., 2018). Similarly, CD47
and SIRPa, which prevent excessive synaptic engulfment, show that their deficiency leads
to abnormal microglial activity and reduced synapse numbers, underscoring their
protective role in synaptic regulation (Lehrman et al., 2018).

Apoptotic cell clearance and neurogenesis: Microglia play a vital role in brain
development by constantly phagocytosing apoptotic cells, including neural progenitor cells
(NPCs), within neurogenic niches throughout both embryonic and adult neurogenesis.
Disruption in microglial activity, either excessive activation or deactivation in utero, can
significantly alter NPC populations, affecting normal brain development and potentially
leading to behavioral issues (Sierra et al., 2010; Cunningham et al., 2013). During
development, microglia target and engulf about 60% of apoptotic Purkinje neurons
expressing caspase-3 and generating reactive oxygen species (ROS), which supports
cellular turnover in neural circuits (Marin-Teva et al., 2004). Similarly, ROS production
by microglia lacking DAP12 and CD11B receptors contributes to the clearance of apoptotic
cells in the hippocampus, creating a microenvironment that supports neurogenesis

(Wakselman et al., 2008).
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The phagocytosis of apoptotic cells by microglia is facilitated by tyrosine kinase TAM
receptors such as TYRO3, AXL, and MER, which, through the soluble ligands GAS6 and
Protein S, bind to phosphatidylserine on apoptotic cell membranes, thereby opsonizing
these cells for clearance (Fourgeaud et al., 2006; Fourgeaud et al., 2006; Lemke 2013).
TAM receptor deficiency disrupts neurogenesis, especially in the dentate gyrus (Ji et al.,
2013). Additionally, other microglial components, such as TREM2, TIM4, IBA1, and the
v-ATPase transporter, are crucial for phagosome formation and stabilization, which are
essential for the adequate clearance of apoptotic cells and cellular debris (Takahashi et al.,
2005; Peri, F., & Niisslein-Volhard, 2008; Mazaheri et al., 2014). Maintaining a balance in
the microglial clearance of NPCs and apoptotic cells is critical for brain homeostasis.
Microglia and Neural Network Interaction: Microglia establish interaction with nearly
all neuronal and non-neuronal cell types within the brain and facilitate developmental
processes. They preserve homeostatic functions, assist in tissue regeneration, and
participate in the pathology of various diseases (Schafer & Stevens, 2015; Frost et al.,
2016). Microglial release neurotrophic factors (BDNF) and insulin-like growth factor 1
(IGF-1) are essential for the differentiation, maturation, and survival of NPCs and neurons
(Araki et al., 2021; Li & Barres, 2018). During postnatal development, microglial-secreted
IGF-1 promotes the survival of layer V neurons (Ueno et al., 2013). Additionally,
colocalizing the white-matter tract and microglia in the dorsal corpus callosum during pre
and postnatal development suggests that microglia are essential in axon bundling, which
requires DAPI12 signaling since lacking this signaling in microglia resulted in
disorganization of dorsal corpus axons (Ueno et al., 2013; Pont-Lezica et al., 2014; Li &

Barres, 2018), additionally, normal myelination also requires CD11C+ microglial secretion
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of IGF-1 because its depletion from CD11C+ microglia results in impaired myelination
(Wlodarczyk et al., 2017).

Injured neurons release cytokines that stimulate microglia and upregulate Purinergic
receptors, which increases microglial sensitivity to extracellular components and
exacerbates their response to pain signals, contributing to the persistence of chronic pain
(Tsuda, 2017). Peripheral nerve injury causes injured sensory neurons to produce colony-
stimulating factor 1 (CSF1), which activates microglia proliferation through CSFIR -
DAPI12 signaling and heightened pain sensitivity. Deletion of CSF1 from sensory neurons
relieves pain (Guan et al., 2016). Microglia are involved in vascularizing neural tissue by
releasing growth factors or cytokines that influence blood vessel dynamics in the CNS
(Fantin et al., 2010; Li & Barres, 2018).

Microglia also communicate with astrocytes, especially during brain injury or
pathological conditions. After traumatic brain injury, damaged tissue and astrocytes release
ATP, which is detected by microglia via P2RY12 receptors directing processes of
microglia toward the damaged site, enabling them to respond rapidly and assist in repairing
damaged tissue (Davalos et al., 2005; Haynes et al., 2006; Li & Barres, 2018). Moreover,
during prolonged injury or inflammation, the release of ATP by astrocytes causes
upregulation of adenosine receptors (A2a) and downregulation of the P2RY 12 receptors,
which leads activated microglia to bind to extracellular adenosine, resulting in retracting
their processes and take amoeboid shape (Orr et al., 2009). Microglia also interact with
oligodendrocytes in the CNS. Post-natal microglia are essential for developing and
maintaining oligodendrocytes progenitors (OPCs) and the myelination mechanisms

(Hagemeyer et al., 2017; Li & Barres, 2018).
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CDl11c+ microglia predominate myelinated areas in the brain and are identified as a
significant source of IGF-1, crucial for oligodendrocyte maturation, survival, and
myelination (Wlodarczyk et al., 2017; Gao et al, 2023). In remyelination after
demyelination, microglia transition from pro-inflammatory to anti-inflammatory
phenotypes, contributing to oligodendrocyte differentiation. This process also involves
microglia-secreted activin-A that interacts with receptors expressed by OPCs and
facilitates their maturation (Miron et al., 2013). With aging, myelin undergoes gradual
fragmentation overtime, and microglia are crucial in clearing these fragments; however,
their phagocytosis may lead to the formation of insoluble protein inclusions in lysosomes,
which may lead to microglia senescence (Safaiyan et al., 2016). This suggests a
relationship between microglia, myelin maintenance, and aging (Li & Barres, 2018).

1.2.2 Microglia in Alzheimer’s disease

Histopathological studies of AD brains have revealed that activated microglia
proliferate and associate closely with AP deposits and tau and exhibit altered morphology
(Cras et al.,1991; Maragakis & Rothstein, 2006; Ransohoff & Perry, 2009; Glass et al.,
2010; Heneka et al., 2015;). Activation of microglia triggers morphological alterations
where they adapt to amoeboid morphology with round soma and shorter and thicker
branches along with increased phagocytic activity, altered gene expression, and secretory
profiles (Zusso et al., 2012; Streit et al., 2014). Activated microglia can help phagocytose,
clear AP, and perform a protective function in AD pathology (Heneka et al., 2015).

Microglia recognize and internalize AP through different receptors, including TREM2,
CD33, TLRs, TAM, CD36, RAGE, and scavenger receptors A (SR-A). Stimulating these

receptors enables microglial AP clearance; however, chronic stimulation of these receptors
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could be detrimental, leading to AP accumulation and triggering neurotoxicity and synapse
loss, initiating neuroinflammation (Doens & Fernandez, 2014; Yu & Ye, 2015). Release of
cytokines such as IFN-gamma in response to AD pathology by microglia, as well as
exposure to AP accumulation, enhance nitric oxide (NO) release from microglia, which is
associated with neurotoxicity and altered mitochondrial functions that can promote AP
buildup (Goodwin et al., 1995; Kumar et al., 2011). Ap mediated activation of the
CD36/TLR4/TLR6 complex and RAGE amplifies inflammatory pathway responses that
can produce proinflammatory cytokines, reactive oxygen, and nitrogen species (Stewart et
al., 2010; Deane et al., 2012). A triggers ASC release by activating microglia and NLRP3
inflammasome. This protein complex releases inflammatory cytokines such as IL-1 beta
that can influence inflammation and alter the phagocytic function of microglia, leading to
AP buildup and further accelerating the disease (Hanslik et al., 2020; Merighi et al., 2022;
Mata-Martinez et al., 2022).

TREM2 and CD33 have also been suggested for regulating microglia phagocytic
functions. TREM2 promotes, while CD33 inhibits microglia clearance of AP (Colonna &
Wang, 2016; Griciuc et al., 2013). However, the deletion of microglia in the amyloidosis
mouse models shows little impact on AP plaque formation and maintenance (Grathwohl et
al., 2009; Li & Barres, 2018). Moreover, studies also suggest that microglial activation of
TREM?2 acts as a protective barrier, reducing AP neurotoxicity (Yuan et al., 2016; Li &
Barres, 2018). Recently, it has been revealed that TREM2-mediated mTOR signaling
regulation influences ATP production and metabolism, which affect autophagy,
underscoring the significance of TREM2 in preserving healthy metabolic conditions in

microglia to ensure its protecting role in Alzheimer’s disease (Uland et al., 2017).
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Microglia also interact with tau, as histopathological studies reveal that activated microglia
are closely associated with NFTs in AD brain tissues (Cras et al.,1991; Sheffield et al.,
2000). Several studies have also reported that microglia can internalize tau in both
conditions, in vitro and in vivo (Bolos et al., 2015; Funk et al., 2015; Asai et al., 2015;
Zilkova et al., 2020).
1.2.3 Microglia-mediated regulation of tau pathology

Studies in the 1990s established that microglia can interact with AP and tau. Over the
last three decades, research efforts have been driven by the amyloid hypothesis and have
concentrated on the role of AP in AD pathogenesis and neuroinflammation, while the
relationship between microglia and tau pathology received comparatively less attention.
However, recent studies have begun to explore the association of tau and microglia in AD
and other tauopathies.

Researchers have reported that activated microglia correlate positively with NFTs in
AD (Holmes et al., 2014; van Olst et al., 202; Pascoal et al., 2021) and primary tauopathies
(Ishizawa & Dickson et al., 2001; Bellucci et al., 2011). Studies in mouse models of
tauopathy (P301S) have observed that dampening inflammatory response with
immunosuppression drug FK501 reduces microglial activation and attenuates tau
pathology, suggesting that limiting microglia proliferation and activation may modulate
tau propagation (Yoshiyama et al., 2007). Later, microglia activation through tau tubulin
kinase-1 was shown to contribute to motor neurodegeneration by enhancing the
inflammatory environment (Asai et al., 2014). In-vitro studies have provided evidence that
microglia exposure to tau directly activates them, leading to proinflammatory response and

altered gene expression profiles (Perea & Bolds, 2018). LPS-induced proinflammatory
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response in activated microglia causes tau hyperphosphorylation through mechanisms
dependent on the p38k/MAPK pathway associated with IL-1p release in animal models
and in-vitro studies (Li et al., 2003; Bhaskar et al., 2010). Proinflammatory cytokine
secretion, such as IL-6 and IL-1f by reactive microglia, contributes to tau phosphorylation
and overexpression of IL-1f in a mouse model in 3XTgAD mice with mutant P301L tau
shows elevated levels of tau hyperphosphorylation, even though AP plaques were
significantly reduced and microglia engagement with plaques was increased considerably
(Gosh et al., 2013; Wang et al., 2015).

Proinflammatory responses in microglia can disrupt the regulatory signaling of the
CX3CRI-CX3CL1 axis, contributing to neurodegeneration and the formation of
neurofibrillary tangles (NFTs) (Pawelec et al., 2020). Notably, transferring CX3CR1-
deficient microglia from human tau transgenic mice into wild-type mice triggers tau
pathology, which can be mitigated by blocking IL-1p, suggesting that the absence of
CX3CRI in microglia leads to tau accumulation and neuroinflammation, accelerating tau
pathology (Maphis et al., 2015). This evidence emphasizes the role of microglial
interaction in tau pathology, primarily mediated by inflammatory signaling pathways.

While microglia do not inherently express the tau gene MAPT, tau has been detected
within microglia in human AD brains, tauopathy mouse models, and aged tree shrews
(Tupaia belangeri; Odfalk et al., 2022), which naturally develop tau pathology over time
(Odawara et al., 1995; Ghoshal et al., 2001; Hopp et al., 2015; Bolos et al., 2015;
Rodriguez-Callejas et al., 2020; Odfalk et al., 2022). Studies have shown that microglia
can uptake tau, which is released into the extracellular space of the brain as free tau or

membrane-bound vesicles (Brunello et al., 2020; Bolos et al., 2015; Funk et al., 2015; Asai
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et al., 2015; Zilkova et al., 2020). Various microglial receptors, including CX3CR1, HSPG
(heparan sulfate proteoglycan), P2RY 12, and Fcy receptors, interact with tau and facilitate
its internalization (Bolos et al., 2017; Funk et al., 2015; Andersson et al., 2019; Das &
Chinnathambi, 2021). CX3CR1 has been shown to bind tau and assist in its uptake by
microglia, although tau phosphorylation at S396 reduces this receptor's affinity, thereby
decreasing internalization (Bolds et al., 2017). Additionally, HSPG binding enhances
microglial tau uptake and clearance, whereas blocking HSPG with heparin inhibits tau
uptake (Funk et al., 2015). P2RY 12 receptors also bind to tau, facilitating its internalization
and degradation within lysosomes, while receptor activation promotes microglial migration
and phagocytosis of extracellular tau aggregates (Das & Chinnathambi, 2021). These
findings highlight the complex mechanisms of microglial tau uptake and clearance, which
is crucial to understand their role in tauopathy progression.

Microglia can release seed-competent tau that recipient cells can take up and trigger
tau aggregation (Hopp et al., 2018). This has been evidenced by in-vitro and ex-vivo studies
in which microglia isolated from human AD brains and AD mouse models have been
observed to release bioactive tau seeds in conditioned media for several days, lasting much
longer than previously reported tau half-lives (David et al., 2002; Shimura et al., 2004;
Hopp et al., 2018; Odfalk 2022). This suggests that microglia can take up tau, but
undegraded tau, which could be seed-competent, can be released in extracellular space,
possibly due to intracellular dysfunction. Microglial release of tau-containing exosomes
has been observed in both in vitro and in vivo conditions, as tau-containing exosomes are
more prone to spread between cells than free-floating tau since they can escape degradation

by endolysosomal system dysfunction (Flavin et al., 2017; Crotti et al., 2019; Clayton et
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al., 2021). This has been observed in a mouse study where blocking exosome release or
reducing microglia activity lessens tau spread. Meanwhile, stimulation of microglial
activity with ATP upregulated exosome release and tau spread (Asai et al., 2015).
Additionally, extracellular ATP from stressed or damaged neurons has been suggested to
trigger microglia release of tau-laden exosomes that may contribute to disease progression
(Liu et al., 2020). Microglial deficiency of BIN1 (Bridging Integrator 1), a significant risk
factor for LOAD, has been shown to reduce tau-laden exosome secretion in in-vitro
conditions and decrease tau spread in PS19 male mice. At the same time, overexpression
of BIN1 exacerbated exosome secretion and tau spread (Crotti et al., 2019).

Several studies have reported that microglia can efficiently degrade tau after
internalization. Human sarkosyl-insoluble tau fibrils isolated from human AD brain tissues
were observed to be degraded by microglia in a time-dependent manner in in-vitro
conditions (Luo et al., 2015). Additionally, microglia have been shown to remove tau
species and NFTs from brain sections of tauopathy mice with P301S mutation, and
stimulation of microglia through anti-tau antibody MC1 enhanced this microglial tau-
degrading capacity in an FC-dependent manner (Luo et al., 2015). Another study reported
that primary mouse microglia internalized sarkosyl-insoluble tau extracted from rTg4510
mice. Additionally, using ani-tau antibodies, especially C10.2, ATS8, and Tau5, in
conjunction with sarkosyl-insoluble tau facilitates microglial internalization and
degradation of tau. This process relies on the interaction of tau with Fcy receptors and
lysosome functionality. However, when lysosomal acidification was inhibited with
chloroquine or bafilomycin-A1l, the interaction between Fcy receptors and tau degradation

within lysosomes reduced significantly (Andersson et al., 2019). Overall, microglia are
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essential for their ability to internalize, degrade, and modulate the release of tau species,
with their functions varying based on the stage of neurodegenerative diseases such as AD.
1.2.4 AD-associated risk genes’ impact on microglial functions and tau pathology
Recent genomic studies have identified a high set of genetic risk variants mainly
associated with immune response and expressed by microglia in the brain (Lambert et al.,
2013; Karch et al.,, 2014). These genes are believed to influence immune response,
microglia functions, and phenotypes in response to amyloid beta or tau (Colonna et al.,
2016; Griciuc et al., 2013; Gratuze et al., 2018). For example, the €4 variant of the APOE
gene is the most significant genetic risk factor for AD, contributing to increased immune
response. APOE is crucial in regulating cell metabolism, transporting fatty acids, and Af
metabolism (Mahley, 1988; Bales et al., 1997; Jiang et al., 2008; Kim et al., 2009; Iaccarino
et al., 2017). In the brain, it is mainly produced by microglia and astrocytes (Pitas et al.,
1987; Grehan et al., 2001; Kim et al., 2011). Several studies have reported that APOE
regulates microglia response to amyloid pathology and mediates AP clearance in an
isoform-specific manner (Bales et al., 1997; Jiang et al., 2008; Castellano et al., 2011;
Huang et al., 2017). For example, unlike APOE3, APOE4 has been observed to impair
cellular processes, contributing to increased AP aggregation and reduced A clearance
(Castellano et al., 2011; Verghese et al., 2013). The relationship between APOE and
amyloid has been extensively studied; more recently, the connection between tau and
APOE has also gained significant attention. In tau transgenic mice with P301S mutation
carrying the €4 variant of the APOE has been shown to exacerbate hyperphosphorylation
and soluble tau levels with microglia activation, leading to accelerated disease progression

and neuroinflammation. On the other hand, deficiency of APOE in these mice showed

46



protection against these pathological changes (Shi et al., 2017). APOE has also been
observed modulating the microglia-mediated immune response in the P301S tau pathology
mouse model with microglia-specific depleted 4POE, which indicates that APOE level
may impact tau pathology and tau-related neurodegeneration without being influenced by
AP (Shi et al., 2019; Perea et al., 2020).

Additionally, variants within the triggering receptor expressed on myeloid cell 2
(TREM2) are linked to developing AD, with increased risk by 2 to 4-fold (Gratuze et al.,
2018). Trem2 encodes for a 40 kDa type I transmembrane glycoproteins with an
extracellular immunoglobulin domain, primarily expressed in myeloid lineage cells and
exclusively expressed in microglia in the brain. (Takahashi et al., 2005; Hsieh et al., 2009;
Zheng et al., 2017). TREM2 interacts with various extracellular ligands, including
apoptotic cells, phospholipids, and glycolipids (Atagi et al., 2015; Bailey et al., 2015; Wang
et al., 2015; Yeh et al., 2016), and binds to apolipoprotein E and clusterin (CLU), which
are also associated with AD risk (Atagi et al., 2015; Bailey et al., 2015; Wang et al., 2015).
Mutation in TREM2 associated with AD risk, especially R47H (rs75932628), R62H
(rs143332484), and D87N (rs142232675), disrupts the binding of TREM2 to its ligands
such as LDL, APOE, and CLU. (Atagi et al., 2015; Bailey et al., 2015; Wang et al., 2015;
Yeh et al.,, 2016; Hansen et al., 2018). TREM2 stimulation promotes phagocytosis,
survival, and proliferation in macrophages and microglia (Takahashi et al., 2005; Hsieh et
al., 2009; Zheng et al., 2017). TREM2 deficiency in microglia in-vitro and in-vivo
conditions disrupts the ability of microglia to internalize Ap (Wang et al., 2016; Yuan et

al., 2016; Yeh et al., 2016). In AD pathogenesis, targeting the TREM2-APOE pathway has
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been shown to restore the homeostatic functions of microglia and prevent neuron loss in
response to amyloid pathology (Krasemann et al., 2017).

The role of TREM2 in tau pathology is complex, with studies producing mixed results
depending on the model and context. In amyloid pathology, activating TREM2 with
agonist antibodies in mouse models has shown promise, reducing AP plaques and
improving behavioral outcomes (Wang et al., 2020). However, in tauopathy models, the
impact of TREM2 varies. For example, in the PS19 tau model, TREM2 deletion has been
protective by reducing inflammatory responses and brain atrophy (Leyns et al., 2017),
while in the hTau mouse model, TREM?2 deletion exacerbated tau hyperphosphorylation,
aggregation, and microglial activation (Bemiller et al., 2017). Additionally, overexpression
of TREM2 in P30IS transgenic mice attenuated tau phosphorylation, cognitive
impairment, neuron loss, and altered the microglial immune profile (Jiang et al., 2015).
Further complexity is added with genetic variations in TREM2, such as the R47H mutation.
When human tau is injected into APP/PS1 mice with the R47H mutation or TREM2
deficiency, microglial impairment is observed, increasing NFT accumulation around senile
plaques and facilitating tau seeding and propagation (Leyns et al., 2019). Interestingly, in
the PS19 tau model, the R47H mutation appears protective, reducing tau phosphorylation,
synapse loss, and microglial activation, suggesting that the impact of mutation effects may
depend on AP presence and disease stage (Gratuze et al., 2020).

Soluble TREM2 (sTREM?2), cleaved from TREM2 by ADAMIO, has also been
explored as a biomarker in AD (Brosseron et al., 2020). Studies show conflicting results:
while some link elevated sSTREM?2 levels with increased tau pathology (Suarez-Calvet et

al., 2019; ), more recent findings indicate a protective role for sSTREM2, associating it with
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reduced tau phosphorylation and enhanced microglia-neuron communication (Zhang et al.,
2023; Ewers et al., 2019; Ewers et al. 2020; Brosseron et al., 2020; Perea et al., 2020).
These diverse outcomes suggest that the effects of TREM2 in AD and tau pathology are
influenced by factors such as the specific disease stage, presence of AP, and genetic
context, highlighting the nuanced interplay between TREM2, tau pathology, and microglial
function (Leyns et al., 2017; Leyns et al., 2019; Gratuze et al., 2020).

Variants within PLCG2  (Phospholipase C gamma 2), especially PLCG2M28L
(rs61749044) as a risk and PLCG2P22R (rs72824905) as protective, have been linked to
Alzheimer’s disease (Sims, van der Lee et al., 2017; Olive et al. 2020; Magno et al., 2019;
Kleineidam et al., 2020; Tsai et al., 2022; Tsai et al., 2023). PLCG2 has been indicated as
a crucial regulator of immune signaling pathways regulated by a wide range of immune
cell surface receptors and has been linked to TREM2/APOE signaling (Hernandez et al.,
1994; Xu et al., 2009; Andreone et al., 2020). P522R is classified as a hypermorph, leading
to increased enzymatic activity (Magno et al., 2019), which has been associated with
reducing cognitive decline, p-tau, and total tau levels in CSF of AD patients (Kleineidam
et al., 2020). Additionally, it has been considered to reduce the risk for neurodegenerative
diseases, including Alzheimer’s disease, frontotemporal dementia, and Lewy body
dementia (Van der Lee et al., 2019; Kleineidam et al., 2020). The role of both variants in
amyloid progression and microglia functions has captured significant attention due to their
association with the modulating activity of microglia and their support for neuronal health.
Both variant’s effects are actively being studied, but their specific response to tau

pathology remains understudied.
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Another gene considered a risk for developing AD is CD33, which encodes for a
transmembrane receptor expressed by microglia cells in the brain, which belongs to the
family of sialic acid binding immunoglobulin-like lectins (Siglecs) and detects sialic acid
residues present on lipids or proteins and initiates a signaling cascade that initiates
inhibition of immune responses (Freeman et at.,1995; Hollingworth et al., 2011; Pillai et
al., 2012; Perea et al., 2020). Elevated expression of CD33 has been shown to impair
microglia phagocytosis of AP and clearance, leading to an increased deposition of AP
plaque in the brains of AD mice (Griciuc et al., 2013; Jiang et al., 2014). A deficiency of
CD33 in AD mice brains has been shown to increase the ability of microglia to phagocytose
AP and reduce AP levels (Griciuc et al., 2013). The contribution of CD33 to tau pathology
has not yet been explored. However, an SNP of CD33 (rs2455069- A>G) in exon-2 has
been observed to develop a risk for developing FTLD or sporadic AD. In AD patients from
southern Italy, CD33 and SIGLECI1 expressions were elevated significantly, indicating the
relationship between tau and dementia risk to CD33 (Rendina et al., 2020; Perea et al.,
2020). Furthermore, studies suggest sialic acid residues on NFTs that can interact with
CD33 and indicate an interaction between CD33 and NFTs in the brain that may influence
the immune response in the brain. However, it has not been studied yet (Liu et al., 2002;
Nagamine et al., 2016; Perea et al., 2020).

1.3 Inositol polyphosphate-5-phosphatase D (INPP5D)

Several studies on Alzheimer’s disease are increasingly focusing on understanding the
role of INPP5D, mainly due to the recently identified most common variant rs35349669,
which accounts for almost 3.8% of the overall risk for developing Alzheimer’s disease

(Lambert et al., 2013; Farfel et al., 2016; Kunkle et al., 2019; Wightman et al., 2021; Zajac
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et al., 2023 ). Studies have reported that INPP5D is broadly expressed by both innate and
adaptive immune cells outside of the CNS and by microglia in the brain (Peng et al., 2010;
Pauls et al., 2017; Saz-Leal et al., 2018; Pedicone et al., 2020; Tsai et al., 2021; Dabin et
al., 2024). It serves as an immune regulator acting downstream of immune receptors
containing ITAM or ITIM, including TREM2, TYROBP (DAP12), Fc-gamma receptors
(FcyRs), C-type lectin domain family seven-member A (CLEC7A), and contributes to
limiting a broad range of cellular activities, such as phagocytosis, motility, proliferation,
survival, and cytokine production (Nakamura et al., 2002; Saz-Leal et al., 2018; Blanco-
Menéndez et al., 2015; Peng et al., 2010). INPP5D modulations have been shown to
regulate microglia functions in Alzheimer’s disease, particularly in the context of amyloid
pathology (Tsai et al., 2021; Lin et al., 2023; Castranio et al., 2023; Iguchi et al., 2023;
Samuels et al., 2023). As a critical regulator of microglia functions, it may also influence
other aspects of AD pathogenesis, including tau pathology, which remains under
investigation.
1.3.1 INPP5D: Genetic, structural dynamics, and signaling pathway

INPP5D encodes for the Src homology two domain (SH2) containing inositol 5'
polyphosphatase 1 (SHIP1) (Chaco et al., 1996; Damen et al., 1996; Pauls et al., 2017). In
humans, the INPP5D gene is located on chromosome 2q36/37 and contains 27 exons and
27 introns with 18 isoforms, eight protein-coding, and ten nonsense isoforms. In mice, it is
found on chromosome 1C5 and has 21 transcript isoforms, comprising 18- protein-coding
and three nonsense isoforms. Human and mouse INPP5D show high levels of homology

(UniProtKB - Q92835).
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The structure of INPP5SD comprises several regions essential for diverse cellular
functions: the N-terminal SH2 domain, Pleckstrin homology-related (PH-R) domain, lipid
phosphatase region with C2 domain, and C- C-terminal proline-rich region harboring two
SRC Homology 3 (SH3) domains (Pauls & Marshall., 2017). INPP5D exists in several
isoforms, which affect their localization, and due to the lack of certain domains or motifs,
it may affect their downstream signaling. The full-length SHIPa isoform molecular weight
is 145 kDa, which comprises all domains and motifs. The SHIPf isoform is 135 kDa, which
lacks 183 amino acids, including a specific poly-proline rich (PXXP) motif. This missing
motif reduces its ability to bind to the p85 subunit of PI3K. The SHIPy isoform is 110 kDa
and lacks both the NPY X domain and C-terminal PXXP domain, which limits its ability to
bind to Shc (Lucas & Rohrschneider, 1999; Rohrschneider et al., 2000; Chu et al., 2023;
Zajac et al., 2023).

The absence of motifs and domains may cause various post-transcriptional or post-
translational modifications that can regulate the level of INPP5D proteins and their
functionality (Kerr, 2011). For instance, the intronic promoter in INPP5D forms a shorter
1soform known as s-SHIP, which lacks the SH2 domain at the N-terminal. This affects its
ability to bind to phosphotyrosine-containing proteins such as ITAM and ITIM, preventing
its recruitment to the plasma membrane. However, the C-terminus of s-SHIP makes
INPP5D able to interact with the Grb2 protein at the plasma membrane without tyrosine
phosphorylation. This interaction likely influences the activation state of embryonic stem
cells to respond to various stimuli while remaining undifferentiated. This consistent

interaction also allows s-SHIP to efficiently access its substrate PI(3,4,5)P3 in stem cell
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populations (Rohrschneider et al., 2000; Tu et al., 2001; Brocqueville et al., 2016; Tian et
al., 2019).

Since INPP5D plays a crucial role in maintaining immune homeostasis, its mutation or
disruption in the expression can lead to an imbalance in immune regulation and various
immune-related diseases (Pauls & Marshall, 2017). Mutations within INPP5D, such as
T162P, R225W, Q1076X, Y643H, P1039S, and F28L, have been linked to the
development of acute lymphoblastic leukemia or myeloproliferative disorders (Wisniewski
et al., 1999; Gewinner et al., 2009; Brauer et al., 2012). Inpp5d deficiency in mice induces
allergic asthma pathology and cytokine production (Haddon et al., 2009). Deficiency of
Inpp5d is also associated with developing Crohn's disease-like ileitis (Kerr et al., 2011).
Furthermore, germline deletion of INPP5D in mice results in splenomegaly, the production
of autoantibodies, and the development of an inflammatory disease that affects the
pulmonary and gastrointestinal systems (Helgason et al., 1998; Pauls & Marshall, 2017).
Inpp5d deficient mice showed increased proliferation of peripheral immune cells, lung
infiltrations, chronic inflammatory response, and leads to premature death (Helgason et al.,
1998; Liu et al., 1999). The consequences of Inpp5d deficiency in the peripheral system
have been studied extensively; however, its implications in the CNS system still need to be
fully explored. A recent study has reported that Inpp5d deletion in microglia leads to
dramatic changes in the gene expression patterns, with distinct variations in female mice.
Deletion of /npp5d may potentially affect the functional state of microglia, including the
gene-expression profile of both microglia and other brain cell types, with alteration in
critical molecules such as PTN and PSAP, which are associated with immune-related

pathways, suggesting INPP5SD as an important candidate in maintaining immune
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homeostasis and total loss of it may dysregulate the gene expression patterns in the brain
(Dabin et al., 2024).

In 1994, the Src homology two domain (SH2) containing inositol 5' polyphosphates
was identified and characterized by its lipid phosphatase activity, which established its
function as a negative regulator of the PI3K pathway. INPP5SD dephosphorylates the
product phosphoinositol 3-kinase (PI3K) found within the plasma membrane, the lipid
second  messenger  phosphatidylinositol-3,4,5-trisphosphate ~ [P1(3,4,5)P3]  to
phosphatidylinositol-3,4-bisphosphate [PI(3,4)P2] and inhibits signaling pathways
associated with multiple effector proteins such as AKT and BTK through PI(3,4,5)P3
activities (Peng et al., 2010; Balla, 2013). For instance, BTK is a crucial component in
developing B-cell lineage, proliferation, and maintenance of calcium influx. The elevated
level of INPP5D reduces the BTK activation and disrupts the signaling pathway, leading
to unregulated B-cell growth, reduced calcium flux, and cell death (Fluckiger et al., 1998;
Chu et al., 2023). The PI3K/ATK pathway enables various cellular activities, including
proliferation, survival, growth, phagocytosis, and metabolism. This pathway also allows
cells to respond to insulin to metabolize glucose and transform cells. Elevated levels of
INPP5D inhibit the activation of the AKT serine/threonine kinase pathway through
hydrolyzing PI(3,4,5)P3 and negatively regulates cellular capability to withstand stress and
growth signals, resulting in cell death or metabolism dysfunction (Liu et al., 1999; Cantley,
2004; Fruman et al., 2017; Manning & Toker, 2017).

INPP5D can regulate the balance of signaling molecules in the PI3K pathway activated
by Dectin-1 (CLEC7A) and the Syk complex. The target engagement with Dectin-1

initiates an inflammatory response through the hemITAM motif, which recruits Syk and
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ultimately activates the nuclear factor kappa B (NF-kB) pathway through the mitogen-
activated protein kinases (MAPK) cascade. INPP5D binds to the hemITAM of Dectin-1
and modulates the immune response during phagocytosis. The absence of INPP5D
increases the production of reactive oxygen species (ROS) via Dectin-1, Syk, PI3K, PDK1
(pyruvate dehydrogenase kinase 1), and NADPH oxidase pathway, which could be harmful
to the host cell (Blanco-Menéndez et al., 2015).

Furthermore, the SH2 domain enables INPP5D to bind to phosphorylated tyrosine
residues on the membrane proteins, such as those with ITIM motifs (e.g., FcyRIIB, CD31)
and ITAM motifs (e.g., DAP12, Fcy), where it serves as a negative regulator for immune
cell surface receptors and facilitates downstream signaling (Rohrschneider et al., 2000;
Nakamura et al., 2002; Pauls & Marshall, 2017). For instance, INPP5D is recruited to
phosphorylated-ITIM-motif of the Fcy receptors, dampening the downstream signaling
associated with immune response and processes like phagocytosis. Meanwhile, INPP5D
also blocks the binding site on Fcy receptors designated for ITAM-containing activator
proteins and inhibits downstream immune signaling (Nakamura et al., 2002; Getahun &
Cambier, 2015; Pauls & Marshall, 2017).

INPP5D is a crucial downstream regulatory protein of the TREM?2 signaling pathway
Peng et al., 2010). Activation of the TREM2 receptor phosphorylates two tyrosine residues
in ITAMs of its adaptor protein DAP12 (DNAX-activating protein of 12 kDa), which
recruits Syk and enables downstream multiple signaling events, including PI3K, ERK,
AKT, Vav3, and PLC-y2, which are associated cellular activities, including cell
proliferation, survival, phagocytosis, and actin polymerization etc. Under physiological

conditions, the SH2 domain of INPP5D competes with Syk for ITAMs of DAP12, which
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inhibits Syk phosphorylation and PI3K recruitment, limiting the signaling events
dependent on the TREM?2 signaling pathway and PI3K downstream events. As a result,
when SHIP1 is deleted, it enables a signaling cascade for a prolonged time in response to
TREM2/DAP12 and PI3K signaling that enhances osteoclast activation (Peng et al., 2010;
Pauls & Marshall, 2017).
1.3.2 INPPSD and Alzheimer’s disease
Genome-wide association studies (GWAS) have identified numerous genetic
variants associated with sporadic Alzheimer’s disease (AD), but the functional impact of
these variants remains unclear. Specifically, it is challenging to determine whether these
variants increase or decrease the function of the encoded proteins, which complicates the
assessment of each gene as either a risk or protective factor for AD. For instance, the
intronic variant r$35349669 (C/T) located on chromosome 2:233159830 has been linked
to an increased risk for AD, with an odds ratio of 1.08 (95% CI = 1.06—1.11). This
association is notably stronger within the Caucasian population compared to Chinese
cohorts, highlighting potential ethnic differences in genetic susceptibility to AD (Lambert
et al., 2013; Jing et al., 2016). Additionally, the proximity of rs35349669 to the intron-
based transcription site of the INPP5D gene suggests that it may produce INPP5D
transcripts lacking the SH2 domain, potentially affecting protein expression and function.
Such alterations may impact cellular pathways in which INPP5D is involved, hinting at
mechanisms through which this variant could influence AD pathology (Cunningham et al.,
2015; Malik et al., 2015).
Other identified variants include rs10933431 (C/G variant) located on chromosome

ch2:233117202 (odd ratio= 0.9), which has been observed to influence the concentration
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of p- tau level in the CSF (Kunkle et al., 2019; Zajac et al., 2023), and rs61068452 located
on chromosome ch2:233105789 (A/G variant) with a minor allele frequency of 17%, has
been considered as a protective variant as it is associated with increased cerebral blood
flow in the left angular gyrus and a reduced level of Tau/AB1-42 ratio in CSF. In AD
patients, cerebral blood flow in the left angular gyrus typically shows delayed blood flow
and is associated with a decline in cognitive functions (Yao et al., 2019; Liu et al., 2015;
Suwa et al., 2015; Zang et al., 2017; Dabin et al., 2024).

Recently, a study has demonstrated the unique relationship between the INPP5SD
isoforms and pathological changes in human AD brains. The full-length isoform (201 &
204), which spans exons 1 through 27 and contains all function domains, including the
SH2 domain (Exon 1-6) and phosphatase domain (exon 11-27), show the strongest link
with AD pathology. Partial-length isoforms, including the SH2 domain covering exon 1-6
(205) or covering exon 15 to 27 (213), also correlate with AD pathology. However, the
partial-length isoform that includes only the phosphatase domain and covers exons 11 to
27 doesn’t appear to impact AD pathology, collectively indicating that the presence of the
SH2 domain and specific exons may be critical for INPP5D expression and disease
progression. Additionally, particular variants may impact the expression level of these
isoforms. For instance, SNP rs35349669, associated with allelic expression imbalance with
another SNP rs1141328, may increase the production of full-length INPP5D isoforms
related to AD (Zajac et al., 2023).

Furthermore, mRNA expression of INPP5D has been observed to upregulate
significantly in AD patients’ brains and positively correlates with the amyloid burden. The

same study shows that INPP5D expression increases with age in the SXFAD amyloid
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mouse model of AD (Tsai et al.,2021). However, despite the observed elevation in m-RNA
expression in human AD brains, a recent study found decreased protein expression of
INPP5D (Chou et al.,2023). This contradiction may arise from differences between
transcriptional and post-translational modifications or the presence of isoforms. Yet, it
doesn’t clarify the functional role of the INPP5D protein in Alzheimer’s disease. Several
studies have begun to explore INPP5D inhibition to understand its role in AD pathology.

Haplodeficiency of Inpp5d in SXFAD mice exhibited increased microglial plaque
engagement, reduced amyloid pathology, and improved cognitive functions at 6 to 7.5
months of age (Lin et al., 2022). Similarly, microglia-specific deletion of Inpp5d in SXFAD
mice at the age of 5 months exhibited enhanced microglial-plaque engagement and A3
engulfment. However, this study didn’t show changes in amyloid pathology in SXFAD
brains (Samuel et al., 2023). In another study by Iguchi et al. (2023) in Tyrobp-deficient
mice, characterized by Trem2 loss of function, the haplodeficiency of Inpp5d was
demonstrated to restore microglia functions and microglial-plaque engagement. These
studies suggested that INPP5D expression is associated with amyloid pathology, impacting
the disease progression.

Interestingly, microglia-specific deletion of /npp5d in APPPS1 mice at three months of
age showed increased recruitment of microglia towards the plaques at six months but along
with a higher plaque burden (Castranio et al., 2022). The variations in the results across
different studies suggest that the effects of Inpp5d deficiency in preclinical models of
Alzheimer’s disease may differ based on the specific mouse models used and the timing of
the inhibition. Genetically and pharmacological inhibition of /npp5d in microglia under in-

vitro conditions have demonstrated increased uptake of A, apoptotic neurons (Pedicone
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et al., 2020; Lin et al., 2023). However, a recent study has shown that reduced Inpp5d
activity in iPSC-derived microglia induces neuroinflammation and NLRP3 inflammasome
activation in AD. This discrepancy may suggest that the impact of Inpp5d may vary
depending on cell type and pathological context. Overall, these studies highlight INPP5D
as a potential target for a better understanding of how modulating INPP5D expression
could help regulate microglia functions and AD pathology depending on the disease stage
and the aspect of amyloid pathology. Additionally, investigating it for another hallmark of
AD, such as tau pathology, may provide valuable insights into its overall role in AD.
1.4 Objective of the study

Recent GWAS studies have linked the immune gene INPP5D with Alzheimer’s
Disease (AD), noting that its expression is primarily restricted to microglia in the brain. In
AD mouse models, inhibiting /npp5d has been shown to enhance microglial function and
influence amyloid pathology, though the effects vary depending on the model, timing, and
pathology. However, most studies have focused on understanding the impact of Inpp5d
modulation primarily within the context of amyloid pathology, leaving the role of INPP5D
on tau pathology largely unexplored. Given that tau aggregation and phosphorylation are
also a critical hallmark of AD and a driver of neurodegeneration, understanding the role of
Inpp5d in the context of tau can provide a broader understanding of AD progression.

In Chapter 2, we explored the association between Inpp5d expression and tau pathology
using a tau pathology mouse model. This investigation began with preliminary results that
showed a positive correlation between tau seeding activity and the expression of INPP5D
in human AD brain samples by performing a FRET (Fluorescence Resonance Energy

Transfer )-based tau seeding assay and Nanostring neuroinflammation panel (which
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examines 770 genes associated with neuroinflammation pathways) (Figure 1.1), suggesting
a potential link between tau and INPP5D. In the PS19 tau pathology mouse model, further
analysis revealed a positive association between INPP5D expression and phospho-tau ATS
levels. Inpp5d haplodeficiency in this mouse model resulted in reduced hyperactivity and
rescue muscle strength impairment. Additionally, decreased expression of Inpp5d also
demonstrated reduced tau deposition, lowered proinflammatory cytokine levels, altered
microglia morphological features, and a distinct differential gene expression profile
showing upregulation of genes related to immune response and cell migration. Overall, this
study provided evidence regarding the association between Inpp5d and tau, suggesting that
Inpp5d modulation in the context of tau pathology should be evaluated as a therapeutic
approach.

In Chapter 3, we evaluated whether Inpp5d deficiency alters the ability of primary
mouse microglia to uptake tau. We performed a tau uptake assay on primary microglia
isolated from wildtype, Inpp5d”-, and Inpp5d’--mice (P0-3). We exposed isolated
microglia to commercially available recombinant P301S mutant tau-preformed fibrils and
PS19-brain extracted insoluble tau, demonstrating increased tau uptake by Inpp5d™
microglia. Additionally, we observed that tau exposure induced cytotoxicity in Inpp5d™”
microglia compared to wildtype and Inpp5d-’- microglia, indicating increased cellular stress
response in Inpp5d"-microglia. These results suggest that Inpp5d deficiency may modulate
microglia phenotypes in response to tau exposure. Chapter 4 integrates findings from
chapters 2 and 3, highlighting a potential role of /npp5d in the context of tau and microglia

phenotypes.
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Overall, these studies provide novel insights into the complex interaction between
Inpp5d, behavior, and tau pathology, which suggests that INPP5SD modulation should be
further evaluated as a potential target to influence microglia functions in response to tau

pathology, which may benefit AD treatment strategies.
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Figure 1.1. INPP5D gene expression positively correlates with tau seeding in human
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(A)The HEK293T cells (FRET biosensor cell line), which stably expresses tau repeat
domain (RD) with the disease-associated P301S mutation conjugated with CFP or YFP,
were utilized. These cells were exposed to tau extracted from 80 AD human brain extracts
obtained from NCRAD, which induced tau reporter protein aggregation and generated
FRET signals. (B, C) Nanostring, a neuroinflammation panel containing 770 genes, was
used on these samples to assess neuroinflammation pathways and processes. (D) From

these genes, INPP5D was positively correlated with the FRET density.
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Chapter Two: Inpp5d haplodeficiency alleviates tau pathology in the PS19 mouse model
of Tauopathy

2.1 Introduction

Alzheimer’s Disease is the most prevalent type of dementia. The neuropathologic
characteristics of AD are the deposition of extracellular amyloid beta (Af), intraneuronal
neurofibrillary tangles comprised of the hyperphosphorylated protein tau, and neuronal
deterioration, which collectively leads to cognitive decline and memory impairment (Leyns
& Holtzman, 2017). A wide range of genome-wide association studies (GWAS) have
provided substantial evidence that numerous genetic loci linked to increased risk of AD are
associated with the immune response, which strongly implies that microglia, immune cells
residing in the brain, play an essential role in the regulation of AD pathogenesis (Lambart
et al., 2013; Karch et al., 2015; Bellenguez et al., 2022). Among these risk genes, the
common variant within INPP5D has been linked to an increased risk of AD (rs35349669;
OR=1.08, 95% CI=1.06-1.11) (Lambart et al., 2013; Jing et al., 2016; Lin et al., 2023).
INPP5D encodes the src homology 2 domain (SH2) containing inositol 5' polyphosphatase
1 (SHIP1) and serves as a lipid phosphatase (Pauls & Marshall, 2013). SHIP1
dephosphorylates  phosphatidylinositol-3,4,5-triphosphate, [PI (3,4,5) P3] to
phosphatidylinositol-3,4-bisphosphate [PI (3,4) P2] [7-9]. While the expression of INPP5D
is restricted to microglia in the brain (Pedicone et al., 2020; Tsai et al., 2021), it is typically
found in hematopoietic-derived cells outside the central nervous system (Pauls & Marshall,
2017). INPPS5D acts as a crucial regulator of immune cell signaling, which limits cell
functions such as proliferation, survival, phagocytosis, and cytokine production (Pauls &

Marshall, 2017; Pedicone et al., 2020; Tsai et al., 2020; Saz-Leal et al., 2018). INPP5D
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has been implicated in modulating downstream signaling pathways associated with
multiple immune receptors involved in AD pathogenesis, such as TREM2, TYROBP
(DAP12), CLEC7A, and FCyRs (Peng et al., 2010; Saz leal et al., 2017; Tsai et al., 2021;
Samuels et al., 2023).

While the role of INPP5D has been extensively studied in peripheral tissues, its
involvement in the central nervous system remains the subject of ongoing research.
However, recent studies have started to elucidate the role of INPP5D in Alzheimer’s
disease. While studies have reported that elevated expression of INPP5D within plaque-
associated microglia correlates positively with amyloid burden (Tsai et al., 2021), the
impact of Inpp5d deficiency in preclinical models of Alzheimer’s disease varies depending
on the mouse models and timing of the inhibition. Notably, microglia-specific deletion of
Inpp5d in APPPS1 mice at 3 months of age increased plaque burden and recruitment of
microglia towards the plaques at 6 months (Castranio et al., 2023). Conversely, in Tyrobp-
deficient mice, characterized by Trem2 loss of function, the haplodeficiency of Inpp5d
appeared to restore microglia functions and engagement of microglia with amyloid plaques
(Iguchi et al., 2023). Similarly, a study in 5XFAD mice that initiated the microglia-specific
deletion of Inpp5d at three weeks of age for a two-week period demonstrated enhanced
microglia engagement with plaques and AP engulfment at 5 months of age (Samuels et al.,
2023). Furthermore, the haplodeficiency of Inpp5d in SXFAD mice exhibited a mitigating
effect on amyloid pathology, increased plaque-associated microglia, and decreased
cognitive decline at 6 to 7.5 months of age, respectively (Lin et al., 2023). In addition,
pharmacological inhibition of Inpp5d in primary microglia has been shown to enhance

lysosomal compartmental size and engulfment of AP peptide and dead neurons (Pedicone
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et al., 2020). Together, these studies highlight the potential of INPP5D modulation in
promoting microglia functions that can be protective in response to amyloid pathology.
However, its effectiveness may also be dependent on the timing during disease progression.
Although significant research has been directed toward understanding the role of INPP5D
in Alzheimer’s disease, numerous studies have primarily focused on its involvement in
amyloid pathology. Implications of INPP5D in the context of tau pathology remain unclear.
Therefore, we aimed to investigate the role of INPP5D in tau pathology in the PS19 mouse
model of tauopathy.

To study whether Inpp5d haplodeficiency modulates the tau pathogenesis, PS19 mice
were crossed with Inpp5d-haplodeficient (Inpp5d*~) mice and aged to 9 months. We
observed a correlation between Inpp5d expression and tau pathology. Reducing levels of
Inpp5d in PS19 mice mitigated tau pathology and improved motor functions. The
behavioral and pathological changes were accompanied by alterations in gene expression
linked to immune response and cell migration. Collectively, our data provide insights into
the complex interplay between Inpp5d expression, tau pathology, and behavioral
outcomes, suggesting that Inpp5d could be a potential target to mitigate tau pathogenesis
and improve motor functions.

2.2 Materials and Methods
Animals

All Animal experiments in this study received approval from the Institutional Animal
Care and Use Committee at Indiana University. The mice were housed under a controlled
12/12-hour light/dark cycle with access to food (Purina Lab Diet, 5K52) and water ad

libitum. The study used C57BL/6J (B6; The Jackson Laboratory, 000664), and
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B6.129S6(C)-Inpp5dtm1.1Wgk/J (InppSdKO/WT; mice with 50% reduction in Inpp5d
expression, The Jackson Laboratory, 028269). The PS19 mice were back-crossed to B6J
mice for >10 generations, resulting in the establishment of PS19 mice with C57BL/6J
background in Dr. Cristian A. Lasagna-Reeves' laboratory. This model has been carefully
characterized [15].

All experimental groups (Inpp5d*™*, Inpp5d™-, PS19:Inpp5d*"*, PS19:Inpp5d*"-) included
both male and female mice. Mice were anesthetized using 1.2% 2,2,2-tribromoethanol
(Avertin) and perfused with ice-cold phosphatase buffered saline (PBS). Later, brain
tissues were extracted and divided into two hemispheres. The right hemisphere was fixed
in 4% paraformaldehyde, transferred to 30% sucrose for dehydration, and later used for
immunohistochemistry. The left hemisphere was further dissected into the hippocampus
and cortex and stored at -800 freezer for biochemical studies.

Open field test

The open-field test was performed using the procedure previously described in Patel H.
et al., 2022 (Patel et al., 2022). Briefly, mice were placed at the center of the dimly lit open
field arena (45x45x45 cm) and allowed to explore the field for 1 hour. The movements of
the mice were recorded and analyzed by an automatic monitoring system (ANY-Maze).
The arena was digitally divided into distinct zones that included the central area (with sides
measuring 28 cm), four wall corridors (each measuring 7cm along the walls), and four
corner squares (each with sides measuring 7 cm). The system automatically measured the

time spent and total distance traveled by mice within these zones.
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Grip strength test

The Grip strength was measured using the procedure described by Patel H. et al., 2022
(Patel et al., 2022), using the Grip strength meter (Bioseb, Bio-GS3). Following the
manufacturer’s instructions, mice were gently held by the tail and brought towards the
device, allowing them to grasp the metal grid from two or all four paws. Afterward, mice
were carefully pulled horizontally until they lost their grip, and the force applied to the grid
was recorded as the highest tension and then expressed into gram units by the instrument.
Two consecutive measurements were taken for the front two paws, and all four paws, and
the mean value of these measurements was used for the analysis. Approximately five
minutes of rest were provided to the mice between the testing sessions.
Immunofluorescence

Following perfusion and brain dissection, the right hemibrains of the mice were fixed
overnight at 40 C using a 4% paraformaldehyde solution. The following day, the brains
were transferred to a 30% sucrose solution for preservation. Brains were sliced into 30 pm
thick sagittal sections using a freezing microtome. Approximately 3 to 4 matched brain
slices were used for immunostaining. The sections were washed and permeabilized in 0.3%
Triton X-100 in 1X PBS (PBST) following the antigen retrieval at 850 C for 10 minutes
using 1X Decloaker (Biocare Medical, RV1000). Subsequently, sections were blocked at
room temperature into 5% donkey serum in PBST for 1 hour, later incubated at 40 C
overnight with the following primary antibodies: NeuN (1:1000 in rabbit, Abcam
ab104225), IBA1(1:250 in goat, Abcam ab5076), AT8 (1:500 in mouse, Invitrogen
MN1020), AT180 (1:500 in mouse, Invitrogen MN1040), GFAP (1:500 in rat, Invitrogen

13-0300). The next day, the sections were washed with PBST and stained with specific
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secondary antibodies tagged with AlexaFluor in 5% donkey serum for 1 hour at room
temperature (1:1000 Anti-rabbit, A10040; 1:500 Anti-goat, A21202; 1:500 Anti-mouse,
A31571; 1:500 Anti-rat, 6430-31). After an additional wash, the sections were carefully
mounted onto the charged slides, underwent counterstaining, and then cover-slipped with
prolonged Antifade with DAPI. Images were captured using a fluorescence microscope at
consistent exposure and gains settings. Images were analyzed using Imagel] (National
Institutes of Health [NIH], version 1.5.3r). Microglia (IBA1 positive cells) count density
was analyzed using Imaris (Oxford instruments 10.0.1) by quantifying voxels representing
IBA1 positive cells structure within the region of interest, and the collective area was
calculated by multiplying voxel count by size. The cell density was measured as cells per
square micrometer (cells/ pm”2). Morphological analysis of microglia was performed on
a total of 2-3 sections from 3 to 4 mice per genotype with an equal number of males and
females. Brain tissue section images were acquired using the Nikon AR1 Confocal
microscope at maximum intensity z-stack acquisition with a 40X objective. Obtained
images were processed using FIJI alongside the AnalyzeSkeleton plugin, as described by
Young & Morrison, 2018 (Young et al., 2018). Briefly, images were transformed into
binary, and refinement steps were utilized to remove unwanted elements. Skeletonized
images were then analyzed to assess microglia morphological features. Data from
skeletonized images were transferred to Excel for further analysis, including trimming,
sorting, and calculating branch length and number of endpoints per cell.
Brain Extract Preparation

Cortical and hippocampal tissues from the left hemispheres were homogenized using

tissue protein extraction reagent (T-PER, Thermo Fisher Scientific, 78510) supplemented
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with 1X Halt cocktail of protease and phosphatase inhibitor (Thermo Fisher Scientific,
78440). A bicinchoninic acid (BCA, Pierce) Kit was used to measure the total protein
concentration. The resulting lysates were aliquoted and stored at -800 C in a freezer. The
supernatant was used for Meso-Scale Discovery Assays and Western blotting. Pellets were
subjected to extract insoluble tau fractions using the method adapted from described
previously (Yoshiyama et al., 2007). Briefly, pellets were resuspended completely in 70%
of formic acid, incubated at 150 rpm for 1 hour at room temperature, and then neutralized
with 1:3 dilution of neutralization buffer, following which they were vortexed and stored
at 80o C in a freezer.
Cytokine panel assay

Left hemibrain cortical samples were prepared as described above. The samples were
analyzed with two replicates (per sample) using the MSD proinflammatory cytokine panel
(K15048D, MesoScale Discovery, Gaithersburg, MD, United States), a highly sensitive
multiplex enzyme-linked immunosorbent assay (ELISA). This panel measures levels of ten
proinflammatory cytokines: interferon-gamma (IFN-y), interleukin IL-1p, IL-2, IL-4, IL-
5, IL-6, IL-10, IL-12p70, KC/GRO, and tumor necrosis factor-alpha (TNF-a).
Phospho (T231) and Total tau measurement

Left hemibrain cortical and hippocampal soluble and insoluble samples were prepared
as described above. The samples were analyzed with two replicates (per sample) using the
MSD, Phospho (T231)/Total tau Kit (K152D, MesoScale Discovery, Gaithersburg, MD,
United States), a highly sensitive enzyme-linked immunosorbent assay (ELISA). This
assay explicitly measures Phospho (T231) and Total tau levels in the mouse brain

homogenates.
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Western blotting

The samples from left hemibrain cortical tissues were prepared as described above.
Protein denaturation was carried out by heating samples at 1000 C for 10 minutes in 4X
NuPAGE LDS buffer (NP0007). 10 - 40 pg of protein per sample were loaded onto 4-12%
NuPAGE Novex gels (Invitrogen) and electrophoresed at 150 V for 60 minutes. Proteins
were transferred onto the PVDF membrane at 400mA and blocked in 5% BSA prepared in
TBS with 0.01% tween (TBST). The membranes were incubated with specific primary
antibodies overnight at 40 C with gentle agitation. Western blotting was performed with
the following primary antibodies: INPP5D (1:500 in rabbit, CST 2728), GAPDH (1:10,000
in rabbit, Invitrogen G8795), Tau5 (1:1000 in mouse, Abcam 80579), AT8 (1:1000 in
mouse, Invitrogen MN1020), AT100 (1:1000, Invitrogen MN1060), PHF1(S396, S404)
(1:10,000 in mouse, Peter Davies). After incubation with primary antibodies, membranes
were washed with TBST and subsequently incubated with appropriate Horseradish
peroxidase (HRP) conjugated secondary antibodies diluted in 5% milk in TBST at room
temperature for an hour, washed with TBST, developed in the ECL solution and imaged.
Western blot images were analyzed using ImageJ.
Nanostring nCounter

Hippocampal tissues from the brain's left hemispheres were homogenized as described

above. Equal volumes of homogenized tissue and RNA STAT-60 (Tel-Test Inc., CS-502)
were mixed, snap-frozen, and preserved at -800 C until further use. RNA extraction was
performed using the PureLink RNA mini kit (Invitrogen, 12183020) and the PureLink
DNase (Invitrogen, 12185010) following the manufacturer's protocol. RNA quality and

quantity were determined using the Nanodrop 2000 spectrophotometer (Thermo Fisher
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Scientific). Subsequently, according to the manufacturer's instructions, 200 nanograms of
RNA from hippocampal tissue from 9-month-old mice were utilized for gene expression
profiling with the nCounter Glia Profiling Panel (NANOSTRING TECHNOLOGIES).
Differential gene expression analysis was done using the ROSALIND platform for
nCounter analysis (ROSALIND Inc., version 3.35.5.0).
RNA extraction and quantitative real-time PCR

Left hemisphere cortical tissues were homogenized as described above. Equal volumes
of homogenized tissue and RNA STAT-60 (Tel-Test Inc., CS-502) were mixed, snap-
frozen, and preserved at -800 C until further use. RNA extraction was performed using the
PureLink RNA mini kit (Invitrogen, 12183020) and the PureLink DNase (Invitrogen,
12185010) following the manufacturer's protocol. RNA quality and quantity were
determined using the Nanodrop 2000 spectrophotometer (Thermo Fisher Scientific). A
thousand nanograms of RNA were converted to cDNA using a High-capacity RNA-to-
cDNA kit (Applied Biosystems, 4399950). Following cDNA synthesis, a quantitative
polymerase chain reaction (QPCR) was performed on a StepOne Plus Real-Time PCR
system (Life Technologies). Gene expression levels were assessed relative to Gapdh
(Mm99999915 ml, Life Technologies) using the 2-AACT method. Expressions of genes
were quantified using the TagMan Gene Expression Assay from Life Technologies (Inpp5d
primer:  MmO00494987;  Clec7a  primer: MmO01183349 ml; Sppl  primer:
MmO00436767 ml; Mertk primer: Mm00434920; Ax/ primer: Mm00437221 ml; Lpl
primer:  Mm00434764, Pdcdl primer: MmO01285676 ml, Klrgl primer:
Mm00516879 ml, Cd4 primer: Mm00442754 m1, Cd8a primer: MmO01182107 g1, Cd3e

primer: Mm01179194 ml, Cd3d primer: Mm00442746_ml).
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Statistical analysis

Statistical analysis was performed using GraphPad Prism (Prism 10.0.3). Data
presented as mean + SEM. A Student's t-test and non-parametric one-way analysis
(ANOVA) were performed with Tukey's post hoc test. A Pearson correlation coefficient
was used for correlation analysis. The value of p < 0.05 was considered significant.

2.3 Results
INPPSD protein expression is upregulated and positively correlated with pTau in the
PS19 mouse model.

Previous studies have demonstrated elevated expression of INPP5D in both AD human
brains and the amyloid pathology mouse model, SXFAD, with a positive correlation
between INPPSD expression and amyloid burden (Tsai et al., 2021; Lin et al., 2023). To
extend this understanding in the context of tau pathology, we conducted western blot
analysis for INPP5D expression in the PS19 mouse model of tau pathology (Yoshiyama et
al., 2007; Takeuchi et al., 2011; Lasagna-Reeves et al., 2016; Patel et al., 2022), which
develops extensive tau pathology and motor deficits around 9 -months of age (Patel et al.,
2022). We examined the protein expression of INPP5D in the cortex and hippocampus at
9 months through blot, which was elevated in both regions compared to WT mice (Figure
2.1 A, B, D & E, Figure 2.8 A, C, E, & G). We also examined the expression of
phosphorylated tau ATS8 (S202/T205) on the same blot. We observed a positive correlation
between the expression of INPP5D and AT8 in mice (Figure 2.1 C, F, Figure 2.8 B, D, F,
& H). Together, these results suggest that, like AD human brain data, elevated expression

of INPP5D can be recapitulated in the PS19 mouse model and correlated positively with
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tau pathology. Therefore, the PS19 tau pathology mouse model was used to study the role
of Inpp5d in tau pathology.
Inpp5d haplodeficiency recovers motor deficits observed in PS19 mice.

The tau pathology mouse model, PS19, exhibits extensive tau pathology and motor
deficits at 9 months (Yoshiyama et al., 2007; Takeuchi et al., 2011; Lasagna-Reeves et al.,
2016; Patel et al.,, 2022), We conducted an open-field activity test that assessed
hyperactivity and a grip strength test that assessed muscle strength in the mice. We
compared haplodeficient Inpp5d:PS19 mice (PS19:Inpp5d*"-) to WT Inpp5d:PS19 mice
(PS19:Inpp5d™™), WT (Inpp5d™"), and haplodeficient Inpp5d mice (Inpp5d*") to examine
whether reduced expression of /npp5d in PS19 mice modulates these motor deficits. We
observed that PS19: Inpp5d"- exhibited substantially reduced total distance traveled
compared to PS19:Inpp5d* mice (Figure 2.2 A; Figure 2.9 A, E). No difference in total
distance traveled was observed between Inpp5d™™ (WT) and Inpp5d™-, suggesting that
reducing Inpp5d expression in these mice showed no functional deficits at the baseline
(Figure 2.2 A). Furthermore, none of the genotypes displayed anxiety-like behaviors,
which were analyzed by measuring total time spent in the corner, hugging the wall
(thigmotaxis) and time spent in the center zone, suggesting that reduction in Inpp5d
expression didn’t induce anxiety-like behaviors (Figure 2.2 B, C, D; Figure 2.9 B-H). The
PS19 mice at 9 months of age show reduced muscle strength. Therefore, we measured grip
strength for the 2-paws (front limbs) and 4-paws (four limbs) of the mice (Figure 2.2 E, F;
Figure 2.9 I - L ) using the Grip strength meter. Significant improvement in 4-paw grip
strength in haplodeficient-Inpp5d PS19 mice was observed compared to PS19 mice (Figure

2 E). No difference in the 2-paw (front limbs) and 4-paw (four limbs) of WT and Inpp5d*-
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mice was observed, similarly suggesting that reducing expression of Inpp5d showed no
functional deficits at the baseline. Furthermore, since Inpp5d is a crucial regulator of
immune response and our study utilized globally haplodeficient /npp5d mice (Liu et al.,
1999) , we examined spleen weight in all genotypes of the mice at 9 months of age. We
observed that spleen weight remains unchanged in Inpp5d”- and PS19:Inpp5d™") mice
(Figure 2.9 M - O), suggesting that haplodeficiency of Inpp5d may not exacerbate
peripheral immune response at baseline as well as in PS19 mice. These results suggest that
Inpp5d haplodeficiency in PS19 mice improved locomotor behavior rather than rescuing it
and restored the four-limbs grip strength at 9 months of age.

Inpp5d haplodeficiency exhibits no significant impact on the abundance of cellular
occupancy but altered microglia morphology.

Next, we quantified cell coverage of microglia, astrocytes, and neurons to gain
insights into the broader cellular dynamic under the influence of reduced gene expression
of Inpp5d in PS19 mice. We observed no change in staining coverage of IBA1 (microglia),
NeuN (neurons) (Figure 2.3 A, C, D, E & F, Figure 2.7 A-H), and GFAP (astrocytes)
(Figure 2.3 B, G, H, Figure 2.7 I-L). Furthermore, Since Inpp35d expression is restricted to
microglia in the brain (Tsai et al., 2021), we assessed microglia count density in the cortex
and the hippocampus of 9-month-old Inpp5d™*, Inpp5d"-, PS19:Inpp5d"*, and
PS19:Inpp5d™- mice (Figure 2.7 M-S). We observed no significant change in microglia
density in the cortex of these mice, but we observed an increase in microglia density in the
hippocampus of PS19:Inpp5d*'*; however, haplodeficiency of Inpp5d in PS19 mice didn’t
show a significant change in microglia density in the hippocampus. While cell coverage

and density examination revealed no significant change with /npp5d haplodeficiency, we
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further examined microglia morphological features. Surprisingly, we observed an increase
in branch length and endpoints per microglia in PS19:Inpp5d™- mice compared to
PS19:Inpp5d** mice suggesting the complexity and function of microglia in response to
haplodeficiency of Inpp5d (Figure 2.3 1, J, K, L, Figure 2.10 A-D). This suggests that the
changes in the tau pathology and behavior outcomes might be independent of alteration in
cell abundance or related to functional changes at the cellular level. However, further
research is required to uncover precise changes.
Inpp5d haplodeficiency reduced tau pathology in PS19 mice.

The PS19 mouse model demonstrates substantial tau phosphorylation and aggregation
in various brain regions, including the hippocampus and cortex (Yoshiyama et al., 2007,
Takeuchi et al., 2011; Lasagna-Reeves et al., 2016; Patel et al., 2022). We aimed to
examine whether Inpp5d haplodeficiency in PS19 mice influences tau pathology. To
investigate this, we initially performed immunofluorescence staining of AT8 (S202/T205)
and AT180 (Thr231) (Figure 2.4 A, D) on the matched sagittal mouse brain sections. We
observed substantially reduced staining of AT8 and AT180 in the cortex & hippocampus
of PS19:Inpp5d "~ mice compared to PS19 mice (Figure 4 A, B, C, D, E & F, Figure 2.11
A-H). However, for the AT180 staining, this alteration was only notable in the cortex and
not the hippocampus in PS19: Inpp5d™- mice. We further performed the MesoScale
Discovery ELISA assay to analyze total tau and phospho-tau (Thr231) concentration in
soluble and insoluble tau samples. Strikingly, total tau and AT180 (Thr231) concentrations
in the cortex were significantly reduced in PS19: Inpp5d"- mice (Figure 2.4 G, H, Figure
2.11 I-L ). However, intriguingly, we observed an increase in AT180 (Thr231)

concentrations in insoluble tau samples, indicative of tau aggregation (Figure 2.11 P).
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however, no significant difference was observed in AT180 (Thr231) concentrations
between male and female groups considering insoluble fractions (Figure 2.11 Q, R).
Despite this observation, a decrease in total tau and pTau levels in soluble fractions
suggests a significant impact that may contribute to behavior and pathology in
PS19:Inpp5d*™-mice. No change was observed in the concentration of total tau and AT180
in the hippocampus of the PS19:Inpp5d*- mice (Figure 2.4 1, J, Figure 2.11 S-X). To further
validate this analysis, we performed a western blot for the phospho-tau AT8 (S202/T205),
ATI100 (T212/S214), PHF1 (S396/S404), and total tau on the cortex lysates, and we
observed a strong reduction in the expression of AT8, AT100, and PHF1 in PS19. Inpp5d*-
mice (Figure 2.4 K, L, M, N, & O, Figure 2.12 A-H). These results suggest that Inpp5d
haplodeficiency in PS19 mice influences tau pathogenesis and alleviates motor deficit in
the PS19:Inpp5d*- mice.

Inpp5d haplodeficiency alters pro-inflammatory cytokine levels.

We further wanted to examine whether haplodeficiency of Inpp5d in PS19 mice
influences proinflammatory cytokine levels. We performed a MesoScale Discovery
multiplexed ELISA assay on the extract prepared from the cortical tissue of the mice brains.
We detected a notable reduction of two pro-inflammatory cytokine levels, IFN-y and IL-
1B (Figure 2.5 A, B, Figure 2.13 A, B). We observed a trend of reduced-level detection of
TNF-a (p=0.084); however, it was insignificant (Figure 2.5 C). We did not observe a
significant difference in the level of seven other cytokines, i.e., [L-2, IL-4, IL-5, IL-6, IL-
10, IL-12p70, and KC/GRO (Figure 2.5 D, E, F, G, H, I, & J, Figure 2.13 A, B). This data
suggests that Inpp5d expression level may contribute to the modulation of proinflammatory

cytokine levels in the presence of tau pathology in PS19 mice.
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Inpp5d haplodeficiency led to gene expression alterations linked to immune response
and cell migration.

Following the improvement in motor deficit outcomes and reduced tau pathology, we
were next interested in assessing the comprehensive impact of Inpp5d haplodeficiency on
gene expression patterns under tau pathology. A Nanostring Glia-profiling panel was
conducted on the hippocampal samples collected from 6 males and 6 females with
genotypes PS19:Inpp5d™* and PS19:Inpp5d™~ at 9 months of age. Differential gene
expression analysis revealed upregulation of genes linked to cell migration and immune
response in PS19./npp5d”- mice compared to PS19:Inpp5d™"* mice (Figure 2.6 A). The
analysis of gene ontology terms for biological processes on the differentially expressed
genes (DEGs) showed modifications in various pathways (Figure 2.6 B) and these enriched
pathways in the hippocampus extended to processes associated with cell motility (Itgax,
Clec7a, Gpnmb, Ccl6, Sppl), wound healing response (Serpingl, Cntf, Clec7a, Gpnmb,),
the Tyrobp causal network of microglia (Itgax, Clec7a, Sppl, Cd84, Ms4a4a) (Figure 2.6
B). Following these observations, to further understand the gene expression changes
associated with immune response in the cortex of PS19:Inpp5d™- mice; we performed
quantitative polymerase chain reaction(qPCR) for specific genes, Clec7a, Mertk, Sppl,
Lpl, and Axl, which have been implicated in the processes linked to immune response and
cell migration and considered to have a significant impact in the progression of
Alzheimer’s disease (von Bernhardi et al., 2010; Meraz-Rios et al., 2013;Wang et al., 2015;
Keren-Shaul et al., 2017; Pereira et al., 2022; Rasmussen et al., 2022) (Figure 2.6 D, E, F,
G, & H, Figure 2.14 A-J). Despite unchanged gene expression of Lp/ and Ax/, we observed

the upregulation of the genes Clec7a, Sppl, and Mertk, which also suggests an enhanced
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immune and cell migration-related response in the cortex of PS19:/npp5d - mice compared
to PS19:Inpp5d™* mice. We also measured Inpp5d gene expression, revealing a 50-60%
reduction in Inpp5d gene expression in PS19:Inpp5d*- mice (Figure 2.6 C). With recent
findings indicating interplay between T-cell infiltration and microglia activation (Chen et
al., 2023), coupled with our observation of increased immune response gene expression,
we examined gene expression associated with T-cells expression such as Pdcdl, Kilrgl,
Cd4, Cd8a, and Cd3d. our results indicated no significant difference in gene expression
levels associated with T-cell expression (Figure 2.14 K, L, M, N, O & P). Unchanged
expression of Pdcdl, Klrgl, Cd4, Cd8a, Cd3d, and Cd3e doesn’t provide a direct
association of T-cell infiltration requiring further investigation for detailed understanding;
however, it suggests that haplodeficiency of Inpp5d in PS19 mice may not contribute to
influencing gene expression associated with T-cell infiltration.

These results suggest that changes in the gene expression pattern due to InppSd
haplodeficiency may contribute to modulating the microenvironment in the brain to
promote a shift in tau-related pathogenesis, potentially enhancing gene expression linked
to cell migration and immune response. However, further research is required to understand
the precise mechanisms underlying these gene expression changes.

2.4 Discussion

In the present study, we investigated the role of INPP5D, an AD risk gene that exhibits
specific expression in microglia within the brain, in the context of tau pathology. Previous
studies have reported that INPP5D gene expression increases and correlates positively with
amyloid pathology. Furthermore, recent publications have revealed that in the

amyloidogenic mouse model, inhibition of the Inpp5d gene ameliorates amyloid pathology
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and protects against neurodegeneration (Tsai et al., 2021; Lin et al., 2023;Samuels et al.,
2023; Iguchi et al., 2023). However, the role of Inpp5d in the context of tau pathology has
been unexplored. Our study provides insights into how reducing the expression of Inpp5d
under tau pathology leads to a notable improvement in several critical aspects of tau
pathogenesis. We initiated this study due to our observation of a significant increase in
INPP5D expression in the brains of tau pathology mice, PS19, emphasizing its significance
through a positive correlation with phospho-tau AT8 levels. This observation suggests that
Inpp5d might be associated with modulating tau pathology.

Recently, our group and others have reported the impact of deficiency of Inpp5d in the
mouse model of Alzheimer’s disease that substantially exhibits amyloid pathology Lin et
al., 2023;Samuels et al., 2023; Iguchi et al., 2023). These studies demonstrate that
deficiency of Inpp5d facilitates microglia response towards AP plaques, mitigates amyloid
pathology, and alleviates behavior impairments. In a parallel manner to what has been
observed in these studies, our findings in the context of tau pathology demonstrate that
Inpp5d haplodeficiency indicates a significant reduction in total tau accumulation and
phosphorylation (Figure 4) as well as improved motor functions (Figure 2 A, B) in the
PS19 mouse model at 9 months of age. This study and a study by Lin et al. (2023) suggest
that Inpp5d exerts a beneficial effect on the two primary hallmarks of AD pathology.
Importantly, we did not observe any changes in the overall cell populations in PS19.
Inpp5d*~ mice compared to PS19:Inpp5d™* mice, suggesting that haplodeficiency of
Inpp5d in PS19 mice may be tailored towards tau-related pathogenesis or it may modulate
cellular processes and microglia morphological features and complexity related to tau

pathology without specifically affecting the overall cellular context. Elevated levels of
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proinflammatory cytokines such as IFN-y, IL-1B, IL-6, IL-18, and TNF-a have been shown
to induce tau hyperphosphorylation and neuronal loss in AD and other neurodegenerative
diseases (von Bernhardi et al., 2010; Meraz-Rios et al., 2016; Wang et al.,2015). In PS19:
Inpp5d*- mice, we observed a reduction in IFN-y, IL-1B, and TNF-a cytokine levels
(Figure 5), which are suggestive of a dampening neuroinflammatory response, potentially
in response to reduced tau burden. Intriguingly, this reduction in the cytokine levels was
pronounced in the male PS19:lnpp5d™- mice compared to females. This sex-specific
difference may be attributed to the fact that female PS19: Inpp5d*" mice do not exhibit an
increase in the proinflammatory cytokine levels analyzed compared to Inpp5d™”* (WT)
females. Thus, given the absence of robust proinflammatory phenotypes in PS19:Inpp5d*/*
female mice, it is not surprising that Inpp5d haplodeficiency does not induce any
observable effect. However, in experiments in which both female and male PS19:Inpp5d*'*
mice exhibited significant pathological phenotypes, we observed that Inpp5d
haplodeficiency leads to similar changes regardless of sex. These observations support the
idea that the effects of Inpp5d haplodeficiency are only apparent in the presence of robust
pathological phenotypes, which may be sex specific in PS19 mice, such as the level of
inflammatory cytokines. In any case, it is notable that when we combined male and female
proinflammatory cytokine data, we observed a consistent trend of reduced
proinflammatory cytokine levels in PS19: Inpp5d*- mice. Altogether, this reduction also
aligns with the overall improvement of motor deficits.

Interestingly, the enrichment analysis of gene ontology terms for biological processes
on the differentially expressed genes (DEGs) revealed modifications in various immune

responses and cell motility pathways in the hippocampus (Figure 2.6). Upregulation in
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genes such as Clec7a, Itgax, serpingl, Lgals3bp, Fclrls Gpnmb, Mertk, Lilrb4, and
Ms4a4a, which have been implicated as associated with microglia, emphasizes the targeted
involvement of immune-response-related genes in PS19: Inpp5d™- mice. A recent study
(Pereira et al., 2022) in the context of tau accumulation has shown higher levels of certain
genes such as Mertk, Gas6, Lpl, Cst7, and Csfl are associated with reduced tau
accumulation and less cognitive decline in individuals affected by both amyloid beta and
tau pathology. Furthermore, in a 12-month tau-seeded mouse model study (Rasmussen et
al., 2022), mice observed at 3- and 5-months post-seeding revealed that upregulation of
genes such as Clec7a, Cts7, and Ctsd correlates with reduced hyperphosphorylated tau
levels. While our observation of gene expression patterns may not precisely match these
studies (Pereira et al., 2022; Rasmussen et al., 2022) they suggest potential alignment in
gene expression patterns and tau pathology dynamics. In addition to the alterations in the
immune response-related genes, we also observed distinct profiles of DEGs intricately
linked to cell migration, cell motility, angiogenesis, and wound healing. These alterations
may reflect a concerted effort by microglia and different cell populations to respond to tau
pathology in PS19: Inpp5d*- mice. Further evaluation of these specific genes is essential
to understand the mechanisms by which they collectively contribute to mitigating tau
pathology.

Taken together, our data shows the association of Inpp5d gene functions with tau
pathology and suggests that /mpp5d haplodeficiency provides an avenue for further
evaluation as a therapeutic potential for mitigating tau pathology and improving motor

deficits.
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2.5 Conclusion

Our findings demonstrated that /npp5d haplodeficiency in PS19 mice attenuated tau
pathology and improved motor functions. Inpp5d haplodeficiency modulates
proinflammatory cytokine levels and immune-response-related gene expression patterns,
highlighting the concerted microglia and different cellular responses to tau pathology.
These findings provide insights into the complex interplay between Inpp5d, behavior, and
tau pathology. However, they require further mechanistic investigations and provide the
foundation for further evaluation of therapeutic interventions aimed at INPP5D inhibition,

which may benefit tauopathies.
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Figure 2.1. INPPSD protein expression is upregulated and positively correlated with

pTau in the PS19 mouse model
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Figure 2.1. INPP5D protein expression is upregulated and positively correlated with

pTau in the PS19 mouse model.

(A)Immunoblotting showing INPP5D and p-tau ATS8 expression in the hippocampus of 9

months-old WT and PS19 mice. (B) Quantification of INPP5D expression. Expression of

INPP5D was normalized with GAPDH. N=11 (6 Male (Round symbol), 5 Female

(Triangle symbol). (C) The expression level of INPP5D shows a positive correlation with
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p-tau AT8 in the hippocampus of 9-month-old PS19 mice. (D) Immunoblotting showing
INPP5D and p-tau AT8 expression in cortices of 9-month-old WT and PS19 mice. (E)
Quantification of INPP5D expression. Expression of INPP5D was normalized with
GAPDH. N=11 (6 Male (Round symbol), 5 Female (Triangle symbol). The student’s t-test
was performed for statistical analysis. Data are represented as mean + SEM (*p < 0.05 and
*#%p <0.001). (F) The expression level of INPP5D shows a positive correlation with p-tau
ATS8 in the cortex of 9-month-old PS19 mice. Pearson’s correlation coefficient was
performed to analyze the correlation between the expression level of INPP5SD and p-tau
ATS8. Expression of INPP5D and p-tau AT8 was normalized to GAPDH. Each dot

represents an individual sample.
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Figure 2.2 Inpp5d haplodeficiency mitigates motor deficit observed in PS19 mice.
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Figure 2.2 Inpp5d haplodeficiency mitigates motor deficit observed in PS19 mice.

(A) An open-field test was performed to assess hyperactivity by calculating the total
distance traveled by 9-month-old mice in the open-field arena (n=21-25 per genotype;
male, round symbol; female, triangle symbol). The graph shows the Total distance traveled
by mice. (B, C, D) Anxiety-like behavior was assessed by measuring time spent hugging
the wall, Time spent in the corner, and Time spent in the center zone by mice in the open
field arena. Graphs show time spent in the corner, time spent hugging the wall, and time
spent in the center zone by mice. (E, F) A grip strength test was performed to assess the
muscle strength of forelimbs (2-paw) as well as combined forelimbs and hindlimbs (4-paw)
of 9 months-old mice by using a Grip-strength meter (n=21-25 per genotype, male, round
symbol; female, triangle symbol). A statistical test was performed using a one-way analysis
of variance (ANOVA) for total distance traveled, time spent hugging the wall, time spent
in the corner, and 2-paw and 4-paw grip strength, followed by Tukey’s post hoc test. Data

are presented as the mean £ SEM (*p< 0.01, ***p <0.001 and ****p < 0.0001).
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Figure 2.3 Inpp5d haplodeficiency exhibits no significant impact on the abundance of
cellular occupancy but altered microglia morphology.
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Figure 2.3. Inpp5d haplodeficiency exhibits no significant impact on the abundance of
cellular occupancy but altered microglia morphology.

(A, B) Immunostaining of microglia (IBA1, green), Neuron (Neun, red), nuclei (DAPI,
blue), astrocytes (GFAP, green) in the brain of 9-month-old PS19:Inpp5d** and
PS19:Inpp5d+/- mice. Scale bar, 1000 um. (C, D) % Area coverage of microglia (IBA1,
green) determined in cortex and hippocampus. (E, F) % Area coverage of neurons (Neun,
red) determined in cortex and hippocampus. (G, H) % Area coverage of astrocytes (GFAP,
green) determined in cortex and hippocampus (n=17-20 per genotype, male; round symbol,
female; triangle symbol). (I) Representative immunohistochemical confocal images
showing morphological characteristics of microglia extracted from the cortex of 9-month-
old PS19:Inpp5d** and PS19:Inpp5d "~ mice and corresponding zoomed-in view of a single
microglia generated via Imagel] software. Scale bar, 50 um. (J) Representation of
skeletonized reconstructions of microglia morphological characteristics. (K)
Quantification of branch length per cell and (L) quantification of the number of endpoints
per cell ( n=3-4 per genotype/male/female, male; round symbol, Female; triangle symbol.
2-3 sections per mouse were imaged, collectively 652 (PS19:Inpp5d™*) and 668
(PS19:Inpp5d*-) microglia were analyzed.) (Student’s t-test was performed for statistical
analysis for a % Area coverage of IBA1, Neun, GFAP, quantification branch-length and

number of endpoints/cell). Data is presented as the mean = SEM.
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Figure 2.4. Inpp5d haplodeficiency modulates tau pathology in PS19 mice.
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Figure 2.4. Inpp5d haplodeficiency modulates tau pathology in PS19 mice.

(A & D) Immunostaining of p-tau ATS8 (gray, A) and AT180 (gray, D), Nuclei (DAPI,
blue), Neurons (NeuN, red) in the brain of 9-month-old PS19.Inpp5d"* and
PS19.Inpp5d+/- mice. Scale bar, 1000 um. (B & C) % Area coverage of p-tau AT8 was
determined in cortex and Hippocampus, respectively (n=19-20 per genotype, male; round
symbol, Female; triangle symbol). (E & F) % Area coverage of p-tau AT180 was
determined in cortex and hippocampus, respectively (n=19-20 per genotype, male; round
symbol, female; triangle symbol). Statistical analysis was performed using the student’s t-
test for a % area coverage of p-tau AT8 and AT180. (G-J) Total tau and p-tau AT180 in
cortices and hippocampus of 9 months-old PS19:Inpp5d*"* and PS19:Inpp5d*- mice were
measured by MSD ELISA assay. (n=12-14 per genotype, male; round symbol, female;
triangle symbol). (K) Immunoblotting shows expression of INPP5D, p-tau AT8, PHF1,
and tau 5 in the cortices of 9-month-old PS19.Inpp5d*"* and PS19.Inpp5d-+/- mice. (L, M,
N & O) Quantifications of p-tau AT8, PHF1, and AT100 normalized with Tau5. Tau5
expression normalized to the GAPDH expression (n=6 per genotype, male; round symbol,
female; triangle symbol). A students' t-test was performed for statistical analysis. Data is

presented as the mean + SEM (*p< 0.01, ***p < 0.001).
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Figure 2.5. Inpp5d haplodeficiency alters proinflammatory cytokine levels in PS19
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Figure 2.5. Inpp5d haplodeficiency alters proinflammatory cytokine levels in PS19
mice.

(A, B, C) Graphs showing quantification levels of proinflammatory cytokines, [IFN-y, IL-
1B, and TNF-a, measured using MSD assay in mice. (D, E, F, G, H, I & J). Graphs showing
quantification levels of proinflammatory cytokines, IL-6, IL-10, IL-5, IL-2, IL-4, IL-12p70
& KC/GRO. Cytokine levels were normalized to total protein concentrations (n=14-16 per
genotype, male; round symbol, female; triangle symbol). A statistical test was performed
using a one-way analysis of variance (ANOVA), followed by Tukey’s post hoc test. Data

are presented as the mean £ SEM (*p< 0.01, ***p <0.001 and ****p < 0.0001).
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Figure 2.6. Inpp5d haplodeficiency leads to gene expression alterations linked to

immune response and cell migration.
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Figure 2.6. Inpp5d haplodeficiency leads to gene expression alterations linked to
immune response and cell migration.

Volcano plot showing differentially expressed genes (DEGs) (p < 0.05, FC > 1.5) in the
hippocampus of 9-month-old PS19:Inpp5d+/- vs PS19:Inpp5d "+ mice. DEGs are analyzed
using the nCounter Alzheimer’s Disease and Glial Profiling panels from NanoString (n =
6 per genotype; male and female, increased expressed genes shown in red). (B)
Identification of the top ontology terms of biological process among the upregulated genes
within the hippocampus. (C) The graph shows reduced gene expression levels of Inpp5d
in PS19.Inpp5d+/- mice compared to PS19.Inpp5d+- mice. (D, E, F) The graphs show
increased Clec7a, Mertk, and Sppl gene expression levels in PS19./npp5d+/- mice. (E &
F) The graphs show unchanged gene expression levels for Axl and Lpl in PS19./npp5d+/-
mice. The student's t-test was performed for statistical analysis. Data are presented as the

mean = SEM (*p< 0.01, ***p <0.001).
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Figure 2.7. Inpp5d haplodeficiency does not significantly impact the cell count density

in the cortex and hippocampus of PS19. Inpp5d™- mice
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Figure 2.7. Inpp5d haplodeficiency does not significantly impact the cell count density
in the cortex and hippocampus of PS19. Inpp5d*- mice

(A) Immunostaining of microglia (IBA1, green), nuclei (DAPI, blue) in the brain of 9-
month-old Inpp5d™"* and Inpp5d+/- mice. Scale bar, 1000 um. (B, C) Quantification of
density of microglia (IBA1, green) determined in the cortex and hippocampus. (n=8-13 per
genotype, male; round symbol, female; triangle symbol). (A statistical test was performed
using a one-way analysis of variance (ANOVA) for a cell count density). Data is presented

as the mean + SEM.
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Figure 2.8. INPPSD protein expression upregulated in PS19 mouse

pathology.

Male_Hippocampus - o Male
B e o Femae
A * B s
3
L g
5
3
g E 1.0
3 o4
r 2 g
2 Q
< 8
g I
‘fg 4 g 05+
H 2
Y
o g
T eem o0 y ' ' y
0.0 05 1.0 15 2.0
P$19_9M_Hippocampus INPP5D /GAPDH (Ratio)
Female_Hippocampus
(¢} D
.
5 0.09
5
&
- 4 N € 3
1 z
T N e
g } g
< & 24
o (=1
a N &
8 2 i 5
& x 5
E 2
a a
ol—at
- 0
WT  Pst9 ) T !
0 1 2 3
PS19_9M_Hippocampus
INPP5D /GAPDH (Ratio)
Male_Cortex
E F
n 49
20 _
[€)
) o £
g 15 3
£ r) 2
3 s I}
g 3 > 24
oo
3 J o
& (e S
Z os E
. F] 2=0.88
5 P =0.002
0.0 0 T T T 1
WT PS19 0 1 2 3 4
PS19_9M_Cortex INPP5D /GAPDH (Ratio)
Female_Cortex
0.051 5o
3 -
N 5
g 4
5 A I
o a
e
$ 2 . T 34
g =
ot = 24
I} A o
Y =1 14
A 3 -
= /) P =0.009
/
0 0 T T 1
WT  Psig 0 1 2 3
INPP5D /GAPDH (Ratio)

96

model of tau



Figure 2.8. INPPSD protein expression upregulated in PS19 mouse model of tau
pathology.

(A) Quantification of INPP5D expression in PS19 male mice in the hippocampus.
INPP5D expression was normalized with GAPDH. (B) The expression level of INPP5D
shows a positive correlation with p-tau AT8 in the hippocampus of 9-month-old PS19 male
mice. (C) Quantification of INPP5D expression in the hippocampus of PS19 female mice.
Expression of INPP5D was normalized with GAPDH. N=11 (6 Male (Round symbol), 5
Female (Triangle symbol). (D) The expression level of INPP5SD shows a positive
correlation with p-tau ATS8 in the hippocampus of 9-month-old PS19 female mice. (E)
Quantification of INPP5D expression in PS19 male mice in the cortex. Expression of
INPP5D was normalized with GAPDH. (F) The expression level of INPP5SD shows a
positive correlation with p-tau ATS in the cortex of 9-month-old PS19 male mice. N=11 (6
Male (Round symbol), 5 Female (Triangle symbol) (G) Quantification of INPP5D
expression in PS19 female mice in the cortex. Expression of INPPSD was normalized
with GAPDH. (H) The expression level of INPP5D shows a positive correlation with p-tau
ATS in the cortex of 9-month-old PS19 female mice. Pearson’s correlation coefficient was
performed to analyze the correlation between the expression level of INPP5SD and p-tau
ATS8. Expression of INPP5D and p-tau AT8 was normalized to GAPDH. Each dot
represents an individual sample. The students' t-test was performed for statistical analysis.

Data are represented as mean £ SEM (*p < 0.05 and ***p < 0.001).
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Figure 2.9 Inpp5d haplodeficiency recovered motor deficit in PS19 mice.
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Figure 2.9. Inpp5d haplodeficiency recovered motor deficit in PS19 mice.

(A,E) The open-field test assessed hyperactivity by calculating the total distance traveled,
(B, F) time spent hugging the wall, (C, G) time spent in the corner (D, H) Time spent in
the center zone by 9-month-old mice in the open-field arena (n=21-25 per genotype; male,
round symbol; female, triangle symbol. (I, K) A grip strength test was performed to assess
the muscle strength of forelimbs (2-paw), (J, L) combined forelimbs and hindlimbs (4-paw)
of 9 months-old mice by using a Grip-strength meter (n=21-25 per genotype, male, round
symbol; female, triangle symbol). (M) Graphs illustrate the measurement of Spleen weight
obtained using a calibrated weighing machine in 9-month-old mice, (N) male, (O) Female
(n=21-25 per genotype, male, round symbol; female, triangle symbol presented separately
as individual graphs). A statistical test was performed using a one-way analysis of variance
(ANOVA) for the open field test and grip strength test, followed by Tukey’s post hoc test.

Data are presented as the mean £ SEM (*p< 0.01, ***p < 0.001 and ****p < 0.0001).
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Figure 2.10. Inpp5d haplodeficiency exhibits no significant impact on the coverage of
cells but impacts microglia morphology in PS19 mice.
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Figure 2.10. Inpp5d haplodeficiency exhibits no significant impact on the coverage of
cells but impacts microglia morphology in PS19 mice.

(A, B, C, D) % Area coverage of neurons (NeuN) determined in cortex and hippocampus.
(E, F, G, H) % Area coverage of microglia (IBA1) determined in cortex and hippocampus.
(I, J, K, L) % Area coverage of astrocytes (GFAP) determined in cortex and hippocampus
(n=17-20 per genotype, male; round symbol, female; triangle symbol presented separately
as individual graphs, student’s t-test was performed for statistical analysis). (M, N)
Quantification of branch length/cell, and (O. P) quantification of endpoints/cell. (n=3-4 per
genotype/male/female, male; round symbol, female; triangle symbol presented separately
as individual graphs) A student’s t-test was performed for statistical analysis. (Q, R)
Quantification of density of microglia (IBA1, green) determined in the cortex and (S, T) in
the hippocampus. (n=8-13 per genotype, male; round symbol, female; triangle symbol
presented separately as individual graphs). A statistical test was performed using a one-
way analysis of variance (ANOVA) for a cell count density. Data is presented as the mean

+ SEM.
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Figure 2.11. Inpp5d haplodeficiency modulates tau pathology in PS19 mice.

05H&'()*
A&, - 19%012/3441+,
"
! # $
1
40 30 60 50 ,
Ak
° A °
N o 204
S g = . g B HY
g 2 2 ry < 404 . S A
L 5 [} o}
3 g P g P 3 0] &
Ty ] o ¢ @ T fe ce Eess
g& 20 g g S IR e N =1
238 . °e 8o . S HO) 3 20 a a
o0 ° © © A
p o g 10 N g 20 A g
£ $ < < . <
I 1o ° N S i
& ol ® s & 10
0 0 [ S E— o
e + ++ +/ ++ +/- ++ +/-
#%&'()*1+8,9 -.119%012/34*1+8,9
5 6 7 -
25 I 20 40 25—
A
Q 20 ’.0 o A o o 204
2 8 154 N 8 304 4 . 8 A .
g & . = : < e & i
3 _ 154 s 1 N 3 ‘% N 3 154
@3 238 8o 204 % R A
g AT, £ 09 - 58 s 52 e
3 O 104 E 3 o R A 8 . . 3 0+ N
« « 4 A s . kS 2
[ (<) = - =
z 5 H Z 5 A Z 10 H < 5
8 ® N 8 N N
S e o7 o—TT
+/+ +- +/+ +- ++ +/- ++ +/-

Figure 2.11. Inpp5d haplodeficiency modulates tau pathology in PS19 mice.

(A, B, C, D) % Area coverage of p-tau AT8 was determined in cortex and hippocampus,
respectively (n=19-20 per genotype, male; round symbol, female; triangle symbol). (E, F,
G, H) % Area coverage of p-tau AT180 was determined in hippocampus, respectively
(n=19-20 per genotype, male; round symbol, female; triangle symbol presented separately

as individual graphs). Statistical analysis was performed using the student’s t-test for a %

area coverage of p-tau AT8 and AT180
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Figure 2.12. Inpp5d haplodeficiency modulates total and pTau levels in PS19 mice.
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Figure 2.12. Inpp5d haplodeficiency modulates total and pTau levels in PS19 mice.

(A, B, C, D) Quantification of total tau and p-tau AT180 in soluble fractions of cortices of
9 months-old PS19.Inpp5d** and PS19.Inpp5d+/- mice were measured by MSD ELISA
assay. (n=12-14 per genotype, male; round symbol, female; triangle symbol presented
separately as individual graphs). (E, H) Quantification of total tau and p-tau AT180 in
insoluble fractions of cortices of 9 months-old PS19.Inpp5d*"* and PS19.Inpp5d-+/- mice
(F, G) total tau and (I, J) p-tau AT180 in insoluble fractions of male and female cortices
presented separately as individual graphs. (n=9-12 per genotype, male; round symbol,
Female; triangle symbol). (K, N) Quantification of total tau and p-tau AT180 in insoluble
fractions of the hippocampus of 9 months-old PS19.Inpp5d™* and PS19.Inpp5d"- mice (L,
M) total tau and (O, P) p-tau AT180 in insoluble fractions of male and female hippocampus
presented separately as individual graphs. (n=9-12 per genotype, male; round symbol,
female; triangle symbol). (Q, R) Quantifications of p-tau ATS, (S, T) PHF1, (U, V) AT100
normalized to Tau5, and (W, X) Tau5 normalized to the expression of GAPDH. (n=6 per
genotype, male; round symbol, female; triangle symbol presented separately as individual
graphs). A students' t-test was performed for statistical analysis. Data is presented as the

mean = SEM (*p< 0.01, ***p <0.001).
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Figure 2.13. Inpp5d haplodeficiency alters cytokine levels in PS19 mice.
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Figure 2.13. Inpp5d haplodeficiency alters cytokine levels in PS19 mice.

(A) Quantifications of levels of proinflammatory cytokines measured using MSD assay in
male mice. (B) Quantifications of levels of proinflammatory cytokines measured using
MSD assay in females. The cytokine levels were normalized to total protein concentrations.
A statistical test was performed using a one-way analysis of variance (ANOVA), followed
by Tukey’s post hoc test. Data are presented as the mean £ SEM (*p< 0.01, ***p < 0.001

and ****p < (0.0001).
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Figure 2.14. Inpp5d haplodeficiency leads to gene alterations linked to immune
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Figure 2.14. Inpp5d haplodeficiency leads to gene alterations linked to immune
response and cell migration.

(A, B) The graphs show an increase in mRNA expression of clec7a in PS19: Inpp5d"- male
and female mice, respectively. (C, D) The graphs show an increase in mRNA expression
of Mertk in PS19: Inpp5d"- male and female mice, respectively. (E, F) The graphs show
increased mRNA expression of Sppl in PS19: Inpp5d"”- male and female mice,
respectively. (G, H) The graphs show (I, J) Axl and Ip]l mRNA expression in PS19:
Inpp5d*- male and female mice, respectively. (K) The graphs show Pdcdl, (L) Klrgl (M)
Cd4 (N) Cd8a (0O) Cd3d (P) Cd3e mRNA expression in PS19: Inpp5d*- mice, respectively.
(n=3,4 per genotype, male; round symbol, female; triangle symbol). A students' t-test was
performed for statistical analysis. Data are presented as the mean + SEM (*p< 0.01, ***p

<0.001).
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Chapter Three: Inpp5d inhibition modulates microglia phenotypes and upregulates tau
uptake
3.1 Introduction

Alzheimer’s disease (AD) is the leading cause of dementia worldwide, characterized by
pathological hallmarks that include extracellular accumulation of AP, neurofibrillary
tangles formed by hyperphosphorylated tau protein within neurons, and widespread
neuronal damage, ultimately leading to cognitive deficits and memory loss (Leyns et al.,
2017). Genome-wide association studies (GWAS) have identified numerous immune-
related genetic risk loci, highlighting the significance of microglia in AD (Bertram &
Tanzi, 2009; Lambert et al., 2013; Karch and Goate, 2015; Giri, Zhang, and Lu, 2016).
Among these genetic risk factors, a variant (rs35349669) within the INPP5D gene has
recently been linked to higher AD risk (OR=1.08, 95%CI=1.06-1.11) (Bertram & Tanzi
2009; Lambert et al., 2013; Karch and Goate 2015; Giri, Zhang, and Lu 2016).

INPP5D encodes for the src homology 2 domain (SH2) containing inositol 5’
polyphosphatase 1 (SHIP1) and serves as both a lipid and protein phosphatase (Pauls &
Marshall, 2017; Chu et al., 2023). SHIP1 dephosphorylates phosphatidylinositol-3,4,5-
triphosphate, [PI (3.,4,5) P3] to phosphatidylinositol-3,4-bisphosphate [PI (3,4) P2] and
regulates signaling pathways activated by PI3K kinase (PI3Ks). The SH2 domain of
INPP5D interacts with phosphorylated proteins, including those from receptors containing
tyrosine-based motifs such as ITAMs or ITIMs, regulating immune cell signaling by
limiting essential cell functions such as proliferation, survival, phagocytosis, migration,
and cytokine production (Pauls & Marshall, 2017; Pedicone et al., 2020; Peng et al., 2010;

Saz-Leal et al., 2018; Chu et al., 2023) Furthermore, INPP5SD has been linked to the
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modulation of downstream signaling pathways associated with various immune receptors
involved in Alzheimer’s disease pathogenesis, including TREM2, TYROBP (DAP12),
CLECT7A, and FCyRs (Nakamura et al., 2002; Peng et al., 2010; Saz-Leal et al., 2018;
Samuels et al., 2023; Chu et al., 2023).

Recent studies reported that elevated INPP5D expression correlates positively with
amyloid burden in AD (Tsai et al., 2021; Lin et al., 2023). While its deficiency has varied
effects depending on the mouse model, timing, and stage of the disease, it commonly
increases microglia plaque engagement and modulates amyloid pathology (Lin et al., 2023;
Samuels et al., 2023; Castranio et al., 2023; Iguchi et al., 2023). Furthermore, genetic
manipulation and pharmacological inhibition of /npp5d have been shown to modulate
microglia functions, such as increasing microglial phagocytosis of Ap and dead neurons
(Pedicone et al., 2020; Lin et al., 2023). All these findings highlight the role of INPP5D
modulation in supporting microglia functions against A pathology and suggest that
targeting INPP5D could be an effective therapeutic strategy for microglia-mediated AD
treatment.

Our previous study found that /npp5d haplodeficiency in the PS19 tauopathy mouse
model led to mitigated tau pathology and improved motor function. . Transcriptomics
analyses revealed that genes involved in immune response and cell migration were
upregulated, alongside observable changes in microglial morphology, further associating
Inpp5d modulation with tau pathology mitigation (Soni et al., 2024). Building on this, we
aimed to investigate /npp5d modulation in primary mouse microglia and its effects on tau
uptake. Our results indicate that /npp5d haplodeficiency in microglia enhances tau uptake,

increases nuclear intensity, and maintains cell viability, suggesting that microglia respond
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more robustly to tau pathology when Inpp5d expression is reduced. These findings
reinforce the need for further investigation into microglial responses to tau pathology
through /NPP5D modulation. Additionally, in in-vivo studies using /NPP5D inhibitors in
animal models may provide a foundation for therapeutic approaches targeting tau-
associated neurodegenerative diseases, potentially offering new avenues to modulate tau
pathology in AD.
3.2 Materials and Methods
Primary microglial culture

Microglia were isolated using an established protocol (Lin et al. 2022; Moutinho et al.
2022; Tsai et al., 2022). Cortical tissue from the neonatal C57BL6/J (Inpp5d""; The
Jackson Laboratory, 000664), B6.129S6(C)-Inpp5dtm1.1Wgk/J (Inpp5d"-, The Jackson
Laboratory, 028269) and B6.129S6(C)-Inpp5dtm1.1Wgk/J (Inpp5d’-, The Jackson
Laboratory, 028269) mice (PO- P3) were homogenized in Dulbecco's Modified Eagle
Medium (DMEM; Gibco, 10566016), and filtered sequentially through 250 and 100 um
meshes. The cells were then cultured in the Advanced DMEM/F12 media (Gibco,
12634028) supplemented with 10% fetal bovine serum (Gibco, 16000044), 1x GlutaMax
(Gibco, 35050061), and 1x Penicillin/Streptomycin (Gibco, 15140122). After 21 days in
vitro (DIV), an intact layer of astrocytes was removed by mild trypsinization using 0.083%
Trypsin-EDTA (Gibco, 25200072) in DMEM for 30 minutes to detach an intact layer of
astrocytes. The microglia that remained attached to the bottom were utilized for the

experiments.
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Myelin extraction and purification

Myelin was extracted and purified as previously described (Mason et al., 2023).
Briefly, 6-8-week-old C57BL/6J mice brains were harvested freshly after anesthetizing
mice with 1.25% 2,2,2-tribromoethanol through ip injection (20ul/gram body weight) and
then euthanizing by cervical dislocation. The brains were finely minced into the cold lysis
buffer (10 mM HEPES, 5 mM EDTA, 0.3 M sucrose) supplemented with protease inhibitor
(Roche, 04-693-159-001) and dissociated through Dounce homogenization. For initial
purification, ultracentrifugation was performed at 75000g for 30 minutes at 4° C using a
sucrose gradient, layering 0.32M and 0.85M sucrose to the sample. The myelin fractions
were carefully collected from the sucrose interface, resuspended in cold distilled water and
subjected to a series of centrifugation steps at 14000 g at 4° C to wash away contaminants,
with resuspended in cold distilled water after each spin. Myelin fractions were then
subjected to sonication to ensure homogeneity and adjusted to 1 mg/ml in DPBS following
BCA assay (Thermo Scientific,A53226) for quantification and then stored at -20° C until
further use.
Myelin labeling

Myelin was labeled as previously described (Mason et al., 2023). Briefly, myelin at 1
mg/ml was mixed with a 1 M NaHCO;3 buffer and combined with the amine-reactive
pHrodo dye (dissolved in DMSO) (pHrodo™ Red, SE, P36600). The mixture was gently
shaken for 45 mins at RT in the dark. After labeling, the unbound dye was removed by
repeated centrifugation at 14,000g at 4° C, with the labeled myelin resuspended in cold 1X
DPBS for each spin. The labeled myelin was sonicated on ice, aliquoted, and stored at -20°

C until three months (Mason et al., 2023).
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Tau extraction and purification

Insoluble tau was extracted from PS19 mice (8 to 12 months) brains as previously
described protocols (Guo et al., 2016; Sarah & Kimura, 2018; Lee-Gosselin et al., 2023).
Briefly, mice brain hippocampal and cortical tissue were homogenized in TBS buffer (10
mM Tris-HCL, pH 7.4, 0.8 M NaCl, 1 mM EDTA, and 2 mM dithiothreitol [DTT], with
protease inhibitor cocktail, phosphatase inhibitor, and PMSF) containing 0.1% sarkosyl
and 10% sucrose and centrifuged at 10,000g, the resultant pellet was resuspended similarly,
and supernatant was pooled. Sarkosyl was added to the final concertation of 1%, followed
by 60 mins incubation on a shaker at 37° C and high-speed centrifugation at 150,000g for
60 mins at 4° C. The pellets were washed, resuspended in 1X DPBS, sonicated, and
centrifuged at 100,000g for 30 mins to yield insoluble tau fractions. Yielded tau was
quantified using MSD, Phospho (T231)/Total tau Kit (K152D, MesoScale Discovery,
Gaithersburg, MD, USA), and the presence of Tau was confirmed by immunoblotting and
stored at -80° C.
Tau labeling

Extracted and purified tau ~7 ug/ml was incubated with 0.08mM pHrodo dye
(pHrodo™ Red, succinimidyl ester (pHrodo™ Red, SE, P36600) and 1.5 mM tris(2-
carboxyethyl)phosphine) (TCEP) for 2 hr in the dark at room temperature (RT). After
labeling, the unbound dye was removed by repeated centrifugation at 14,000g at 4° C, with
the labeled tau resuspended in cold 1X DPBS for each spin. The labeled tau was sonicated
on ice, aliquoted, and stored at -80° C. Yielded tau was quantified using MSD, Phospho

(T231)/Total tau Kit (K152D, MesoScale Discovery, Gaithersburg, MD, USA), and the
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presence of Tau was confirmed by immunoblotting and stored at -80° C (Evans et al.,
2018).
Tau uptake assay

Primary mouse microglia were plated at 10,000 cell/ well in 96 well-plate and treated
with incubated with commercially available Human Recombinant Tau-441 (2N4R) P301S
Mutant Protein Pre-Formed Fibrils: ATTO 488 (SPR-329-A488), or Insoluble tau labeled
with pHrodo™ Red, succinimidyl ester (pHrodo™ Red, SE) (P36600) or Myelin labeled
with pHrodo™ Red, succinimidyl ester (pHrodo™ Red, SE) (P36600) in Advanced
DMEM-F12 media 24 hours. Treated microglia were subjected to nuclei staining with 2.6
ng/ml Hoechst dye (33342) for 30 minutes before a high-content imaging analysis (Mason
et al., 2023).
Imaging criteria and analysis

A high-content imaging system (the ArrayScan XTI imaging ) was used to analyze tau
and myelin uptake at the single-live cell level. Myelin and tau uptake were measured using
the total fluorescence intensity of vesicles per cell, which was used to measure tau and
myelin uptake. Cell viability was assessed by counting cells covering about 50% of the
area to capture proliferation and cell death. Additionally, nuclear fluorescence intensity
indicates cytotoxicity level, with higher intensity indicating DNA condensation and lower
intensity indicating DNA degradation. The raw data collected for each parameter were
normalized to wild-type cell treatment or vehicle-treated cells according to the experiment

and converted to a percentage (%).
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Statistical analysis

Statistical analysis was performed using GraphPad Prism (Prism 10.0.3). Data
presented as mean + SEM. Non-parametric one-way analysis (ANOVA) was performed
using Tukey's post hoc test. The values of p < 0.05 were considered significant.

3.3 Results
Inpp5d deficiency modulates microglia phenotype and upregulates tau uptake.

Previous research has shown that Inpp5d deficiency modulates microglia response
against AP pathology and upregulates phagocytosis of Ap and dead neurons (Pedicone et
al., 2020; Lin et al., 2023; Samuels et al., 2023; Castranio et al., 2023; Iguchi et al., 2023).
Furthermore, transcriptomic analysis of /npp5d haplodeficient PS19 mice has shown an
upregulation of immune-related and cell migration genes, along with changes in microglial
morphology, indicating a broader impact of /npp5d deficiency on immune cell behavior
(Soni et al., 2024). Building on these insights, we performed a tau uptake assay to
investigate whether Inpp5d deficiency also influences microglial response to tau
pathology, focusing specifically on changes in tau uptake.

For this assay, primary mouse microglia from Inpp35d*'*, Inpp5d*-, and Inpp5d-’ mice
were separately exposed to recombinant mutant (P301S) preformed tau fibrils, mouse
brain-extracted insoluble tau, or myelin, the latter serving as a control to verify basic
microglial uptake functionality, as myelin debris is typically cleared by microglia in the
brain. Results showed that Inpp5d*- and Inpp5d”- microglia exhibited increased uptake of
tau compared to Inpp5d*’* microglia, supporting the hypothesis that Inpp5d deficiency
enhances microglial tau uptake (Figure 3.1 A-D). Notably, increased nuclear intensity was

observed in tau-treated microglia across genotypes, with the highest cell counts recorded
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in recombinant tau-treated Inpp5d”- microglia, suggesting that these cells may support
survival in response to tau exposure (Figure 3.1 G). Additionally, higher nuclear intensity
in Inpp5d*- microglia compared to Inpp5d** and Inpp5d”- cells suggests a heightened
response to environmental cues. However, it also indicates potential cytotoxicity induced
by tau exposure in /npp5d haplodeficient microglia in vitro (Figure 3.1 J).

Unexpectedly, higher myelin uptake was observed in Inpp5d*” microglia compared
to both Inpp5d** and Inpp5d-~ groups, whereas tau uptake was elevated in both Inpp5d*”
and Inpp5d’- microglia (Figure 3.1 E). These differences in uptake patterns suggest that
microglial responses are influenced by /npp5d status and vary based on the type of ligand
encountered, indicating a potential selective uptake mechanism in response to different
environmental cues. Together, these findings suggest that while tau exposure induces a
stress response in microglia, Inpp5d deficiency may enhance microglial uptake of tau
without exacerbating this stress response, supporting further investigation into Inpp5d

modulation as a therapeutic approach to modulate tau pathology in AD.

3.4 Discussion

In this study, we explored whether Inpp5d deficiency modulates microglial
phenotype and tau uptake, focusing on how I/npp5d modulation might alter microglial
response to tau pathology. Previous research has established that /npp5d expression is
primarily restricted to microglia in the brain and that its inhibition not only enhances
microglial phagocytosis against AP pathology but also increases microglia functions
(Pedicone et al., 2020; Lin et al., 2023; Samuels et al., 2023; Castranio et al., 2023; Iguchi
et al., 2023; Dabin et al., 2024). Building on this foundation, our study demonstrated that

Inpp5d haplodeficiency in PS19 mice induced changes in gene expression profiles and
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microglial morphological features in response to tau pathology, underscoring the
regulatory role of /npp5d in modulating microglial activity (Soni et al., 2024). To further
examine Inpp5d’s role specifically in tau pathology, we conducted a tau uptake assay using
primary mouse microglia from three groups: Inpp5d*™*, Inpp5d*", and Inpp5d-~ mice, and
exposed them to recombinant mutant tau fibrils and PS19-brain-extracted insoluble tau
(Figure 3.1). Our findings reveal that Inpp5d"™- and Inpp5d’ microglia demonstrated
enhanced tau uptake, suggesting that Inpp5d deficiency can increase microglial capacity
for tau internalization. This supports the idea that /npp5d modulation could influence
microglial function in the context of tau pathology.

Interestingly, our results showed that microglial response to tau differed depending
on the source of tau, aligning with prior findings that suggest that tau source impacts
microglial reactivity (Bolos et al., 2017). Exposure to recombinant mutant tau fibrils
increased nuclear intensity in Inpp5d*- cells relative to Inpp5d** and Inpp5d” cells,
indicating an activation state that might also reflect increased cytotoxicity (Figure 3.1 C).
In contrast, Inpp5d’~ microglia displayed higher cell counts without a corresponding
increase in nuclear intensity. This suggests that these cells may either maintain a stable,
functional state or activate a compensatory mechanism that offsets cytotoxicity. This
differential response indicates that Inpp5d™- microglia might be more susceptible to
recombinant tau-induced cytotoxicity, while Inpp5d”~ microglia appear to have greater
resilience, potentially due to adaptive cellular pathways that mitigate tau’s effects.

In examining the effects of brain-extracted insoluble tau, both Inpp5d*” and Inpp5d”"
cells showed increased tau uptake but did not exhibit significant changes in nuclear

intensity or cell count compared to Inpp5d™" cells, suggesting that microglia may process
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brain-derived tau differently, resulting in less cellular stress under these conditions (Figure
3.1 D). This indicates that the tau source plays a pivotal role in shaping microglial response,
potentially by triggering distinct signaling pathways or molecular interactions.
Collectively, these findings imply that /npp5d deficiency enhances microglial tau uptake
while selectively affecting cellular responses based on tau origin.

Our study underscores the potential role of /npp5d in modulating microglial responses
to tau exposure and in influencing tau uptake functionality, which could be a critical factor
in tau pathology progression. The observed differences in cellular responses to tau based
on Inpp5d status suggest that Inpp5d modulation may have therapeutic implications,
potentially offering a pathway to control tau pathology through targeted microglial
activation and resilience enhancement. This highlights the importance of further
investigating Inpp5d as a modulatory factor in tau-related neurodegenerative diseases,
providing a foundation for developing strategies aimed at mitigating tau accumulation and

neuroinflammation in AD.

3.5 Conclusion

Our findings emphasize the significant role of /npp5d in modulating microglial
function in response to tau exposure, suggesting that /NPP5D inhibition could be a
valuable strategy to maintain cellular health and combat tau pathology in
neurodegenerative diseases. By fine-tuning /INPP5D activity through pharmacological
inhibitors, it is possible to enhance microglial resilience, increase tau clearance, and reduce
neuroinflammation. Future studies examining pharmacological approaches to INPP5D
inhibition are essential to understanding how different inhibition levels impact tau uptake,

microglial reactivity, and overall brain health. Furthermore, evaluating the effects of
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INPP5D inhibition on specific microglial phenotypes including migration capacity,
proinflammatory cytokine release, and changes in transcriptomic profiles could yield
deeper insights into the molecular pathways modulated by INPP5D.

Such research would allow us to delineate how INPP5D influences microglial
activation states, which could lead to the identification of selective intervention points to
balance pro- and anti-inflammatory responses, thereby minimizing tau-driven toxicity
without compromising essential microglial functions. In particular, transcriptomic analysis
of INPP5D inhibition in microglia under tau exposure may reveal shifts in gene expression
linked to immune response modulation, cell migration, and phagocytosis. This could
identify key genes or pathways associated with tau processing and offer targets to further
support microglial activity against tau accumulation. Additionally, studying the
interactions between INPP5D and known AD-related pathways, such as TREM2 and the
complement system, may uncover synergistic effects that could enhance therapeutic
outcomes.

Altogether, understanding the nuances of the role of INPP5D in microglial phenotypes
and response to tau will not only advance our knowledge of AD pathology but also lay a
solid groundwork for developing targeted therapies for tau-related neurodegenerative
diseases. These findings could inspire novel therapeutic strategies that selectively boost
microglial functions essential for clearing tau aggregates, potentially reducing the

neurodegenerative impact of tauopathies and improving patient outcomes.
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Figure 3.1 Inpp5d deficiency modulates microglia phenotype
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Figure 3.1 Inpp5d deficiency modulates microglia phenotype and upregulates tau
uptake

(A) Representative image of primary microglia treated with commercially available
Human Recombinant Tau-441 (2N4R) P301S Mutant Protein Pre-Formed Fibrils
conjugated ATTO 488 (SPR-329-A488), or Insoluble tau labeled with pHrodo™ Red,
succinimidyl ester or Myelin labeled with pHrodo™ Red, succinimidyl ester, showing
higher uptake of tau in Inpp5d™-, and Inpp5d’~ compared to Inpp5d™*cells. Myelin
treatment was used as a positive control (Blue: nuclei stain of untreated cells, showing no
background and null uptake, which was used to subtract background noise and identify the
live cell; Red- myelin uptake spot in vesicle/cell; Green- recombinant tau uptake spot in
vesicle/cell; Red- Insoluble tau uptake spot in vesicle/cell). (B) Snapshot of treatment time
and concentration used. Cells were plated and treated with tau or myelin for 24 hours,
stained with Hoechst dye for 30 minutes, and subjected to live cell imaging. (C, D, E)
Graphs showing % uptake of recombinant tau PFFs/ cell, % uptake of insoluble tau/cell,
and % uptake of myelin/cell, respectively. Showing an increase of tau uptake in Inpp5d*",
and Inpp5d’~ (F) Representative image of primary microglia nuclei stained with Hoechst
dye and treated with Human Recombinant Tau-441 (2N4R) P301S Mutant Protein Pre-
Formed Fibrils conjugated ATTO 488, or Insoluble tau labeled with pHrodo™ Red,
succinimidyl ester or Myelin labeled with pHrodo™ Red, succinimidyl ester. Showing %
of cell number, counted by identification of nuclei, and % nuclear intensity/cell measured
by the fluorescent intensity of the nuclear stain, higher intensity shows increased
cytotoxicity. (G, H, I) Graph showing % of cell count treated with recombinant mutant tau

PFFs, insoluble tau, or myelin, respectively. (J, K, L) Graph showing % of nuclear
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intensity/cell treated with recombinant mutant tau PFFs, insoluble tau, or myelin and
showing increased % nuclear intensity in Inpp5d*- compared to Inpp5d*™* and Inpp5d’-
by Tau treated cells (n=3-5 per condition). A one-way ANOVA was performed to analyze

tau internalization. Data are represented as the mean += SEM (**P <0.01, ****P < (0.0001).

122



Chapter Four: Conclusion

In this study, we aimed to investigate the previously unexplored association of INPP5D
with tau pathology and how its deficiency influences tau pathology and microglia
dynamics.
4.1 INPPSD expression association with tau pathology

Variants within the INPP5D gene have been linked to modulating the risk of
Alzheimer’s disease and its progression (Bertram & Tanzi, 2009; Lambert et al., 2013;
Karch and Goate, 2015; Giri et al., 2016). Studies have reported that INPP5D is broadly
expressed by both innate and adaptive immune cells outside of the CNS and by microglia
in the brain (Peng et al., 2010; Pauls et al., 2017; Saz-Leal et al., 2018; Pedicone et al.,
2020; Tsai et al., 2021; Dabin et al., 2024). Research has consistently reported elevated
expression of INPP5D in human LOAD subjects, especially in regions implicated in
cognitive functions such as temporal gyrus, parahippocampal gyrus, and inferior frontal
gyrus, in association with amyloid burden (Tsai et al., 2021; Lin et al., 2023). Our findings
extend this understanding by examining the expression of INPP5D in the presence of tau
pathology. We initiated this study by conducting a very preliminary analysis of INPP5D
expression association with tau seeding activity in 80 — human LOAD subjects, which
revealed a positive correlation between INPP5SD expression and tau and provided
foundational support to further extend the study in the tau pathology mouse model (Figure
1.1). We then extend our investigation to the PS19 mouse model of tau pathology to
examine the implication of INPP5D in response to tau pathology. Immunoblotting of
INPP5D protein expression in the cortical and hippocampal regions revealed elevated

protein expression of INPP5SD and a strong positive correlation with increased expression
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of p-tau ATS8 (S202/T205) demonstrating an association of INPP5D with tau pathology.
Parallel with previous observations that INPP5D can influence a hallmark of AD amyloid
pathology, our results support that INPP5SD expression may also be associated with tau
pathology in AD.

Given that INPP5D is predominantly expressed in microglia, this association may
represent a microglia-mediated response to tau accumulation, or it is equally possible that
tau pathology influences INPP5D expression. However, it is crucial to note that although
there is a clear association between INPP5D and p-tau AT8, this does not imply causation
because tau pathology is multifaceted and complex. The relationship may indicate a
response mechanism in which INPP5D expression is modulated by tau pathology or vice
versa. This observation also suggests that further research may shed light on whether this
association of INPP5D with tau in human LOAD subjects is unique to Alzheimer’s disease
or expands to other tauopathies. Moreover, extending this investigation to different tau
pathology mouse models could also provide clear indications of the relationships between
INPP5D and tau. Research suggests that the INPP5D gene produces five different isoforms
in humans, and expression of each isoform can be modulated by intronic variants of the
gene, such as AD risk non-coding variant, rs35349669 regulates the full-length isoform
and strongly linked to AD pathology. Here, our findings suggest the association of INPP5D
expression to tau pathology; however, how the non-coding risk variant of INPP5D is

associated with tau pathology remains unknown.
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4.2 Inpp5d haplodeficiency in tau pathology
We observed the association between tau pathology and INPP5D expression. Previous
studies have implicated INPPSD as an immune regulator of downstream signaling
pathways associated with multiple immune receptors containing ITAM or ITIM, such as
TREM2, TYROBP (DAP12), CLEC7A, and FCyRs (Nakamura et al., 2002; Peng et al.,
2010; Saz-Leal et al., 2018; Samuels et al., 2023; Chu et al., 2023). Several studies have
shown elevated levels of mRNA expression of /INPP5D in the brains of LOAD patients,
with some hypothesizing that this upregulation could serve as a regulatory mechanism that
may potentially dampen microglia activities under pathological conditions due to the role
of INPP5D in immune modulation (Kraseman et al., 2017; Tsai et al., 2021; Lin et al.,
2023; Pedicone et al., 2020). Recently, several studies have broadly investigated reducing
INPP5D expression with multiple approaches, including specific deletion in microglia
across different mouse models of amyloid pathology, demonstrating that such modulation
of INPP5D can reduce, increase, or leave amyloid pathology unchanged while generally
enhancing microglia activities (Lin et al., 2023; Samuels et al., 2023; Castranio et al., 2023;
Iguchi et al., 2023). However, these results appear to be dependent on timing, gender,
expression levels, mouse model used, and stage of disease. Most research efforts for
understanding the role of INPP5D in AD are focused on amyloid pathology, which leaves
tau pathology, the other hallmark of Alzheimer’s disease, relatively unexplored.
Here, to study whether /npp5d haplodeficiency modulates the tau pathology, we crossed
PS19 mice with Inpp5d-haplodeficient (Inpp5d*”) mice and aged them to 9 months. Our
results suggest that hyperactivity in the PS19 mice with haplodeficient /npp5d was reduced.

Surprisingly, muscle strength measured through a Grip-strength meter appeared to be
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recovered. The total tau and phosphorylated tau levels in the cortical region of PS19 mice
were mitigated with Inpp5d haplodeficiency. Interestingly, we did not observe any changes
in the coverage of microglia, neurons, and astrocytes; however, we observed changes in
the morphological features of microglia along with reduced cytokine levels. Importantly,
transcriptomic analysis revealed upregulation in gene expression patterns associated with
immune response and cell migration, and gene ontology analysis over this pattern
demonstrated modifications in different biological processes, which included cell motility,
wound healing responses, and TYROBP causal network in microglia. Taken together, our
data suggested that reductions in Inpp5d expression may influence behavior and
pathological outcomes through concerted efforts by microglia and different cell
populations to respond to tau pathology and provide a foundation for further evaluation as
a therapeutic intervention aimed at INPP5SD modulation, which may benefit AD and other
related tauopathies.

Our recent findings, along with a few other groups, have highlighted the influence of
Inpp5d deficiency in mouse models of Alzheimer’s disease, especially those showing
prominent amyloid pathology. These findings revealed that deficiency of /npp5d reduces
amyloid pathology and alleviates behavior impairments. Surprisingly, we observed a
similar trend in our findings in the context of tau pathology, demonstrating that
haplodeficiency of Inpp5d results in a reduction of both total tau and phosphorylated tau
levels, thereby improving motor functions. These parallel observations may indicate a
broader role of Inpp35d acting as a critical regulator across different pathological contexts
that may point to distinct but interconnected pathways by which Inpp5d may influence

these two hallmarks of AD, amyloid and tau pathology.
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Several research findings indicate that modulation of tau and corresponding behavioral
outcomes are often associated with alterations in cell populations, including modifications
in microglial and astrocytic responses (Gratuze et al., 2018; Leyns et al., 2019). In this
context, our findings did not show a change in coverage of populations in the cortical and
hippocampal brain regions; however, we observed altered microglia morphological
features, showing increased branched length and end points per cell in PS19 mice with
Inpp5d haplodeficiency. Unchanged coverage of cell population may have been induced
by the targeted influence of Inpp5d on tau-related pathogenesis, potentially indicating that
its impact may be more related to modulating microglia response affecting the cellular
environment. This also further supports the current findings highlighting the importance of
microglia activation in addressing tau-related neurodegeneration, in which microglia
response is critical in modulating disease progression.

Elevated levels of proinflammatory cytokines have been shown to induce tau
phosphorylation and progression in AD and other neurodegenerative diseases; these shifts
are generally classified into simplified terms as either “pro-inflammatory” or “anti-
inflammatory” (Von Bernhardi et al., 2010; Meraz-Rios et al., 2013Wang et al., 2015;
Bemiller et al., 2017). Our finding revealed lower IFN-y, IL-1p, and TNF-a cytokine levels
with Inpp5d deficiency in PS19 mice, suggesting a dampening neuroinflammatory
response that aligns with lower tau levels and altered microglia morphological features.
Though lower in this context, cytokine levels cannot be definitively attributed to microglia
activity alone, but a broader immune environment involving astrocytes and other signaling
factors may contribute to this complex regulatory process, which should be further

evaluated for the definitive conclusion.
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Intriguingly, this reduction in cytokine levels was more prominent in male mice than
female mice. This sex-specific difference may stem from the fact that female PS19 mice
did not exhibit an increase in proinflammatory cytokine levels compared to wild-type mice.
As a result, the absence of proinflammatory phenotypes in PS19 female mice makes it
unsurprising that /npp5d deficiency did not induce observable effects in this group.
However, in experiments where male and female PS19 mice exhibit significant
pathological phenotypes, we observed that Inpp5d deficiency led to similar changes in both
sexes. These findings indicate that the impact of Inpp35d haplodeficiency may be primarily
evident in the presence of pronounced pathological phenotypes, which may differ by sex
in PS19 mice, especially here in inflammatory cytokine levels, suggesting that sex may be
a critical factor in influencing phenotypic outcomes in a non-pathological as well as
pathological context.

Surprisingly, the gene expression patterns in Inpp35d haplodeficient PS19 mice revealed
significant modifications in immune response and cell migration pathways within the
hippocampus and cortex. Interestingly, upregulation of the genes such as Clec7a, Mertk
Itgax, serpingl, Lgals3bp, Fclrls Gpnmb, Mertk, Lilrb4, and Ms4a4a, which are associated
with microglia activation, highlights targeted involvement of immune-related genes in the
context of tau pathology. The role of microglia-associated immune gene response in
neurodegenerative diseases like Alzheimer’s disease is inherently complex. In contrast,
many studies have suggested their detrimental impact. Recent findings indicate that their
upregulation may trigger a protective mechanism that may slow tau pathology. For
example, recent studies suggest the protective role of microglia-associated upregulation of

specific immune-related genes may help slow down tau accumulation (Pereira et al., 2022).
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In this study, microglia-associated genes were observed to be associated with reduced tau
accumulation in the regions beyond the medial temporal lobe in human AD brains, which
suggested that microglia activation may mitigate tau accumulation in the neocortex during
the advanced disease stage of Braak III-IV, which seemed to be independent of A3 burden.
In addition, a study in a 12-month tau-seeded mouse model study, mice observed at 3- and
5-months post-seeding showed an upregulation of genes like Clec7a, Cts7, and Ctsd
correlates with reduced hyperphosphorylated tau levels (Rasmussen et al., 2022). Although
our results do not fully match these studies' exact gene expression patterns, they reveal a
potential alignment in how gene regulation may influence tau pathology dynamics.
Moreover, we identified distinct biological processes with gene ontology analysis on
DEGs. These revealed processes linked to cell migration, motility, angiogenesis, and
wound healing, suggesting a concerted response by microglia and different cell populations
that may influence tau pathology. Further investigation is necessary to understand how
these gene networks contribute to slowing tau pathology.

Our findings provide initial evidence that Inpp5d haplodeficiency in PS19 mice
reduces tau pathology and improves motor functions alongside microglia morphological
features. The observed changes in cytokine levels, immune-related gene expression
patterns, and microglia morphological characteristics highlight a potentially important role
of Inpp5d in microglia in responding to tau pathology. While these findings offer new
insights into the role of /npp5d in tau pathology, further research is necessary to investigate
underlying mechanisms to better understand the potential of /npp5d as a therapeutic

approach in AD and other tau-related neurodegenerative diseases.
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4.3 Inpp5d deficiency and microglia exposure to tau

Our findings in PS19 tau pathology mice suggest that Inpp5d haplodeficiency
modulates tau pathology, along with modulating microglia morphological features and
immune-related gene expression patterns. This highlights Inpp5d as a potential target to
understand microglia dynamics in the context of tau pathology, which may provide a
foundation for studying INPP5D inhibitors as a possible therapeutic strategy in response
to tau pathology.

Previous studies have shown that in BV2- microglia-like cells, inhibiting INPP5D with
a pharmacological inhibitor (K161) increases microglia phagocytic of AP peptides and
dead neurons along with cell proliferation (Pedicone et al., 2020). They also reported
increased lysosomal compartmental size with the same inhibitor treatment, suggesting that
INPP5D inhibition can modulate microglia phenotypes. Studies have also shown that
microglia can internalize and degrade extracellular tau, which highlights microglia as a
critical player in modulating tau pathology (Odfalk et al., 2022). Therefore, we aimed to
investigate whether Inpp5d modulation impacts ability of microglia to internalize
extracellular tau.

In this experiment, we investigated the genetic manipulation of /npp5d in primary
mouse microglia to tau exposure. We utilized primary mouse microglia cultured from three
different groups of mice (P0-3), Inpp5d™*, Inpp5d™- and Inpp5”~ and exposed them to
recombinant mutant (P301S) tau fibrils and mouse brain-extracted insoluble tau. Here,
myelin was used as a positive control for our experiments, as it represents a type of cellular
debris that microglia are naturally equipped to recognize and clear during normal

physiological processes. Interestingly, the results confirmed that Inpp5d deficiency
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increased microglial internalization of tau. However, the response of microglia revealed
variation depending on the source of tau and the expression of Inpp5d.

Specifically, Inpp5d*-and Inpp5d”’- microglia exhibited increased tau internalization
for recombinant tau PFFs and insoluble mouse brain extracted tau compared to Inpp5d™’™.
However, microglia exposure to recombinant mutant tau fibrils increased nuclear intensity
in Inpp5d*- cells compared to Inpp5d*™* and Inpp5d”’ cells, suggesting an activation state
of microglia and potentially increased cytotoxicity. On the contrary, Inpp5d” cells did not
show an increased nuclear intensity even though cell counts were higher, which may
suggest that they may maintain a stable, functional state or compensatory mechanism
associated with toxicity. These observations indicate that Inpp5d*~ cells may be more
susceptible to recombinant tau stimuli that may contribute to the cytotoxic effect, while
Inpp5d” cells seem more resilient under these conditions.

Moreover, Inpp5d"- and Inpp5”- cells showed higher internalization of mouse brain-
extracted insoluble tau. However, neither group, i.e., Inpp5d"- and Inpp5d’, exhibited a
change in nuclear intensity or cell count compared to Inpp5d™", which suggests that the
response of microglia to tau (extracted from mouse brain) may not be associated with the
similar level of activation state of microglia that is observed in response to recombinant
tau. The stronger activation response to recombinant tau, especially in Inpp5d” and
Inpp5d’~ may indicate that tau structure and aggregation state may be critical in microglia
response, and /npp5d modulation may influence how microglia respond to different tau
species. These results in microglia also confirm previous observations that neonatal
microglia can efficiently internalize extracellular tau (Lu et al., 2015). However, our

findings lack evidence of clearance of internalized tau in Inpp5d*- and Inpp5’- including
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mechanisms associated with Inpp35d-regulated genes or pathways against tau exposure
warrants further investigation.

Collectively, our findings highlight the first evidence of a significant role of /npp5d in
the modulation of microglia function in response to tau exposure, suggesting that targeted
inhibition of INPP5D may serve as a viable strategy to maintain cellular health and tau
internalization. However, the dual role of INPP5SD also indicates the potential for
optimizing the efficacy of pharmacological inhibitors to regulate INPP5D levels, which
could influence tau internalization and clearance. This work lays a foundation for further
research into pharmacological approaches targeting INPP5D, which could help better
understand how varying levels of inhibition of INPP5D affect microglial phenotypes, tau
uptake, and clearance.

4.4 Limitations and Future Directions

This study's findings provide important insights into the relationship between INPP5SD
and tau pathology, yet several limitations should be noted. Addressing these limitations in
future research could deepen our understanding of INPP5D's role and potentially uncover
new therapeutic strategies for Alzheimer's disease (AD) and other tau-related
neurodegenerative disorders.

Firstly, this study is limited by its focus on a single age point (9 months), which does
not account for the dynamic nature of tau pathology across different developmental stages.
Research has shown that tau pathology evolves over time, with each stage exhibiting
distinct neurodegenerative patterns and behavioral outcomes, typically beginning around
three months in PS19 mice. Due to time constraints, a more extensive age range was not

explored in this study. However, future research incorporating multiple age points could
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provide valuable insights into how INPP5D responds to evolving pathological changes
over time, potentially identifying critical periods when targeting INPP5SD may be most
effective in mitigating neurodegeneration.

The study focused on INPP5D as a gene of interest due to its established link with AD.
Utilizing the PS19 mouse model, which expresses the tau variant associated with
frontotemporal dementia (FTD) and lacks amyloid plaque development, allowed us to
concentrate on tau-related mechanisms specifically. Previous studies have indicated that
INPP5D deficiency could be protective in amyloid beta pathology by enhancing microglial
responses to amyloid plaques. Our findings reveal a similar beneficial effect of INPP5D
deficiency in tau pathology, raising intriguing questions about whether a common
mechanism may be at play across different tauopathies. Future research should investigate
INPP5D's role in other tauopathy models, as well as its association with tau pathology in
human brain samples. Such studies would help determine if these findings extend beyond
AD and FTD, potentially benefiting a broader spectrum of tau-related neurodegenerative
diseases.

In the context of Alzheimer's disease (AD), examining the impact of INPP5D on both
amyloid and tau pathologies raises further questions about whether INPP5D interacts with
distinct mechanisms in each case. A systematic comparison of the effect of INPP5D on
amyloid beta (AP) and tau pathways could clarify whether its regulatory mechanisms are
similar or different between these two pathological processes. Such insights could refine
therapeutic strategies targeting INPP5D modulation to address both A and tau pathologies

effectively.
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Additionally, while our study utilized PS19 mice, which primarily exhibit motor
dysfunction without significant cognitive decline, this limitation restricts our ability to
assess the impact of INPP5D on memory impairment, a crucial correlate of tau pathology.
Understanding how INPP5D modulation influences cognitive functions is crucial, as
memory assessments provide insights into the broader implications for tau-related
neurodegeneration. Future studies should incorporate models and assessments that address
this cognitive dimension.

Our study also identified significant sex-specific differences in inflammatory cytokine
profiles, with female mice exhibiting distinct inflammatory responses. Despite these
differences, INPP5D's overall response to pathological changes remained consistent across
sexes. This finding highlights the need to consider sex as a biological variable in future
studies to better understand the role of INPP5D in neuroinflammation and tau pathology,
potentially leading to more targeted therapeutic interventions.

Furthermore, while our in vitro analysis provides insights into the role of INPP5D
influence on microglial responses to tau exposure, it does not address tau clearance or
degradation by microglia. Future research should use selective INPP5D inhibitors to
elucidate further the mechanisms underlying microglial tau uptake, response phenotypes
and resulting degradation pathways. Exploring molecular pathways related to INPP5D’s
role in tau internalization and clearance could deepen our understanding of how INPP5D
modulation affects tau seeding potential, thus affecting disease progression at the cellular
level.

In conclusion, our findings suggest that INPP5D plays a significant role in modulating

tau pathology and microglial responses, pointing to a promising therapeutic target in tau
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pathology in AD. The dual role of INPP5D indicates that while its modulation may enhance
microglia functions, careful consideration is necessary to mitigate cellular stress response.
Further investigation of INPP5D risk variants and inhibitors in preclinical tau pathology
models could pave the way for targeted therapies aimed at enhancing microglial function
and reducing tau-related neurodegeneration. Understanding the mechanisms of INPP5D in
tau pathology and assessing the efficacy of INPP5D inhibitors in preclinical models will
be critical steps toward developing novel therapeutic options for complex Alzheimer's

disease and potentially other tau-related neurodegenerative diseases.
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