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Abstract

Aging, tau pathology, and chronic inflammation in the brain play crucial roles in
synaptic loss, neurodegeneration, and cognitive decline in tauopathies, including
Alzheimer’s disease. Senescent cells accumulate in the aging brain, accelerate the
aging process, and promote tauopathy progression through their abnormal inflamma-
tory secretome known as the senescence-associated secretory phenotype (SASP). Tau
oligomers (TauO)—the most neurotoxic tau species—are known to induce senescence
and the SASP, which subsequently promote neuropathology, inflammation, oxidative
stress, synaptic dysfunction, neuronal death, and cognitive dysfunction. TauO, brain
inflammation, and senescence are associated with heterogeneity in tauopathy progres-
sion and cognitive decline. However, the underlying mechanisms driving the disease
heterogeneity remain largely unknown, impeding the development of therapies for
tauopathies. Based on clinical and preclinical evidence, this review highlights the criti-
cal role of TauO and senescence in neurodegeneration. We discuss key knowledge gaps
and potential strategies for targeting senescence and TauO to treat tauopathies.
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Highlights

» Senescence, oligomeric Tau (TauO), and brain inflammation accelerate the aging
process and promote the progression of tauopathies, including Alzheimer’s disease.

» We discuss their role in contributing to heterogeneity in tauopathy and cognitive
decline.

* We highlight strategies to target senescence and TauO to treat tauopathies while

addressing key knowledge gaps.
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1 | INTRODUCTION

Chronic neuroinflammation, cognitive impairment, and the deposition
of pathological tau in the brain are common features of aging-related
neurodegenerative tauopathies, including Alzheimer’s disease (AD),
for which no disease-modifying treatments are available to date.! In
AD, the accumulation of amyloid beta (AfB) and tau aggregates are
neurotoxic, and their increased accumulation disrupts the function
and communication of neuronal and glial cells that leads to synaptic
and neuronal loss. Chronic inflammation is another hallmark, often
stemming from the malfunction of astrocytes and microglia—cells
responsible for neuronal homeostasis and waste clearance in the brain.
In AD, astrocytes and microglia struggle to support neuronal cells and
remove waste, including AB and tau aggregates that contribute to
neuronal dysfunction and persistent inflammation in the brain. Addi-
tionally, vascular factors also play a role in AD. Deposition of A8 and
tau aggregates in brain arteries, atherosclerosis, and mini-strokes can
reduce blood flow and oxygen to the brain and impair the integrity
of blood-brain barrier (BBB)—which protects the brain from harm-
ful factors while selectively allowing transportation of vital factors.
These impaired BBB and vascular functions consequently contribute to
exacerbated inflammation and brain atrophy. Emerging evidence sug-
gests that AD-related brain pathology results from a complex interplay
between AB and tau and several other factors. It appears that patholog-
ical tau accumulates in specific brain regions that are critically involved
in memory, and the pathological tau spread throughout the brain fol-
lowing a stereotypical pattern that correlates with the clinical severity
and dementia.2 AD initially affects short-term memory, learning, and
spatial navigation, due to early neurodegeneration in the temporal
lobe. However, in the end stages, the pathology spreads to other brain
regions and causes various impairments in language, motor skills, and
other abilities? AD is also classified as a neurodegenerative tauopathy
characterized by accumulation of the microtubule-associated protein
tau into meta-stable tau aggregates known as neurofibrillary tangles
(NFTs). In AD patients, the clinical severity of dementia strongly cor-
relates with the load of pathological tau aggregates.®* Furthermore,
pathological tau aggregates, in the absence of amyloid plaques, can
induce neurotoxicity, chronic brain inflammation, and subsequent cog-
nitive impairment in many primary human tauopathies, including Pick’s
disease (PiD), progressive supranuclear palsy (PSP), and corticobasal
degeneration.*"® Despite NFTs being pathological hallmarks of AD
and other human tauopathies, NFT-containing neurons can survive for
decades,”® indicating that NFTs are neither obligatory nor sufficient
to induce neuronal dysfunction and toxicity. In this context, our lab-
oratory and others found that smaller, soluble tau oligomers (TauO)
—not NFTs—are the most toxic tau species.” ! Neurons can extracel-
lularly release TauO, which serve as “seeds” that promote spreading
and propagation of tau pathology in a prion-like fashion and induce
cognitive deficits.’>~13 TauO are linked to AB and other pathological
features of AD in several ways. AS can trigger the production of TauO
by activating inflammatory pathways and impairing the clearance of
tau. TauO can also enhance the toxicity of amyloid by facilitating its
uptake and aggregation in neurons and it also promotes BBB damage,

facilitating more inflammatory factors to enter the brain and worsen
the neurodegeneration. TauO are also involved in synaptic dysfunction,
which is a major cause of cognitive impairment in AD.** Additionally,
we observed elevated levels of TauO in the brain, cerebrospinal fluid
(CSF), and sera from AD patients with clinical severity,”15-20 suggest-
ing that pathogenic TauO plays a crucial role in the etiology of AD and
other tauopathies.

Aging is the primary risk factor for AD. AD affects one in every ten
individuals aged 65 or older and its prevalence increases exponentially
with advancing age. AD remains the fifth-leading cause of death among
individuals aged 65 or older. The Alzheimer’s Association estimates
that the number of AD cases in the US will increase from 6.7 million in
2023 to 12.7 million in 2060.21 This will pose a huge burden on individ-
uals, families, health care systems, and society. Current treatments for
AD can only alleviate some of the symptoms, but they cannot stop or
reverse the underlying brain damage caused by the disease. Therefore,
there is an urgent need for new therapies that can modify the course
of AD and prevent or delay its onset and progression. Recent stud-
ies in humans and animal models demonstrate that aging is associated
with increased accumulation of senescent cells. Various endogenous
and exogenous stressors (eg, pathological tau aggregates) can induce
senescence in different types of brain cells.22-2> |mportantly, selec-
tive clearance of senescent cells extends the healthy lifespan in aged
animals and also prevents AD-associated brain pathology and cog-

nitive decline,22-25

suggesting that senescent cells drive aging and
play a causal role in AD progression. These detrimental effects of
senescent cells are mediated by an abnormal inflammatory secretome
called the senescence-associated secretory phenotype (SASP), which
is linked to aging-related chronic inflammation (ie, inflammaging).26-28
Thus, TauO, along with senescence and inflammaging, have emerged
as important potential therapeutic targets. These findings suggest that
TauO, senescence, and inflammaging are crucial elements in AD and
may cooperatively trigger the underlying complex pathomechanisms
involved in AD progression and cognitive decline.?27-33

In this review, we provide insight into the pathomechanisms of
TauO, senescence, and inflammaging and their subsequent impact on
brain pathology and cognitive function in humans and animal mod-
els. We summarize mechanistic links that explain the involvement of
TauO, senescence, and inflammaging in the progression and onset of
tauopathies. Finally, we discuss potential therapeutic strategies for tar-
geting senescence, inflammaging, and TauO for the future treatment of

AD and related dementias.

2 | CELLULAR SENESCENCE AS A COMPONENT
OF AD PATHOLOGY

Population studies suggest that aging is the most significant risk fac-
tor for the progression and development of AD and neurodegenerative
tauopathies. Lopez-Otin et al. reviewed in detail the nine hallmarks of
aging: cellular senescence, mitochondrial dysfunction, telomere attri-
tion, genomic instability, epigenetic alterations, dysregulated nutri-

ent sensing, loss of proteostasis, stem cell exhaustion, and altered
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intercellular communication.3* These aging processes are critically
involved in driving multiple neurodegenerative diseases, including AD
and tauopathies.>> Among these aging hallmarks, cellular senescence
plays a crucial role in brain aging, neurodegeneration, and dementia3®
through the SASP, which represents a major source of inflammation.®”
Recent studies elegantly demonstrate that selective removal of senes-
cent cells using genetic or pharmacological approaches extends the
healthspan and lifespan of aged animals,®® decreases chronic inflam-
mation and brain pathology, and improves cognitive function, suggest-
ing that cellular senescence contributes not only to aging but also to
cognitive decline. In addition to several genetic and environmental fac-
tors, SASP or inflammaging may influence each other and increase the
risk of AD (Figure 1).

Cellular senescence was first discovered by Hayflick more than
60 years ago as a phenomenon of ceasing cell proliferation.3?4°
The concept of senescence was extended to incorporate premature
senescence induced by oncogenic activation or exposure to cyto-
toxic agents.*142 Recently, cellular senescence has been redefined
as a multi-step and complex biological process involving irreversible
cell cycle arrest, resistance to apoptosis, increased protein produc-
tion, metabolic shifts (such as increased glycolysis, reduced fatty acid
oxidation), enhanced reactive oxygen species (ROS) production, and
acquisition of the SASP. Numerous processes, including DNA dam-
age, telomer attrition, oncogenic mutation, oxidative stress, chronic
inflammation/infection, and proteotoxic stress, are linked to or cause
senescence, all of which also increase with aging.*?

Senescent cells exhibit permanent cell cycle arrest, resistance
to apoptosis, and the DNA-damage response (DDR) accompanied
by a unique secretory phenotype that produces inflammatory and
matrix-degrading proteins known as the SASP.** Senescent cells show
enlarged cell morphology and swollen lysosomal compartments, which
allows detection of -galactosidase activity at a suboptimal pH of
6, commonly called senescence-associated f-galactosidase (SA-S-gal)
activity.*> Senescence can be triggered by various factors, including
potential DDR inducers, oncogene activation and mutation, oxidative
stress, metabolic insults, proteotoxic stress induced by AS and tau,
and chronic inflammation associated with damage-associated molec-
ular patterns (DAMPs) and pathogen-associated molecular patterns
(Figure 2). Senescent cells evade apoptosis through the upregulation
of proteins associated with the DDR (eg, yH2AX), anti-apoptosis (eg,
BCL-XL/BCL-W), and cell cycle arrest (eg, p16'NK4A and p21Cirl) 45-47
Recent studies established the role of pathological tau and Ag aggre-
gates in triggering senescence in AD. TauO and AfS aggregates and
other stimuli predominantly activate DDR signaling, the main under-
lying cause of senescence. DDR triggers activation of several protein
kinases, such as phosphorylated histone H2AX (yH2AX), apical kinases
ataxia telangiectasia mutated (ATM) and ataxia telangiectasia and
Rad3-related protein (ATR). These signaling cascades initiate recruit-
ment of DDR mediators, (eg, MDC1, 53BP1), activate CHK1 and CHK2
checkpoints, and instigate p53-p21€P1 pathway activation, ultimately
resulting in irreversible cell cycle arrest.*>=%7

With advanced age, senescent cell loads increase in different tissues

throughout the body, including the brain.>* Senescent cells contribute
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RESEARCH IN CONTEXT

1. Systematic review: A literature review was performed
by searching PubMed and meeting abstracts. An emerg-
ing body of evidence indicates a causal role of cellu-
lar senescence and inflammaging in neurodegenerative
tauopathies including Alzheimer’s disease (AD), suggest-
ing great promise for therapeutically targeting senes-
cence, tau oligomers, and brain inflammation. Relevant
studies elucidating these links are discussed.

2. Interpretation: There are evident associations among
brain inflammation, senescence, and tau oligomer pathol-
ogy in AD progression and cognitive decline. Diverse and
dynamic compositions of tau oligomeric strains, inflam-
matory secretome, and senescent cell types may influ-
ence the heterogeneity and rate of disease progression
in tauopathies, suggesting the need for personalized and
combination-based therapeutic approaches.

3. Future directions: This review summarizes newly dis-
covered cellular and molecular mechanisms in AD pro-
gression. Future studies should investigate the underlying
mechanisms of diversity and dynamics of tau oligomeric
strains, senescent cell types, and the inflammatory secre-

tome.

to aging-associated tissue deterioration and dysfunction and chronic
human diseases.2¢48-50 Other main features of senescent cells involve
chromatin remodeling due to loss of nuclear lamina protein lamin
B1 and high-mobility group box 1 (HMGB1), which is subsequently
released into the extracellular microenvironment (Figure 2). As aresult,
the activation of innate immune responses leads to both acute and
chronic inflammatory responses. Several recent high-profile publica-
tions emphasize the targeting and clearance of tau and/or Ag-induced
senescent cells as a new therapeutic approach to prevent neurodegen-
eration associated with AD.2224.25 Thus, in this review we examine the

evidence linking senescence, inflammaging, and AD.

3 | SASP: THE MAJOR SOURCE OF CHRONIC
INFLAMMATION IN AGING

Although senescent cells account for only 4% to 15% of total tis-
sue, they are a major contributor in the progression of aging-related
diseases.”! Senescent cells are highly metabolically active and thus
produce enormous amounts of SASP, which is one of the most
important pathological factors inducing chronic inflammation during
aging.** The SASP disrupts tissue homeostasis by inducing apopto-
sis or paracrine senescence in neighboring cells, thereby accelerating
the process of biological aging.”2 The composition of the SASP is het-

erogeneous and dynamic and it varies depending on the cell type,
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FIGURE 1 Cellular senescence as a component of healthy aging and AD. Recent studies suggest that increased inflammation in the brain of AD
patients is driven by increased cellular senescence triggered by tau pathology and/or AB. Similarly, aging facilitates the accumulation of senescent
cells, which contributes to chronic inflammation through SASP. Senescence-induced inflammation may increase the risk of AD alongside additional
genetic and/or environmental factors. A3, amyloid beta; AD, Alzheimer’s disease; SASP, senescence-associated secretory phenotype.

tissue, and senescence inducer.’® However, overall, the SASP per-
forms three crucial functions. First, the SASP reinforces cell cycle
arrest and perpetuation of its own phenotype via a positive feed-
forward mechanism, which explains the tumor-suppressor activity of
senescence.”*°° Second, numerous components of the SASP trans-
mit senescence to neighboring cells through a biochemical process
called paracrine senescence.”®>” Third, the SASP recruits immune
cells to remove senescent cells from tissue and halt inflammation.
Interestingly, although the immunosurveillance of senescent cells is
advantageous in the context of cancer and embryonic development,>®
immunosurveillance of senescent cells in the aged brain may contribute
to cognitive decline through natural killer cell-mediated cytotoxic-
ity and impaired neurogenesis.>” Immune cell senescence impairs
immune system function, reducing clearance of senescent cells.60:¢1
Fundamentally, the SASP impairs tissue regenerative capacity through
paracrine senescence in stem cells.*® The SASP further exacerbates
chronic inflammation and increases the risk of mortality and morbid-
ity in older adults.?® Increased levels of SASP factors are detected
in human plasma in an age-dependent manner, positively correlating
with frailty and adverse postsurgical clinical outcomes.®? More impor-
tantly, increased SASP levels are found in the blood and CSF of aged

individuals and correlate with reduced neurogenesis in aging mice.
Mimicking increased SASP in young adult mice impairs neurogene-
sis, hippocampal-dependent learning, and memory. These observations
suggest that the SASP from peripheral blood negatively impacts neuro-
genesis and cognitive functions.®® In line with this evidence, a recent
study using heterochronic blood exchange demonstrates that blood
from aged mice induces cell and tissue senescence in young mice and
treatment with senolytic drugs abrogates these progeronic actions
of the SASP, indicating that SASP factors in the blood trigger rapid
and robust spread of senescence.®* Furthermore, clearance of senes-
cent cells in aging mice attenuates the production of inflammatory
mediators in circulation, underscoring that senescent cells are a key
source of inflammation.2¢ Conversely, the transplantation of a small
number of senescent cells into young mice increases chronic inflamma-
tion, leads to persistent physical dysfunction, and decreases lifespan.®®
Therefore, the SASP is an important factor driving the biological aging
process and the onset of chronic aging-associated diseases, includ-
ing neurodegenerative diseases.®® SASP components have been shown
to be induced by TauO and AB and to contribute to cognitive impair-
ments in AD models or patients in various ways. Interleukin-17 (IL-1/)

is a pro-inflammatory cytokine that is part of the SASP and can be
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FIGURE 2 Several inducers alone or in combination can trigger
senescence through p16'NK4/Rb and p53/p21 pathways.
Senescence-triggering signals may involve DNA damage (eg, telomere
shortening), oncogenic mutation (eg, Myc, Ras), oxidative stress (eg,
ROS), and proteotoxic stress (eg, AR and tau protein aggregation and
protein misfolding). These senescence-inducers contribute to
chromatin remodeling and alterations in gene expression that underlie
senescence-associated cell cycle arrest and SASP. Intracellular
autocrine signaling reinforces senescence and initiation of SASP.
Senescence not only negatively impacts progenitor/stem cells but also
contributes to tissue dysfunction, AD pathology, and subsequent
cognitive decline through SASP, chronic inflammation, and loss of
extracellular matrix. AB, amyloid beta; AD, Alzheimer’s disease; ROS,
reactive oxygen species; SASP, senescence-associated secretory
phenotype.

induced by A and TauO in the brain. IL-1 can activate microglia and
astrocytes, which can further produce inflammatory mediators and
exacerbate brain inflammation. IL-1 can also impair synaptic plastic-
ity and memory formation by affecting the expression and function of
N-methyl-D-aspartic acid (NMDA) receptors, which are important for
learning and memory.¢” Recent studies have shown that IL-18 produc-

tion is regulated by the NLRP3 inflammasome, which is a multiprotein
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complex consisting of NLRP3, ASC, and caspase 1. The activation of the
NLRP3 inflammasome drives tau pathology.®® The knockout of ASC or
NLRP3 ameliorates AD-like brain pathology in animal models.®® Tumor
necrosis factor alpha (TNF-a) is another pro-inflammatory cytokine
that is part of the SASP and can be induced by A and TauO in the
brain. TNF-a can also activate microglia and astrocytes, and induce the
production of ROS, which can damage neurons and synapses. TNF-a
can also promote the phosphorylation and aggregation of tau proteins,
which can form neurotoxic oligomers and fibrils. TNF-« can also impair
synaptic transmission and plasticity by affecting the expression and
function of AMPA receptors, which are important for synaptic strength
and plasticity.®” Transforming growth factor beta (TGF-B) is another
important component of AS and TauO induced-SASP, and it can also
enhance neuroinflammation, tau pathology, and neurodegeneration by
activating the non-Smad signaling pathway, which can induce oxidative
stress, apoptosis, and autophagy impairment.®”

Most of the SASP proteins are evolutionarily conserved across
cell types, but different cell types and tissues secrete distinct SASP
compositions.** Further investigation is needed to determine whether
different glial cells produce unique SASP components in AD patho-
genesis and progression. The contribution of nonprotein SASP factors,
such as bradykinins, ROS, or nucleotides remains poorly studied. It
is worth noting that SASP composition may vary over time after
senescence induction and depending on the stimulus or initiating
mechanism, as observed in senescence induced by RAS, p16'NK4a and
p53.446? Therefore, SASP is dynamic and heterogeneous, with its com-
position, quantity, and extent depend on the specific cell type and
inducer. In the context of brain cells, including neurons, astrocytes,
microglia, oligodendrocytes, and endothelial cells, senescence pheno-
types linked to AB or tau have been observed in the brains of animal
models and human AD patients, indicating that SASP composition and
dynamics may contribute to disease heterogeneity and the rate of
cognitive decline.”®

4 | HMGB1: AN INFLAMMATORY SASP
COMPONENT AND PARACRINE SENESCENCE
MEDIATOR

In this section, we will discuss the role of HMGB1 in senescence,
inflammation, and AD pathogenesis. HMGB1 is a highly conserved
non-histone DNA-binding protein belonging to the HMG protein fam-
ily. It was named because of its rapid electrophoretic mobility.”* In
mammalian nuclei, HMGB1 is the most abundant non-histone pro-
tein, with one HMGB1 molecule per 10 nucleosomes.”! Despite its
high abundance and conservation in nuclei, HMGB1 has been exten-
sively studied as an extracellular inflammatory factor and DAMP
and is hence known as an “alarmin.”’273 When there is an infec-
tion, injury, or AB or tau pathology, HMGB1 is actively secreted by
activated immune cells or passively released by necrotic and dam-
aged cells to serve as an alarmin. Extracellular HMGB1 interacts with
toll-like receptor 4 (TLR4) and receptor for advanced glycation end

products (RAGE) receptors, triggering chronic inflammation.”*”> This
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extracellular HMGB1 contributes to chronic inflammation,’27° which
could slow or stop tissue regeneration and homeostasis, ultimately
causing tissue deterioration. In the context of senescent cells, HMGB1
undergoes translocation from the nucleus to the cytosol, where it is
released into the extracellular space to trigger inflammation via RAGE
and TLR4 signaling pathways. HMGB1 serves as an early and cen-
tral mediator of senescence phenotypes in both human and mouse
tissue, and studies have shown that HMGB1 relocalization and secre-
tion regulate the SASP and thereby contribute to paracrine senescence
both in vitro and in vivo.>¢7677 In proliferating cells, HMGB1 plays
a crucial role in DNA repair, V(D)J recombination, and chromatin
assembly. HMGB1-deficient cells have fewer nucleosomes, making
chromatin more susceptible to DNA damage, dysregulated transcrip-
tion, and inflammatory response. The protein binds chromatin, bends
and twists DNA, and facilitates the binding of transcription factors such
as p53.78 Neither p53 nor pRB is essential for SASP, and in fact p53
deficiency further amplifies SASP.*46? Upstream signaling molecules
of p53 (such as H2AX, CHK2, NBS1, ATM) play an indispensable role in
the SASP and also function as DDR proteins.”?80 Recent studies have
revealed that HMGB1 coordinates SASP-associated chromatin fold-
ing and RNA homeostasis, thereby regulatiing autocrine and paracrine
senescence.®! The depletion of HMGB1 from the nuclei and its subse-
quent secretion is a hallmark of cellular senescence in mammalian cells.
In contrast, continuously proliferating cancer cells exhibit higher levels
of HMGB1 in nuclei than those in normal tissue, suggesting that loss
of nuclear HMGB1 is a key event in the progression of the senescence
pathway. HMGB1 binds and regulates a distinct set of mRNA tran-
scripts that are implicated in senescence regulation.®! Senescent cells
in culture are also known to actively release HMGB1, and depletion or
knockdown of HMGB1 induces senescence. Further, quantitative anal-
ysis of HMGB1 shows higher serum levels of the protein in aged mice
than in younger mice,’® indicating that depletion of nuclear HMGB1
and its active release is an important conserved feature of senescent
cells in both mice and humans.”¢82

Additionally, we and others demonstrated that extracellular
HMGB1 promotes paracrine senescence in neighboring cells and
induces chronic tissue inflammation via the SASP>%°7 suggesting
that senescence can be transmitted through the SASP/HMGB1 axis.
Schafer et al. investigated the correlation between SASP components
in the blood and aging-related dysfunction in humans.®2 They reported
positive correlation between SASP components and age, frailty, and
postsurgical health deficits, indicating that circulating levels of SASP
are linked to advanced aging and detrimental health outcomes. These
findings suggest that SASP could serve as a clinical biomarker and
therapeutic target for advanced age-related diseases.8384 Importantly,
experimental evidence suggests that the presence of nuclear HMGB1
is necessary for survival, as HMGB1 knock-out mice die shortly after
birth due to severe hypoglycemia.?> Loss of nuclear HMGB1 is also
linked to organ failure in mice and humans.8¢ We reported that in post-
mortem brain tissue from AD patients, translocation of HMGB1 from
the nucleus to the cytoplasm is a molecular signature of senescence

and brain inflammation.>”

HMGB1 is thought to be involved in the pathogenesis and progres-
sion of AD by promoting brain inflammation, A3 and tau pathology,
neurite degeneration, and cognitive impairment. HMGB1 mainly trig-
gers paracrine senescence and inflammation via microglia and astro-
cytes. This chronic inflammation promotes tau phosphorylation and
aggregation and increases their accumulation in the cytoplasm, lead-
ing to synaptic and neuronal dysfunction and death.>”87 It is worth
mentioning that elevated HMGB1 levels are found in the brain and
CSF of AD patients and aged rodents and correlate with disease
severity.28-70 Importantly, exposure to pathological protein aggregates
such as AB and TauO triggers HMGB1 release, chronic inflammation,
and upregulation of RAGE and TLR4 signaling pathways.°” Using a
5XFAD transgenic mouse model of AD, researchers have demonstrated
that extracellular HMGB1 initiates neurite degeneration through the
TLR4-MARCKS pathway in early AD.8%?1 Furthermore, treatment with
anti-HMGB1 antibodies or HMGB1 release inhibitors decreases AD-
associated neuropathology, reduces the burden of senescent cells in
the brain, alleviates neuroinflammation, and improves cognitive func-
tion in AD mouse models.2? Notably, significant neuronal necrosis
occurs at very early stages of presymptomatic AD; hence, HMGB1 lev-
els are significantly elevated in clinically diagnosed presymptomatic
AD but not in symptomatic advanced-stage AD.”! Upon neuronal
necrosis, pathological A8 and TauO are released into the extracellular
space and become seeds for the propagation of AD neuropathol-
ogy in a prion-like fashion. Moreover, evidence from AD models have
demonstrated that targeting HMGB1, RAGE, or TLR4 with antibod-
ies, inhibitors, or antagonists can reduce neuroinflammation, A3 and
tau pathology, and improve cognitive function.’? Together, these find-
ings highlight a crucial contribution of HMGB1 to AD pathogenesis
by triggering paracrine senescence, inflammation, tau pathology, and
clinical severity. Therefore, targeting HMGB1, in combination with
TauO, could hold promise as a therapeutic strategy for AD. Our lab
recently has shown that inhibiting release of HMGB1 using ethyl pyru-
vate and glycyrrhizic acid alleviates tau oligomer-induced senescence
like phenotype, neuroinflammation and cognitive decline in tauopa-
thy mice model.”* Further research efforts are needed to discover
new molecules that can effectively target HMGB1 or its endogenous

regulators.

5 | INFLAMMAGING: A KEY CONTRIBUTOR TO
ACCELERATED AGING

Inflammaging refers to aging-associated elevated levels of inflamma-
tory markers in blood and tissues, which lead to chronic low-grade
inflammation.?? It is an important pathological factor in several dis-
eases, including AD and tauopathies that are highly prevalent in elderly
individuals, contributing to disability and accelerated aging. Inflam-
maging serves as a biomarker of accelerated aging in humans and can
worsen the natural age-related tissue deterioration through paracrine
mechanisms.? Inflammaging can drive tau pathology and neurodegen-

eration in AD by impairing the clearance of Ag peptides, altering BBB
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integrity, and affecting the synaptic functions.®® Levels of inflammatory
cytokines, such as IL-6, TNF-a, and IL-18, increase along with immune
system dysregulation (ie, loss of vaccine efficiency, increased morbid-
ity in infection/injury, increased incidence of cancer and autoimmune
diseases).2874 Studies demonstrate a positive correlation between
levels of circulatory inflammatory molecules and the progression of
neurodegenerative diseases.”>?¢

Inflammaging can drive tau pathology and neurodegeneration in
AD by several mechanisms.®®?7 One mechanism is that inflammaging
impairs the clearance of AB and tau aggregates, which can trigger the
activation of microglia and astrocytes, and induce the production of
pro-inflammatory cytokines and ROS. These inflammatory mediators
can damage neurons and synapses, and also promote the tau phos-
phorylation and aggregation that ultimately impair axonal transport,
synaptic function, and neuronal viability.”” Another mechanism is that
inflammaging impairs BBB integrity thereby increasing entry of periph-
eral inflammatory factors, such as cytokines, chemokines, and immune
cells, into the brain. These factors can further amplify brain inflam-
mation and exacerbate tau pathology and neurodegeneration in AD.
A third mechanism is that inflammaging affects the balance between
pre- and post-synaptic tau levels, and impairs the interactions of tau
with other synaptic proteins, such as Fyn kinase, PSD-95, and NMDA
receptors.”” These alterations can impair synaptic transmission and
plasticity, and lead to memory impairment.?”

SASP components, including C-reactive protein and IL-1 family
cytokines, have been proposed as markers of disease progression in
AD.?8 In the aging brain, neurotoxic misfolded protein aggregates, such
as AB and tau, are recognized by microglia—the resident macrophages
of the brain—and astrocytes—the neuronal supporting cells—through
highly conserved pattern recognition receptors (eg, TLR4). This exacer-
bates neuronal toxicity, protein aggregation, synaptic dysfunction, and
chronic brain inflammation, creating a feedforward loop that ampli-
fies and sustains brain inflammation. This detrimental cycle further
contributes to the structural and functional deterioration of the brain,
fueling the progression of neurodegeneration. The chronology of AD
pathology and inflammation is described as a wave model with mul-
tiple interconnected cellular and molecular processes that accelerate
neurodegeneration (Figure 3).

AB and tau exist in different aggregation stages, including
monomeric, oligomeric, fibrils, and plaques/tangles, each with varying
effects on glial activation and chronic brain inflammation. The impaired
clearance of these pathological protein aggregates leads to the seeding
and propagation of AD pathology. Glial activation triggers the release
of inflammatory cytokines, such as IL-13, TNFq, and IL-6, that can be
found in the brain and CSF of AD patients. Overexpression of these
inflammatory mediators activates neuronal signaling cascades that
trigger activation of protein kinases like cyclin-dependent kinase 5,
along with deactivation of phosphatases like PP1. This results in tau
phosphorylation and formation of neurotoxic oligomers and fibrils,
further amplifying glial activation and brain inflammation.?” The
excessive release of neurotoxic inflammatory mediators negatively

impacts neurotransmitter levels, leading to neuronal dysfunction and
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death (Figure 4), suggesting AB and tau pathology and inflammaging
together contribute to AD progression. Therefore, modulating inflam-
maging/SASP may represent a promising therapeutic approach for AD
and tauopathies.

6 | BRAIN INFLAMMATION INDUCED BY TAU,
SENESCENCE, AND INFLAMMAGING CONTRIBUTES
TO AD

Clinical AD symptoms and dementia typically manifest after a pro-
longed preclinical or prodromal AD stage, suggesting that identifying
and targeting early pathogenic events could halt or delay the progres-
sion of AD.3! Clinical evidence shows that TauO and brain inflammation
also appear in the preclinical or prodromal AD stage, many decades
prior to the onset of dementia.'%° This early brain inflammation may
be exacerbated or driven by TauO and senescent cells in the brain
and often linked to cognitive decline. Supporting this notion, one
study reports that brain inflammation contributes to early memory
loss, increases brain inflammation, and a higher load of senescent

101 |t establishes a connection between the other

cells in the brain.
two key pathological features, A8 and tau aggregates.'92 A growing
body of evidence suggests that inflammation has an intricate rela-
tionship with tau pathology that contributes to AD pathology and
cognitive decline.%3 Importantly, treatment with ibuprofen, a nons-
teroidal anti-inflammatory drug, markedly reduces brain inflammation,
senescent cell load and improves cognitive function. These observa-
tions suggest that senescence-induced chronic brain inflammation is
an important pathological factor in aging-related cognitive decline.10?
Brain inflammation can also trigger deposition of pathological amyloid
proteins via upregulation of interferon-induced transmembrane pro-
tein 3 (IFITM3).194 Of note, IFITM3 mediates paracrine senescence
through small extracellular vehicles released by senescent cells in the
aging brain,'°° further supporting the crosstalk among amyloid protein
deposition, chronic inflammation, and senescence in brain aging. These
findings support the notion that inhibiting brain inflammation could
halt or delay the progression from mild cognitive impairment (MCI) to
dementia. The involvement of senescence and SASP in MCI and AD
is further strengthened by experimental evidence that senolytic ther-
apy provides beneficial effects in accelerated aging,'%¢ tauopathy,??
and AD mouse models?> by reducing brain inflammation. The abil-
ity of senolytic therapy to modulate the progression of AD is also
being evaluated in a pilot clinical trial.3? Besides aging, other impor-
tant sources of brain inflammation are linked with AD risk factors.
For example, traumatic brain injury (TBI) induces brain inflamma-
tion through acute and chronic alterations in the immune system and
increased susceptibility to infections.’%7 Importantly, TBI also triggers
the formation of pathological TauO98:19? and upregulation of senes-
cence biomarkers in glial cells, thus establishing links among TBI, TauO,
and cellular senescence.198.110 However, further research is necessary
to understand the underlying mechanisms of TBl-induced senescence

and inflammation and its role in AD pathogenesis.
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AD risk factors, cellular senescence,
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FIGURE 3 Three-wave model showing chronology of pathological events in AD. Multiple intermingling cellular and molecular processes could
influence the onset and progression of AD. For example, recognition of pathological protein aggregates (Af and tau oligomers) by glial cells is
followed by induction of the inflammatory response and release of endogenous DAMPs (eg, HMGB1) that aggravate AD progression. A and tau
oligomers impair proteasome functions that compromise the clearance of protein aggregates and facilitate their release into the extracellular
space, which causes pathological seeding and propagation of AD pathology and further fuels the inflammatory response. Chronic inflammatory
responses, in turn, trigger neuronal dysfunction and death. AB, amyloid beta; AD, Alzheimer’s disease; DAMPs, damage-associated molecular

patterns.

Additionally, numerous factors from the periphery reach the brain
as a result of aging-associated vascular damage, representing another
important source and stimulus of chronic brain inflammation.*'! For
example, cerebral small vessel disease increases the risk of cogni-
tive decline and dementia in AD.'2 Chronic inflammation-induced
disruption of the BBB is an early biomarker of human cognitive
dysfunction and often leads to dementia,'*® and both AS deposits
and tau pathology aggravate vascular damage.'*115 Pericytes play
a role in cerebral blood flow regulation and support BBB function,

116 and their loss is

are important for maintaining brain homeostasis,
known to influence AD-associated neurodegeneration.’?’ It has been
argued that the accumulation of A and tau are causally linked to
pericyte dysfunction, which contributes to reduced cerebral blood
flow in early AD.114118 |nterestingly, pericytes communicate with
neurons primarily through the chemokine ligand 2, a critical compo-
nent of the SASP that mediates paracrine senescence.’® Additionally,

recent evidence suggests that obesity? 120

and hyperinsulinemia*< can
also trigger senescence and chronic inflammation, impairing brain
homeostasis.

Genome-wide association studies have revealed that various poly-

morphic variants of genes implicated in inflammation serve as risk

factor for AD, suggesting an important role of inflammation in AD.2!
Two important genes linked to AD risk are APOE and TREM2.122 Stud-
ies using an AD mouse model along with postmortem analyses of
human AD brain tissue indicate that activation of the TREM2-APOE
pathway triggers transition in microglia from a homeostatic pheno-
type to a disease-associated microglia (DAM) phenotype characterized
by an increased inflammatory response.'23 Interestingly, senescence
and the SASP facilitate emergence of the DAM phenotype and con-
tribute to AD pathology.2® Together, these studies emphasize that
brain cells undergo senescence upon exposure to TauO and A and sys-
temicinflammatory factors, thereby triggering further brain pathology,
inflammatory responses, and cognitive decline.

7 | EVIDENCE OF SENESCENCE IN DIFFERENT
CELL TYPES IN THE AD BRAIN

Based on the current literature, evidence of cell types that undergo
senescence in the AD brain remains sparse. In this section, we briefly
discuss senescence in different types of brain cells in the context
of AD.
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FIGURE 4 Schematicdiagram of AD pathogenesis. Several risk factors, such as aging, genetics, sleep deprivation, stress, diet, and head injury,
can influence AD progression via chronic immune activation and cellular senescence. This, in turn, leads to aging-associated chronic inflammatory
responses, also known as inflammaging, which allows penetration of inflammatory molecules (pathogen- and/or damage-associated molecular
patterns, eg, lipopolysaccharide and HMGB1) through the BBB via glial senescence. In the brain, risk factors and inflammation impact neuronal
homeostasis and induce Af and tau aggregation to form oligomers that cause neuronal insults, which further fuels brain inflammation. Additionally,
disruption of the BBB facilitates the entry of peripheral inflammatory molecules and cells into the brain, which promotes gliosis and glial
senescence followed by chronic brain inflammation. These events lead to the progression of AD pathology, neuronal and synaptic dysfunction, and
cognitive decline. A3, amyloid beta; AD, Alzheimer’s disease; BBB, blood-brain barrier; SASP, senescence-associated secretory phenotype.

7.1 | Microglia

Microglia are the first responders and innate immune cells of the brain.
They are involved in surveillance of the brain and actively eliminate cell
debris and pathogenic molecules through phagocytosis, thus playing
key roles in brain homeostasis. Numerous studies report aging-related
changes in microglia. Senescent microglia are linked to the spreading
of pathological tau and neurodegeneration in AD.12* Compared with
the brains of non-demented age-matched control individuals, the num-
ber of senescent microglia is higher in the brains of patients with AD,
dementia with Lewy bodies (DLB), and limbic-predominant age-related
TDP-43 encephalopathy.'2> Under pathological conditions, microglia
show typical characteristics of senescence such as increased oxidative
stress and nuclear chromatin alterations.’?® During the onset of A8
and tau pathology, microglia show rapid proliferative responses and

contribute to disease progression.'27-127 |nterestingly, microglia that
undergo rapid proliferation initially can later switch to a DAM phe-
notype, characterized by harmful inflammatory responses.’?? DAM
also display typical characteristics of senescence such as increased
SA-B-gal activity, telomer shortening, and transcriptional signatures.?®
These studies indicate that in the brains of individuals with AD, a
subset of microglia could exhibit a senescent phenotype that drives

inflammation and neurodegeneration.

7.2 | Astrocytes

Astrocytes are highly abundant glial cells in the brain that provide
metabolic, structural, and functional support to neurons. They are
involved in regulating neuronal trophic support, ionic homeostasis,
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brain inflammation, and cognitive function.’3? Astrocytes also control
oxidative stress, the release of growth factors, and contribute to the
establishment and maintenance of BBB integrity.'3! The astrocytic end
feet form an important part of the perivascular network and the glym-
phatic system, facilitating the exchange of interstitial fluid and CSF.132
Due to their close proximity to neurons, astrocytes facilitate neuro-
transmission between multiple neurons via a tripartite synapse and
are involved in neurotransmitter recycling.!3 The collective evidence
underscores the essential role of astrocytes in supporting neuronal
function.

Astrocytes in AD undergo senescence, playing a crucial role in
the development and progression of AD pathology and cognitive
decline.2249.57.134.135 Senescent astrocytes lose their neuroprotec-
tive functions and acquire neurotoxic functions, leading to neuronal
dysfunction and neuropathology. Astrocyte senescence negatively
impacts neurons through gain of the SASP or loss of metabolite
transferring ability, which is crucial for neuronal support. Astrocyte
senescence induces neurotoxic effects through the gain of inflam-
matory SASP and contributes to the etiology of neurodegenerative
diseases, including AD, PSP, and PiD.13513¢ Senescent astrocytes
are characterized by increased levels of glial fibrillary acidic pro-

tein and vimentin protein, upregulation of SA-g-gal activity, p16/NK4a

expression, SASP, and loss of nuclear lamin B1 and HMGB1.79137 A
single-nucleus RNA sequencing study using the 5XFAD AD mouse
model revealed that senescent astrocytes are inflammatory disease-
associated astrocytes and show features of senescence and an inflam-
matory phenotype, which appears at the early stages of AD pathology,
and their abundance increases with the progression of disease.!38
This study also demonstrates the presence of senescent astrocytes in
aging human brains, suggesting a link among inflammatory disease-
associated astrocytes, aging, and AD pathology. Additionally, upon
exposure to oxidative stress and X-ray irradiation, primary human
astrocytes undergo senescence in vitro and show senescence biomark-
ers such as SA f-gal activity and increased levels of p16/NK4A and
p21. This senescence induction in astrocytes downregulates gluta-
mate and potassium transporters, which leads to excitotoxicity and
neuronal cell death.'3%140 Analysis of postmortem brain tissue con-
firms an exacerbated load of senescent astrocytes in human AD
brains.49:57,135,141

Bussian et al. found that the burden of senescent astrocytes (16%)
is higher than that of senescent microglia (4%) in the brain of animals
with tauopathy.?? This study demonstrated that selective clearance
of these senescent glial cells slows the progression of tauopathy and
cognitive impairment, suggesting that senescent astrocytes play a key
role in tauopathy progression and cognitive decline.2?2 However, it is
possible that microglia—as first responders—undergo senescence first,
which then induces astrocyte senescence through paracrine mech-
anisms. Our recent study demonstrated that astrocytes internalize
pathological TauO from the extracellular environment. TauO induces
a senescence phenotype in primary astrocytes and triggers a chronic
inflammatory response through secretion of IL-13, IL-6, and TNF-a.
It is also noteworthy that TauO-associated astrocytes show a senes-

cence phenotype in human AD and frontotemporal dementia brains.>”

The accumulation of senescent cells is associated with neurovascu-
lar dysfunction, which manifests as cognitive decline.1#2 These results
suggest that the accumulation of TauO and senescent astrocytes in the
brain, along with the deleterious consequences of SASP, contributes
to the progression of AD pathology and cognitive decline. Hence,
a combined approach targeting TauO, senescent astrocytes and/or
SASP could effectively delay the progression of AD and cognitive
decline.

7.3 | Oligodendrocytes

Oligodendrocytes, the third major type of glial cells in the brain, orig-
inate from oligodendrocyte progenitor cells (OPCs).243 Upon brain
injury/pathology, OPCs migrate to the site of brain damage and dif-
ferentiate into oligodendrocytes to facilitate the remyelination of
damaged axons.3¢ However, the proliferation of OPCs is impaired
with advanced age, leading to failure in the remyelination capacity
of oligodendrocytes that contributes to disease progression.14414> |n
this context, a recent study demonstrated that AS triggers a senes-
cence phenotype in OPCs in the brains of AD patients as well as in
an APP/PS1 transgenic mouse model of AD.2°> These observations are
consistent with earlier reports suggesting that pathological conditions
can promote OPC senescence.'*® Further investigations are required
to determine whether OPC senescence is a specific response to AS or
whether other pathological proteins like tau, a-synuclein, and TDP-43
can also induce OPC senescence.

In general, compared with microglia and astrocytes, the role of OPCs
and oligodendrocytes in AD pathogenesis is not as well studied. Thus,
investigating how OPCs and oligodendrocytes respond to AD pathol-
ogy will greatly enhance our understanding of AD pathogenesis. A
study by Zhang et al. demonstrated that senolytic treatment using the
FDA-approved small molecules dasatinib and quercetin (D+Q) pre-
vents Af accumulation and OPC senescence, resulting in improved
learning and memory and reduced inflammation. Notably, this study
also revealed that D+Q can prevent AB plaque buildup prior to the
appearance of senescence, suggesting a non-targeted effect of D+Q.
It is important to note that quercetin has been shown to prevent the
release of HMGB1 and reduce inflammation, thereby improving cog-
nitive function in various AD models.24”-14? Future investigations are
required to determine the senolytic and non-senolytic effects of D+Q
in AD models and clinical trials. Collectively, these studies suggest that
D+Qtreatment may be an effective strategy for preventing or delaying
AD pathogenesis by reducing A accumulation, OPC senescence, and

HMGB1-mediated inflammation and paracrine senescence.

7.4 | Neurons

Neurons are the fundamental cells responsible for transmitting and
processing information in the brain. Upon exposure to toxic A3 and
TauO, most neurons die; however, some neurons abnormally re-

enter the cell cycle, which protects them from cell death.2>° This
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raises the possibility that during pathological conditions, neurons can
undergo senescence. In this regard, the prevalence of senescent neu-
rons is reported to increase with advanced age, indicating a potential
role of neuronal senescence in brain aging and neurodegenerative
diseases.’>! Interestingly, senescent cells are resistant to apoptosis,
indicating that senescence can promote other mechanisms of neuronal
death such as necroptosis, which is linked to neuronal loss in the AD
brain.’>2 Although neurons are considered terminally differentiated
cells, whether they undergo senescence remains a debatable question.
Studies have shown conflicting results; Bussain et al. demonstrated
that neurons do not exhibit a senescence phenotype in a tauopathy
mouse model.22 On the other hand, Musi et al. showed that tau accu-
mulation is linked to neuronal senescence in another tauopathy mouse
model.2* The evolutionary mechanism that favors senescence over
apoptosis in neurons may have benefits in terms of preserving cell
numbers in the brain. However, this could come at the cost of lim-
ited regenerative potential and the promotion of deleterious SASP
factors.>3 Further research is needed to elucidate the role of neuronal
senescence and its contribution to AD. Understanding the interplay
between senescence, apoptosis, and other forms of neuronal cell death
will provide valuable insights into the mechanisms underlying neu-
rodegeneration and may guide the development of novel therapeutic

strategies.

7.5 | Endothelial cells

Vascular dysfunction, particularly endothelial dysfunction, plays an
important role in AD pathogenesis and progression. Studies have
shown that senescence induction in cerebromicrovascular endothe-
lial cells leads to endothelial dysfunction and BBB disruption, which

154 A study by Bryant et al.

in turn promotes cognitive impairment.
demonstrated that compared with age-matched control patients, B3
microvessels from AD patients have markedly elevated levels of senes-
cence markers and adhesion proteins, which are specifically linked to
tau pathology.1> Cerebral small vessel disease significantly raises the
risk of cognitive decline and the onset of dementia in AD cases.!1?
Pericytes play a vital role in regulating cerebral blood flow and
supporting the integrity of the BBB.11¢ Their depletion has been asso-
ciated with the progression of neurodegeneration linked to AD.%”
It has been proposed that the accumulation of both Ag and tau are
interconnected with pericyte malfunction, which contributes to the
decline in cerebral blood flow seen in the early stages of AD.114118
Interestingly, pericytes communicate with neurons primarily through
the chemokine ligand 2, a key player in the SASP that orchestrates
paracrine senescence.’® Furthermore, emerging research highlights

109 110 can also

that conditions such as obesity'”” and hyperinsulinemia
induce senescence and chronic inflammation, thus impairing the brain’s
equilibrium and homeostasis.21%120 This finding suggests that patho-
logical tau-induced endothelial cell senescence could be involved in
AD pathogenesis. Therefore, detailed investigations are needed to

establish the role of endothelial senescence in AD.
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8 | IMPLICATIONS OF PATHOLOGICAL TAU
STRAINS IN DISEASE HETEROGENEITY, DIVERSITY
OF CLINICAL SYMPTOMS, NEUROPATHOLOGY,
AND RATE OF COGNITIVE DECLINE

Although tau deposition is acommon pathological hallmark in neurode-
generative tauopathies, cases exhibit clinical and neuropathological
heterogeneity, leading to different rates of cognitive decline.1°¢157
Advanced neuroimaging methods have enabled the detection of tau
and amyloid-beta (Af) deposition even in younger adults aged 30 to
49 years.'58 In the last decade, numerous studies have explored the
notion that tau and other amyloid-forming proteins contribute to AD
in a prion-like fashion. The groundbreaking discovery of neurode-
generative diseases mediated by the propagation of unique protein
conformations, as exemplified by prion diseases, was awarded the
1997 Nobel Prize in Physiology or Medicine to Stanley Prusiner.
In AD, pathological tau is released in the interstitial fluid by neu-
rons, propagating and spreading tau pathology in a stereotypical
anatomical pattern.’®? Extensive evidence from animal and cell mod-
els convincingly supports the prion-like properties of tau, acting as
a seed that disseminates tau pathology across the brain.2>?-161 The
spread of tau pathology in the brain positively correlates with the
heterogeneity and severity of clinical symptoms.®* Consequently, tau
aggregates can form distinct prion-like strains or conformations that
influence disease phenotypes, symptoms, and neuropathology in neu-
rodegenerative tauopathies. Recent high-profile studies have revealed
that despite a relatively uniform anatomical pattern of tauopathy
progression, AD patients show significant heterogeneity in clinical
symptoms, neuropathology, and rate of cognitive decline.>* Impor-
tantly, patient-to-patient heterogeneity can be attributed to different
seed competent TauO confirmations (ie, TauO strains). In AD patients,
deposition of tau aggregates in the brain strongly correlates with neu-
ronal loss, cognitive decline, and dementia. Notably, tau aggregation
alone can cause cognitive decline.®* Pathological tau deposits display
distinct cell and brain region specificities and distribution patterns
in various tauopathies. Biochemical and morphological differences
suggest that pathological tau adopts disease-specific structural con-
formations akin to prion strains. Recent advances in cryo-electron
microscopy have unveiled atomic structures of pathological tau fila-
ments isolated from the brains of patients with different tauopathies.
Each neurodegenerative tauopathy is characterized by a distinctive
tau filament conformation highly conserved across patients with the
same disease.192-164 |n vitro aggregation studies have also demon-
strated the propagation of distinct tau strains from seeds in the brain.
Furthermore, the injection of these tau strains in mouse brain recapit-
ulates the unique tau pathology found in specific cell types and brain
regions in human tauopathies.'®> The composition of tau isoforms,
post-translational modifications, and interactions with cofactors may
influence formation of tau strains in the brain, ultimately contribut-
ing to diversity of clinical phenotype and the rate of cognitive decline.
We speculate that tau strains differentially propagate in the brain in

a cell type- and region-specific manner, influencing the clinical and
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FIGURE 5 Schematic diagram showing potential mechanism for the formation of TauO strains and their implications in disease heterogeneity,
diversity of clinical symptoms, neuropathology, and progression rate of cognitive decline in human tauopathies. Various risk factors (eg, aging,
genetic background) induce post-translational modifications (eg, ubiquitination, phosphorylation) and oxidative stress that triggers tau misfolding.
This misfolded tau can interact with A3 and a-synuclein seeds, chaperons, co-factors, and neurotransmitters, resulting in the formation of distinct
misfolded monomers that aggregate and form different TauO strains. Distinct conformations of TauO strains lead to different seeding activities as
well as brain region and cell type specificity. As a result, tau strains differentially induce inflammation, synaptic dysfunction, proteasomal
impairment, and vascular dysfunction, which contributes to diversity in human tauopathies. AS, amyloid beta; TauO, tau oligomers.

pathological heterogeneity observed in patients with tauopathies
(Figure 5). Understanding tau strain formation and its impact on neu-
ronal and glial cells will be critical to deciphering the molecular mech-
anisms that underlie the clinical and pathological diversity in human
tauopathies. Notably, other neuropathological amyloid proteins such
as AB and a-synuclein also exhibit seeding activities. Moreover, Aj, tau,
and a-synuclein interact with each other, leading to co-pathologies and
an accelerated neuropathological burden in the brain. In AB-expressing
mice, inoculation of human wild-type tau protein downregulates genes
involved in synaptic regulation as well as behavioral abnormalities,
indicating that A3 and tau cooperatively contribute to progression of
synaptic and cognitive impairment.1® A study by Narasimhan et al.
demonstrated that different tau strains isolated from human tauopa-
thy brains were associated with diverse tau neuropathology. This study
revealed that an increase in the tau seeding activity of a particular
TauO strain (with high seeding activity), but not others, correlated with
worse clinical outcomes in AD patients, suggesting the existence of
TauO strains in different individuals with typical AD.1” These findings
highlight the possibility that AD, like cancer, involves multiple molecu-
lar drivers of common disease phenotypes. They also underscore the
potential for personalized therapeutic approaches tailored to target
specific tau strains and halt the clinical progression of AD.1¢7

Like tau, a-synuclein and Ag oligomers also exhibit distinct strains
that influence disease phenotypes.168-170 |ntriguingly, after local

and systemic injections, a-synuclein strains can also induce dis-
tinct synucleinopathies with varying levels of toxicity and behav-
joral phenotypes.”! Furthermore, cross-seeding activities between
aggregation-prone proteins such as tau and a-synuclein can lead to
the formation of distinct amyloid strains. Given the coexistence of
a-synuclein and tau aggregates in Parkinson’s disease and AD, it
is plausible that they promote cross-seeding of each other. In sup-
port of this notion, our previous study demonstrated that «-synuclein
oligomers induce a distinct toxic strain of TauO that evades fibril for-
mation. Injection of a-synuclein/TauO into the brains of a tauopathy
mouse model accelerates endogenous TauO formation and concurrent
neurodegeneration, thereby contributing to disease progression.’2
In support of this notion, the co-occurrence of different disease-
associated protein aggregates is frequently observed in human neu-
rodegenerative diseases. For instance, over 50% of AD patients exhibit
Lewy bodies, while AB plaques and NFTs are commonly detected
in Parkinson’s disease and DLB brains.}”® Postmortem brain analy-
ses of 161 clinically normal individuals revealed that 86% exhibited
at least one pathology, with 63% displaying mixed pathologies.’*
Additionally, a meta-analysis involving 4677 individuals reported that
one-third of those with intermediate-to-high AD neuropathology did
not develop dementia during their lifetime.1”> Histological studies
suggest that individuals with high AD neuropathology and normal cog-
nition show resistance to synaptic degradation. In our recent study, we
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demonstrated that the functional integrity of synapses in cognitively
normal individuals with moderate-to-high AD neuropathology is linked
to an absence of synaptic TauO.17¢ This study further supports the
critical role of TauO in synaptic dysfunction and cognitive impair-
ment in AD patients. Interactions of TauO with a-synuclein, AS, and
TDP43, leading to comorbidities and mixed neuropathology, often con-
tribute to disease heterogeneity and differences in the progression
rates of clinical symptoms in AD patients. The mechanisms under-
lying how these co-pathologies contribute to disease progression
and clinical heterogeneity remain open questions that warrant fur-
ther investigation. Detailed discussions on the molecular interactions
among Ag, tau, and a-synuclein and their contributions to neurode-
generation can be found in our recent review.!”” In this context, it
is plausible that one form of protein aggregates may directly cross-
seed other amyloidogenic proteins, resulting in the generation of
distinct strains that have common structural features but different

seeding activities and toxicity.17817?

It is likely that distinct strains
of pathological tau and a-synuclein exist in AD brains, contributing
to the remarkable disease heterogeneity observed. This suggests the
presence of a variety of dominant oligomeric strains across differ-
ent proteinopathies, underpinning disease progression with various
manifestations and subtypes. In this context, significant advancements
have been made in the development of novel anti-tau antibodies that
specifically recognize disease-relevant tau strains and conformations.
These antibodies target unique conformational epitopes, independent
of specific linear amino acid sequences, and exhibit preferences for
different subsets of tau oligomers.1¢29180-183 Fyrthermore, recent
studies have introduced a rapid strain identification method called
EMBER (excitation multiplexed bright emission recording). EMBER uti-
lizes fluorescent excitation/emission spectra of amyloid-binding dyes
and employs machine learning techniques to identify distinct confor-
mational strains in vitro and in transgenic mouse models. Notably,
EMBER enables the swift identification of conformational differences
in A3 and tau deposits in human brain slices derived from various
neurodegenerative diseases, including sporadic and familial AD, Down
syndrome, as well as PiD.184 These remarkable findings significantly
contribute to our understanding of protein misfolding diseases and
hold promising implications for future advancements in diagnostic and
personalized therapeutic approaches in this field. Furthermore, it is
hypothesized that TauO strains may differentially induce senescence
and SASP in a cell type- and brain region-specific manner, further con-
tributing to the clinical heterogeneity and variable rates of disease
progression. Therefore, future in-depth investigations into tau strains
within the context of the clinical disease heterogeneity observed in AD

and related dementias are essential and warranted.

9 | INTERVENTIONS TARGETING SENESCENCE,
SASP, AND TAUO STRAINS

Despite the high prevalence of AD, no cure is currently available
for this devastating disease. AD involves a complex interplay among
different brain cell types along with factors from the periphery, which

trigger multifaceted pathomechanisms including cellular senescence,
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chronic inflammation, mitochondrial dysfunction, impaired protein
homeostasis, and compromised nuclear and BBB integrity, all of
which are involved in disease progression. Developing therapies that
target a single mechanism does not seem to be feasible and effective.
Therapies that aim to decrease Af load have mostly had disappointing
outcomes, although recent FDA approvals of anti-Ag antibodies such
as lecanemab and aducanumab have provided some hope. Emerging
evidence from clinical and preclinical studies suggests that senescence,
chronic brain inflammation, and TauO play key roles in AD, appearing
decades before onset of clinical symptoms and driving disease progres-
sion. In fact, there is a correlation between the buildup of senescent
cells, inflammation, and the accumulation of aggregated tau in the
progression of AD. This highlights that targeting one or a combination
of these factors could be an effective way to develop therapeutic inter-
ventions. Several studies demonstrated that tau aggregates can trigger
cellular senescence and inflammation, and eliminating senescent
cells with senolytics reduces tau aggregation and inflammation and
improves cognitive performance in vivo.222425 Human studies also
revealed that senescence markers are associated with inflammation
and tau pathology in the brain. Several studies have revealed that
the gene CDKN2A (p16INK4a), responsible for regulating cell cycle
and senescence, is highly elevated in the brains of individuals with
AD as compared to age-matched healthy individuals. This increase in
p16INK4ais also found to be correlated with inflammation, the density
of tau tangles, and Braak stage, which is a measure of tau pathology
progression.1>> SASP components, which are secreted by senescent
cells and can have pro-inflammatory effects, have been found to be
elevated in the CSF of AD patients when compared to controls. This
elevation of SASP components in AD patients correlates with CSF
tau levels, inflammation, and cognitive impairment.17:206399 |n this
section, we briefly discuss therapeutic strategies for AD that focus on
senescence, SASP, and TauO.

9.1 | Senotherapeutics: strategies for targeting
senescence

A promising therapeutic approach for AD and other aging-related
diseases involves the use of senolytics, which selectively elimi-
nate senescent cells through modulation of anti-apoptotic pathways
(eg, BCL-2-BCL-xL, PIBK/AKT, MDM2-p53-p21CiP1l-serpine elements).
Senolytic therapy has shown promising results in various animal
models, including tauopathies.?22557.185 Currently, around 20 clini-
cal trials of senotherapies are ongoing, two of which (NCT04785300
and NCT04685590) are evaluating the therapeutic efficacy of D+Q
in individuals with MCI or AD.'8¢ A phase | clinical trial demon-
strates the elimination of senescent cells in humans with diabetic
kidney disease using the combination of D+Q.'®” However, the elim-
ination of senescent cells using senolytics may also have adverse side
effects. 188189

Alternatively, senomorphic compounds offer a different approach
by alleviating senescence-associated pathologies through the suppres-
sion of the SASP without killing senescent cells. Senomorphics inter-
fere with SASP expression pathways (eg, p38MAPK, JAK/STAT, mTOR)



7 | Alzheimer’s &Dementia*

GAIKWAD ET AL.

THE JOURNAL OF THE ALZHEIMER’S ASSOCIATION

and transcription factors (eg, NF-xB, STAT3).17C Neutralizing specific
SASP factors with antibodies or small molecules is another strat-
egy for mitigating the spread of senescence, SASP-mediated chronic
inflammation, and subsequent tissue damage. Several preclinical stud-
ies have confirmed the beneficial effects of senomorphic treatment in
age-related diseases. However, senomorphic treatment may require
continuous administration and could potentially disrupt tissue home-
ostasis due to SASP blockade.l?2192 To date, several senomorphic
agents (eg, RAD0OO1, ruxolitinib, KU-60019, loperamide, simvastatin,
anakinra, canakinumab, etanercept, siltuximab, tocilizumab) evaluated
in clinical and preclinical studies have been found to diminish SASP,
prevent senescence progression, and improve physical function in
naturally aged animals.2?3 Nevertheless, further clinical studies are

needed to establish the effectiveness of senotherapeutics in humans.

9.2 | TauO strain-specific immunotherapy

Developing effective tau immunotherapy has proven challenging in
clinical trials, as many anti-tau antibodies have yielded negative results.
Antibodies such as semorinemab, bepranemab, E2814, JNJ-63733657,
Lu AF87908, APNmMAb005, MK-2214, PNTOO, and PRX005 are cur-
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rently being evaluated, but none have progressed to phase Il trials.1?*

Clinical trials for tilavonemab and gosuranemab, which target extra-
cellular tau, have also not shown improvements in patients with
AD and PSP.1?> Future research is needed to explore strategies like
tau-degrading intrabodies, single-domain antibodies for intracellular
tau, peptibodies for multi-aggregate clearance, and brain shuttles to
increase antibody bioavailability.2?1%7 It is important to note that
strain-specific immunotherapy for tau is still in preclinical stages, and
optimizing its efficacy is crucial to effectively target and clear distinct
tau strains involved in disease heterogeneity and cognitive decline in

tauopathies.2%198

10 | CONCLUDING REMARKS

This review provided valuable insights into the complex nature and het-
erogeneity of AD and its underlying mechanisms. We have explored the
role of TauO, cellular senescence, and brain inflammation. It is evident
that AD is a multifactorial disease involving the interplay of various cel-
lular and molecular processes. The accumulation of TauO, accompanied
by senescence and brain inflammation, contributes to neuronal dys-

function and cognitive decline (Figure 6). Microglia and astrocytes play

AB and tau pathology
Proteasomal dysfunction
Senescence

Chronic inflammation

Glial dysfunctions

Mitochondrial dysfunctions ==
Impaired BBB

Synaptic and neuronal loss

Altered neurotransmitters Brain pathology and
! cognitive decline

~a -
® o o 0o 0o 0 0 o o

Therapeutic targeting/
inhibition

f Increase

FIGURE 6 Anoverview diagram illustrating the role of senescence, brain inflammation, and TauO in AD and potential therapeutic targets.
Various risk factors, including aging, can trigger senescence, inflammation, and TauO production, resulting in impaired synaptic and neuronal
function loss, which are essential for learning and memory. This also induces the release of HMGB1 and initiates the SASP which lead to A and tau
pathology, proteasomal dysfunction, glial dysfunctions, mitochondrial dysfunctions, impaired BBB, synaptic and neuronal loss. Senescence, brain
inflammation, and TauO can interact with each other and contribute to AD pathogenesis through several mechanisms. For example, TauO can
trigger senescence and inflammation in the brain, which can impair the clearance of TauO and promote their aggregation and propagation.
Senescence and inflammation can also impair the BBB functions, allowing more peripheral inflammatory factors to enter the brain and worsen
neurodegeneration. Therefore, targeting senescence, inflammation, and TauO in combination may be a promising therapeutic strategy for AD. AS,
amyloid beta; AD, Alzheimer’s disease; BBB, blood-brain barrier; SASP, senescence-associated secretory phenotype; TauO, tau oligomers.
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critical roles in maintaining brain homeostasis, but their dysfunction
through senescence can exacerbate neuroinflammation and neuronal
damage. Looking ahead, therapeutic strategies for AD need to con-
sider the multifaceted nature of the disease. Targeting Aj or tau alone
has shown limited success, highlighting the importance of exploring
alternative approaches. Although therapeutic targeting of senescence,
SASP, or pathological tau has shown promise in preclinical studies, tan-
gible improvements in cognition have yet to be achieved in clinical
trials. Interventions that show promise in mice often fail in clinical trials
due to unique and complex aspects of human biology, unexpected side
effects, and many other issues. By addressing multiple aspects of the
disease pathology, combination therapy may offer a more comprehen-
sive and effective approach to mitigate brain pathology and cognitive

decline.
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