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1 | INTRODUCTION

The protein tau has been implicated in the pathogenesis of a number
of brain disorders, ranging from tauopathies such as progressive
supranuclear palsy (PSP), corticobasal degeneration (CBD), and
Alzheimer’s disease (AD) to conditions not classically categorized as
tauopathies, such as Parkinson’s disease, Down syndrome, autism,
and epilepsy. Although in recent years innovative and informative
disease models and technologies have emerged, many of the primary
functions of tau in both disease and physiology, have yet to be clearly
defined in each of these disorders. Among significant obstacles to the
development of effective therapeutic strategies is the lack of a refined
understanding of the signaling pathways that are relevant to diverse
biological and pathological processes in each of the tauopathies, as
well as their regulation. Research increasingly suggests that tau may
serve different functions in different cell types and subcellular loca-
tions, under varying circumstances in different diseases, and therefore
may participate in a wide range of pathways and mechanisms that
can contribute to cell dysfunction and loss. Among important aims
moving forward will be to identify these mechanisms and pathways
and to establish their relative importance in increasingly informative

disease-specific models.

1.1 | Biology

Among the many important new research directions discussed at Tau
2020 were those involving a deeper exploration of the fundamental
biology of tau.! A growing recognition that the early and nearly exclu-
sive classification of tau as a microtubule-binding protein likely delayed
the investigation of other important, non-canonical biologic functions
of tau? has spurred deeper explorations of tau’s structural diversity,
its surprising range of posttranslational modifications (as well as their
implications), and tau’s previously unanticipated presence in a wide
range of subcellular locations in both neuronal and non-neuronal cells.
These efforts have involved reexamining and, in some cases, relinquish-
ing long-held beliefs about the role of tau under both physiological and
pathological conditions. Recent studies involving experimental genetic
ablation or reduction of tau, for example, have resulted in an absence
of detectable changes in the axonal transport of tau or in the stabiliza-
tion of microtubules.® Tau reduction also does not appear to interfere
with biological processes that likely depend on microtubules.? The lack
of compelling evidence that tau reduction causes derangements of
microtubules or alterations in microtubule dynamics that affect neu-
ronal function or integrity raises questions about earlier assumptions
regarding the pathophysiology of AD and other tauopathies - particu-
larly with regard to the primary/pivotal role of tau’s detachment from
microtubules and subsequent self-aggregation.

More recent research demonstrating that the internalization of
propagating tau can occur without impairing neuronal integrity like-
wise calls for a reexamination of beliefs about the role of tau prop-
agation during disease.> Moreover, unanticipated findings regarding
tau’s involvement in pathomechanisms that are unique to several dif-
ferent tau-related disorders have suggested that diverse therapeutic
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RESEARCH IN CONTEXT

1. Systematic review: The authors report the updates and
advances in tau research presented at the Tau 2024
Global Conference spanning tau biology, genetics, pheno-
types, biomarkers, and therapeutics.

2. Interpretation: Tau may serve different functions in dif-
ferent cell types and subcellular locations, under varying
circumstances in different diseases, and therefore may
participate in a wide range of pathways and mechanisms
that can contribute to cell dysfunction and loss.

3. Future directions: important aims moving forward will be
to identify these mechanisms and pathways and to estab-
lish their relative importance in increasingly informative
disease-specific models.

strategies will be required for the treatment of various tauopathies.
Collectively these findings point to multifaceted and multifunctional
qualities of tau and suggest that our understanding of its roles in neu-
ronal physiology and pathology may need to be revised in response to

novel discoveries.

1.2 | Normal physiological spread of tau

Most early research on tau spread focused on the cell-to-cell trans-
fer of misfolded, abnormal tau in the context of neurodegenerative
disease and ultimately led to the proposal that disease likely spreads
from diseased to healthy neurons in a characteristic spatial and tem-
poral progression that is mediated by extracellular, abnormal forms
of tau.*> However, more recent research has provided strong evi-
dence of regulated release of non-pathogenic forms of tau from healthy
neurons, as well as non-pathogenic entry of tau into both neurons
and non-neuronal cells,®"? and a role for extracellular vesicles in tau

spreading.10-14

Findings from these studies have suggested that the
transfer of tau between neurons might be a constitutive biological pro-
cess under physiological conditions, as well as a toxic gain-of-function
process in dementia.

Evans and colleagues conducted a study in which they used human
stem cell-derived neurons to address questions about how different
forms of tau (monomeric and aggregated) might enter neurons.’® The
team discovered two mechanisms by which monomeric tau could enter
human neurons: one characterized by a rapid dynamin-dependent
process akin to endocytosis and a second distinguished by a slower
actin-dependent process of macropinocytosis. The researchers found
that aggregated tau entry was independent of actin polymerization
and typically dynamin dependent, similar to endocytosis and distinct
from macropinocytosis, the major route by which aggregated tau is
known to enter non-neuronal cells. The team learned that anti-tau
antibodies can impede monomeric tau entry into neurons; however,

they we are unable to prevent the internalization of aggregated tau,
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which can carry antibody with it into neurons. These data suggest that
tau entry into human neurons is a physiological process and, there-
fore, not exclusively disease-specific. They also offer a new perspective
on immunotherapy approaches that target extracellular tau but do
not distinguish between forms of tau thought to propagate disease
and forms of extracellular tau that are found in the healthy brain.®
Although clinical trials of anti-tau antibodies so far have yet to report
deleterious effects related to the disruption of interneuronal transfer
of non-pathogenic tau, the potential for detrimental effects must be
considered in future studies.

Building on these findings, Livesey and colleagues more recently
sought to zero in on the cell biology and cellular mechanisms involved
in the entry and processing of extracellular monomeric and aggre-
gated tau by human neurons.'® Using whole genome, loss-of-function
clustered regularly interspaced short palindromic repeats (CRISPR)
screens of human induced pluripotent stem cell (iPSC)-derived excita-
tory neurons, they attempted to identify genes that regulate the uptake
and intracellular processing of extracellular monomeric and aggre-
gated tau (MAPT p.P301S), using a lentiviral library of 100,000 guide
RNAs targeting 20,000 protein-coding genes. For both monomeric and
aggregated tau, these researchers found that multiple genes involved
in endosomal sorting and in the regulation of receptor recycling were
required for tau uptake. The uptake of aggregated tau is dependent
on several intracellular vesicular trafficking systems, including those
involved in trafficking between organelles and surface protein glycosy-
lation. They also discovered that monomeric tau uptake required the
recently identified low-density lipoprotein receptor LRP1%” and the
endocytosis regulator LRRK2,'8 mutations in both of which have been
associated with familial Parkinson’s disease.!? Moreover, they found
that the genes involved in tau uptake bore a striking similarity to genes
required for viral infection - particularly infection by viruses that enter
cells via receptor-mediated endocytosis.

Livesey and colleagues confirmed that monomeric and aggregated
tau enter human neurons by means of overlapping but distinct path-
ways that are dependent on specific surface receptors and on the
endolysosomal-autophagy system, as well as the Golgi network and
other vesicle trafficking pathways. Because the cell biology underlying
extracellular tau uptake and processing by neurons is analogous to that
of viral entry into cells, the authors suggest that this “quasi-infectious”
process be considered during the development of potential therapeutic

strategies to prevent disease progression.

1.3 | Tau in the nucleus, nucleolus, and cytoplasm

Tau protein, which is most abundant in neuronal axons, has been found
in a variety of intracellular compartments and extracellular locations
throughout the central and peripheral nervous systems.! Different tau
isoforms have been detected in both neuronal and non-neuronal cells
inmultiple cell compartments, and, beginning in the 1990s, researchers
have reported the observation of various isoforms of tau in regions
of the nucleus and the nucleolus, in both human and cultured primate
cell lines.Z0-23 Although findings from these studies differ depending

on protocols and antibodies used, as well as on stage of cell differen-

tiation, all have pointed toward unanticipated roles of tau in both the
nucleus and nucleolus.?? More recently, researchers have discovered
that tau can translocate to the nucleus under cellular stress,?* that
nuclear tau tends to be non-phosphorylated,?® and that tau likely plays
arole in DNA protection. In addition, some works suggest that tau may
modulate nucleocytoplasmic transport?® or may be linked to nuclear
envelope integrity.?” Such findings have further underscored tau’s
potential role in processes of normal cellular physiology that are not
associated with microtubules, while raising new questions regarding
the functional relevance of tau in the nucleus and nucleolus. Current
research goals include determining whether specific tau transcripts or
isoforms are likely to predict tau’s cellular distribution, whether or how
tau’s functions might change depending on its localization, and how
various alterations in both location and function might play a role in
different tauopathies.

In recent years Maina and colleagues have continued the examina-
tion of nuclear and nucleolar tau with the aim of answering some of
these questions, while further elucidating tau’s characteristics under
physiological and pathological conditions.?2 In one series of exper-
iments, the team aimed to determine whether tau localized to the
nucleolus in terminally differentiated cells such as human neurons. 2827
Using transmission electron microscopy (TEM), immunogold labeling,
and undifferentiated neuroblastoma cells (SH-SY5Y cells, a human cell
line), the team was able to confirm that tau localized to the nucleo-
lus in both undifferentiated and differentiated SH-SY5Y cells, where it
associates with TIP5, a protein necessary for heterochromatin stability
that also plays a role in the repression of ribosomal DNA (rDNA) tran-
scription. The presence of tau in the nucleolus of differentiated cells - a
new finding - disproved earlier assumptions that tau likely did not have
a role in the nucleolus after differentiation.?! In their ongoing work,
the team also confirmed the presence of tau in the nucleus and nucle-
olus in iPSC-derived cortical neurons and in human brain samples,??
and with immunogold labeling they were able to confirm that tau also
co-localized with TIP5 in the nucleolus in human brain samples.2?

In an effort to characterize tau’s role in the nucleolus, Maina and col-
leagues explored the consequences of tau depletion in SH-SY5Y cells.
The knockdown of tau resulted in an increase in rDNA transcription
and an associated decrease in heterochromatin and DNA methyla-
tion, which suggested that under normal physiological conditions tau
is involved in silencing of rDNA.2? Subsequently the team sought to
discover whether tau might behave in a manner similar to other nucle-
olar proteins in response to stress. Using glutamate to induce cellular
stress, the team discovered that nucleolar stress did indeed result in
the redistribution of nucleolar non-phosphorylated tau, in a manner
similar to the nucleolar protein fibrillarin.2? This finding, together with
the non-phosphorylated state of tau, further supports a physiological
role for tau in the nucleolus and suggested to the researchers that tau
ought to be considered a canonical nucleolar protein.

In a separate study, Maina and colleagues examined phosphory-
lation as a stress response after exposure to beta amyloid peptide
(AB).28 The incubation of differentiated human neuroblastoma (SH-
SY5Y) cells with AB42 oligomers resulted in subtle oxidative stress
and nucleolar stress, initially without causing DNA damage or cell

death. The presence of exogenous AS oligomers resulted in altered
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nuclear tau levels, as well as phosphorylation, and an altered distri-
bution of nucleolar tau. The team observed that these markers of
cellular dysfunction tend to worsen over time and cause a reduction
in ribosomal RNA synthesis and processing, a reduced global level of
newly synthesized RNA, and reduced protein synthesis. These findings
provide evidence for the involvement of A342 in alterations in nucleo-
lar tau in cultured cells and in a corresponding dysfunction of protein
synthesis machinery, which has been associated with mild cognitive
impairment (MCI) and early stages of AD. In ongoing research, Maina
and colleagues are aiming to obtain further details regarding subtle
relationships that exist among cellular stress, the phosphorylation of
tau, and tau’s role in nucleolar functions in the human brain.

Accumulating evidence suggests that pathogenic forms of tau in
the cytoplasm can also negatively affect nuclear architecture via their
effects on the actin cytoskeleton®° and microtubules.3!

Human brain tissue from patients with AD%43932 and frontotem-
poral dementia (FTD) due to the MAPT IV510+16 mutation®! features
invaginations of the nuclear envelope that harbor disease-associated
phosphotau, in line with electron microscopy-based analyses in 2006
that reported “nuclear contour irregularity” in AD.33 Filamentous actin
was found to be enriched in nuclear envelope invaginations in human
AD brain tissue, and studies in tau transgenic Drosophila indicated that
tau-induced overstabilization of the actin cytoskeleton is a mechanistic
driver of nuclear envelope invagination.3° Studies in iPSC-derived neu-
rons from patients with FTD carrying various MAPT mutations indicate
that tau-induced microtubule dysregulation also contributes to nuclear

pleomorphism.3!

1.4 | Tau and mitochondrial function in
amyotrophic lateral sclerosis

Recent studies have begun to establish links between tau pathology
and amyotrophic lateral sclerosis (ALS) pathogenesis in both sporadic
and familial cases of ALS, a fatal neurodegenerative disease that affects
both cortical and spinal motor neurons.? Although several genes have
been implicated in the pathogenesis of ALS, including SOD1, TDP43,
C9ORF72, and FUS,'? mutations in these genes account for a small per-
centage of all cases. ALS has been associated with a significant increase
in total tau as well as cytoplasmic inclusions of hyperphosphorylated
tau (T175,T217,5208/210, 5212, 5396, and S404) in the post mortem
motor cortex and spinal cord of ALS patients.3* Alterations in tau and
the ratio of p-tau to tau also have been reported in the cerebrospinal
fluid (CSF) of individuals with ALS.3> A number of studies have shown
tau-induced alterations in cellular processes in ALS such as excitotox-
icity, mitochondrial dysfunction, synapse loss, and nucleocytoplasmic

transport,3®

which suggests that alterations in tau might be responsi-
ble for these molecular events in ALS. In mice, the overexpression of 3R
tau specifically in hilar astrocytes of the dentate gyrus has been shown
to alter mitochondrial dynamics and function.”

With the aim of further exploring tau’s role in ALS, Petrozziello and
colleagues recently designed a study to investigate the potential role
of tau in mitochondrial dysfunction.®® Previous studies had suggested
that mitochondrial dysfunction was a key pathogenic event in the dis-

ease, and studies of AD post mortem brain and animal models have
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suggested a link between alterations in mitochondrial function and
interactions between hyperphosphorylated tau and dynamin-related
protein 1 (DRP1) - the GTPase involved in mitochondrial fission.
Tau is required for the trafficking of mitochondria across axons to
synapses,3? which sustains the high energy needs of neuronal cells.
Hyperphosphorylation of epitopes on tau impairs this process, disrupts
mitochondrial localization, and contributes to axonal dysfunction and
synapse loss in AD.3? Petrozziello and colleagues sought to determine
whether hyperphosphorylated tau may lead to mitochondrial fragmen-
tation and dysfunction in ALS and whether reducing tau may provide a
novel approach to treatment.

The team investigated post mortem motor cortex samples from 47
people with ALS and 25 controls (including five with a C?ORF72 expan-
sion and one with an SOD1 mutation) and were able to report for the
first time that pTau-S396 is mislocalized to synapses in post mortem
motor cortex across ALS subtypes. The researchers also added synap-
toneurosomes that were isolated from ALS brain samples to SH-SY5Y
cells and discovered that treatment with ALS synaptoneurosomes
(SNs), enriched in pTau-S396, increased oxidative stress, induced mito-
chondrial fragmentation, and altered mitochondrial connectivity in
vitro. Because pTau-S396 had previously been shown to interact with
GTPase DRP1%° and ALS SNs were shown to induce mitochondrial
fragmentation in vitro, the team hypothesized that increases in pTau-
S396 might trigger pathological mitochondrial fission in ALS by binding
DRP1.They were able to demonstrate that pTau-S396 did indeed inter-
act withDRP1 and that DRP1 accumulated in SNs across ALS subtypes,
leading to increases in mitochondrial fragmentation in ALS. The team
concluded their study by using QC-01-175, a selective tau degrader
to reduce tau levels, and found that this treatment prevented ALS
SN-induced mitochondrial fragmentation and oxidative stress in vitro.

This study of a large cohort of human post mortem mCTX suggests
that hyperphosphorylated tau at S396 may indeed underlie mitochon-
drial fragmentation in ALS by interacting with the pro-fission GTPase
DRP1. The data from the study represent sufficient groundwork
for assessing QC-01-175 as a novel potential therapeutic strategy
for improving mitochondrial morphology and function and, in turn,

possible motor neuron survival in ALS.

1.5 | Genetics

Among the highlights of Tau 2020 were presentations of research that
aimed at identifying new gene variants that may play a role in the
progression of various tauopathies, as well as potentially protective
variants.! Several presentations at Tau 2022 revealed recent advances
in the examination of the complexity of human MAPT mutations with
the goal of refining disease modeling and ultimately enhancing efforts

to develop novel tau-targeting therapeutics.

1.6 | Functional effects of MAPT splicing and
MAPT haplotypes

A detailed understanding of MAPT splicing and how it is regulated
will likely be a prerequisite for accurately determining the etiology
of neurodegenerative diseases in which disease-specific tau isoforms
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accumulate in characteristic pathologic inclusions. It is well established
that MAPT is a neuronally expressed gene comprising 16 exons and
that the alternative splicing of MAPT exons 2, 3, and 10 results in the
expression of six different isoforms in the human brain.! Tauopathies
often are categorized by the presence of tau aggregates containing
either 3R or 4R microtubule-binding domain repeats (determined by
the inclusion/exclusion of exon 10). More than a decade ago, stud-
ies indicated that in several primary tauopathies the regulation of
MAPT splicing is altered and that misspliced isoforms are differen-
tially incorporated into neurofibrillary tangles (NFTs) and pathogenic
inclusions.*142 Although the alternative splicing of MAPT exon 10 in
healthy and diseased brains has been well characterized, until recently
no studies had examined the regulation of exons 2 and 3, and thus the
contribution of N-terminal tau isoforms to primary tauopathies was
unexplored.

Recently, Bowles and colleagues observed the coordinated splicing
of MAPT exons 2 and 10 using a correlational screen for candidate
splicing factors and RNA binding proteins in human brain tissue.*?
The team found that the expression of exon 2 splicing regulators
involved in exon 2 inclusion are differentially disrupted in PSP and
AD brains, resulting in the accumulation of 1N4R isoforms in PSP
and ON isoforms in AD (temporal cortex). They also identified the
presence of different N-terminal isoforms of tau in NFTs, dystrophic
neurites, and tufted astrocytes, which suggests that differential N-
terminal splicing plays a role in the development of disparate tau
neuropathologies. The researchers concluded that N-terminal splic-
ing and combinatorial regulation with exon 10 inclusion/exclusion is
likely to be fundamental to the understanding of tauopathies. They
proposed that differences in splicing of the MAPT N-terminus that
exist between AD and PSP result in the expression of isoforms with
different aggregation properties and subcellular localizations, which
in turn help to explain the distinct neuropathological phenotypes of
each disease. They suggested that investigation of the role of N-
terminal splicing in other primary tauopathies associated with differ-
ent pathologies - such as Pick’s disease, primary age-related tauopathy
(PART), and chronic traumatic encephalopathy (CTE) - would help
determine whether such diverse disorders also exhibit loss of MAPT
exon 2 and 10 splicing coordination. The authors further concluded
that it is unlikely that exon 10 splicing alone underlies and regu-
lates disease pathogenesis and tau neuropathology in either AD or
PSP; instead, it is likely that the combined expression of specific N-
and C-terminal MAPT isoforms plays a role in the development of
each tauopathy.

At Tau 2022, Bowles also outlined early efforts to determine the
functional effects of the two MAPT haplotypes, H1 and H2. These
collaborative efforts, in association with the Center Without Walls
program for research on tau funded by the National Institute of Neuro-
logical Disorders and Stroke (NINDS), aim in part to ascertain exactly
how and why the H1 haplotype is associated with numerous different
neurodegenerative diseases with unique clinical phenotypes. Bowles
and other researchers have begun to conduct various omics analyses
to determine the functional effects of both haplotypes - in individu-

als with European ancestry and African ancestry - to determine how

differences between H1 and H2 are moderated and exactly which cell
types are affected.

1.7 | Tauopathy-specific neuroimmune responses

A growing focus on the role of microglia and neuroimmune responses
in AD and other tauopathies has pointed to a need for biological models
that can help to elucidate the complex microglial responses to diseases
of the human brain and how they may vary in different clinical demen-
tia syndromes and during various stages of disease. Microglia play a
critical role in coordinating the neural-immune response resulting from
injury and are known to contribute to neuronal dysfunction in multiple
ways.*4~4¢ However, recent studies suggest that microglial responses
in neurodegeneration are more varied than previously suspected -
for example, single-cell genomic studies have begun to reveal substan-
tial heterogeneity among disease-associated microglial states and their
trajectories.*’=4? A detailed understanding of the genetic and regu-
latory drivers of neuroimmune processes and how these contribute
to neurodegeneration would be of great value, in part because such
information would likely eventually enable disease-specific selection of
immunotherapeutic options.

To understand how neural-immune-associated genes and pathways
contribute to neurodegenerative disease pathophysiology, Rexach
and colleagues conducted systematic functional genomic analyses of
microglia and bulk tissue from mouse and human models of AD,
FTD, and PSP>° An earlier bulk tissue RNA sequencing (RNAseq)
study by the same team revealed that downregulated microglial gene
expression trajectories were likely obscured by a general disease-
related upregulation of microglia.”1>2 Accordingly, the team designed
a study that would reveal both upregulated and downregulated signal-
ing pathways within microglia, to enable more precise identification of
stage- and pathology-associated microglial states. To achieve this, the
researchers integrated cell-type-specific, microglial gene expression
data from different stages of disease with bulk tissue transcriptomes
to enable the identification of disease-relevant, cell-specific signaling
networks.

This study by Rexach and colleagues involved a systematic, inte-
grative analysis of microglial transcriptomic changes that were linked
with neurodegeneration-associated pathways at the tissue level. They
were able to assign disease genes to distinct microglial co-expression
modules that are related to progressive stages of neurodegenerationin
genetically diverse mouse models and in the human brain. They found
that the common genetic risk factors that contribute to AD, Pick’s
disease, and PSP involve temporally and biologically distinct microglia-
associated neuroimmune modules that converge on viral responses as
a common causal factor. Using multiple data types, integrated across
species and human diseases, including chemical genomics experiments,
the team demonstrated that early microglia disease response involves
a“tension” between immune suppressors and immune activators. Their
data and analyses support a model in which neuroimmune signaling in
tauopathies is dominated by viral response pathways. The pathways

initially involve microglial neuroimmune suppression, driven by type |
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interferon (IFN) and double-stranded RNA (dsRNA), followed by the
activation of type Il IFN during the phase of disease characterized by
frank neurodegeneration.

The team discovered complex, disease-specific microglial trajecto-
ries comprising distinct signaling and neuroimmune states in each of
the three tauopathies and accordingly determined that tau-associated
dementia syndromes do differ with regard to neuroimmune mecha-
nisms. Among the disorder-distinct neuroimmune responses that they
identified were a glial-immune gene co-expression module suppressed
specifically in PSP (in regions of PSP brain, genes that protect against
NK cells were suppressed), distinct lymphocyte profiles in the brain,
and tauopathy-specific regulation of master immune genes (within the
HLA locus).

The data obtained by this team were in line with recent findings
that IFN-driven microglial immunosuppression in aging may also con-
tribute to age-related susceptibility to neurodegeneration.”® More-
over, their observation that AD, FTD, and PSP susceptibility genes
converge on viral response pathways is consistent with the proposal
that the microglial type | IFN response may influence early disease
progression, including the propagation of tau pathology.’*>> The anal-
yses suggest that a combination of early immune suppression and
delayed viral response, rather than immune activation alone, may con-
tribute to disease progression and promote chronic inflammation as
tauopathies progress into the clinical phase. The authors concluded
that future functional and mechanistic studies will be needed to test
and extend their model, which should have significant implications for
the development and timing of therapeutic interventions targeting the
neuroimmune response.

1.8 | JADE 1 in tauopathy

In 2014, a new tauopathy, PART, was recognized and subsequently
used to describe a pathology that had been commonly observed in the
brains of elderly individuals.”® A neurodegenerative pathology, PART
was determined to have features that were distinct from but also over-
lapped with AD. While brains with PART are characterized by NFTs
that are identical to those that characterize AD, they are distinguished
by an absence of amyloid beta (AB) plaques. In individuals with PART,
symptoms typically range from normal to amnestic cognitive changes
but typically do not include profound cognitive impairment.”® The
need for new terminology became apparent after researchers agreed
that clinical/pathologic descriptions such as “tangle-only dementia”
and “tangle-predominant senile dementia” were imprecise for this age-
related tauopathy, which was almost universally detectable at autopsy
among elderly individuals but difficult or impossible to identify in living
individuals. Although the new nomenclature helped to raise awareness
of this extremely common pathologic entity, PART has continued to be
a subject of debate and the focus of questions regarding its ambiguous
clinical identity.

Recently, Farrell and colleagues designed a study to find genetic
evidence that might be used to clarify the controversial relationship
between the neuropathologically similar PART and AD.>” Although

the pathogenesis of PART was not known, evidence to date sug-
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gested an association with genes that promote tau pathology and/or
protect from AS toxicity. The research team performed an autopsy-
based, neuropathology-based, genome-wide association study (GWAS)
using the largest cohort (n = 647) of post mortem brain tissues from
aged individuals that lacked AB neuritic plaque pathology and met all
other criteria for PART.>” A primary goal was to identify factors that
were independently associated with PART. Using Braak NFT stage as
a quantitative trait, the team observed significant associations with
candidate loci associated with AD (SLC24A4, MS4A6A, HS3ST1) and
PSP (MAPT and EIF2AK3). Further analysis revealed a novel significant
association with a single nucleotide polymorphism on chromosome 4
(rs56405341) in alocus containing three genes, including JADE 1, which
was significantly upregulated in tangle-bearing neurons. Immunohisto-
chemical studies using antisera that targeted JADE1 protein revealed
its localization in tau aggregates in brains with four microtubule-
binding domain repeat (4R) isoforms and mixed 3R/4R, but not with 3R
exclusively. Co-immunoprecipitation in post mortem human PART brain
tissue revealed a specific binding of JADE1 protein to 4R tau lacking
N-terminal inserts (ON4R).

Farrell and colleagues confirmed that while the genetics of PART
overlap to some degree with sporadic late-onset AD, individuals with
PART have a higher APOE £2 allele frequency, which distinguishes PART
from AD both neuropathologically and genetically, and a lower fre-
quency of the APOE ¢4 allele, as demonstrated in previous studies
in independent cohorts. Their findings reinforced prior evidence that
PART occurs independently of APOE ¢4. The team’s immunohistochem-
ical studies indicated that JADE1 may be involved in 4R and mixed
3R/4R tauopathies; they observed immunopositivity not only in PART
tangles, but also in tangles of tauopathies with aggregates that con-
tained 4R tau and in mixed tauopathies with aggregates that contained
both 3R and 4R tau. However, the team was surprised to discover an
absence of staining in Pick’s disease.

The findings from this study indicate that PART has a genetic archi-
tecture that partly overlaps with AD and other tauopathies and suggest
a novel role for JADE1 (which interacts with ON4R tau and is protec-
tive in vivo) as a modifier of neurofibrillary degeneration. The authors
note that additional studies in experimental models will be necessary
to validate their findings and improve our understanding of the genet-
ics of PART, which in turn could lead to new opportunities for rationally
designed tau therapeutics.

1.9 | Phenotypes

Numerous current tau research studies are aiming to develop an inte-
grative view of the intricate links between genotypes and phenotypes
with the aim of using this information to construct in detail and define
the clinical evolution and diversity of the tauopathies.

1.10 | Phenotypes in a Colombian cohort

At Tau 2022, Diana Matallana presented intriguing data obtained
from inhabitants of Aranzazu, a small town in Colombia, that demon-

strated some of the challenges of studying and gathering information
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from an admixed population. Aranzazu is one of many regional
areas in Colombia whose population originated from a historical tri-
continental admixture of diverse indigenous peoples, Spanish invaders,
and enslaved Africans, who have been geographically separated for
tens of thousands of years.”® After these populations experienced
significant mortality from a number of deadly infectious diseases
- including smallpox, influenza, encephalitis, tuberculosis, cholera,
typhus, and meningitis - a “bottleneck” resulted in survivors who were
geographically dispersed into relatively isolated small admixed popula-
tions. A proportionally higher frequency of rare variants derived from
the ancestral populations has been reported in a study of the genomes
from 900 Colombian individuals with AD, frontotemporal lobar degen-
eration (FTLD)-motor neuron disease, early-onset dementia not other-
wise specified, and healthy participants, with 21 pathogenic variants in
AD-FTLD-related genes and PSEN1 representing the majority.® These
populations currently are a focus of genomic studies that aim to under-
stand the disease burden of underrepresented populations, ascertain
and/or assess the transferability of risk scores from European cohorts,
and characterize the unique genotype-phenotype relationships that
exist in these cohorts.

Just as rare variants in genes from these populations provide novel
perspectives on the range of associated clinical phenotypes and point
to potential underlying molecular pathways for various tauopathies,
the observation of unique clinical phenotypes and their familial aggre-
gation suggest the likely presence of rare genetic variants that have yet
to be detected.

1.11 | The presymptomatic stages in FTD/MAPT
mutation carriers

Approximately one third of cases of FTD, a heterogenous neurodegen-
erative disorder, are caused by genetic variants, among which variants
in GRN, MAPT, and C%orf72 are the most common. Although much is
known about the clinical features of these genetic forms of FTD, few
studies conducted before 2020 provided very large sample sizes from
which to draw information about age at symptom onset and disease
duration. In a large international retrospective cohort study, Moore,
Rohrer, and colleagues analyzed ages at symptom onset and death and
disease duration, examining both the effect of mutation type and fam-
ily membership.>? Their study showed that both age at symptom onset
and at death among people with genetic FTD was directly influenced
by genetic grouping. Among individuals with MAPT mutations, these
characteristics were directly affected by both the specific mutation
carried by an individual and by family membership. The authors con-
cluded that estimation of age at onset would be an important factor in
future presymptomatic therapeutic trials for all three genetic groups,
while data from other family members likely would be of value only for
individuals with MAPT mutations.

Subsequently, members of the FTD Prevention Initiative (FPI), led
by Jonathan Rohrer at University College London in the United King-
dom and Adam Boxer at University of California San Francisco (UCSF)

in the USA, brought together genetic FTD cohorts from across Europe,

North America, South America, Australasia, and Asia to further inves-
tigate phenotypic differences among individuals with FTD. A primary
goal has been to gain greater insight into the presymptomatic stages of
genetic FTD - the accumulation of progressive molecular and cellular
changes in the nervous system that occur before the onset of dementia
- which might offer opportunities to delay or even prevent neurode-
generation by means of early therapeutic intervention with targeted
molecular therapies.

Wilke and colleagues designed a study of a large multicenter cohort
of genetic FTD mutation carriers (the Genetic FTD Initiative, or GENFI
cohort, n = 444), with the goal of providing a biomarker-based strat-
ification of participants, as well as documentation of the biomarker
cascade during the presymptomatic phase of FTD.?© The research
group obtained longitudinal assessments of serum levels of neuro-
filament light (NfL) and phosphorylated neurofilament heavy (pNfH).
Participants in the study comprised 91 symptomatic and 179 presymp-
tomatic subjects with variants in the FTD genes C%orf72, GRN, or
MAPT, as well as 174 mutation-negative within-family controls. The
researchers detected a biomarker cascade, such that increase in NfL
preceded hypothetical clinical onset by 15 years and concurred with
brain atrophy onset, while increases in pNfH began to occur closer to
clinical onset. The conversion stage was marked by increased NfL but
normal pNfH levels, while both biomarkers were elevated at the symp-
tomatic stage. The finding that intra-individual rates of change were
increased for NfL at the conversion stage and for pNfH at the symp-
tomatic stage pointed to their respective potential as stage-dependent
dynamic biomarkers within the biomarker cascade. Increased NfL
levels and NfL rates of change enabled the identification of presymp-
tomatic individuals who were converting to symptomatic disease and
also permitted estimations of proximity to onset. Finally, exploratory
analysis of the three genetic subgroups of mutation carriers sug-
gested a NfL increase at the presymptomatic stage, followed by a
pNfH increase with the onset of symptoms for C9orf72 and GRN, but
a slower NfL increase and apparent absence of pNfH increase for
MAPT.

Wilke and colleagues demonstrated that blood NfL and pNfH
values could permit dynamic stage-dependent stratification of indi-
viduals with FTD and might serve as treatment-response biomark-
ers in presymptomatic FTD that help to demarcate the conversion
stage. The team’s proposed biomarker cascade is expected to help
facilitate a biomarker-based precision-medicine approach to genetic
FTD.

1.12 | Mapping disease in presymptomatic MAPT
mutation carriers

Neuroimaging studies of MAPT mutation carriers have pointed to
a number of well-established patterns of disease in the brain. For
example, behavioral variant FTD (bvFTD) due to MAPT mutations
is, like sporadic bvFTD, characterized by degeneration in the ante-
rior cingulate cortex, insula, striatum, and the amygdala; in addition,

bvFTD-MAPT also is known to more prominently target the mesial
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temporal lobe (in particular, the hippocampus) - a region that is less
likely to exhibit atrophy in sporadic bvFTD.6%62 However, reliable
information about the timing of changes in brain volume among MAPT
mutation carriers - particularly during the presymptomatic phases of
disease - has been difficult to obtain. Many studies have provided
conflicting or unclear information regarding gray and white matter vol-
ume trajectories in presymptomatic individuals, and most studies have
failed to account for individual anatomic variation.

To gather information about gray and white matter differences in
individuals with these mutations, Chu, Lee, and colleagues studied a
multisite cohort of 65 MAPT mutation carriers (22 symptomatic and
43 presymptomatic) from whom they obtained structural magnetic
resonance imaging (MRI) scans with a voxel-wise method that enabled
detection of gray and white matter differences in individual carriers.®3
They hypothesized that regions of low gray or white matter volume
in presymptomatic MAPT mutation carriers would resemble atrophy
patterns seen in symptomatic carriers, and they also anticipated that
a subset of presymptomatic carriers - individuals likely closer to
symptom onset - would have gray and white matter volumes lower
than expected for their age. A primary goal was to determine whether
different MAPT mutation subtypes affected distinct neuroanatomical
regions.

Clinical syndromes varied among the symptomatic participants in
the study, such that 18 had bvFTD, two had an amnestic demen-
tia syndrome, one had Parkinson’s disease, and one had MCI. The
investigators performed voxel-based morphometry on T1 images
and assessed brain volumetrics by clinical subgroup, age, and muta-
tion subtype. These assessments revealed that symptomatic carriers
exhibited gray matter atrophy in regions that included the bilat-
eral frontotemporal cortex, insula, and striatum and exhibited white
matter atrophy in regions of the bilateral corpus callosum and unci-
nate fasciculus. The study also revealed that approximately 20%
of presymptomatic carriers had low gray matter volumes in vox-
els within the bilateral hippocampus, amygdala, and lateral temporal
cortex, and within these regions, low gray matter volumes emerged
in a subset of presymptomatic carriers as early as their thirties.
Among presymptomatic carriers, low white matter volumes were only
infrequently observed.

The research team found that a subset of presymptomatic carri-
ers in their thirties had low mesial temporal volumes - a finding that
was consistent with an earlier study in which gray matter trajecto-
ries revealed low hippocampal and amygdala volumes arising 15 years
before estimated symptom onset.®* Their data indicated that presymp-
tomatic carriers exhibited low volumes within canonical regions that
are targeted in MAPT mutations. Their findings suggest that a sub-
set of presymptomatic participants in the study may be undergoing
incipient neurodegeneration and that more carriers will likely fol-
low suit as symptom onset approaches. An intriguing finding was
that the frequency of low mesial temporal lobe volumes appeared to
outpace that of other regions, suggesting that the mesial temporal
lobe is targeted early in MAPT mutation carriers and with increas-
ing frequency, both with age and during the symptomatic phase of

disease.
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1.13 | LATE versus FTLD-TDP nomenclature

A presentation by Julie Schneider at Tau 2022 explored recent
efforts to introduce a change in nomenclature to the AD/AD and
related dementias (ADRD) field, with the aim of addressing impor-
tant phenotypic variability among older individuals with a progressive
amnestic syndrome and autopsy evidence of transactive response
DNA binding protein of 43 kD (TDP-43) pathology with or with-
out AD pathology. TDP-43 pathology was first reported in 2006
as a primary component of ubiquitinated inclusions in autopsy-
confirmed cases of FTLD that were negative for tau immunore-
activity but positive for ubiquitin and is now known as FTLD-
TDP.9>%¢ The introduction of the new nomenclature for clinical disease
related to TDP-43 pathology - limbic-predominant age-related TDP-
43 encephalopathy, or LATE,®” and LATE neuropathologic changes,
or LATE-NC - followed more than a decade of published papers
in AD/ADRD research addressing the relationship of TDP-43 with
our without AD pathology and memory loss (without clinical diagno-
sis of FTD) or TDP pathology specifically with AD neuropathologic
changes.t8-71

Schneider and colleagues published a paper in which they defined
LATE-NC as a stereotypical TDP-43 proteinopathy in older adults,
with or without coexisting hippocampal sclerosis pathology.®” The
co-authors presented LATE-NC as a common TDP-43 proteinopathy,
associated with an amnestic dementia syndrome that has mimicked
AD-type dementia (progressive amnestic syndrome) in retrospec-
tive autopsy studies. They noted that LATE is distinguished from
FTLD TDP-43 pathology partly by its epidemiology (LATE primar-
ily affects older individuals) and partly by the relatively restricted
neuroanatomical distribution of the TDP-43 proteinopathy. They
found that among community-based autopsy cohorts, approximately
25% of brains had LATE-NC associated with discernible cogni-
tive impairment and that individuals with LATE-NC typically had
comorbid brain pathologies, which often include AS plaques and
tauopathy.

Because people at the greatest risk for LATE-NC are among the
“oldest-old” - a rapidly growing demographic group in many countries
- the authors noted that LATE has a growing and yet underrecognized
impact on public health. To stimulate research and promote aware-
ness of this particular path to dementia, the co-authors convened
a working group to develop diagnostic criteria for LATE. The group
reported consensus-based recommendations, including guidelines
for the diagnosis and staging of LATE-NC. Recommendations for
routine autopsy workup of LATE-NC included an anatomically based
preliminary staging scheme, involving TDP-43 immunohistochemistry
on tissue from three brain areas (amygdala, hippocampus, and middle
frontal gyrus), to address a hierarchical pattern of brain involvement.
The group noted that although LATE-NC appears to affect the medial
temporal lobe structures preferentially, it also affects other areas of
the brain, and that neuroimaging studies of individuals with LATE-NC
in some cases demonstrated atrophy throughout the temporal lobe,
with lesser but consistent involvement of the frontal cortex, and other
regions of the brain.
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To date, genetic studies have indicated five genes with risk alle-
les for LATE-NC: GRN, TMEM106B, ABCC9, KCNMB2, and APOE. The
working group has noted that, although discovery of these genetic risk
variants indicate that LATE shares pathogenic mechanisms with both
FTLD and AD, disease-specific underlying disease mechanisms also
have been apparent for LATE-NC. While recognizing that significant
gaps remain in our knowledge of LATE, research focused on LATE -
including research involving in vitro and animal models - will be criti-
cal to ensuring appropriate advances in the prevention, diagnosis, and
treatment of the disease. The group has emphasized the urgent need
for diagnostic tools, such as biofluid or neuroimaging biomarkers, for
the ante mortem detection of LATE, not only to strengthen studies that
seek to further define its risk factors, natural history, and clinical fea-
tures, but also to enhance subject recruitment for eventual targeted

therapies in clinical trials.

1.14 | Phenotypic variability of PSP
PSP is a 4R tauopathy that has been classified as belonging to the
broader category of FTLD-tau disorders.”? The presence of NFTs
and threads in subcortical nuclei as well as the presence of tufted
astrocytes are among the primary criteria for the neuropathologi-
cal diagnosis of PSP, and oligodendroglial coiled bodies and diffuse
cytoplasmic immunoreactivity in neurons may also be observed.”3
Although cases of PSP were initially roughly categorized as typical,
atypical, or combined pathologies,”* evidence of biochemical differ-
ences among cases of PSP as well as differences in the amount of
pathology emerged and gradually led to the recognition of differ-
ent PSP phenotypes. By 2017, clinicians and researchers recognized
distinct clinical subtypes that included PSP-Richardson Syndrome
(RS), PSP with corticobasal syndrome (PSP-CBS), with progressive
gait freezing (PSP-PGF), with predominant ocular motor dysfunction
(PSP-OM), with predominant postural instability (PSP-PI), with pre-
dominant frontal presentation (PSP-F), and with predominant speech
and language disorder (PSP-SL).”>

Although sequential tau distribution patterns have been recognized
for tau pathologies such as Pick’s disease, argyrophilic grain disease,
and astrocytic tau pathologies, as well as for other proteinopathies,”®
the development of a scoring or staging system that incorporated
sequential distribution patterns in PSP presented a challenge because
of the range of its tau cytopathologies and clinical phenotypes. To
address the question of whether sequential distribution patterns could
be recognized and incorporated into a classification of subtypes for
PSP pathology, Kovacs and colleagues designed a large international
study of PSP in post mortem brains involving the evaluation of heat
maps and distribution patterns of neuronal, astroglial, and oligoden-
droglial tau pathologies, as well as their combinations in different
clinical subtypes of PSP.””

Using conditional probability and logistic regression to model
the sequential distribution of tau pathologies across different brain
regions, the researchers found that tau pathology uniformly mani-

fested in the neurons of the pallido-nigro-luysian axis in different

clinical subtypes. They were able to distinguish clinical subtypes of
PSP not only according to total tau load but also according to cell-
type (neuronal vs glial) specific patterns of vulnerability across brain
regions, which suggested distinct dynamics or circuit-specific seg-
regation of propagating tau pathologies. For RS they were able to
recognize six sequential steps of involvement in brain regions based
on observed combinations of cellular tau pathologies. The co-authors
noted that these sequential steps implied six stages of practical
neuropathological diagnosis, comprising evaluation of the subthala-
mic nucleus, the globus pallidus, the striatum, the cerebellum with
dentate nucleus, and the frontal and occipital cortices. The authors
recommended further application of this system to other clinical
subtypes, which could be categorized as caudal (cerebellum/dentate
nucleus) or rostral (cortical) predominant or as comprising both
types of pattern.

Efforts to define cell-specific stages of tau pathology are expected
to improve the ability to identify preclinical or early-stage cases of
PSP and will also likely advance our understanding of early pathogenic
events in PSP. Although current clinical diagnostic criteria will continue
to inform clinical subtype-specific dynamics of disease-propagation,
more research will be necessary to improve our ability to predict PSP
pathology, and prospective studies of cohorts with PSP will be neces-

sary for the identification of valuable disease-specific biomarkers.

2 | BIOMARKERS

2.1 | Tau-PET imaging in individuals with cognitive
impairment

Positron emission tomography (PET) radiotracers for visualizing AS
plaques and tau-containing NFTs in vivo enable diagnostic and prog-
nostic evaluation of individuals and facilitate the investigation of
disease mechanisms.”®7? While research has shown that amyloid PET
ismore accurate for diagnosing AD in the earliest stages, recent studies
suggest that tau-PET, a newer technique, may be more advantageous
for determining the disease stage and predicting disease progression.
In one study of patients in early symptomatic stages of AD, La Joie and
colleagues compared AB PET and tau-PET with regard to their ability
to predict brain atrophy during a 15-month period. Using quantita-
tive analysis, the team found that the global intensity of the tau-PET
signal, but not the AB-PET signal, predicted the rate of subsequent
atrophy from baseline, independent of cortical thickness at baseline.®°
Further investigations demonstrated that the specific distribution of
the tau-PET signal was a strong indicator of the topography of future
atrophy (at the single patient level) and that the relationship between
baseline tau-PET and subsequent atrophy tended to be stronger
in younger patients.?? The data gathered by this team supported
current disease models that characterize tau pathology as a major
driver of local neurodegeneration, and their findings underscored the
value of tau-PET as a precision medicine tool that might be used in
the design of future clinical trials to help predict individual patient

progression.
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The development of AD therapeutics requires a better understand-
ing of the fine details of tau pathophysiology. One particular goal is
to better understand individual patterns of tau pathology that do not
fit well into the Braak staging system.2! Although the Braak staging
system,8283 which describes a progression from the transentorhinal
cortex to the medial and basal temporal lobes and subsequently into
neocortical associative regions, before progression into the unimodal
sensory and motor cortex, provides reliable information at the popu-
lation level, it does not explain systematic variability at the individual
level. In a study designed to examine and better characterize indi-
vidual variability, Vogel and colleagues analyzed tau-PET scans from
1612 individuals.8* The research team was able to identify four distinct
spatiotemporal trajectories of tau pathology, which ranged in preva-
lence from 18% to 33% among the patient scans analyzed. The team
discovered posterior and lateral temporal patterns representative of
atypical clinical variants of AD and also replicated previously described
limbic-predominant and medial temporal lobe-sparing patterns. The
“subtypes” identified during the study remained stable during longitu-
dinal follow-up and were replicated in an analysis of a separate sample
in which a different radiotracer was used. The subtypes presented with
distinct demographic and cognitive profiles and characteristic longi-
tudinal outcomes. Based on their findings, the researchers concluded
that variation in tau pathology was common and systematic and may

necessitate a revisiting of the staging of tau pathology.

2.2 | Creating a p-tau217 clock
When selecting participants for AD prevention trials, it is important
to accurately predict a cognitively normal individual’s age of symptom
onset. Indeed, in clinical trials that have tested treatments for autoso-
mal dominant AD, the ability to make such predictions has been shown
to increase the power of a trial while decreasing its costs.®> Because
the results of anti-amyloid trials increasingly suggest that disease-
modifying treatments will likely be most effective during a particular
stage of disease, the accurate prediction of symptom onset would likely
help to accelerate the development of preventive treatments for AD.
A number of studies to date have suggested that the rate of amy-
loid accumulation in the human brain tends to be slow and highly
variable at very low levels of amyloid burden.8¢-88 However, after a
particular threshold of amyloid burden is crossed, the rate of amy-
loid accumulation tends to increase and become relatively consistent
across individuals, allowing reliable estimations of the timing of amy-
loid accumulation with various mathematical methods.8%7¢97 |n one
study, Schindler and colleagues aimed to predict when cognitively nor-
mal individuals with brain amyloidosis would develop symptoms of AD
by means of amyloid PET with Pittsburgh compound B (PiB).?% After
evaluating amyloid accumulation in 236 individuals who underwent
more than one amyloid PET scan, the investigators transformed the
mean cortical standardized uptake value ratio (SUVR) into a timescale
using longitudinal data. They identified a tipping point in amyloid accu-
mulation at a low level of amyloid burden (SUVR 1.2), after which

nearly all individuals accumulated amyloid at a relatively consistent
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rate, eventually reaching a high level of amyloid burden (SUVR 3.0). The
average time between levels of amyloid burden was used to estimate
the age at which an individual reached SUVR 1.2, and longitudinal clin-
ical diagnoses for 180 individuals were aligned by the estimated age at
SUVR 1.2. In the 22 individuals who progressed from cognitively nor-
mal to a typical AD dementia syndrome, the estimated age at which
an individual reached SUVR 1.2 predicted the age at symptom onset.
Schindler and colleagues were therefore able to conclude that the age
at symptom onset in sporadic AD is strongly correlated with the age at
which an individual reaches a tipping point in amyloid accumulation.

More recently, Schindler and colleagues have investigated whether
changes in fluid biomarkers could also be used to identify a tipping
point in amyloid aggregation that could, in turn, be used to align lon-
gitudinal clinical data across individuals and enable prediction of the
onset of AD symptoms in cognitively normal individuals. Schindler’s
team analyzed CSF datafrom 385 participantsin longitudinal studies at
the Knight Alzheimer’s Disease Research Center, generated by Nicolas
Barthélemy and Randall Bateman. They discovered that after reach-
ing a tipping point, concentrations of CSF p-tau217 increased relatively
consistently over a period of approximately 30 years - a length of time
considerably longer than the 18 years captured by the PiB PET amy-
loid clock. The investigators found that an individual’s p-tau217 levels
during this 30-year period could be used to estimate the chronological
age at which the person reached the tipping point in CSF p-tau217 con-
centrations. Further, the age at the tipping point was correlated with
the age at onset of dementia. Overall, this analysis suggests that fluid
biomarkers may be useful in estimating an individual’s age at symptom
onset.

2.3 | Advances in blood-based biomarkers
Well-established pathophysiological hallmarks of AD (amyloid, tau, and
neurodegeneration) currently are detectable in CSF or by imaging, such
as amyloid-PET and tau-PET.?%92 There is an urgent need to develop
cost-effective biomarkers that are less invasive and that can be seri-
ally measured. At Tau 2022, Oskar Hansson and Charlotte Teunissen
presented a number of promising advances in the identification and
validation of blood-based biomarkers that suggested the likelihood of
their successful implementation in clinical trials and in clinical practice
in the near future.

Tau has more than 70 posttranslational modification sites, includ-
ing more than 40 phosphorylation sites and several truncated forms,
and currently a number of different p-tau forms are not only mea-
surable in both CSF and plasma but also quite informative.?® The
concentrations of plasma tau phosphorylated at three particular sites
(pTau181, pTau217, or pTau231) are significantly increased in indi-
viduals with clinically diagnosed AD compared with both cognitively
unimpaired controls and individuals with non-AD dementias.”* Inde-
pendent studies strongly suggest that plasma p-tau181, for example,
reflects AD-specific neuropathology because p-tau181 is elevated in
individuals with AD compared with those who have non-AD dementias,

including other tauopathies.”*~?¢ In a prospective cohort study of both
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cognitively impaired and unimpaired individuals, both baseline and lon-
gitudinal changes in plasma p-tau181 were associated with widespread
tau aggregation 6 years later.”” Moreover, p-tau181 has been used
to differentiate participants with amyloid pathology across different
clinical stages, particularly in areas of the brain affected by AD.?*

Among some of the most promising developments in the arena of
p-tau biomarkers have been those involving the tau variant phosphory-
lated at Thr217 (p-tau217). Plasma levels of p-tau217 have been shown
to have a strong association with tau pathology in the brain, particu-
larly in the presence of Ag plaques in post mortem tissue,”® a finding
that is in line with imaging studies that have demonstrated strong
correlations between plasma p-tau217 and tau-PET scans in individ-
uals with AD but not in those with non-AD tauopathies.?® Research
findings to date suggest that the phosphorylation of tau at Thr217
might represent a subtle and unique aspect of tau pathology that is
different from the other isoforms, although differences could also be
related to assay and reagent specificities. Wennstrom/Hansson and
colleagues recently designed a study to investigate the rise in plasma p-
tau217in AD, with the aim of identifying potential cellular/pathological
mechanisms that contribute to the rise.”” They explored the cellu-
lar localization of p-tau217, compared with that of five other p-tau
variants (p-tau181, 231, 202, 202/205, and 369/404), in the Cornu
Ammonis 1 (CA1) of the hippocampus of AD patients. They also ana-
lyzed the presence of p-tau217 in four different areas of the brain
(CA1, entorhinal cortex [EC], inferior temporal gyrus [ITG], and supe-
rior frontal gyrus [SFG]) of neuropathologically diagnosed individuals.
They subsequently aimed to determine whether the p-tau217 load in
these areas of the brain correlated with p-tau217 concentrations in
ante mortem plasma.

Using immunostaining techniques to assess post mortem AD brain
tissue, the research team showed that p-tau217 was found in NFTs
and neuropil threads that are also positive for p-tau181, 202, 202/205,
231, and 369/404. The p-tau217 variant, but not the other five, was
also prominently observed in vesicles positive for markers of gran-
ulovacuolar degeneration bodies and multivesicular bodies. The team
found significantly higher p-tau217 area fraction in individuals with a
strong likelihood of AD in four different areas of the brain (EC, ITG,
and SFG), compared with individuals who had PART or other non-
AD tauopathies. The p-tau217 area fraction correlated strongly with
total AB and NFT brain load, based on analyses of the entire group,
and the mean p-tau217 area fraction was significantly correlated with
p-tau217 concentrations in ante mortem plasma - specifically in indi-
viduals with amyloid plaques (though not in those without amyloid
plaques). These findings provided new information about the dif-
ferences in cellular localization among different p-tau variants and
suggested that plasma levels of p-tau217 reflect an accumulation of
p-tau217 in the presence of Af plaque load.

As blood-based biomarkers of tau pathology, such as p-tau 217,
approach clinical use, it will be essential to determine factors that
may affect the concentrations of these markers to accurately inter-
pret results.1%0 Such information will be especially important for the
development of reference ranges.” Initial blood biomarker studies

typically are conducted in well-characterized populations, but it will

be necessary to understand the factors that affect values in diverse
population-based and community-based cohorts. Factors such as age,
sex, comorbidities, medication, lifestyle factors, and genetic varia-
tion can affect the clinical interpretation of blood biomarkers. The
examination of blood-based biomarkers in diverse communities will
be important for understanding racial, ethnic, and geographical differ-
ences, which have already been shown to affect AD CSF biomarker and
AR-PET values, 101,102

To address these and other critical issues, Teunissen and colleagues
have recommended an adaptation and graphical representation of
the Geneva roadmap,'% which describes a five-phase framework
for biomarker development. They note that the communication of
biomarker results to potential users, including clinicians and patients,
should be a key aspect of phase 5 of their roadmap implementation, to
facilitate advanced care planning and enable patients to make informed

choices for the future.?*104

3 | THERAPEUTICS AND CLINICAL TRIALS

3.1 | Benefits of tau reduction
Most tau research to date has focused on associations between the
accumulation of intraneuronal tau aggregates and the development of
various neurodegenerative disorders. However, a growing number of
studies are suggesting that tau also may play an indirect or “enabling”
role in some tau-related diseases and disorders. An analogy drawn
from the therapeutic area of infectious disease illustrates this con-
cept: it is well established that HIV-1 uses the C-C chemokine receptor
type 5 (CCR5) to enter T lymphocytes and that the receptor there-
fore plays a key role in the pathogenesis of HIV/AIDS; indeed the
genetic loss of this receptor has been shown to prevent the develop-
ment of HIV disease.®19> Although CCR5 is not an active effector or
mediator of HIV immunopathogenesis, it serves as an enabler of the
infection process. In a similar manner, there is growing evidence that
the physiological presence and/or functions of tau may “enable” neural
dysfunction and behavioral abnormalities caused by other pathogenic
drivers in some disorders, including autism, depression, epilepsy, and
stroke. 3106

The potential enabling role of tau has been suggested in vari-
ous studies in which the reduction of physiological, non-aggregated
wild-type (WT) tau in the brain has prevented or reduced neural net-
work and behavioral dysfunctions in relevant experimental disease
models.3106-108 Ajthough the mechanisms by which such dysfunc-
tions are ameliorated are unknown, tau reduction may alter neurons
in ways that reduce the occurrence of epilepsy-promoting processes
such as excitation/inhibition (E/I) imbalance, hyperexcitability, and
hypersynchronization, which are believed to contribute to cogni-
tive impairments and behavioral alterations in a range of disease
models.108-110

Chang and colleagues recently investigated the effects of tau
ablation on the activity of excitatory neurons by recording sponta-

neous action potential (sAP) firing of pyramidal cells (PCs) in layer
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5 of the somatosensory cortex (L5) in acute cortical slices from
WT and tau-deficient (Mapt—/—) mice. The investigators selected
this brain region as an area of focus because of its involvement
in epilepsy and AD!!! and because the morphological differences
between PCs and interneurons in this region facilitate efforts to
distinguish these entities on recordings. Global genetic ablation of
tau in these mice reduced the action potential (AP) firing and E/I
ratio of pyramidal cells in acute cortical slices without affecting the
excitability of these cells. Chang and colleagues were able to demon-
strate that tau ablation is indeed capable of reducing excitatory inputs
to inhibitory neurons, increasing the excitability of these cells, and
structurally altering their axon initial segments (AIS). They further
showed that in primary neuronal cultures subjected to prolonged over-
stimulation, tau ablation could diminish the homeostatic response
of AIS in inhibitory neurons, promote inhibition, and suppress the
occurrence of hypersynchrony.

The manner in which global tau ablation affects excitatory pyra-
midal cells and inhibitory interneurons and in turn reduces the
E/I ratio of neural networks may represent a cellular/network
mechanism by which therapeutic tau reduction might address dis-
eases with aberrant increases in E/I ratios. To date, tau reduc-
tion has been shown to prevent or reduce epileptiform activity,
behavioral abnormalities, and/or premature death in models of AD,
autism, depression, epilepsy, and stroke.? A tau-targeting antisense

112 s currently

oligonucleotide (ASO) developed for this purpose
undergoing testing in a clinical trial for early AD (ClinicalTrials.gov
identifier NCT03186989). Other ASO approaches are also under

investigation.113

3.2 | Exploring the possibilities of genome surgery
The Clelland laboratory at UCSF has been exploring the potential
development of cures for dementia and other neurodegenerative dis-
eases using CRISPR gene editing to address monogenic causes of these
diseases. The team is currently developing novel CRISPR-based thera-
peutic gene-editing technologies to test whether gene editing could be
used to safely reverse cellular pathology with genetic causes in patient-
derived cells. They have begun by investigating the use of genome
“surgery” for FTD and ALS, which are linked by a shared genetic cause -
aheterozygous hexanucleotide (GGGGCC) repeat expansion in a single
allele of the C%orf72 gene.

Clelland and colleagues recently evaluated three approaches to
editing the mutant C9orf72 gene (excision of the repeat region, exci-
sion of the mutant allele, and excision of regulatory region exon 1A) to
determine the relative viability of each approach in correcting pathol-
ogy in neurons derived from patient iPSCs. These three strategies were
selected for their therapeutic potential because they did not involve
template-based gene correction (which is known to be inefficient in
postmitotic neurons) and because they minimized off-target editing.
Each strategy depended on Cas9’s ability to cut DNA, a technique con-
sidered closest to “clinical prime time.” The researchers found that all

three approaches normalized RNA abnormalities and TDP-43 pathol-
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ogy, but only excision of the repeat region and the mutant allele excision
completely eliminated pathologic dipeptide repeats.

The findings from this initial gene-editing study will allow the team
to advance to further preclinical testing of repeat expansion exci-
sion and allele-specific excision, to determine which of these two
approaches is likely to be more efficient and precise in postmitotic
neurons as well as in vivo models. Their current findings suggest that
excision of the repeat expansion is less efficient in diseased iPSCs.

Their preliminary findings also warrant further investigation across
patient lines with various repeat lengths and, ultimately, in differenti-
ated patient-derived neurons. The team is eager to develop and adopt
delivery technologies for additional preclinical testing with the aim
of advancing their techniques for use in clinical trials. Their robust
editing and outcome measurement tools have begun to lay the ground-
work for investigating gene-editing approaches to monogenic disease
in human iPSCs and in derived cell types and should be applicable to
any monogenic disease - particularly other repeat expansion disor-
ders. Their initial study demonstrated the usefulness and reliability
of single-molecule sequencing to characterize large repeat expan-
sions and verify their excision; accordingly, the team recommends that
this approach become the gold standard for future studies of repeat
expansion diseases.

Reproduction of the team’s findings across other patient lines will be
important - especially in those with different repeat expansion sizes -
and a detailed understanding of the organization of each target gene
locus and expression will be vital to ensure that unexpected potential
side effects are adequately detected/avoided. So far this work sheds
light on the complex regulation of the C%orf72 gene and suggests that
because of sense and antisense transcription, silencing a single reg-
ulatory region may not reverse all pathology. The team’s work has
resulted in a roadmap for evaluating CRISPR gene correction using
patient iPSCs - research that could eventually lead to a single curative

intervention.

3.3 |
trials

Tau as biomarker enrichment tool in clinical

Rapid developments in research focused on tau-PET imaging in recent
years have led to the consideration of tau-PET for the diagnosis of
neurodegenerative diseases.!!* Evidence to date indicates that the
currently available tau tracers consistently bind to the paired heli-
cal filaments of AD-type tau, with less reliable binding in non-AD
tauopathies, such that tau-PET is considered a promising tool for the
differential diagnosis of various tauopathies and the identification of
atypical AD phenotypes that can be difficult to diagnose.''* During
the next few years studies that address the clinical impact of tau imag-
ing - for example, whether it might be capable of resolving diagnostic

ambiguity!1®

and those that compare tau imaging with both estab-

lished and newer plasma biomarkers - will be particularly important.
While the role of tau-PET as a biomarker continues to evolve,

it already has proven useful in the selection of patients for a clini-

cal trial.12¢ In a phase 2 trial of donanemab in patients with early
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symptomatic AD, screening procedures included PET with injection
of 18F-flortaucipir, MRI, and PET with injection of 18F-florbetapir.
Patients were required to have flortaucipir PET scans that showed
evidence of pathologic tau deposition but with quantitative tau levels
below a specific upper threshold to address the concern that anti-
amyloid treatments likely have limited efficacy in advanced disease
(characterized by the presence of extensive tau pathology). Flortau-
cipir PET scans in this trial were quantitatively evaluated to estimate
tau SUVRs according to published methods and were visually evalu-
ated to ensure detection of a tau deposition pattern consistent with
AD. Patients with a SUVR of more than 1.46 and patients with a SUVR
of less than 1.10, as well as those with a deposition pattern not con-
sistent with AD, were excluded from the trial (except for patients with
a SUVR of less than 1.10 who did have a topographic deposition pat-
tern consistent with advanced AD, who were included). The protocol
was such that patients were required to meet all eligibility criteria at
the first visit (except for undergoing MRI) before undergoing screen-
ing with florbetapir PET. The sequence of screening procedures and the
flortaucipir PET criteria ensured that only a small percentage (0.9%)
of patients assessed for eligibility who met the flortaucipir PET crite-
ria did not meet the florbetapir PET criterion (amyloid SUVR >1.17,
equivalent to 37 centiloids). In addition to excluding patients with the
highest tau levels, who are hypothesized to have disease more resistant
to anti-amyloid treatments, the flortaucipir PET screening criteria also
may have narrowed the range of underlying pathologic features and in
turn decreased variation in clinical decline.

As tau-PET is costly and involves the injection of a radioactive tracer,
the field has welcomed the recent arrival of blood-based biomarkers. In
a number of recent studies, these blood assays have been used along-
side tau-PET imaging to evaluate their diagnostic performance versus
imaging. An analysis of donanemab phase 2 trial data, for example,
investigated the value of plasma p-tau217 (tau phosphorylated at thre-
onine 217) for determining response to treatment.!l” The analyses
showed that treatment with donanemab resulted in an early reduc-
tion of p-tau217 values, and a significant reduction (p < 0.01) was
observed at the 3-month timepoint compared to placebo. Investiga-
tors found that a decrease in p-tau217 values correlated significantly
with amyloid change at all time points, at 24 weeks, and at 76 weeks.
Investigators concluded that these data supported the amyloid cas-
cade hypothesis and suggested that amyloid-related tauopathy can be
altered along with donanemab’s impact on plaque clearance. They fur-
ther concluded that the p-tau 217 data suggested early and profound
amyloid clearance could translate into clinical benefit for patients.

Encouraging findings regarding the value of p-tau217 led to an adap-
tation of the phase 3 trial named TRAILBLAZER-ALZ2 that likewise
incorporated the use of a plasma biomarker. For this phase 3 trial
of people with early AD, scientists incorporated a plasma p-tau181
assay as a prescreening tool for enrollment. Plasma p-taul81 was
measured for a subset of 752 potential enrollees before they under-
went amyloid- and tau-PET scans, and 3619 other potential enrollees
underwent PET scans without p-tau 181 prescreening. Among the 752,
p-taul81 predicted the presence of both amyloid and tau pathology.

Sixty-three percent of individuals with elevated blood p-tau181 subse-

quently were found to have both plaques and tangles on PET; among
those who underwent tau-PET scan without p-taul81 prescreening,
only 37% were found to have both types of pathology. These find-
ings suggested that in future trials, plasma p-tau prescreening might
help reduce costs by eliminating PET imaging and making trials more
accessible to individuals without access to PET centers.

3.4 | Opportunities for early intervention

Although abnormal levels of AS are now typically among inclusion
criteria for AD clinical trials,2*811? and results from anti-amyloid trials
have suggested that it will be important to recruit individuals at earlier
stages of A accumulation, less attention has been given to levels of tau
accumulation in clinical trial recruitment. A greater understanding of
the prognostic value and anatomical distribution of tau accumulation
in cognitively unimpaired individuals can play arole in informing future
trial design.

In a recently published study, Strikwerda-Brown and colleagues
aimed to determine the clinical value of NIA-AA research criteria in
the assessment of older individuals without cognitive impairment who
are at near-term risk of developing symptomatic AD.12° The study
involved assessments of 128 individuals from the Pre-symptomatic
Evaluation of Experimental or Novel Treatments for Alzheimer Dis-
ease (PREVENT-AD) cohort, 153 from the Harvard Aging Brain Study
(HABS), 48 from the Australian Imaging, Biomarker & Lifestyle (AIBL)
study, and 251 from the Knight Alzheimer Disease Research Center
(ADRC). All participants underwent at least 1 A3 and tau-PET scan,
were cognitively unimpaired at the time of PET scanning, and under-
went at least 12 months of clinical follow-up. Across cohorts, 33% to
83% of amyloid and tau-positive (A+T+) participants progressed to
MCI during follow-up, compared with less than 20% of participants
in other biomarker groups. Progression further increased to 43% to
100% among A+T+(N+) individuals. Many A+T+ participants who
did not progress to MCI nevertheless exhibited longitudinal cognitive
decline, though cognitive trajectories in groups with less tau remained
stable. The investigators were able to confirm the clinical prognostic
value of NIA-AA research criteria in all four independent cohorts and
demonstrated that most A+T+(N+) older individuals without cognitive
impairment developed AD symptoms within 2 to 3 years.

In another recent study, Insel and colleagues examined regional
rates and spatial patterns of tau accumulation in cognitively unim-
paired older adults across multiple cohorts of cognitively unimpaired
individuals to determine how these patterns related to amyloid burden,
with the goal of designing optimal tau endpoints for clinical trials.'2%
Using three large cohorts of cognitively unimpaired older adults, from
the Anti-Amyloid Treatment in Asymptomatic Alzheimer’s (A4) and its
companion study, Longitudinal Evaluation of Amyloid Risk and Neu-
rodegeneration, the Alzheimer’s Disease Neuroimaging Initiative, and
the Harvard Aging Brain Study, the investigators identified regions of
the brain with high rates of tau accumulation and attempted to esti-
mate how these rates might evolve over a continuous spectrum of

amyloid deposition, beginning at baseline. The inferior temporal cortex,
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fusiform gyrus, and middle temporal cortex were the most noteworthy
regions of accumulation, with the largest effect sizes in both longitudi-
nal cohorts, when considered individually. Insel and colleagues found
that in both longitudinal studies the inferior temporal cortex, almost
exclusively, was the optimal region of interest for participants with
mildly elevated Ag levels. For participants with highly elevated base-
line Ag levels, a combination of regions provided optimal information,
with composite weights of 53% for the inferior temporal cortex, 31%
for the amygdala, and 16% for the fusiform region. The investigators
noted that, although previous findings indicated that the EC was the
first site to show abnormal levels of tau with age, these abnormal levels
are unlikely to be the result of a high rate of short-term accumula-
tion. They concluded that while the EC plays a central role in the early
appearance of tau, it may be that the inferior temporal cortex is the crit-
ical region for rapid tau accumulation in preclinical AD, a finding that
may play a significant role in improving the selection of participants for

preventive trials.

4 | RECOGNITION

The Rainwater Prize for Outstanding Innovation in Neurodegenerative
Disease Research recognizes an investigator whose work is considered
a significant contribution to our understanding of tau-related diseases.
Researchers from all countries and research institutional affiliations
may be nominated, and awardees are chosen by a committee of inter-
national scientific leaders from a wide range of fields and backgrounds.
At Tau 2022, the 2022 Rainwater Prize for Outstanding Innovation
in Neurodegenerative Disease Research was awarded to Dr. Alison
Goate, the Jean C. and James W. Crystal Professor and Chair of Genet-
ics at Icahn School of Medicine at Mount Sinai, who has been a leader
in the genetics of tauopathies for more than 30 years. Her early work
focused on Mendelian forms of dementia and led to the identification
of mutations in APP, PSEN1, and MAPT as causes of AD and FTD. Her
groundbreaking discoveries paved the way for mechanistic studies and
therapeutic development. More recently, Dr. Goate has been a leader
in the use of 2D- and 3D-organoid cultures to better understand how
variants influence dementia risk and has provided valuable insight into
the molecular changes produced by these genetic risk factors.

The Rainwater Prize for Innovative Early Career Investigator is
intended to reward the outstanding achievements of a scientist who
is either first author or senior author on published neurodegenera-
tive disease research findings. The prize aims to support exceptionally
productive scientists who are in the early formative stages of their aca-
demic career (within 10 years of primary investigator appointment)
and who plan to make a long-term career commitment to research
aligned with the mission areas of the Rainwater Charitable Founda-
tion. At Tau 2022, Martin Kampmann, PhD, Associate Professor for
Neurodegenerative Diseases at the UCSF, was awarded the 2022 Rain-
water Prize for Innovative Early Career Investigator. Dr. Kampmann
and his lab conducted the first genome-wide CRISPR screens in human
neurons to systematically identify genes that control neuronal sur-
vival. Kampmann also played a key role in providing the first molecular
description of neurons that are particularly vulnerable in AD. Dr. Kamp-
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mann’s work was recognized for using cutting-edge technology to
discover novel biological insights.

5 | SUMMARY

As tau researchers continue to apply more precise tools and innova-
tive experimental approaches to the goal of refining our knowledge
of tau functions, the development and spread of tau pathology, and
the states of disease progression that are characteristic of each of
the tauopathies, unanticipated findings are regularly calling into ques-
tion earlier, fundamental assumptions about tau. Indeed, a number of
experts at Tau 2022 presented novel findings that may point to the
need for a shift in thinking and/or a reframing of current research ques-
tions. Deeper examinations of the non-canonical, physiologic functions
of tau, for example, have led to findings with important implications for
anti-tau/immunotherapeutic approaches to treatment - particularly
those that currently target extracellular tau without distinguishing
between tau forms associated with disease and those that are present
in the healthy brain. Newer findings also have revealed or confirmed
the existence of new categories of tauopathies - in some cases, requir-
ing a change in nomenclature - as well as a more detailed understand-
ing of disease staging, which has increasingly suggested that the suc-
cess of atreatment may depend in large part upon its timing. The limita-
tions of animal models and in vitro research also are becoming increas-
ingly apparent, as research continues to reveal that the means by which
tau aggregation and related pathological processes take place in human
cells during disease most likely involve numerous complex and diverse
pathological processes that are difficult or impossible to duplicate.
Many current lines of investigation in the field of tau today are
placing a greater emphasis than ever on the value of collaboration.
While most of the earliest tau research took place within the context of
AD, for example, presentations at Tau 2022 underscored tau’s role in a
wide range of disorders, ranging from classic tauopathies such as PSP
and CBD to an expanding list of conditions not classically categorized
as tauopathies, such as Parkinson’s disease, Down syndrome, autism,
and epilepsy. As research exploring the primary functions of tau in
both disease and physiology moves forward, improved mechanisms for
sharing discoveries regarding each of the individual disorders, includ-
ing critical genetic discoveries, will likely help to guide research on
related tauopathies and steer experts/colleagues from paths unlikely
to be fruitful. Important collaborative goals will include the elucidation
and mapping of the signaling pathways that are relevant to a range
of biological and pathological processes in each of the tauopathies,
as well as their regulation, with the aim of arriving at increasingly
informative disease-specific models that might in turn lead to effective

therapeutic strategies.

5.1 | Glossary

Taber’s Cyclopedic Medical Dictionary [Internet]. In: Venes DD, edi-
tors. Taber’s Medical Dictionary. F.A. Davis Company; 2021. [cited
2023 May 23]122
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5.2 | Amyotrophic lateral sclerosis (ALS)

A motor neuron disease characterized by the degeneration of
anterior horn cells of the spinal cord, the motor cranial nerve
nuclei, and the corticospinal tracts. This disorder limits one’s abil-
ity to use the upper and lower extremities and/or to speak and

swallow.

5.3 | Corticobasal degeneration (CBD)

A neurological disorder in which brain cells atrophy and die in the basal
ganglia and the cortex of the brain. The disease produces symptoms
similar to those found in Parkinson’s disease but does not respond to

parkinsonian medications.

5.4 | Chronic traumatic encephalopathy (CTE)
Dementia associated with repeated concussions and/or other brain

injuries.

5.5 | CRISPR

CRISPR is an acronym for “clustered regularly interspaced short palin-
dromic repeats.” It refers to an enzyme that can be guided to cut and
edit specific sequences of DNA. It is a biochemical tool originally iden-
tified in bacteria, which use it for self-defense against viral and other
infections. It is used in genetic engineering (genome editing) to identify
and remove disease-causing DNA sequences.

5.6 | Endocytosis
A method of ingesting a foreign substance by a cell. The cell mem-
brane invaginates to form a space for the material, and the opening

subsequently closes to trap the material inside the cell.

5.7 | lsoform
One of two or more proteins coded independently by different genes,

which have identical or nearly identical structures and functions.

5.8 | Induced pluripotent stem cell (iPSC)

A cell derived from the body that has been reprogrammed to behave
like an embryonic stem cell. Such cells are able to differentiate into cells
that could regenerate and repair many different kinds of damaged or

diseased tissues.

5.9 | Macropinocytosis

The process by which cells absorb or ingest nutrients and fluid. An
invaginating portion of the cell membrane encircles the nutrient,
encloses it in a membrane-bound sac, and digests the contents of the
sac.

5.10 | Microtubule

An elongated (200 to 300 A) hollow or tubular structure present in
cells. Microtubules are important in helping certain cells maintain their
rigidity, in converting chemical energy into work, and in providing a
means of transporting substances in different directions within a cell.

They increase in number during mitosis.

5.11 | Nucleolus

A spherical structure in the nucleus of a cell made of DNA, RNA, and
protein that is the site of synthesis of ribosomal RNA (rRNA); a cell may
have more than one. Embryonic and malignant cells actively synthesize

rRNA and have larger nucleoli.

5.12 | Progressive supranuclear palsy (PSP)

A chronic progressive neurodegenerative disorder in which features
of symmetrical Parkinson’s disease are combined with dementia, falls,
impaired gait, and vertical gaze paresis. Features that distinguish PSP
from Parkinson’s disease include the relative preservation of the sense
of smell in PSP and differences in response to levodopa. The disor-
der is caused by damage to cells in the frontal lobes, the basal ganglia,
the cerebellum, and the brainstem. Brain MRI may demonstrate loss of
brainstem parenchyma (the “hummingbird sign”).
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