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Abstract

Frontotemporal dementia (FTD) is an umbrella term that encompasses a group of clinical
syndromes due to an underlying neurodegenerative disease characterized by progressive
changes in behavior, executive function or language. The group of neurodegenerative diseases
that manifest clinically as FTD are known as the frontotemporal lobar degeneration (FTLD)
spectrum pathologies, and these disorders are related to proteinopathies that are associated
with frontotemporal neural network dysfunction. Recent advances in the clinical, biofluid,
genetic, imaging, and molecular characterization have provided many new insights into
FTD/FTLD. Several large natural history cohort studies are also now in progress. This update
reviews these advances as well as some controversies, and covers current and anticipated
interventions that target problematic clinical features and the molecular underpinnings

designed to optimize management.
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Search strategy and selection criteria

We searched PubMed for articles published from Jan 01, 2016, to June 1, 2021, in English
journals, using the search terms “frontotemporal dementia”, “frontotemporal lobar
degeneration”, “FTD”, “FTLD”, “tau protein”, “TDP-43”, and “tauopathy”. Additional
articles were included from reference lists, review articles, and the authors' own files. The
final reference list was generated on the basis of originality and relevance to the topics

covered in this Review.
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Introduction

Frontotemporal dementia (FTD) is an umbrella term that encompasses a group of
clinical syndromes due to an underlying neurodegenerative disease characterized by
progressive changes in behavior, executive function or language.' These syndromes include
the behavioral variant of frontotemporal dementia (bvFTD) and the nonfluent and semantic
variants of primary progressive aphasia (nfvPPA and svPPA), each of which can also be
accompanied by amyotrophic lateral sclerosis (ALS). The clinical characteristics and
cognitive profiles of the FTD subtypes are presented in Panel 1.

Frontotemporal lobar degeneration (FTLD) is the overarching pathological term for a
group of neurodegenerative disorders that involve one or more proteinopathies and are
typically associated with progressive degeneration particularly in the frontotemporal neural
networks. In any given individual, the FTD syndrome is typically (but not always) due to an
underlying FTLD spectrum disease. The histopathologically-defined disorders of corticobasal
degeneration (CBD) and progressive supranuclear palsy (PSP) are generally considered under
the FTLD term, whereas the clinical phenotypes of corticobasal syndrome (CBS) and
progressive supranuclear palsy/Richardson’s syndrome (PSP-RS) represent the clinical
syndromes that are usually (but not always) a reflection of an underlying FTLD spectrum
pathology. This review will use the term FTD when focusing on the clinical syndromes of
bvFTD, nfvPPA and svPPA (+/- ALS), and use the term FTLD when referring to the
neurodegenerative pathologies that manifest as FTD.?

Recent research in the clinical, biofluid, genetic, imaging, and molecular
characterization of FTD/FTLD has provided many new insights as well as generated some
degree of controversy. Several large natural history cohort studies are also now in progress.

This update reviews these advances and controversies. Many nonpharmacologic and
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particularly pharmacologic interventions have been tested over recent years, and many trials
are in progress or planned. This review will also cover current and anticipated interventions

designed to optimize management.

Clinical Presentation and Characterization of FTD

Differentiating FTD vs non-FTD disorders

The clinical diagnosis of bvFTD is based on current consensus diagnostic criteria that
have been derived from an international cohort of 406 pathologically verified FTD cases.’
Based on these criteria, a degree of probability of underlying FTLD can be attributed to cases
presenting with at least three out of five behavioural and one cognitive criterion (See also
Panel 1). The main clinical differential diagnosis of bvFTD consists of Alzheimer’s disease
(AD), primary psychiatric disease, vascular dementia, and dementia with Lewy bodies (DLB),
with the differentiation of bvFTD from AD and psychiatric disease being most challenging. In
general, episodic memory impairment is more prominent in AD than bvFTD, although a
dysexecutive/behavioural AD variant is recognized.* With the current state-of the-art
biomarkers of underlying amyloid pathology, bvFTD can be reliably differentiated from AD,
although it can never be fully excluded that a subject with bvFTD has AD co-pathology.
Notably, increased CSF tau levels and medial temporal lobe atrophy on MRI are often
considered AD biomarkers, but these findings are not specific for AD as these can be seen in
a proportion of FTD cases as well.>°

Neuropsychiatric presentations have been seen in a number of FTD syndromes, and
these are reported more commonly in people with chromosome 9 open reading frame 72
(CYo0rf72) expansions.” The C90rf72 expansion is the most common genetic cause of FTD

and/or ALS.® Here there can be the added difficulty of an insidious onset and very slowly
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progress of symptoms. Like other slowly progressive degenerative FTD syndromes, this can
be difficult to diagnose initially as it has a similar presentation to the so-called “FTD
phenocopy syndrome,” which in the majority of cases is non-neurodegenerative.’ The FTD
phenocopy syndrome also highlights that there can be mimics of bvFTD, and that caution is
always needed in making the diagnosis on a purely symptomatic basis, particularly in the
absence of evidence of neurodegeneration on biomarker studies. Therefore, longer term
clinical and neuroimaging follow-up is warranted in any individual with bvFTD features who
does not fulfill established criteria for probable bvFTD? and/or supportive biomarker evidence
of a neurodegenerative process is lacking.

An international group of neurologists and psychiatrists, The Neuropsychiatric
International Consortium for FTD, has recently established recommendations for the
distinction between bvFTD and primary psychiatric disorders.!%!!

Structural brain imaging is essential to exclude mass lesions in the frontal or temporal
lobes, hydrocephalus, etc. One mimic that has been described and is important to consider is

an FTD-like clinical presentation associated with intracranial hypotension, termed by some as

frontotemporal brain sagging syndrome,'? which in contrast to FTD can be reversible.

Atypical presentations of FTD

Although the canonical FTD clinical syndromes are well-described, it has become
clear in recent years that, firstly, there can be a number of atypical presentations of these
syndromes, and secondly, genetic forms of FTD can present with the clinical features of other
neurodegenerative disorders. It is common to assess people who turn out to have FTD, but
initially have a ‘halo’ presentation with atypical clinical features (Figure 1). Two key

syndromes are often seen: firstly, those with a neuropsychiatric presentation (e.g. with
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prominent features of psychosis as described above);’ and secondly, prominent amnestic
symptoms, with only mild behavioural change that becomes prominent later on.'> One
important amnestic group to recognize are those with specific mutations in the microtubule
associated protein tau (MAPT) gene including V337M, Q351R and R406W who may look
very much like Alzheimer’s disease dementia initially, although often then have a slowly
progressive degenerative disorder with later prominent behavioural symptoms +/-
parkinsonism.!® This group also has similar tau pathology as seen in AD (although without
the amyloid) and so can have strongly positive tau PET imaging.'*

Although separate core and supportive clinical criteria have been defined for each of
the PPA variants,'® on a clinical basis it can still be challenging to differentiate them among
themselves, and from psychiatric presentations or stroke syndromes. Moreover, the
presentation of these variants is not always ‘pure’ as described in the clinical criteria. In
particular, mixed phenotypes or expanded clinical phenotypes occur in cases with underlying
Alzheimer’s disease.!® In these instances, linguistic examination and determination of
Alzheimer’s disease biomarkers might be useful.

Differential diagnosis of nfvPPA from the logopenic variant of PPA (IvPPA) relies
largely on expert qualitative assessment of spontaneous speech, but classification of speech
errors such as apraxia and phonological errors are notoriously difficult. Features which are
quantifiable such as reading prosody,!” as well as non-speech features such as working
memory and visuospatial function'® are therefore useful when classifying these patients.

One of the more controversial aspects of the PPA spectrum is the overlap and
distinction between people with a primary progressive apraxia of speech (PPAQOS, i.e. a motor
speech disorder with no language problems)!'? and those with nfvPPA. Whilst many people

develop features of both aphasia and apraxia of speech as the disease develops, there do seem
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to be a small number of people who remain with either PPAOS without language impairment,
or nfvPPA (usually with agrammatism predominantly) without motor speech problems, as the
disease progresses.?’ Nonetheless, these may still be part of the same pathological spectrum,
with many cases of both PPAOS or mixed PPAOS/nfvPPA having tau pathology such as PSP,
CBD or Pick’s disease at postmortem (and many developing additional parkinsonian disorders
as the disease progresses).>! Whether nfvPPA without apraxia of speech is separate
pathologically remains to be understood.???* Important to note is that there are a group of
people who present with features of multiple FTD phenotypes at the same time with both
bvFTD and a progressive aphasia at onset.”*

Lastly, whilst people with FTD-causing mutations usually have a disorder within the
FTD spectrum, there are a group of people that have genetic FTD with another phenotype.'?
For example, C90rf72 expansions have been described with a Huntington’s disease-like

hyperkinetic disorder.?

Characterizing the left vs right temporal predominant variants of FTD

The term primary progressive aphasia emphasizes the predominant language
presentation in the first few years of the disorder. The atrophy pattern in svPPA consists of
bilateral anterior temporal lobe atrophy, which is usually more prominent on the left. A
mirror radiological variant with predominant right anterior temporal atrophy can present
without aphasia, which has been termed the right temporal variant of FTD (rtvFTD; Panel 1,
Figure 2,).2?7 Its main clinical features are prosopagnosia, episodic memory impairment, and
behavioural change.?® Consensus criteria and nosology for this variant of FTD are still being

refined.
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The FTLD Proteinopathies

The primary proteinopathies associated with the FTLD-spectrum disorders include tau
(often termed the “tauopathies’), TAR DNA binding protein 43 (TDP-43) proteinopathies,
and the FET related proteins (Appendix 1).2% It is worth emphasizing that while clinicians
typically attempt to predict the single most likely proteinopathy that most likely underlies any
particular patient’s dementia syndrome, a significant minority of patients have two or more
proteinopathies identified at autopsy.?’

Limbic-predominant age-related TDP-43 encephalopathy (LATE) is a recently-
characterized entity, in which stereotypical TDP-43 protein inclusions are present with or
without coexisting hippocampal sclerosis; these histologic findings represent LATE
neuropathologic change (LATE-NC).* The typical clinical presentation of LATE is an
amnestic dementia syndrome, and the prevalence appears to increase with increasing age.
Whether LATE is a distinct disease entity separate from FTLD with TDP-43 pathology is

controversial; see Josephs et al. for more details on key controversies.>!

Accurate and Early Diagnosis

Prodromal FTLD

While the presence of an overt FTLD-spectrum disorder phenotype can be defined
based on established criteria, there are no such criteria for the prodromal FTLD-spectrum
disorders except for PSP.3? One would predict that the prodromal features of the major FTLD
syndromes would be subtle/mild changes in one or more of the core features of each
syndrome. For bvFTD, mild changes in behavior, personality, or comportment without major
changes in social/occupational functioning would be expected. Similarly, a change in

speech/language functioning would be expected in those with evolving PPA. However, as
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described above, there are individuals with evolving FTD who present with atypical cognitive
or behavioral manifestations such as anterograde memory impairment, or changes in complex
visual processing (i.e., visual agnosia), or psychosis. Others exhibit changes in motor
functioning such as parkinsonism or limb apraxia or monomelic motor neuron disease
findings without any cognitive or behavioral changes.*

One framework that can be applied to FTLD-spectrum disorders expands the concept
of mild cognitive impairment (MCI) to include the concepts/terms of mild behavioral
impairment (MBI) and mild motor impairment (MMI) (Figure 3). Each term is intended to
represent the intermediate clinical stage between normal aging and an overt
neurodegenerative phenotype. Each designation requires that clinical manifestations
represent a change from a premorbid state and prior level of functioning.

Characterizing prodromal FTLD is complicated by the clinical variability inherent in
the FTLD-spectrum disorders, with cognitive, behavioral and motor manifestations that are
heterogenous within and across individuals. Furthermore, considering that clinical diagnosis
is often delayed in sporadic FTD syndromes, the most practical approaches to characterize
prodromal FTLD would be 1) to evaluate asymptomatic and minimally symptomatic mutation
carriers among familial FTD kindreds in a longitudinal and comprehensive manner (see
natural history cohorts below), and 2) identify and analyze sporadic cases which were
recognized very early in their clinical course and evaluated prospectively in a similar manner
as described above.

The conceptual framework presented herein is one perspective on characterizing
prodromal FTLD, and more discussion will likely be required to develop consensus on the

finer details of the core features under each domain and precise terminology.
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Novel clinical and neuropsychological measures

The typical cognitive/neuropsychological profiles for key FTD syndromes are outlined
in Panel 1.

Behavioral variant FTD. With respect to the neuropsychological profile, the bvFTD
diagnostic criteria emphasise executive dysfunction with relative sparing of episodic memory
and visuospatial ability, and this profile has been supported by more recent cross-sectional
and longitudinal analyses.>**¢ For executive function, growing evidence indicates that tests
which tap ventromedial prefrontal cortex function, such as error sensitivity,*’ verbal fluency,’’
inhibition,*® as well as decision-making and neuroeconomics derived tasks*® are more
sensitive than dorsolateral prefrontal tasks such as cognitive control and attention.?” Episodic
memory performance is variable. A recent meta-analysis reported large memory deficits in
bvFTD compared to controls, albeit to a lesser extent than seen in AD.*’ Memory also
declines with disease progression*!. Measures of learning and recall*’ as well as spatial
memory*? may be better at differentiating between bvFTD and AD. With respect to
visuospatial ability, drawing and spatial orientation,* and may be useful in discriminating
between these diagnoses. Some studies have also highlighted praxis as potentially useful.*
Given the distinct cognitive profile of bvFTD, neuropsychological assessment therefore plays
an important role in diagnosis.

Assessment of the behavioural features of bvFTD (i.e., apathy, disinhibition,
stereotypical behaviours and changes in eating behaviour) has largely been based on clinical
interview, and while recent analyses support this approach is data collection,’ it can be
influenced by the availability and knowledge of an informant and patient insight. Therefore,

the development of reliable, valid and objective measures is needed to complement the

clinical interview; many of these measures assess social cognition (Appendix 2).
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Primary progressive aphasia. Differential diagnosis of the PPA variants is important
to provide potential insight into underlying pathology, as well as the nature and likely
progression of deficits. A number of neuropsychological tests have been developed which are
tailored for PPA (See Henry & Grasso, 2018 # for recent comprehensive review). In addition
to purposely designed aphasia batteries (e.g., Sydney Language Battery; Progressive Aphasia
Severity Scale), tests which assess non-verbal semantic knowledge (e.g., Repeat and Point
Test), word repetition and picture naming are useful. Irregular word reading, word-picture
matching and tests of semantic association are more impaired in svPPA than nfvPPA
Conversely, sentence reading, sentence ordering and aspects of dictation are more impaired in
nfvPPA.*6 Efforts to objectively assess syntax and grammar (e.g., Test for Reception of
Grammar, Northwestern Anagram Test) can be useful in detecting nfvPPA, but patients with
IvPPA may also be impaired due to working memory deficits. Agrammatism may also be
elicited during writing tasks (e.g., picture description tasks).

Undoubtedly, while there has been rapid development of new clinical assessment tools
under clinical characterization of these disorders, translation into clinical practice remains a
substantial hurdle. Distinction from healthy controls and differentiation between groups is
typically demonstrated at the group level, however, diagnostic accuracy (i.e., sensitivity and
specificity at the individual level) is essential for clinical assessment. Normative data for
novel experimental tools are scant, and rarely consider cultural differences. Moreover, many
of these tests will require further iterations (e.g., short versions, practical considerations for

psychophysiological and behavioral assessment approaches) before they are clinic-ready.

Biomarkers
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Blood proteins. In the last decade, neurofilament light chain (NfL) has become a
biomarker of interest in FTLD, since it is a sensitive marker of neurodegeneration and its
levels are correlated with the rate of clinical progression and therefore with prognosis.*’-!
NfL levels in plasma correlate well with those in CSF.*”** Compared to various other diseases
in which NfL levels are increased, levels in FTLD as a group are relatively high, but it must
be taken into account that there is still overlap with controls.>? A few recent studies have
highlighted the use of NfL as a biomarker in the distinction between bvFTD and primary
psychiatric disorders with areas under the curve between 0.84 and 0.94.%3* Although
replication on a larger scale is needed, plasma NfLL may become increasingly used in clinical
practice when it comes to this particular differential diagnostic dilemma. NfL has recently
been shown to predict future clinical progression during the prodromal stages of genetic
FTD.>! This has led to its use in clinical trials as a method of inclusion for presymptomatic
carriers. Plasma measures of phosphorylated tau at residues 181 or 217 have comparable
diagnostic accuracy to amyloid PET or CSF measures for the differential diagnosis from AD,
and these may eventually supplant these biomarkers for clinical diagnosis.*>

Cerebrospinal fluid (CSF). There are a growing number of CSF markers that are or
may be useful in FTD. NfL in the CSF is elevated in FTD, but levels do not differentiate
FTLD from non-FTLD pathology, nor do they distinguish the different proteinopathies in
FTLD.*"*-* However, CSF NfL increases with disease progression in FTLD,>® underscoring
its potential use as a biomarker of neurodegeneration in therapeutic trials. While total tau and
beta-amyloid levels are not sensitive or specific for any of the FTLD-spectrum
proteinopathies, elevated phosphorylated tau levels in either CSF or plasma are useful for

ruling out AD as a cause of FTD.**° Of particular interest is the development of CSF assays

which can detect markers of key proteinopathies in FTLD. Recent data on TDP-43 real-time
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quaking induced conversion (RT-QulC) seeding activity in CSF of ALS and FTD patients
appears encouraging.’’ Truncated stathmin-2 was recently identified as a marker for TDP-43
dysfunction in FTD based on analyses of tissue,”® and RT-QuIC seeding activity of tau in
tissue AD and FTLD-tau brains>® has also shown promise. Whether levels of truncated
stathmin-2 and RT-QulC seeding assays for TDP-43 and tau in antemortem CSF will be
predictive of TDP-43 vs tau pathology in humans requires further study.

Genetic testing. Genetic testing (with pre- and post-test counseling in appropriate
individuals) for the known gene mutations is reasonable in those with FTD and a positive
family history of dementia, parkinsonism or ALS. The genes worthy of testing include, but
are not limited to, the so-called “big three of FTD” — C90rf72, MAPT and GRN.">% It is well
known, however, that family histories in C9orf72 mutation carriers can be negative or
ambiguous due to the large variation in clinical phenotype, including psychiatric and other
atypical presentations.®! Whether to perform genetic testing in those without a compelling
family history is controversial, and should depend on individual circumstances and the testing
parameters that are established in certain countries. As more clinical trials begin, and
especially if one or more treatments are shown to be effective for any of the genetically-
mediated FTLD-spectrum disorders, genetic testing will likely expand.

Structural brain imaging. Brain imaging is standard in the assessment of any
individual with cognitive/behavioral changes and a neurologic etiology is suspected, and this
is typically accomplished using brain MRI. Atrophy in the frontal and/or temporal lobes,
which can be symmetric or very focal/asymmetric, supports the clinical suspicion of FTD. *!1°
However, as noted above, the absence of obvious atrophy does not preclude an underlying
neurodegenerative disorder. Volumetric MRI analyses are valuable in the assessment of

individuals with sporadic and familial FTD, particularly to inform clinical trial design.>*%2-6
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Functional brain imaging. FDG-PET is often used to support the clinical suspicion of
FTD — particularly when brain MRI findings are not diagnostic. While the clinical and
research utility of FDG-PET has been demonstrated,® the findings are not 100% sensitive or
specific for an FTLD-spectrum disorder.

Molecular PET brain imaging. Amyloid PET imaging identifies those individuals
with amyloid deposition in the brain, and can be used to differentiate underlying AD from
non-AD disorders in those with FTD (realizing that the interpretation of findings is
challenging in those presumably uncommon individuals with coexisting FTLD and AD
pathology, which can usually only be discovered at autopsy).®” Tau PET imaging was initially
considered to be a potential major breakthrough in differentiating a tauopathy vs a non-
tauopathy among those with an underlying FTLD-spectrum disorder, but this has not been

t.68

borne out.”® For example, the currently used tau ligands bind to tau filaments similar in

structure to AD NFTs, which occurs in only a few of the MAPT mutations (e.g., V337M,
R406W) but not in most other MAPT mutations nor in the other primary tauopathies.'*
Furthermore, there is off-target binding that can lead to false-positive tau PET scans in those
with non-tauopathies.®®® Therefore, the current first-generation tau ligands do not have

sufficient clinical or research utility in FTD. Other ligands for tau as well as TDP-43 and

other non-AD proteins are being vigorously developed and studied.

Current State of Management/Treatment

Early and accurate clinical diagnosis is essential to ensure appropriate management
and treatment (as this becomes available). An accurate diagnosis and information about likely
prognosis is also often invaluable to family members and carers who often experience

disproportionate stress and burden.!® Patient evaluations should consider potential risks to the
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patient and or community. Patients with bvFTD often lack the capacity to avoid danger, due
to disinhibition, apathy, and poor understanding of the internal state of others. Although they
rarely exhibit violent behaviors, FTD patients are at risk of physical or financial victimization
due to their impairments in social cognition. Of these concerns, driving safety and home
firearms are also among the most urgent safety concerns. Suicide ideation is rare but should
be considered in individuals with good insight or concurrent psychological distress (e.g.,
issues around adjustment, anxiety and depression). Several nonpharmacologic interventions

70-77

for managing problematic FTD features are shown in Panel 2.

Treatment Trials and Future Planning

Trials in progress or planned

Most current therapeutic programs target autosomal dominant forms of FTLD
including C90rf72 repeat expansions, GRN or MAPT mutations. A small number of programs
have targeted sporadic forms of FTLD-tau, most commonly PSP. A summary of trials is
shown in the Table.

Progranulin Deficiency. Patients with heterozygous loss of GRN function mutations
develop FTD due to progranulin haploinsufficiency, and several clinical trials have sought to
measure the pharmacodynamic effects of therapeutic interventions on raising progranulin
levels in the blood and CSF. The calcium channel blocker nimodipine failed to raise
progranulin levels in participants with GRN haploinsufficiency enrolled in an 8-week, open-

label trial.”®

Histone deacetylase (HDAC) inhibitors substantially increase progranulin
transcription, but the HDAC inhibitor FRM-0334 failed to raise plasma progranulin levels in
participants with GRN haploinsufficiency enrolled in a double-blind placebo controlled trial

(NCT02149160). More encouraging results have been observed in clinical trials of AL0O1, a
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monoclonal antibody targeting sortilin, a protein central to the degradation of progranulin. A
phase 3 trial of ALOO1 for progranulin deficiency is now underway (NCT04374136), which
requires an elevated Nfl level for inclusion in the asymptomatic mutation carrier arm of the
protocol. Two pharmaceutical companies have announced progranulin gene therapy programs
using adeno-associated virus (AAV) vector therapies, including the AAV1-based PBFT02
(NCT04747431) and the AAV9-based PR0O06 (NCT04408625). Additionally, DNL593, a
peripherally administered recombinant progranulin protein, modified to cross the blood-brain
barrier has been announced as an imminent clinical trial candidate.”

C9orf72. A variety of pathogenic mechanisms have been proposed for C9orf72 repeat
expansion toxicity, including toxic inclusions of abnormally expanded RNA, toxic gain of
function from dipeptides abnormally transcribed from the expanded RNA, and
haploinsufficiency.*®8! One approach for targeting C9orf72 expansion is suppression of the
abnormally expanded RNA transcript using antisense oligonucleotides (ASOs). ASOs require
intrathecal infusion, but they offer diverse and highly specific mechanisms to target discrete
C9orf72 RNA transcripts. So far, clinical therapeutic trials of intrathecal ASOs designed to
target expanded C9orf72 transcripts (including BIIBO78 and afinersen) have only occurred in
patients with an ALS phenotype. BIIBO78 is currently being investigated in a phase 1 trial
enrolling patients with ALS (NCT03626012). While both of these clinical programs have so
far excluded patients with cognitive or behavioral features of C9orf72 expansion, they provide
the opportunity to establish biological proof of concept (eg, reduction of C9orf72 dipeptide
repeats in CSF which has been reported for afinersen) that may lay the foundation for future
trials C9orf72-related FTD. Aside from ASO therapies, the anti-sortilin antibody ALOO1 is

also being explored in a phase 2 trial in symptomatic C9orf72 expansion carriers, in an effort
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to investigate the impact of increasing progranulin levels in other FTLD-TDP cohorts
(NCT03987295).

FTLD-Tau. A multitude of potential therapies are currently under consideration for
treatment of FTLD-tau, and given the importance of tau pathology in Alzheimer’s disease, a
number of clinical trials in FTLD-tau have sought to repurpose therapies from Alzheimer’s
development pipelines. Potential therapeutic mechanisms include enhancement of tau
clearance, suppression of the prion-like behavior of toxic tau molecules, mitigation of toxic
loss of microtubule function, suppression of tau production, augmentation of mRNA splicing,
and augmentation of tau post translational modifications.*?

Passive immunization, using anti-tau monoclonal antibodies, is a potential modality to
improving tau clearance and suppress the spread of self-templating forms of tau (ie, prion like
tau). It is not yet clear what epitopes are most important different tauopathies, and a multitude
of potential therapeutic targets are being explored in trials, including antibodies against
specific tau fragments (e.g. the N-terminal, proline rich, microtubule binding domain, or c-
terminal regions of tau) as well as specific hyperphosphorylated forms of tau, specific
confirmations of misfolded tau, monomeric tau, and oligomeric tau. In two well-powered
phase 2 trials, antibodies directed against N-terminal tau epitopes (BIIB092, ABBV-8E12)
failed to impact the rate of clinical progression in patients with PSP (NCT03413319,
NCTO03068468). Moreover, termination of Biogen’s BIIB092 program in PSP led to an early
termination in the phase 1 basket trial of BIIB092, enrolling patients with CBS, nfvPPA,
MAPT-mutations, and traumatic encephalopathy (NCT03658135). Newer antibodies target
different regions or three dimensional conformations of tau, with the hope that those that bind

closer to the tau aggregation domains may be more efficacious.®® While it is unclear how well
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each of these antibodies can engage tau in different forms of tau pathology, they present a
theoretical opportunity for additional therapeutic trials in FTLD-tau.

Active immunization strategies are a less explored pathway for tau therapy, but offer
the potential benefits of decreased treatment burden and generation of multiple antibodies
against a variety of epitopes. The AADvacl vaccine (containing tau peptide aa 294-305/4R)
has been shown to be safe and well tolerated in an open label trial enrolling patients with
AD® and has subsequently been investigated in a phase 1 trial enrolling patients with nfvPPA
(NCT03174886) although results have not yet been reported.

Direct augmentation of tau expression remains relatively unexplored in FTLD
development pipelines, but ASOs offer a diverse range of methods to impact the expression of
tau. In non-human primates, intrathecal infusions of an ASO that knocks down tau expression,
BIIB080 (IONIS-MAPTRx), were well tolerated and led to a 75% reduction of MAPT mRNA
in the cortex.®® Currently BIIB080 is only being investigated in clinical trials enrolling
patients with mild Alzheimer’s disease (NCT03186989), and it may provide a viable
mechanism to suppress tau pathology in FTLD-tau.

Oxytocin. There were encouraging results in a recent study using intranasal oxytocin
in FTD,3® and a phase 2 trial that is currently in progress (NCT01386333).

Transcranial stimulation. Transcranial DC stimulation is being studied in FTLD-GRN
(NCT02999282), and transcranial magnetic stimulation is being studied in PPA and bvFTD

(NCT03406429).

Natural history study cohorts

In recent years there has been a move from small single site observational studies to

large multicentre natural history cohorts of FTD. The Genetic FTD Initiative (GENFI) is a
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European and Canadian study focused on both presymptomatic and symptomatic genetic
forms of FTD (www.genfi.org). This cohort has recruited over 1100 participants over the last
nine years with a focus on developing robust biomarkers of disease onset and progression in
genetic FTD. Important work from this group includes the identification of presymptomatic
imaging changes®’ as well as changes in key fluid biomarkers such as NfL** and GFAP.®® The
Advancement in Research and Treatment in Frontotemporal Lobar Degeneration (ARTFL;
focused on sporadic and familial FTLD) and Longitudinal Evaluation of Familial
Frontotemporal Dementia Subjects (LEFFTDS; focused on familial FTLD) both began
enrolling participants in 2014. The efforts in both programs were combined as part of the
ARTFL LEFFTDS Longitudinal Frontotemporal Lobar Degeneration (ALLFTD;
www.allftd.org) Consortium which involves 19 sites in North America and includes over
1500 participants evaluated thus far.>***° The Dominantly Inherited Non-Alzheimer
Dementias (DINAD) program in Australia, the New Zealand Genetic FTD (FTDGeNZ) study
and Research Dementia Latin America (ReDLAT; www.lac-cd.org/en/proyects/) study have
also built FTD cohorts, and together with GENFI and ALLFTD, have come together to form
the FTD Prevention Initiative (FPI; www.thefpi.org). The aim of the FPI is to bring together a
worldwide cohort of familial FTD, with a minimum shared dataset that is collected across all
participants, helping to compare and contrast a more diverse set of patients with FTD. The
addition of cohorts from Asia (e.g. within Japan, South East Asia and Korea) to the FPI will
allow comparison of geographical frequency, with genetic FTD occurring at much lower rates
in some regions. Overall, the overarching aim of the FPI is to work together with industry to
promote clinical trials of new therapies that might prevent FTD: creation of an international
database of participants eligible for trials and uniform standards for conducting such trials will

be the first steps in this process.
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Conclusions

The major achievements in FTD research over the last decade include the formation of
large (inter)national study cohorts, enabling us to identify the earliest clinical, biomarker, and
neuroimaging changes in presymptomatic mutation carriers and to define intermediate stages
between onset of symptomatology and overt FTD. It is encouraging that various drug trials
have been initiated, in particular aimed at the genetic forms of FTD. We have learned about
the clinical spectrum associated with the common autosomal dominant mutation in the
C9orf72 gene, which will hopefully lead to a better detection of FTD among patients with a
psychiatric presentation. Finding biomarkers that predict the underlying FTLD pathology,
after years of research, remains an ongoing quest and would represent an enormous
breakthrough with respect to diagnostic specificity, treatment development and disease

monitoring.
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Figure Legends

Figure 1. The core and halo of clinical presentations within the FTLD pathological
spectrum

The core syndromes are shown in blue. The syndromes shown in green represent overlap
syndromes within the FTD spectrum, and those depicted in red represent clinical presentations
classically outside of the FTD spectrum.

Abbreviations: AD=Alzheimer’s disease, ALS=amyotrophic lateral sclerosis,
bvFTD=behavioral variant frontotemporal dementia, CBS=corticobasal syndrome, FTD-
ALS=frontotemporal dementia plus amyotrophic lateral sclerosis, HD=Huntington’s disease,
nfvPPA=nonfluent variant primary progressive aphasia, PD=Parkinson’s disease,
PPA=primary progressive aphasia, PPAOS=primary progressive apraxia of speech,
PSP=progressive supranuclear palsy, rtvFTD = right temporal variant FTD, svPPA=semantic
variant primary progressive aphasia. The term semantic dementia here is used to describe a
syndrome where semantic impairment is prominent initially — this can either be verbal

(svPPA) or non-verbal/emotional (rtvFTD).
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Figure 2. MRI characteristics in right temporal variant FTLD vs semantic variant PPA
A. Representative coronal T1-weighted images of a 70 year old male with behavioral changes,
prosopagnosia and naming difficulties, showing marked right anterior temporal lobe atrophy;
these clinical and imaging findings are typical of the right temporal variant of frontotemporal
lobar degeneration. B. Representative coronal T1-weighted images of a 64 year old female
with fluent but empty speech and marked dysnomia, showing the marked left anterior
temporal lobe atrophy; these clinical and imaging findings are typical of the semantic variant
of primary progressive aphasia.

Abbreviations: L-left, R-right
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Figure 3 — Conceptual Framework of Prodromal FTLD

A. Prodromal FTLD represents the intermediate state between normal neurologic functioning
and an overt FTLD-spectrum clinical syndrome, with each of the prodromal states intending
to reflect a change from baseline yet activities of daily living are largely preserved. The MCI
state represents the classic decline in one or more cognitive domains. The MBI state
represents a change in personality/behavior/comportment including but not limited to two or
more of the features described. The MMI state represents a change in decline in motor
functioning, with elements of extrapyramidal dysfunction, upper motor neuron disease
dysfunction, lower motor neuron disease dysfunction, or some combination of these. Each
prodromal phase is intended to have elements of overlap with normal neurologic functioning
on the mild end (reflecting the challenges differentiating normal vs very mildly abnormal) and
overt FTLD on the more severe end (reflecting the challenges differentiating mildly abnormal
vs an overt clinical syndrome). B. The diagram is intended to reflect the overlap in cognitive
and behavioral features, behavioral and motor features, cognitive and motor features, or
cognitive and behavioral and motor features that certain individuals exhibit in this prodromal
FTLD state. C. Among those destined to develop an overt FTLD spectrum disorder, which
prodromal state is exhibited while likely predict which eventual overt disorder will evolve,
with some degree of variability. MCI is hypothesized to most likely evolve into bvFTD or
PPA (with the language predominant form of MCI undoubtedly evolving into PPA moreso
than bvFTD), whereas MBI is hypothesized to most likely evolve into bvFTD +/- ALS, and
MMI is hypothesized to most likely evolve into CBS or PSP/RS or ALS (the hypothesized

likelihood of evolution is reflected by the weighting of the lines).
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Abbreviations: ALS-amyotrophic lateral sclerosis, bvFTD=behavioral variant frontotemporal
dementia, CBS=corticobasal syndrome, FTD/ALS=frontotemporal dementia plus
amyotrophic lateral sclerosis, MBI=mild behavioral impairment, MCI=mild cognitive
impairment, MMI=mild motor impairment, PPA=primary progressive aphasia,

PSP/RS=progressive supranuclear palsy/Richardson’s syndrome
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Abstract

Frontotemporal dementia (FTD) is an umbrella term that encompasses a group of clinical
syndromes due to an underlying neurodegenerative disease characterized by progressive
changes in behavior, executive function or language. The group of neurodegenerative diseases
that manifest clinically as FTD are known as the frontotemporal lobar degeneration (FTLD)
spectrum pathologies, and these disorders are related to proteinopathies that are associated
with frontotemporal neural network dysfunction. Recent advances in the clinical, biofluid,
genetic, imaging, and molecular characterization have provided many new insights into
FTD/FTLD. Several large natural history cohort studies are also now in progress. This update
reviews these advances as well as some controversies, and covers current and anticipated
interventions that target problematic clinical features and the molecular underpinnings

designed to optimize management.
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Search strategy and selection criteria

We searched PubMed for articles published from Jan 01, 2016, to June 1, 2021, in English
journals, using the search terms “frontotemporal dementia”, “frontotemporal lobar
degeneration”, “FTD”, “FTLD”, “tau protein”, “TDP-43”, and “tauopathy”. Additional
articles were included from reference lists, review articles, and the authors' own files. The
final reference list was generated on the basis of originality and relevance to the topics

covered in this Review.
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Introduction

Frontotemporal dementia (FTD) is an umbrella term that encompasses a group of
clinical syndromes due to an underlying neurodegenerative disease characterized by
progressive changes in behavior, executive function or language.' These syndromes include
the behavioral variant of frontotemporal dementia (bvFTD) and the nonfluent and semantic
variants of primary progressive aphasia (nfvPPA and svPPA), each of which can also be
accompanied by amyotrophic lateral sclerosis (ALS). The clinical characteristics and
cognitive profiles of the FTD subtypes are presented in Panel 1.

Frontotemporal lobar degeneration (FTLD) is the overarching pathological term for a
group of neurodegenerative disorders that involve one or more proteinopathies and are
typically associated with progressive degeneration particularly in the frontotemporal neural
networks. In any given individual, the FTD syndrome is typically (but not always) due to an
underlying FTLD spectrum disease. The histopathologically-defined disorders of corticobasal
degeneration (CBD) and progressive supranuclear palsy (PSP) are generally considered under
the FTLD term, whereas the clinical phenotypes of corticobasal syndrome (CBS) and
progressive supranuclear palsy/Richardson’s syndrome (PSP-RS) represent the clinical
syndromes that are usually (but not always) a reflection of an underlying FTLD spectrum
pathology. This review will use the term FTD when focusing on the clinical syndromes of
bvFTD, nfvPPA and svPPA (+/- ALS), and use the term FTLD when referring to the
neurodegenerative pathologies that manifest as FTD.?

Recent research in the clinical, biofluid, genetic, imaging, and molecular
characterization of FTD/FTLD has provided many new insights as well as generated some
degree of controversy. Several large natural history cohort studies are also now in progress.

This update reviews these advances and controversies. Many nonpharmacologic and
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particularly pharmacologic interventions have been tested over recent years, and many trials
are in progress or planned. This review will also cover current and anticipated interventions

designed to optimize management.

Clinical Presentation and Characterization of FTD

Differentiating FTD vs non-FTD disorders

The clinical diagnosis of bvFTD is based on current consensus diagnostic criteria that
have been derived from an international cohort of 406 pathologically verified FTD cases.’
Based on these criteria, a degree of probability of underlying FTLD can be attributed to cases
presenting with at least three out of five behavioural and one cognitive criterion (See also
Panel 1). The main clinical differential diagnosis of bvFTD consists of Alzheimer’s disease
(AD), primary psychiatric disease, vascular dementia, and dementia with Lewy bodies (DLB),
with the differentiation of bvFTD from AD and psychiatric disease being most challenging. In
general, episodic memory impairment is more prominent in AD than bvFTD, although a
dysexecutive/behavioural AD variant is recognized.* With the current state-of the-art
biomarkers of underlying amyloid pathology, bvFTD can be reliably differentiated from AD,
although it can never be fully excluded that a subject with bvFTD has AD co-pathology.
Notably, increased CSF tau levels and medial temporal lobe atrophy on MRI are often
considered AD biomarkers, but these findings are not specific for AD as these can be seen in
a proportion of FTD cases as well.>®

Neuropsychiatric presentations have been seen in a number of FTD syndromes, and
these are reported more commonly in people with chromosome 9 open reading frame 72
(CYo0rf72) expansions.” The C90rf72 expansion is the most common genetic cause of FTD

and/or ALS.® Here there can be the added difficulty of an insidious onset and very slowly
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progress of symptoms. Like other slowly progressive degenerative FTD syndromes, this can
be difficult to diagnose initially as it has a similar presentation to the so-called “FTD
phenocopy syndrome,” which in the majority of cases is non-neurodegenerative.’ The FTD
phenocopy syndrome also highlights that there can be mimics of bvFTD, and that caution is
always needed in making the diagnosis on a purely symptomatic basis, particularly in the
absence of evidence of neurodegeneration on biomarker studies. Therefore, longer term
clinical and neuroimaging follow-up is warranted in any individual with bvFTD features who
does not fulfill established criteria for probable bvFTD? and/or supportive biomarker evidence
of a neurodegenerative process is lacking.

An international group of neurologists and psychiatrists, The Neuropsychiatric
International Consortium for FTD, has recently established recommendations for the
distinction between bvFTD and primary psychiatric disorders.!%!!

Structural brain imaging is essential to exclude mass lesions in the frontal or temporal
lobes, hydrocephalus, etc. One mimic that has been described and is important to consider is

an FTD-like clinical presentation associated with intracranial hypotension, termed by some as

frontotemporal brain sagging syndrome,'? which in contrast to FTD can be reversible.

Atypical presentations of FTD

Although the canonical FTD clinical syndromes are well-described, it has become
clear in recent years that, firstly, there can be a number of atypical presentations of these
syndromes, and secondly, genetic forms of FTD can present with the clinical features of other
neurodegenerative disorders. It is common to assess people who turn out to have FTD, but
initially have a ‘halo’ presentation with atypical clinical features (Figure 1). Two key

syndromes are often seen: firstly, those with a neuropsychiatric presentation (e.g. with
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prominent features of psychosis as described above);’ and secondly, prominent amnestic
symptoms, with only mild behavioural change that becomes prominent later on.'> One
important amnestic group to recognize are those with specific mutations in the microtubule
associated protein tau (MAPT) gene including V337M, Q351R and R406W who may look
very much like Alzheimer’s disease dementia initially, although often then have a slowly
progressive degenerative disorder with later prominent behavioural symptoms +/-
parkinsonism.!® This group also has similar tau pathology as seen in AD (although without
the amyloid) and so can have strongly positive tau PET imaging.'*

Although separate core and supportive clinical criteria have been defined for each of
the PPA variants,'® on a clinical basis it can still be challenging to differentiate them among
themselves, and from psychiatric presentations or stroke syndromes. Moreover, the
presentation of these variants is not always ‘pure’ as described in the clinical criteria. In
particular, mixed phenotypes or expanded clinical phenotypes occur in cases with underlying
Alzheimer’s disease.!® In these instances, linguistic examination and determination of
Alzheimer’s disease biomarkers might be useful.

Differential diagnosis of nfvPPA from the logopenic variant of PPA (IvPPA) relies
largely on expert qualitative assessment of spontaneous speech, but classification of speech
errors such as apraxia and phonological errors are notoriously difficult. Features which are
quantifiable such as reading prosody,!” as well as non-speech features such as working
memory and visuospatial function'® are therefore useful when classifying these patients.

One of the more controversial aspects of the PPA spectrum is the overlap and
distinction between people with a primary progressive apraxia of speech (PPAQOS, i.e. a motor
speech disorder with no language problems)!'? and those with nfvPPA. Whilst many people

develop features of both aphasia and apraxia of speech as the disease develops, there do seem
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to be a small number of people who remain with either PPAOS without language impairment,
or nfvPPA (usually with agrammatism predominantly) without motor speech problems, as the
disease progresses.?’ Nonetheless, these may still be part of the same pathological spectrum,
with many cases of both PPAOS or mixed PPAOS/nfvPPA having tau pathology such as PSP,
CBD or Pick’s disease at postmortem (and many developing additional parkinsonian disorders
as the disease progresses).?! Whether nfvPPA without apraxia of speech is separate
pathologically remains to be understood.?>?* Important to note is that there are a group of
people who present with features of multiple FTD phenotypes at the same time with both
bvFTD and a progressive aphasia at onset.”*

Lastly, whilst people with FTD-causing mutations usually have a disorder within the
FTD spectrum, there are a group of people that have genetic FTD with another phenotype.'?
For example, C90rf72 expansions have been described with a Huntington’s disease-like

hyperkinetic disorder.?

Characterizing the left vs right temporal predominant variants of FTD

The term primary progressive aphasia emphasizes the predominant language
presentation in the first few years of the disorder. The atrophy pattern in svPPA consists of
bilateral anterior temporal lobe atrophy, which is usually more prominent on the left. A
mirror radiological variant with predominant right anterior temporal atrophy can present
without aphasia, which has been termed the right temporal variant of FTD (rtvFTD; Panel 1,
Figure 2,).2?7 Its main clinical features are prosopagnosia, episodic memory impairment, and
behavioural change.?® Consensus criteria and nosology for this variant of FTD are still being

refined.
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The FTLD Proteinopathies

The primary proteinopathies associated with the FTLD-spectrum disorders include tau
(often termed the “tauopathies’), TAR DNA binding protein 43 (TDP-43) proteinopathies,
and the FET related proteins (Appendix 1).2% It is worth emphasizing that while clinicians
typically attempt to predict the single most likely proteinopathy that most likely underlies any
particular patient’s dementia syndrome, a significant minority of patients have two or more
proteinopathies identified at autopsy.?’

Limbic-predominant age-related TDP-43 encephalopathy (LATE) is a recently-
characterized entity, in which stereotypical TDP-43 protein inclusions are present with or
without coexisting hippocampal sclerosis; these histologic findings represent LATE
neuropathologic change (LATE-NC).* The typical clinical presentation of LATE is an
amnestic dementia syndrome, and the prevalence appears to increase with increasing age.
Whether LATE is a distinct disease entity separate from FTLD with TDP-43 pathology is

controversial; see Josephs et al. for more details on key controversies.>!

Accurate and Early Diagnosis

Prodromal FTLD

While the presence of an overt FTLD-spectrum disorder phenotype can be defined
based on established criteria, there are no such criteria for the prodromal FTLD-spectrum
disorders except for PSP.3? One would predict that the prodromal features of the major FTLD
syndromes would be subtle/mild changes in one or more of the core features of each
syndrome. For bvFTD, mild changes in behavior, personality, or comportment without major
changes in social/occupational functioning would be expected. Similarly, a change in

speech/language functioning would be expected in those with evolving PPA. However, as
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described above, there are individuals with evolving FTD who present with atypical cognitive
or behavioral manifestations such as anterograde memory impairment, or changes in complex
visual processing (i.e., visual agnosia), or psychosis. Others exhibit changes in motor
functioning such as parkinsonism or limb apraxia or monomelic motor neuron disease
findings without any cognitive or behavioral changes.*?

One framework that can be applied to FTLD-spectrum disorders expands the concept
of mild cognitive impairment (MCI) to include the concepts/terms of mild behavioral
impairment (MBI) and mild motor impairment (MMI) (Figure 3). Each term is intended to
represent the intermediate clinical stage between normal aging and an overt
neurodegenerative phenotype. Each designation requires that clinical manifestations
represent a change from a premorbid state and prior level of functioning.

Characterizing prodromal FTLD is complicated by the clinical variability inherent in
the FTLD-spectrum disorders, with cognitive, behavioral and motor manifestations that are
heterogenous within and across individuals. Furthermore, considering that clinical diagnosis
is often delayed in sporadic FTD syndromes, the most practical approaches to characterize
prodromal FTLD would be 1) to evaluate asymptomatic and minimally symptomatic mutation
carriers among familial FTD kindreds in a longitudinal and comprehensive manner (see
natural history cohorts below), and 2) identify and analyze sporadic cases which were
recognized very early in their clinical course and evaluated prospectively in a similar manner
as described above.

The conceptual framework presented herein is one perspective on characterizing
prodromal FTLD, and more discussion will likely be required to develop consensus on the

finer details of the core features under each domain and precise terminology.
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Novel clinical and neuropsychological measures

The typical cognitive/neuropsychological profiles for key FTD syndromes are outlined
in Panel 1.

Behavioral variant FTD. With respect to the neuropsychological profile, the bvFTD
diagnostic criteria emphasise executive dysfunction with relative sparing of episodic memory
and visuospatial ability, and this profile has been supported by more recent cross-sectional
and longitudinal analyses.>**¢ For executive function, growing evidence indicates that tests
which tap ventromedial prefrontal cortex function, such as error sensitivity,*’ verbal fluency,’’
inhibition,*® as well as decision-making and neuroeconomics derived tasks*® are more
sensitive than dorsolateral prefrontal tasks such as cognitive control and attention.?” Episodic
memory performance is variable. A recent meta-analysis reported large memory deficits in
bvFTD compared to controls, albeit to a lesser extent than seen in AD.*’ Memory also
declines with disease progression*!. Measures of learning and recall*’ as well as spatial
memory*? may be better at differentiating between bvFTD and AD. With respect to
visuospatial ability, drawing and spatial orientation,* and may be useful in discriminating
between these diagnoses. Some studies have also highlighted praxis as potentially useful.*
Given the distinct cognitive profile of bvFTD, neuropsychological assessment therefore plays
an important role in diagnosis.

Assessment of the behavioural features of bvFTD (i.e., apathy, disinhibition,
stereotypical behaviours and changes in eating behaviour) has largely been based on clinical
interview, and while recent analyses support this approach is data collection,’ it can be
influenced by the availability and knowledge of an informant and patient insight. Therefore,

the development of reliable, valid and objective measures is needed to complement the

clinical interview; many of these measures assess social cognition (Appendix 2).
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Primary progressive aphasia. Differential diagnosis of the PPA variants is important
to provide potential insight into underlying pathology, as well as the nature and likely
progression of deficits. A number of neuropsychological tests have been developed which are
tailored for PPA (See Henry & Grasso, 2018 # for recent comprehensive review). In addition
to purposely designed aphasia batteries (e.g., Sydney Language Battery; Progressive Aphasia
Severity Scale), tests which assess non-verbal semantic knowledge (e.g., Repeat and Point
Test), word repetition and picture naming are useful. Irregular word reading, word-picture
matching and tests of semantic association are more impaired in svPPA than nfvPPA
Conversely, sentence reading, sentence ordering and aspects of dictation are more impaired in
nfvPPA.*¢ Efforts to objectively assess syntax and grammar (e.g., Test for Reception of
Grammar, Northwestern Anagram Test) can be useful in detecting nfvPPA, but patients with
IvPPA may also be impaired due to working memory deficits. Agrammatism may also be
elicited during writing tasks (e.g., picture description tasks).

Undoubtedly, while there has been rapid development of new clinical assessment tools
under clinical characterization of these disorders, translation into clinical practice remains a
substantial hurdle. Distinction from healthy controls and differentiation between groups is
typically demonstrated at the group level, however, diagnostic accuracy (i.e., sensitivity and
specificity at the individual level) is essential for clinical assessment. Normative data for
novel experimental tools are scant, and rarely consider cultural differences. Moreover, many
of these tests will require further iterations (e.g., short versions, practical considerations for

psychophysiological and behavioral assessment approaches) before they are clinic-ready.

Biomarkers
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Blood proteins. In the last decade, neurofilament light chain (NfL) has become a
biomarker of interest in FTLD, since it is a sensitive marker of neurodegeneration and its
levels are correlated with the rate of clinical progression and therefore with prognosis.*’-!
NfL levels in plasma correlate well with those in CSF.*”** Compared to various other diseases
in which NfL levels are increased, levels in FTLD as a group are relatively high, but it must
be taken into account that there is still overlap with controls.>? A few recent studies have
highlighted the use of NfL as a biomarker in the distinction between bvFTD and primary
psychiatric disorders with areas under the curve between 0.84 and 0.94.%3* Although
replication on a larger scale is needed, plasma NfLL may become increasingly used in clinical
practice when it comes to this particular differential diagnostic dilemma. NfL has recently
been shown to predict future clinical progression during the prodromal stages of genetic
FTD.*! This has led to its use in clinical trials as a method of inclusion for presymptomatic
carriers. Plasma measures of phosphorylated tau at residues 181 or 217 have comparable
diagnostic accuracy to amyloid PET or CSF measures for the differential diagnosis from AD,
and these may eventually supplant these biomarkers for clinical diagnosis.*>

Cerebrospinal fluid (CSF). There are a growing number of CSF markers that are or
may be useful in FTD. NfL in the CSF is elevated in FTD, but levels do not differentiate
FTLD from non-FTLD pathology, nor do they distinguish the different proteinopathies in
FTLD.*"*-* However, CSF NfL increases with disease progression in FTLD,>® underscoring
its potential use as a biomarker of neurodegeneration in therapeutic trials. While total tau and
beta-amyloid levels are not sensitive or specific for any of the FTLD-spectrum
proteinopathies, elevated phosphorylated tau levels in either CSF or plasma are useful for

ruling out AD as a cause of FTD.**° Of particular interest is the development of CSF assays

which can detect markers of key proteinopathies in FTLD. Recent data on TDP-43 real-time
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quaking induced conversion (RT-QulC) seeding activity in CSF of ALS and FTD patients
appears encouraging.’’ Truncated stathmin-2 was recently identified as a marker for TDP-43
dysfunction in FTD based on analyses of tissue,”® and RT-QuIC seeding activity of tau in
tissue AD and FTLD-tau brains>® has also shown promise. Whether levels of truncated
stathmin-2 and RT-QulC seeding assays for TDP-43 and tau in antemortem CSF will be
predictive of TDP-43 vs tau pathology in humans requires further study.

Genetic testing. Genetic testing (with pre- and post-test counseling in appropriate
individuals) for the known gene mutations is reasonable in those with FTD and a positive
family history of dementia, parkinsonism or ALS. The genes worthy of testing include, but
are not limited to, the so-called “big three of FTD” — C90rf72, MAPT and GRN.">% It is well
known, however, that family histories in C9orf72 mutation carriers can be negative or
ambiguous due to the large variation in clinical phenotype, including psychiatric and other
atypical presentations.®! Whether to perform genetic testing in those without a compelling
family history is controversial, and should depend on individual circumstances and the testing
parameters that are established in certain countries. As more clinical trials begin, and
especially if one or more treatments are shown to be effective for any of the genetically-
mediated FTLD-spectrum disorders, genetic testing will likely expand.

Structural brain imaging. Brain imaging is standard in the assessment of any
individual with cognitive/behavioral changes and a neurologic etiology is suspected, and this
is typically accomplished using brain MRI. Atrophy in the frontal and/or temporal lobes,
which can be symmetric or very focal/asymmetric, supports the clinical suspicion of FTD. *!1°
However, as noted above, the absence of obvious atrophy does not preclude an underlying
neurodegenerative disorder. Volumetric MRI analyses are valuable in the assessment of

individuals with sporadic and familial FTD, particularly to inform clinical trial design.>*%2-6
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Functional brain imaging. FDG-PET is often used to support the clinical suspicion of
FTD — particularly when brain MRI findings are not diagnostic. While the clinical and
research utility of FDG-PET has been demonstrated,® the findings are not 100% sensitive or
specific for an FTLD-spectrum disorder.

Molecular PET brain imaging. Amyloid PET imaging identifies those individuals
with amyloid deposition in the brain, and can be used to differentiate underlying AD from
non-AD disorders in those with FTD (realizing that the interpretation of findings is
challenging in those presumably uncommon individuals with coexisting FTLD and AD
pathology, which can usually only be discovered at autopsy).®” Tau PET imaging was initially
considered to be a potential major breakthrough in differentiating a tauopathy vs a non-
tauopathy among those with an underlying FTLD-spectrum disorder, but this has not been

t.68

borne out.”® For example, the currently used tau ligands bind to tau filaments similar in

structure to AD NFTs, which occurs in only a few of the MAPT mutations (e.g., V337M,
R406W) but not in most other MAPT mutations nor in the other primary tauopathies.'*
Furthermore, there is off-target binding that can lead to false-positive tau PET scans in those
with non-tauopathies.®®® Therefore, the current first-generation tau ligands do not have

sufficient clinical or research utility in FTD. Other ligands for tau as well as TDP-43 and

other non-AD proteins are being vigorously developed and studied.

Current State of Management/Treatment

Early and accurate clinical diagnosis is essential to ensure appropriate management
and treatment (as this becomes available). An accurate diagnosis and information about likely
prognosis is also often invaluable to family members and carers who often experience

disproportionate stress and burden.!? Patient evaluations should consider potential risks to the
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patient and or community. Patients with bvFTD often lack the capacity to avoid danger, due
to disinhibition, apathy, and poor understanding of the internal state of others. Although they
rarely exhibit violent behaviors, FTD patients are at risk of physical or financial victimization
due to their impairments in social cognition. Of these concerns, driving safety and home
firearms are also among the most urgent safety concerns. Suicide ideation is rare but should
be considered in individuals with good insight or concurrent psychological distress (e.g.,
issues around adjustment, anxiety and depression). Several nonpharmacologic interventions

70-77

for managing problematic FTD features are shown in Panel 2.

Treatment Trials and Future Planning

Trials in progress or planned

Most current therapeutic programs target autosomal dominant forms of FTLD
including C90rf72 repeat expansions, GRN or MAPT mutations. A small number of programs
have targeted sporadic forms of FTLD-tau, most commonly PSP. A summary of trials is
shown in the Table.

Progranulin Deficiency. Patients with heterozygous loss of GRN function mutations
develop FTD due to progranulin haploinsufficiency, and several clinical trials have sought to
measure the pharmacodynamic effects of therapeutic interventions on raising progranulin
levels in the blood and CSF. The calcium channel blocker nimodipine failed to raise
progranulin levels in participants with GRN haploinsufficiency enrolled in an 8-week, open-

label trial.”®

Histone deacetylase (HDAC) inhibitors substantially increase progranulin
transcription, but the HDAC inhibitor FRM-0334 failed to raise plasma progranulin levels in
participants with GRN haploinsufficiency enrolled in a double-blind placebo controlled trial

(NCT02149160). More encouraging results have been observed in clinical trials of AL0O1, a
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monoclonal antibody targeting sortilin, a protein central to the degradation of progranulin. A
phase 3 trial of AL0O1 for progranulin deficiency is now underway (NCT04374136), which
requires an elevated Nfl level for inclusion in the asymptomatic mutation carrier arm of the
protocol. Two pharmaceutical companies have announced progranulin gene therapy programs
using adeno-associated virus (AAV) vector therapies, including the AAV1-based PBFT02
(NCT04747431) and the AAV9-based PR0O06 (NCT04408625). Additionally, DNL593, a
peripherally administered recombinant progranulin protein, modified to cross the blood-brain
barrier has been announced as an imminent clinical trial candidate.”

C9orf72. A variety of pathogenic mechanisms have been proposed for C9orf72 repeat
expansion toxicity, including toxic inclusions of abnormally expanded RNA, toxic gain of
function from dipeptides abnormally transcribed from the expanded RNA, and
haploinsufficiency.*®8! One approach for targeting C9orf72 expansion is suppression of the
abnormally expanded RNA transcript using antisense oligonucleotides (ASOs). ASOs require
intrathecal infusion, but they offer diverse and highly specific mechanisms to target discrete
C9orf72 RNA transcripts. So far, clinical therapeutic trials of intrathecal ASOs designed to
target expanded C9orf72 transcripts (including BIIBO78 and afinersen) have only occurred in
patients with an ALS phenotype. BIIBO78 is currently being investigated in a phase 1 trial
enrolling patients with ALS (NCT03626012). While both of these clinical programs have so
far excluded patients with cognitive or behavioral features of C9orf72 expansion, they provide
the opportunity to establish biological proof of concept (eg, reduction of C9orf72 dipeptide
repeats in CSF which has been reported for afinersen) that may lay the foundation for future
trials C9orf72-related FTD. Aside from ASO therapies, the anti-sortilin antibody ALOO1 is

also being explored in a phase 2 trial in symptomatic C9orf72 expansion carriers, in an effort
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to investigate the impact of increasing progranulin levels in other FTLD-TDP cohorts
(NCT03987295).

FTLD-Tau. A multitude of potential therapies are currently under consideration for
treatment of FTLD-tau, and given the importance of tau pathology in Alzheimer’s disease, a
number of clinical trials in FTLD-tau have sought to repurpose therapies from Alzheimer’s
development pipelines. Potential therapeutic mechanisms include enhancement of tau
clearance, suppression of the prion-like behavior of toxic tau molecules, mitigation of toxic
loss of microtubule function, suppression of tau production, augmentation of mRNA splicing,
and augmentation of tau post translational modifications.*?

Passive immunization, using anti-tau monoclonal antibodies, is a potential modality to
improving tau clearance and suppress the spread of self-templating forms of tau (ie, prion like
tau). It is not yet clear what epitopes are most important different tauopathies, and a multitude
of potential therapeutic targets are being explored in trials, including antibodies against
specific tau fragments (e.g. the N-terminal, proline rich, microtubule binding domain, or c-
terminal regions of tau) as well as specific hyperphosphorylated forms of tau, specific
confirmations of misfolded tau, monomeric tau, and oligomeric tau. In two well-powered
phase 2 trials, antibodies directed against N-terminal tau epitopes (BIIB092, ABBV-8E12)
failed to impact the rate of clinical progression in patients with PSP (NCT03413319,
NCTO03068468). Moreover, termination of Biogen’s BIIB092 program in PSP led to an early
termination in the phase 1 basket trial of BIIB092, enrolling patients with CBS, nfvPPA,
MAPT-mutations, and traumatic encephalopathy (NCT03658135). Newer antibodies target
different regions or three dimensional conformations of tau, with the hope that those that bind

closer to the tau aggregation domains may be more efficacious.®® While it is unclear how well
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each of these antibodies can engage tau in different forms of tau pathology, they present a
theoretical opportunity for additional therapeutic trials in FTLD-tau.

Active immunization strategies are a less explored pathway for tau therapy, but offer
the potential benefits of decreased treatment burden and generation of multiple antibodies
against a variety of epitopes. The AADvacl vaccine (containing tau peptide aa 294-305/4R)
has been shown to be safe and well tolerated in an open label trial enrolling patients with
AD® and has subsequently been investigated in a phase 1 trial enrolling patients with nfvPPA
(NCT03174886) although results have not yet been reported.

Direct augmentation of tau expression remains relatively unexplored in FTLD
development pipelines, but ASOs offer a diverse range of methods to impact the expression of
tau. In non-human primates, intrathecal infusions of an ASO that knocks down tau expression,
BIIB080 (IONIS-MAPTRx), were well tolerated and led to a 75% reduction of MAPT mRNA
in the cortex.®® Currently BIIB080 is only being investigated in clinical trials enrolling
patients with mild Alzheimer’s disease (NCT03186989), and it may provide a viable
mechanism to suppress tau pathology in FTLD-tau.

Oxytocin. There were encouraging results in a recent study using intranasal oxytocin
in FTD,3® and a phase 2 trial that is currently in progress (NCT01386333).

Transcranial stimulation. Transcranial DC stimulation is being studied in FTLD-GRN
(NCT02999282), and transcranial magnetic stimulation is being studied in PPA and bvFTD

(NCT03406429).

Natural history study cohorts

In recent years there has been a move from small single site observational studies to

large multicentre natural history cohorts of FTD. The Genetic FTD Initiative (GENFI) is a
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European and Canadian study focused on both presymptomatic and symptomatic genetic
forms of FTD (www.genfi.org). This cohort has recruited over 1100 participants over the last
nine years with a focus on developing robust biomarkers of disease onset and progression in
genetic FTD. Important work from this group includes the identification of presymptomatic
imaging changes®’ as well as changes in key fluid biomarkers such as NfL** and GFAP.®® The
Advancement in Research and Treatment in Frontotemporal Lobar Degeneration (ARTFL;
focused on sporadic and familial FTLD) and Longitudinal Evaluation of Familial
Frontotemporal Dementia Subjects (LEFFTDS; focused on familial FTLD) both began
enrolling participants in 2014. The efforts in both programs were combined as part of the
ARTFL LEFFTDS Longitudinal Frontotemporal Lobar Degeneration (ALLFTD;
www.allftd.org) Consortium which involves 19 sites in North America and includes over
1500 participants evaluated thus far.>***° The Dominantly Inherited Non-Alzheimer
Dementias (DINAD) program in Australia, the New Zealand Genetic FTD (FTDGeNZ) study
and Research Dementia Latin America (ReDLAT; www.lac-cd.org/en/proyects/) study have
also built FTD cohorts, and together with GENFI and ALLFTD, have come together to form
the FTD Prevention Initiative (FPI; www.thefpi.org). The aim of the FPI is to bring together a
worldwide cohort of familial FTD, with a minimum shared dataset that is collected across all
participants, helping to compare and contrast a more diverse set of patients with FTD. The
addition of cohorts from Asia (e.g. within Japan, South East Asia and Korea) to the FPI will
allow comparison of geographical frequency, with genetic FTD occurring at much lower rates
in some regions. Overall, the overarching aim of the FPI is to work together with industry to
promote clinical trials of new therapies that might prevent FTD: creation of an international
database of participants eligible for trials and uniform standards for conducting such trials will

be the first steps in this process.
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Conclusions

The major achievements in FTD research over the last decade include the formation of
large (inter)national study cohorts, enabling us to identify the earliest clinical, biomarker, and
neuroimaging changes in presymptomatic mutation carriers and to define intermediate stages
between onset of symptomatology and overt FTD. It is encouraging that various drug trials
have been initiated, in particular aimed at the genetic forms of FTD. We have learned about
the clinical spectrum associated with the common autosomal dominant mutation in the
C9orf72 gene, which will hopefully lead to a better detection of FTD among patients with a
psychiatric presentation. Finding biomarkers that predict the underlying FTLD pathology,
after years of research, remains an ongoing quest and would represent an enormous
breakthrough with respect to diagnostic specificity, treatment development and disease

monitoring.
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Figure Legends

Figure 1. The core and halo of clinical presentations within the FTLD pathological
spectrum

The core syndromes are shown in blue. The syndromes shown in green represent overlap
syndromes within the FTD spectrum, and those depicted in red represent clinical presentations
classically outside of the FTD spectrum.

Abbreviations: AD=Alzheimer’s disease, ALS=amyotrophic lateral sclerosis,
bvFTD=behavioral variant frontotemporal dementia, CBS=corticobasal syndrome, FTD-
ALS=frontotemporal dementia plus amyotrophic lateral sclerosis, HD=Huntington’s disease,
nfvPPA=nonfluent variant primary progressive aphasia, PD=Parkinson’s disease,
PPA=primary progressive aphasia, PPAOS=primary progressive apraxia of speech,
PSP=progressive supranuclear palsy, rtvFTD = right temporal variant FTD, svPPA=semantic
variant primary progressive aphasia. The term semantic dementia here is used to describe a
syndrome where semantic impairment is prominent initially — this can either be verbal

(svPPA) or non-verbal/emotional (rtvFTD).
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Figure 2. MRI characteristics in right temporal variant FTLD vs semantic variant PPA
A. Representative coronal T1-weighted images of a 70 year old male with behavioral changes,
prosopagnosia and naming difficulties, showing marked right anterior temporal lobe atrophy;
these clinical and imaging findings are typical of the right temporal variant of frontotemporal
lobar degeneration. B. Representative coronal T1-weighted images of a 64 year old female
with fluent but empty speech and marked dysnomia, showing the marked left anterior
temporal lobe atrophy; these clinical and imaging findings are typical of the semantic variant
of primary progressive aphasia.

Abbreviations: L-left, R-right
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Figure 3 — Conceptual Framework of Prodromal FTLD

A. Prodromal FTLD represents the intermediate state between normal neurologic functioning
and an overt FTLD-spectrum clinical syndrome, with each of the prodromal states intending
to reflect a change from baseline yet activities of daily living are largely preserved. The MCI
state represents the classic decline in one or more cognitive domains. The MBI state
represents a change in personality/behavior/comportment including but not limited to two or
more of the features described. The MMI state represents a change in decline in motor
functioning, with elements of extrapyramidal dysfunction, upper motor neuron disease
dysfunction, lower motor neuron disease dysfunction, or some combination of these. Each
prodromal phase is intended to have elements of overlap with normal neurologic functioning
on the mild end (reflecting the challenges differentiating normal vs very mildly abnormal) and
overt FTLD on the more severe end (reflecting the challenges differentiating mildly abnormal
vs an overt clinical syndrome). B. The diagram is intended to reflect the overlap in cognitive
and behavioral features, behavioral and motor features, cognitive and motor features, or
cognitive and behavioral and motor features that certain individuals exhibit in this prodromal
FTLD state. C. Among those destined to develop an overt FTLD spectrum disorder, which
prodromal state is exhibited while likely predict which eventual overt disorder will evolve,
with some degree of variability. MCI is hypothesized to most likely evolve into bvFTD or
PPA (with the language predominant form of MCI undoubtedly evolving into PPA moreso
than bvFTD), whereas MBI is hypothesized to most likely evolve into bvFTD +/- ALS, and
MMI is hypothesized to most likely evolve into CBS or PSP/RS or ALS (the hypothesized

likelihood of evolution is reflected by the weighting of the lines).
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Abbreviations: ALS-amyotrophic lateral sclerosis, bvFTD=behavioral variant frontotemporal
dementia, CBS=corticobasal syndrome, FTD/ALS=frontotemporal dementia plus
amyotrophic lateral sclerosis, MBI=mild behavioral impairment, MCI=mild cognitive
impairment, MMI=mild motor impairment, PPA=primary progressive aphasia,

PSP/RS=progressive supranuclear palsy/Richardson’s syndrome
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Figure 2. MRI characteristics in right temporal variant FTLD vs semantic variant PPA
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Table

Table. Potential Therapeutics in FTLD

Agent Mechanism Indication | Phase ChmcalTl:lalS' Status
gov Identifier
Potential therapies for GRN Haploinsufficiency
Nimodipine Calcium channel FTLD-GRN 1 NCTO01835665 negative
blocker
FRM-0334 HDAC inhibitor FTLD-GRN 2 NCT02149160 negative
AL001 Anti Sortilin FTLD-GRN 2/3 NCT03987295 ongoing
Antibody NCT04374136
PBFT02 AAV1-based gene FTLD-GRN NCT04747431 pending
therapy
PR006 AVV9-based gene FTLD-GRN NCT04408625 pending
therapy
Potential therapies for C90rf72 Expansion
BIIB078 ASO ALS-C9orf72 1 NCT03626012 ongoing
AL001 Anti Sortilin FTLD- 2/3 NCT03987295 ongoing
Antibody C9orf72 NCT04374136
Potential Therapies for FTLD-tau
ABBV-8E12 Anti-tau antibody PSP 2 NCTO03413319 negative
(C2N-8E12) (N-terminus)
BIIB092 Anti-tau antibody PSP 2 NCTO03068468 negative
(BMS- (N-terminus)
986168) CBD, 1 NCT03658135 terminated
nfvPPA,
TES, MAPT
LY3303560 Anti-tau antibody AD 2 NCTO03518073 active
(N-terminus)
RO 7105705 Anti-tau antibody AD 2 NCT03289143 active
(RG 6100) (N-terminus)
UCBO0107 Anti-tau antibody PSP 1 NCTO04185415 active
(Mid domain)
JNJ- Anti-tau antibody AD 1 NCT03375697 unavailable
63733657 (Mid domain)
BIIB076 Anti-tau antibody AD 1 NCT03056729 active
(Monomer &
filament)
AADvacl Tau vaccine nfvPPA 1 NCT03174886 active
TPI-287 Microtubule AD, PSP, I NCT01966666, negative
Stabilization CBD NCT02133846
BIIB080 ASO AD NCT03186989 active
TRx0237 Tau aggregation bvFTD 3 NCT03446001 negative
(LMTM) inhibition
ASNO001 o- GlcNACase - 1 - -
inhibitor
Salsalate Tau acetylation PSP 1 NCT02422485 negative
inhibition
Lithium Glycogen synthase bvFTD 2 NCT02862210 active

Carbonate

kinase inhibitor




Young Alter peripheral cell PSP 1 NCT02460731 negative
plasma signaling
transfusions
Symptomatic FTLD Treatments
Oxytocin Augmenting social FTD 2 NCTO01386333 active
apathy
Transcranial Electrical Current FTLD-GRN | N/A NCT02999282 active
DC stim. Stimulation
Transcranial Magnetic Field PPA, bvFTD | N/A NCT03406429 active
magnetic Stimulation
stim.

Abbreviations: ALS-C9orf72, amyotrophic lateral sclerosis due to chromosome 9 open reading
frame 72 expansion; AD, Alzheimer’s disease; bvFTD, behavioral variant frontotemporal
dementia; CBD, corticobasal degeneration; FTLD, frontotemporal lobar degeneration; FTLD-
GRN, FTLD due to progranulin haploinsufticiency; MAPT; microtubule associated protein tau
mutation; nfvPPA, non-fluent variant primary progressive aphasia; PPA, primary progressive
aphasias; PSP, progressive supranuclear palsy; TES; traumatic encephalopathy syndrome.
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Appendix 1. The FTLD Proteinopathies

Among the tauopathies, there are six different tau isoforms generated by alternative
splicing, with three of the isoforms being derived from splicing out exon 10 (yielding three
repeat or 3R tau) and three of the isoforms including exon 10 (resulting in four repeat or 4R
tau). The primary tauopathies can be subdivided into the 3R-predominant tauopathies, the
4R-predominant tauopathies and the mixed 3R/4R-tauopathies. The secondary tauopathies
include AD and other disorders in which abnormal tau deposition is integral to the
pathogenesis of the disorder, but not the primary driver of pathology. The primary
tauopathies include Pick’s disease (PiD), which has 3R-predominant tau pathology, the 4R
tauopathies [i.e., progressive supranuclear palsy (PSP), corticobasal degeneration (CBD),
argyrophilic grain disease (AGD), globular glial tauopathy (GGT),{Ahmed, 2013 #9046} and
age-related tau astrogliopathy (ARTAG){Kovacs, 2016 #9051}], and the mixed 3R/4R
tauopathies [i.e., primary age-related tauopathy (PART){Crary, 2014 #9048}]. FTLD
associated with mutations in MAPT have 3R, 4R, or mixed 3R/4R tau pathology depending
on the mechanism by which each mutation affects the tau isoforms. Alzheimer’s disease
(AD), chronic traumatic encephalopathy (CTE), the immunoglobulin-like cell adhesion
molecule type 5 (IgLONS) encephalopathy{Gelpi, 2016 #9053} and other disorders have
mixed 3R/4R tau pathology; these disorders represent the secondary tauopathies.

The original classification systems used in characterizing the neuropathologic
findings in FTLD-TDP were harmonized into the system that is most widely used at present,
in which the subtypes are based on the relative abundance of different types of TDP+
neuronal inclusions and their laminar distribution within the cerebral neocortex. {Mackenzie,
2011 #5518} Many of the genes associated with FTLD-TDP and/or amyotrophic lateral
sclerosis (ALS) include C9orf72, superoxide dismutase 1 (SODI), GRN, valosin-containing

protein (VCP), transactive response DNA binding protein (TARDBP), TANK-binding kinase

i
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1 (TBK1), among others. Perry syndrome is associated with mutations in dynactin-1
(DCTNI). Lewy body disease (LBD) and the polyglutamine expansion disorders (PG), as
well as the primary tauopathies, AD and CTE can occur as mixed or secondary
proteinopathies associated with TDP-43.

The other proteinopathies represent approximately 10% of the FTLD-spectrum
disorders. The fused in sarcoma (FUS), Ewing sarcoma (EWS), and TATA-binding protein-
associated factor 15 (TAF15) proteins comprise the FET protein family of disorders:
basophilic inclusion body disease (BIBD), neuronal intermediate filament inclusion body
disease (NIFID), and atypical FTLD with ubiquitin-positive inclusions (aFTLD-U). These
disorders can be associated with mutations in fused in sarcoma (FUS). Other more rare
proteinopathies include FTLD with inclusions labeled with markers of the
ubiquitin/proteasome system (UPS) — often due to mutations in the charged multivesicular
body protein 2B (CHMP2B) gene, hereditary diffuse leukoencephalopathy with spheroids
(HDLS) associated with mutations in the colony stimulating factor 1 receptor (CSFIR) gene,

and disorders with other genes. See{Neumann, 2019 #9045} for more details.

See associated figure.
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Appendix 2. Measures Assessing Social Cognition

Formal assessment of eating changes, using an ad libitum breakfast test meal, has shown that bvFTD but not AD patients, have increased caloric
intake and strong sucrose preference{Ahmed, 2016 #9088} underscoring eating changes as a diagnostic marker of bvFTD.{Ducharme, 2018
#9092;Lansdall, 2019 #9093} New tests which formally measure apathy have also been developed including computerised measures of goal-
directed behaviour{Massimo, 2015 #9094} and observations of exploration behaviour{Batrancourt, 2019 #9095}. While traditionally
conceptualised as a unitary construct, the complexity of apathy is increasingly recognized, {Ducharme, 2018 #9092} as well as its relevance for
prognosis and survival.{Lansdall, 2019 #9093} Understanding the different dimensions of apathy may improve its diagnostic utility, with
bvFTD patients tending to show more emotional/affective apathy than AD.{Kumfor, 2018 #9099} While the behavioural symptoms of bvFTD
are conventionally assessed and interpreted independently, a new framework has suggested that these behavioural symptoms which superficially
appear unrelated may reflect a reduction in goal-directed behaviour and a concomitant over-reliance on habitual behaviours.{Wong, 2018
#9105} This new framework may help to harmonise methodologies across species and improve translation from animal models to clinical
settings. {Toller, 2020 #8750;Rankin, 2021 #9406;Matias-Guiu, 2020 #9109;Kamath, 2020 #9111} Although not part of the current diagnostic
criteria, a surge of research has focused on social cognition as a potential surrogate marker for the behavioural features which are present early in
bvFTD and rtvFTD and emerge with disease progression in PPA (particularly the semantic variant). {Kumfor, 2016 #9116} Social cognition
refers to the abilities needed to perceive, interpret and respond to social cues. Patients with bvFTD show profound impairment in their ability to

recognise emotions from faces, bodies, voices, music and non-verbal sounds, {Kumfor, 2018 #9123} which may even be detectable in some pre-
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symptomatic patients. {Jiskoot, 2021 #9128} Responses to social cues are also abnormal. Patients with bvFTD show reduced facial expressions
(measured by surface facial electromyography) when viewing emotional stimuli. {Kumfor, 2019 #9135} Arousal (measured by skin conductance
level) is also dampened. {Kumfor, 2019 #9135} People with bvFTD also show reduced capacity to take another’s perspective (i.e., mentalizing,
also known as theory of mind) compared to healthy older adults and AD patients (when cognitive impairment is taken into account). {Kumfor,
2017 #9141} In line with the diagnostic criteria, empathy is reduced. Changes in moral reasoning have also been reported, { Strikwerda-Brown,
2021 #9146} with some patients showing antisocial or even criminal behaviour.{Liljegren, 2019 #9147} Thus, impairments in social cognition
are profound and wide ranging. It is increasingly recognised that tests of social cognition are useful in differentiating bvFTD from AD{Moura,
2020 #9148} as well as from primary psychiatric disorders such as bipolar disorder and schizophrenia.{Ducharme, 2020 #8924} As yet, no
consensus has been reached regarding the “best” test of social cognition. Measures which have been validated include the Revised Self-
Monitoring Scale (RSMS),{Toller, 2020 #8750} Interpersonal Adjectives Scales, The Awareness of Social Inference Test (TASIT), among
several others (well-described in{Rankin, 2021 #9406}). See Appendix 2 Table for summary of selected measures for assessing social

cognition.



Appendix 2 Table. Selected measures for assessing social cognition

Test (BEAST); Social Cognition and
Emotional Assessment (SEA)/Mini-
SEA]

Mini-SEA

Prosody (e.g., Florida Affect Battery)
Videos [e.g., The Awareness of
Social Inference Test (TASIT-
Emotion Evaluation); Dynamic
Affect Recognition Test]

o False-belief tasks

o TASIT-Social
Inference

e Moral dilemmas
(e.g., Trolley car
dilemma)

e Theory of Mind
Cartoons

e Multi-faceted
empathy test

e Story-based
empathy task

e Reading the
mind in the eyes
test

e Interpersonal
adjectives scales

e Socioemotional
Questionnaire

¢ Interpersonal
Reactivity Index

e Social norms
questionnaire

Domain Emotion recognition Mentalising Questionnaire and Behavioural measures
(including theory | informant measures
of mind and
empathy)
Test Photos [e.g., Ekman Faces; NimStim, | ® Faux pas e Revised self- Psychophysiology (e.g., skin
examples Bodily Expressive Action Stimulus test/Mini-SEA monitoring scale conductance, facial

electromyography, heart rate
variability)

Eyetracking

Behaviour coding (e.g., facial
expressions, vocal prosody, non-
verbal behavior, ethnographic coding,
clinician behavior ratings)
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Panel 1. Clinical characteristics and cognitive profiles of key FTD subtypes

sensory

word
comprehension,

Clinical Cognitive/neuropsychological profile Social cognition
characteristics and
behavior
Attention Language Memory Visuospatial Executive
and and praxis functioning
orientation
Behavioral- Early and insidious | Usually Nature of Variable. Intact. Impaired on tasks Profound
variant change in behavior | oriented to | difficulties Spatial Complex tapping the impairment in
frontotemporal | and personality time and similar to sv- memory figure copy ventromedial emotion
dementia ¢ Disinhibition place PPA, but less may be tasks may be | prefrontal cortex recognition,
(bvFTD) e Apathy severe (may be | better able | compromised | i.e., error sensitivity, | theory of
e Stereotyped intact in some | to due to poor verbal fluency, mind/mentalising
behavior patients) distinguish | organisational | inhibition, decision- and empathy
e Reduced from approach; making and Growing evidence
sympathy/empathy Alzheimer’s praxis intact | neuroeconomics of impaired moral
e Changes in eating disease tasks reasoning,
habits affective decision
e Limited insight making, ‘
mteroception,
social cooperation
Semantic e Fluent but empty Intact Impaired Intact on Intact Variable. Impaired emotion
variant speech; reduced semantic tasks with visuospatial Prominent executive recognition,
primary single-word knowledge limited ability. dysfunction may mentalising/theory
progressive comprehension. irrespective of | conceptual | Reduced indicate non-TDP- of mind, empathy
aphasia e Impaired testing demands object 43 pathology Qualitatively
(svPPA) knowledge of modality; pantomime similar profile to
meaning of words Anomia, and limb bvFTD
objects, and other reduced single imitation

e
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perceptions e.g.,
sounds, tastes
Behavioural
changes may
occur early in the
disease course and
are more common
with disease
progression. Can
affect
conversation (e.g.,
stereotyped
storytelling,
decreased social
interaction and
impairments in
turn-taking)

relatively
preserved
phonology,
grammar and
syntax; naming
nouns < verbs.

Right temporal
variant of FTD
(rtvFTD)

Prosopagnosia,
episodic memory
impairment, and
behavioural
change
Behavioural
changes common
(disinhibition,
obsessive
personality)

May show
hypochondria,
increased
spirituality
possibly reflecting

Can be
disoriented
to
time/place

May be present
early in disease
and becomes
more impaired
with disease
progression.
Similar
language
profile to sv-
PPA

Impaired.

Impaired.
Difficulties
with
navigation
common

Variable but less
affected than
bvFTD

e Prosopagnosia

e Impaired face
perception and
face memory

¢ Impaired emotion
recognition

e Reduced empathy




a complex

semantic

impairment
Nonfluent e Effortful, laboured | Intact Reduced Non-verbal | Praxis (esp. Mild executive e Limited available
variant speech production utterance memory orofacial) dysfunction. evidence shows
primary (slow speech, length, high intact. impaired Reduced verbal impaired emotion
progressive decreased output phonemic Visuospatial fluency/generativity. | recognition. Most
aphasia and phrase length) errors, poor memory evidence from
(nfvPPA) e Agrammatical sentence impairment facial stimuli.

and/or apraxia of ordering. may be e Subtle

speech in the Comprehension | suggestive impairments in

context of relatively of empathy but not

preserved preserved underlying to the same extent

semantic except for Alzheimer’s as bvFTD;

knowledge syntactically pathology increase with

e Behavioural complex disease
features increase sentences. progression.

with disease
progression (e.g.,
difficulty in social
interactions,
changes in
eating/drinking,
change in social
emotions,
repetitive
behaviors)
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Panel 2. Nonpharmacologic interventions for managing problematic FTD features

Speech and cognitive therapies. In the absence of disease modifying treatments or cures,
interventions have focused on symptom management to address language and behavioral
symptoms, improve patient functioning and reduce carer burden. Substantial progress has
been made to improve language symptoms.’’ While generalization of training is variable and
tends to be context dependent,”! enriched encoding may enhance generalization to other
exemplars and situations.”” Recently, attempts to combine language training with non-
invasive brain stimulation such as transcranial Direct Current Stimulation have been gaining
interest, but randomized control trials are lacking (for a full review see’”). In nfvPPA, several
interventions have been developed to enhance speech production and fluency.”* Internet-
based speech and language therapy has also shown to be effective in people with PPA, but

require further large scale replication.”

Behavioral interventions. For the behavioral symptoms, small case studies suggest that
tailored activities or positive behavior support may improve neuropsychiatric and behavioral
symptoms and alleviate carer distress.”® Given the profound lack of insight in bvFTD,
interventions which target carers can also be appropriate. For example, teaching carers
techniques in cognitive appraisal and coping to change their interpretation of patients’
behaviors can help to provide a sense of control for carers and in turn reduce burden. In
addition, environmental modifications can be considered. For example, for apathy providing
incentives and capitalizing on routines may enhance motivation; for people with agitation,
assessment for pain and investigation of environmental triggers is important; for people with
disinhibition monitoring of finances should be considered and for people with compulsive

behaviors, distraction and/or harm reduction should be implemented. Recent evidence
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suggests that among familial FTD mutation carriers, greater physical and cognitive activities
were associated with slower clinical decline and rate of atrophy on MRL.”” Whether the same
occurs in those with sporadic FTD remains to be seen, but regardless, promoting physical,
cognitive and leisure activities among symptomatic and at-risk individuals is reasonable

clinical advice.



