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Abstract

Frontotemporal lobar degeneration with TPD-43-immunoreactive pathology (FTLD-TDP) is
subclassified based on the type and cortical laminar distribution of neuronal inclusions. The
relevance of these pathological subtypes is supported by the presence of relatively specific clinical
and genetic correlations. Recent evidence suggests that the different patterns of pathology are a
reflection of biochemical differences in the pathological TDP-43 species, each of which is
influenced by differing genetic factors. As a result, patient FTLD-TDP subtype may be an
important factor to consider when developing biomarkers and targeted therapies for
frontotemporal dementia. In this review, we first describe the pathological features, clinical and
genetic correlations of the currently recognized FTLD-TDP subtypes. We then discuss a number
of novel patterns of TDP-43 pathology. Finally, we provide an overview of what is currently
known about the biochemical basis of the different FTLD-TDP subtypes and how this may explain
the observed phenotypic and pathological heterogeneity.
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Introduction

Frontotemporal dementia (FTD) is a heterogeneous clinical syndrome characterized by
progressive changes in behaviour, personality and/or language, with relative preservation of
memory (1). Major clinical subtypes include the behavioural variant (bvFTD) and two forms
of primary progressive aphasia (PPA); the non-fluent/agrammatic and semantic variants
(nfvPPA, svPPA; respectively). In addition, FTD is often associated with motor features,
either an extrapyramidal movement disorder (atypical parkinsonism or corticobasal
syndrome, CBS) or motor neuron disease (MND, usually classical amyotrophic lateral
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sclerosis, ALS). A family history is present in 25-50% of cases, with autosomal dominant
FTD caused by mutations in several different genes (2).

The neuropathology underlying clinical FTD is also heterogeneous. Relatively selective
degeneration of the frontal and temporal lobes is a consistent feature and “frontotemporal
lobar degeneration” (FTLD) is used as the generic term for those pathologies that commonly
present as clinical FTD (3, 4). As with many other neurodegenerative conditions, the
pathology of most cases of FTD includes the abnormal intracellular aggregation and
accumulation of some pathological protein(s). Until quite recently, the vast majority of
FTLD cases fell into two broad categories; those characterized by cellular inclusions
composed of the microtubule associated protein tau (FTLD-tau) and those with tau-negative
inclusions that could only be detected with immunohistochemistry (IHC) against the non-
specific marker of pathological protein accumulation, ubiquitin (FTLD-U) (5). In 2006, two
publications each described three distinct patterns of FTLD-U pathology, based on the
anatomical distribution and morphology of ubiquitin immunoreactive (-ir) neuronal
inclusions in the cerebral cortex (6, 7). Importantly, the pathological features that defined
each of the subtypes in these two independent studies were almost identical, providing
powerful validation of the results. The significance and legitimacy of the pathological
subtypes was further supported by the finding of relatively specific correlations with
different clinical phenotypes (6) and with the subsequent recognition that most of the newly
identified genetic causes of FTD were each consistently associated with a specific type of
FTLD-U pathology, including a novel (fourth) pattern that is only found in cases caused by
mutations in the valosin containing protein gene (VCP) (8-10). A major breakthrough
occurred, later in 2006, when the transactive response DNA binding protein with M, 43 kD
(TDP-43) was identified as the ubiquitinated pathological protein in most cases of FTLD-U
(which now became FTLD-TDP) and in sporadic ALS, strengthening the concept that FTD
and ALS are closely related conditions with overlapping pathogenesis (11, 12). Subsequent
studies confirmed TDP-43 as the pathological protein in most clinical and genetic subtypes
of FTLD-U and the same criteria were adopted for the pathological sub-classification of
FTLD-TDP, with only minor modifications (13-15).

Over the past decade, the concept and utility of the current FTLD-TDP subtyping system has
gained wide acceptance and has been repeatedly validated through its application in new
case series and by the discovery of additional clinical, genetic and pathological correlations.
Moreover, recent studies have demonstrated that cases with each of the different
pathological subtypes are associated with different genetic risk factors and that the insoluble
protein extracted from postmortem brain tissue has differing physical and biochemical
properties (16—-18). These findings suggest that accurate pathological subtyping of cases and
a better understanding of their biochemical basis will likely be important to advance the
development of biomarkers and targeted therapies for FTD.

Major FTLD-TDP pathological subtypes

Although the studies that originally described the FTLD-U subtypes evaluated ubiquitin-ir
pathology in neocortex, hippocampus and (in one study) striatum (6, 7), the diagnostic
criteria that are now commonly used to sub-classify FTLD-TDP cases are based exclusively
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on neocortical features (Table 1). Several studies have shown that these criteria are equally
applicable and give comparable results regardless of whether the antibody used recognizes
phosphorylated or phosphorylation-independent TDP-43 (15, 19). The two discordant
numbering systems introduced in the original papers have since been replaced with the
harmonized alphabetic classification that is used below (20).

Neocortical features

FTLD-TDP type A—Type A cases are characterized by abundant TDP-43-ir neuronal
cytoplasmic inclusions (NCI) and short thick dystrophic neurites (DN) which are
concentrated in the superficial cortical layers (Fig. 1). The NCI are mostly compact (cNCI)
and have an oval or crescentic shape. Lentiform neuronal intranuclear inclusions (NII) are
also usually present, but much less abundant.

FTLD-TDP type B—Type B cases have at least moderate numbers of NCI in both
superficial and deep cortical layers with relatively few DN and no NII. Most of the NCI have
a diffuse granular morphology (dNCI), sometimes referred to as “pre-inclusions”.
Importantly, some cases also have a background of delicate, small, TDP-43-ir threads and
dots (ThD) which, when concentrated in layer 11, may resemble the superficial laminar
distribution that is typical of type A cases; however, this ThD pathology is neither consistent
nor specific for type B cases.

FTLD-TDP type C—Type C cases have a predominance of DN with few if any NCI and no
NII. DN are somewhat more abundant in superficial cortical layers and many have a unique
long, tortuous morphology.

FTLD-TDP type D—The characteristic feature of FTLD-TDP type D pathology is an
abundance of lentiform NII and delicate short DN which are somewhat concentrated in
superficial laminae. cNCI are rare in this subtype.

Hippocampal and subcortical pathology

In addition to the characteristic neocortical features, most cases of FTLD-TDP are also
found to have significant TDP-43-ir pathology in limbic and subcortical anatomical regions
(Table 1) (8, 21, 22). Although not included in the diagnostic criteria, each of the neocortical
subtypes shows a highly consistent pattern of subcortical involvement which may be helpful
when classifying difficult cases, and which may help to explain the range of associated
clinical features (22).

FTLD-TDP type A—A highly characteristic feature of type A cases is the presence of
delicate TPD-43-ir threads in hippocampal CA1 region, which is often associated with
significant pyramidal cell loss (hippocampal sclerosis) (Fig. 1). Type A cases also tend to
have abundant white matter threads, a predominance of DN in subcortical grey matter
regions and small numbers of NII in the hippocampus and striatum. Diffuse and compact
NCI are also present in the hippocampal dentate and striatum, but tend to be less abundant
than in type B or C cases.
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FTLD-TDP type B—The most defining subcortical feature of type B cases is frequent NCI
in LMN of the hypoglossal nucleus and spinal cord, which may have diffuse, compact or
filamentous morphology. Moderate numbers of TDP-43-ir glial cytoplasmic inclusions
(GCI) are present in the cerebral white matter. Many subcortical grey matter regions have
abundant NCI which are predominantly diffuse, as well as more modest numbers of GCI.

FTLD-TDP type C—The hippocampal dentate gyrus and striatum consistently show
numerous cNCI that have a unique “Pick body-like” morphology with uniform solid
consistency and smooth round contour (in contrast to the cNCI found in some type A and B
cases which usually appeared as a compact aggregate of coarse granules). The cerebral white
matter is not involved and most other subcortical structures show only occasional DN.

FTLD-TDP type D—Modest numbers of DN and NI are present in the amygdala, basal
ganglia, nucleus basalis, thalamus and midbrain. The pons, medulla and cerebellum are
consistently spared. Notably, the dentate granule cells of the hippocampus are free of NCI.

Clinical correlations

There is significant overlap in the clinical features associated with each of the different
major protein classes of FTLD (FTLD-tau, FTLD-TDP and FTLD-FET) and among the
subtypes within each class (1, 23-25). Moreover, in cases within all the pathological groups,
a patient’s phenotype often evolves as their disease progresses to include additional clinical
features. In general, cases of svPPA and FTD combined with ALS are usually found to have
underlying FTLD-TDP pathology, those with nfvPPA or prominent extrapyramidal features
(particularly sporadic cases) more often have FTLD-tau; whereas, bvFTD can be associated
with any of the FTLD pathologies. Within the FTLD-TDP group, each of the subtypes
shows a number of important clinical correlations.

FTLD-TDP type A—Most cases present with features of bvFTD, often with prominent
apathy and social withdrawl. An aphasic presentation is less common and may be nfvPPA or
more difficult to classify. Executive dysfunction and some degree of memory impairment are
not uncommon, particularly with older age at presentation. Neuropsychiatric manifestations
(delusions, hallucinations or obsessive behaviors) are particularly common in those with an
underlying GRN or C9orf72 mutation. Extrapyramidal features are reported in up to half of
cases, but are rarely the presenting or predominant feature; whereas, ALS is highly unusual.

FTLD-TDP type B—This pathology underlies the vast majority of cases in which FTD
occurs in combination with clinical features of ALS. The presenting dementia syndrome is
most often bvFTD, while language problems usually develop later. Psychosis is particularly
common in those caused by the C9orf72 repeat expansion where they may be the presenting
feature in one third (26). Extrapyramidal features develop in at least half.

FTLD-TDP type C—There is a particularly strong correlation between this pathology and
sVPPA, with most cases of clinical svPPA having FTLD-TDP type C pathology. There are
often some associated behavioral changes and cases with predominant rig/ttemporal
involvement may present with loss of sympathy/empathy, hyposexuality, prosopagnosia and
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obsessive/compulsive behavior. Psychiatric features and extrapyramidal movement disorders
are much less common than with the other subtypes. Although these cases do not develop
ALS, they may have some upper motor neuron features. Patients with this pathology also
tend to have a slower disease progression and older age at death compared to those with the
other FTLD-TDP subtypes.

FTLD-TDP type D—This pathology is exclusively found in familial cases with VCP
mutations in which there is variable penetrance of inclusion body myopathy (90%), Paget
disease of bone (45%), FTD (30%) and ALS (10%) (27). The FTD syndrome is usually
bvFTD with language dysfunction and extrapyramidal motor features being relatively
uncommon.

Genetic correlations

Patients with FTD due to mutations in GRN are consistently found to have FTLD-TDP type
A pathology at autopsy (10, 13, 15), while those with VCP mutations always have type D
(Table 1) (8, 28). In contrast, the C9orf72 repeat expansion has more variable TDP-43-ir
pathology, with most studies reporting some cases with type A and others with type B
FTLD-TDP (26, 29-32). Moreover, two recent studies, found that only half of C9orf72
mutation cases had either typical type A or type B pathology, while the largest group had the
combined pathological features of both type A and type B (type A+B, see below) (15, 22).
Although there are currently few reports describing the pathology in cases of FTD caused by
mutations in the TANK binding kinase 1 gene (7BK1), these also seem to include both type
A and type B cases (33-36). There are a number of other rare genetic causes of FTD that
have been reported to have TDP-43 pathology, but for which there is currently insufficient
information to define the specific pattern (e.9. TARDBR, CHCHD10, OPTN, SQSTMI)(2).
Finally, in addition to causal mutations, genetic risk factors have been identified for FTLD-
TDP, some of which are associated with a specific pathological subtype (e.g. a variant in
UNC13A has was found to be associated with FTLD-TDP type B cases but not A or C)(17).

Other FTLD-TDP subtypes and patterns of pathology

Although the subtyping of FTLD-TDP cases has proven to be useful and the current criteria
generally accepted, several reports have identified cases that are difficult to classify, either
because the pattern of pathology does not to fit with any of the existing subtypes or because
it shows overlapping features of more than one subtype (15, 22, 37-42). Although these
cases represent a small minority in most series, they highlight some of the technical and
interpretive differences that exist among neuropathologists in applying the current FTLD-
TDP classification criteria.

FTLD-TDP cases with overlapping pathological features

In a series of 30 FTLD-TDP cases selected for a BrainNet Europe study, an initial panel of
five neuropathologists designated three cases as “atypical” type B, four cases as having
features of both type A and type B (A+B), and two cases that had insufficient TDP-43
pathology for typing (37). A follow-up analysis of this case series, involving a much larger
group of investigators, found relatively poor agreement amongst the reviewers in assigning
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FTLD-TDP subtypes (762%), with the worst agreement observed for FTLD-TDP type B
cases. However, agreement was better (up to 85%) when raters were asked to simply
dichotomize between type A or B versus type C, suggesting that the major difficulty was in
differentiating between type A and type B. An earlier study by Armstrong ef al., that used
principal component analysis, and that included a combination of TDP-43-ir pathology and
additional changes that are not part of the standard subtyping criteria (neuronal loss,
neuronal enlargement, neuropil vacuolation, oligodendroglial inclusions) also found
significant overlap among FTLD-TDP subtypes, particularly between type A and type B
(43). Finally, a small series of four cases of FTD with delusions also reported two as having
mixed type A+B pathology and two which were unclassifiable (39). Importantly, all four of
these cases harbored the C90rf72 repeat expansion.

The issue of combined subtypes was addressed more specifically in a study design to
compare the pathological features that define the subtypes based on the original ubiquitin-
based criteria versus TDP-43 IHC (15). In this series of 78 FTLD-TDP cases, the majority
(81%) were easily classified as types A, B, or C; however, 15 cases demonstrated mixed
features of both FTLD-TDP type A and type B. These mixed cases were characterized by
NII, NCI and short DN in layer Il (type A features), as well as granular NCI in deeper
neocortical layers that were at least as numerous as in layer Il (type B features) (Fig. 2).
Importantly, 12 of the 15 type A+B cases carried the C9orf72 repeat expansion, while the
remaining three cases had clinical or pathologic evidence of MND. In fact, half of the
C9orf72 mutation cases in this study had FTLD-TDP type A+B pathology with the other
half were classified as pure type B.

A similar analysis of 89 cases by another group found that a higher proportion of cases
(96%) could be readily subtyped as A, B or C; whereas, five cases were judged to have
features that crossed FTLD-TDP subtypes, all of which also had concomitant MND
pathology (44). One case with the C9orf72 mutation exhibited type B features with NII (type
A+B) while another C9orf72 case exhibited a mixed type B+C pattern. The other three were
non-C9orf72 cases and included one type C with NII (type A+C), and two type B with long
DN (type B+C).

Although the current subtyping criteria is based solely on pathological findings in
neocortical sections, each of the different FTLD-TDP subtypes has also been reported to be
associated with distinctive patterns of TDP-43 pathology in limbic and subcortical regions
(see above) (21, 22). In a recent study, Mackenzie and Neumann investigated whether
including pathological data from subcortical anatomical regions would allow for better
classification of cases with a mixed pattern of neocortical TDP-43-ir pathology (22). Using
standard observational assessment of neocortical sections, all of the non-C90rf72 mutation
cases could be readily classified as type A, B or C, and these results were validated using
non-biased hierarchical clustering analysis (HCA). Furthermore, HCA of the pathological
data from subcortical regions found that these cases again formed three distinct clusters,
which perfectly matched the neocortical type A, B and C groups. In contrast, using the
neocortical data, only half of the C90rf72 mutation cases clustered with either the type A or
type B cases, and the remaining 14 formed a distinct cluster exhibiting mixed features of
type A and B. When the same group of C9orf72 mutations cases was analyzed using the
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limbic and subcortical TDP-43 pathology data, more of the cases segregated as type A or
type B; however, five cases remained as a separate mixed A+B cluster.

The results of these studies indicate that, although the vast majority of FTLD-TDP cases can
be readily sub-classified based on the current criteria, there exists a minority that are difficult
to assign because they have a combination of pathological features that characterize more
than one subtype. Interestingly, these mixed patterns of pathology seem to be particularly
common in cases with the C9orf72 repeat expansion and sporadic cases that have features of
both FTD and ALS (15, 22, 39, 41, 44), suggesting that there may be something unique
about the mechanism of TDP-43 mis-metabolism in these clinical and genetic groups that
result in greater pathological heterogeneity.

Novel FTLD-TDP subtypes

In 2017, Lee et al. described a series of seven cases that were difficult to categorize based on
the 2011 harmonized FTLD-TDP classification, that they felt represented a unique subtype
which they designated as type E (40). The neocortical TDP-43 pathology involved all
cortical layers and consisted of weakly staining granulofilamentous neuronal cytoplasmic
inclusions (GFNI) set in a background of very fine grain-like deposits (Fig. 2). In contrast to
the NCI found in other FTLD-TDP subtypes, these GFNI were negative for ubiquitin and
mostly negative for p62. GFNI and grain pathology, as well as TDP-43-ir oligodendroglial
inclusions, were also present in a wide range of neocortical and subcortical regions, sparing
only of the occipital neocortex and cerebellum. Motor neuron involvement was a consistent
feature, although only one case was associated with clinical features of ALS. Interestingly,
these FTLD-TDP type E cases were consistently associated with a rapid clinical course of
one to three years duration. Some additional reports have described cases with pathology
similarity to the type E of Lee et al. Takeuchi et a/. reported a subset of sporadic ALS cases
with NCI, granular or dot like DN, and a high density of GCI, involving motor cortex, other
neocortical regions, basal ganglia and spinal cord (41). Ubiquitin and p62 IHC were not
performed. The authors interpreted these findings as distinct from FTLD-TDP types A - D.
More recently, two cases with one year duration of PPA and ALS were reported to exhibit
FTLD-TDP type E pathology, consisting of TDP-43-ir, p62-negative GFNI and grains (42).
Finally, a case of rapidly progressive Foix-Chavany-Marie syndrome (FCMS) has been
reported to exhibit FTLD-TDP type E (45). FCMS, also known as bilateral opercular
syndrome, is characterized by prominent motor dysfunction involving muscles of the face,
tongue and pharynx. While the etiology of FCMS is diverse, sometimes being associated
with bilateral opercular infarcts, progressive forms of FCMS share clinical similarities to
FTD (46).

While FTLD-TDP type E may represent a distinct subtype, the association with ALS in
some cases and the similarities with the pathological features of type B cases, raise the
possibility that types E and B represent a continuum. Indeed, FTLD-TDP type B has been
described as often having a predominance of granular rather than compact NCI, a synaptic
pattern of neuropil inclusions, and abundant threads and dots (15, 21, 32). Given the
relatively short disease duration of most cases with FTLD-TDP type E, one possibility is
that these represent “early stage” disease when the TDP-43 inclusions are still immature and
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have not yet coalesced into a more typical FTLD-TDP type B morphology and become
ubiquitinated. Alternatively, FTLD-TDP type E could represent a more virulent pathology
which spreads through the brain and spinal cord quickly, resulting in rapid clinical disease
progression and relatively immature inclusions.

Unique patterns of TDP-43 pathology in rare disorders

Unique patterns of TDP-43 proteinopathy have been described in a few rare
neurodegenerative diseases, not typically classified as FTLD or ALS. A screen of non-
neurodegenerative disease neuropathology specimens revealed that Rosenthal fibers and
eosinophilic granular bodies, which may be present in reactive gliosis and in some low grade
astrocytic brain tumors, label with TDP-43 IHC (47). Rosenthal fibers are protein aggregates
within astrocytes that are composed primarily of glial fibrillary acidic protein (GFAP) and
are also the defining pathological feature of Alexander disease, a leukodystrophy associated
with GFAP mutations (48). A subsequent study demonstrated that Rosenthal fibers in
Alexander disease are also TDP-43-ir (49). Thus, Alexander disease represents a unique
TDP-43 proteinopathy in which neurodegeneration is associated exclusively with astrocytic
inclusions. Another unique pattern of TDP-43 proteinopathy is found in Perry syndrome, a
progressive neurodegenerative disease characterized by parkinsonism, psychiatric symptoms
and hypoventilation, caused by mutations in the gene encoding dynactin-1 (DCTNI) (50). In
addition to modest numbers of NCI composed of the dynactin subunit p50, cases of Perry
syndrome exhibit TDP-43-ir NCI, DN, oligodendroglial GCI, axonal spheroids and
perivascular astrocytic inclusions (51). Based on the very limited number of cases reported
(n=3), the pattern of TDP-43 pathology in Perry syndrome seems to be distinct from FTLD-
TDP, with a predisposition for the substantia nigra and other subcortical regions with only
mild and inconsistent involvement of the cerebral cortex.

In both Alexander disease and Perry syndrome, TDP-43 protein aggregation is likely
secondary to the accumulation and dysfunction of other proteins (GFAP and dynactin,
respectively). None-the-less, these conditions are informative by demonstrating that TDP-43
proteinopathy may result from diverse mechanisms.

TDP-43 pathology in aging and common neurodegenerative disorders

Finally, it is important to recognize that some degree of TDP-43-ir pathology is a common
finding in the limbic structures of the mesial temporal lobe in aging and in association with
many common neurodegenerative disorders, including Alzheimer’s and Lewy body disease
(52). The clinical relevance of this pathology and its relationship to FTLD-TDP is currently
the topic of tremendous interest and controversy (53, 54), but is beyond the scope of the
present review.

Biochemical basis of FTLD-TDP subtypes

Biochemical properties of TDP-43 aggregates and disease associated modifications

Aggregated TDP-43 isolated from human postmortem FTLD-TDP brain tissue is poorly
detergent soluble and subject to a variety of disease associated posttranslational
modifications (PTM). These result in a highly characteristic biochemical banding pattern by
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immunoblot analysis, with the presence of disease specific bands of 25 kDa, ~45 kDa and a
high molecular smear, in addition to the “43 kDa band corresponding to normal TDP-43
(Fig. 3a) (11, 12). PTM of TDP-43 include N-terminal truncation, phosphorylation,
ubiquitination, acetylation, cysteine oxidation and sumoylation (55). The characterization of
the various PTM and their functional consequences are still poorly understood and not fully
validated in human postmortem tissue; however, there is increasing evidence that TDP-43
PTM may play a crucial role in disease pathogenesis and that modulation of disease relevant
PTM might be a promising avenue for future therapeutic approaches.

N-terminal truncation and C-terminal fragments—The presence of short TDP-43
fragments of 25 kDa are a hallmark feature of FTLD-TDP (11, 12). They are composed of
N-terminally truncated TDP-43 species as demonstrated by absent labelling with antibodies
raised against the N-terminus (amino acids 6—24) but detection with antibodies against the
extreme C-terminus of TDP-43 (56). N-terminal sequencing of fragments isolated from
human postmortem tissue has revealed arginine at position 208 (57), and mass spectrometry
analysis of tryptic digests of isolated fragments has demonstrated aspartic acid residues at
positions 219 and 247 (58) as potential cleavage sites. Although these experiments clearly
demonstrate that these short species contain N-terminally truncated fragments that extend to
the extreme C-terminus, it is still unclear whether they all include the entire C-terminal
region. Moreover, the origins and pathomechanistic relevance of the C-terminal fragments
(CTF) remain to be fully established. Most studies propose proteolytic cleavage/degradation
by caspases (59, 60), asparaginyl endopeptidase (61) or calpains (62); although other
explanations include alternative splicing events or usage of alternate translational start sites
(63, 64). However, several proposed cleavage sites and generated fragments/isoforms in
these studies do not match well with the fragments observed in human postmortem tissue,
suggesting that additional enzymes and/or mechanisms might exist.

The potential role of TDP-43 CTF in disease pathogenesis is supported by findings of
cellular toxicity upon overexpression of CTF in some cellular and animal models (57, 65);
however, in several other model systems, the correlation is less clear (66). Moreover, while
enrichment for CTF over full-length TDP-43 is a characteristic feature of most types of
cellular inclusions in the cerebral cortex, CTF are less abundant or absent in inclusions in
spinal cord LMN in FTLD-TDP/ALS (56) and in cortical pre-inclusions (67), thereby
suggesting that the formation of CTF might not be mandatory for aggregation and toxicity.

Phosphorylation—Aberrant phosphorylation of TDP-43 has been recognized as one of
the major PTM of pathological TDP-43 since its initial discovery as the disease protein in
FTLD-TDP and ALS (11, 12). The fact that the majority of pathogenic 7TARDBP mutations
either introduce or disrupt potential serine/threonine phosphorylation sites or introduce
phosphomimic residues (glutamate/aspartate), suggest that alterations in the phosphorylation
status of TDP-43 play a crucial role in the pathogenesis of TDP-43 proteinopathies (55).
TDP-43 has 41 serine, 15 threonine and 8 tyrosine residues acting as potential
phosphorylation sites. Mass spectrometry analysis of recombinant TDP-43 treated with
casein kinase 1 and of aggregated TDP-43 isolated from human postmortem tissue has
revealed several phosphorylated residues (68—70); however, so far only five sites at the C-
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terminus of TDP-43 (pS379, pS403, pS404, pS409, pS410) have been validated in
pathological TDP-43 inclusions in human postmortem tissue with phosphorylation-site-
specific antibodies (19, 68). Phosphorylation at these C-terminal serine residues (with
pS409/410 as most studied sites) is a highly consistent and specific feature of aggregated
TDP-43 in all types of pathological TDP-43 inclusions, in all sporadic and familial FTLD-
TDP subtypes, and is considered an abnormal event due to the lack of phosphorylation of
these sites under physiological conditions (15, 19, 68, 70, 71). The functional consequences
of TDP-43 C-terminal phosphorylation are not fully resolved. While some experimental
studies have described an association with decreased solubility of TDP-43 and greater
toxicity (68, 72), others have reported the opposite effects with phospho-mimicking mutants
showing increased solubility and reduced toxicity (73, 74). Further insights into the role of
TDP-43 phosphorylation in regulating its physiological functions (e.g. RNA binding,
dimerization) and the impact of abnormal phosphorylation events through the identification
of the involved kinases and phosphatases, will be crucial steps to elucidate the pathological
processes in TDP-proteinopathies.

Ubiquitination—Ubiquitination of TDP-43 aggregates is a key feature in FTLD-TDP;
however, insights into the specific lysin residues that are ubiquitinated in human FTLD-TDP
tissues and the functional consequences are still limited. The detection of TDP-43 Lys-48
and Lys-63 linked poly-ubiquitin chains in cellular models is suggestive of proteasomal and
autophagosomal degradation of TDP-43 (75). Lysine residues 84, 95, 102, 114, 121, 140,
145, 160, 176, 181, 263 have been identified as ubiquitinated TDP-43 residues is cellular
models; however, with some variability among studies, most likely reflecting the complexity
of ubiquitin-proteasome regulation of TDP-43 in a highly context-dependent manner (76—
79). Notably, ubiquitination of lysin 84 has been postulated as an important modifier of
nuclear import of TDP-43 in mutagenesis experiments, and a complex interplay between
TDP-43 ubiquitination at distinct sites and phosphorylation at pS409/410 has been observed
(77). However, validation of any ubiquitination site in human postmortem FTLD-TDP tissue
is lacking, and to date the only ubiquitinated residue identified by mass spectrometry of
insoluble protein extracts from postmortem tissue (of an ALS patient) is lysine 79 (80).

Acetylation—Another modification of lysine residues is acetylation. So far, two
acetylation sites have been identified in cellular models at lysine 145 (located in RRM1) and
192 (located in RRM2) (81). However, since mutation of TDP-43 at these two sites did not
completely abrogated acetylation, additional acetylated lysine residues may be present.
Acetylation at lysine 145 and 192 has been shown to impair the binding of TDP-43 to RNA
and to promote TDP-43 phosphorylation at pS409/410 (81). The potential role of this
modification in disease was demonstrated using an antibody specific for TDP-43 acetylated
at lysine 145, which revealed acetylated TDP-43 as a biochemical component of the TDP-43
inclusions in ALS/FTD spinal cord, which are known to be composed of the full length
protein, but not the inclusions in cerebral cortex, which are composed primarily of CTF that
lack the epitope recognized by the antibody (81).

Sumoylation—Evidence for sumoylation of TDP-43 comes mainly from a proteomics
approach that revealed SUMO-2/3 in complex with insoluble TDP-43 in a cellular model
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system overexpressing a CTF (75); however, sumoylation of TDP-43 has not yet been
directly demonstrated in human disease tissue.

Cysteine oxidation—Upon exposure to oxidative stressors, TDP-43 has been reported to
undergo cysteine oxidation and disulfide crosslinking /n vitroand in cellular models,
resulting in enhanced TDP-43 aggregation and alterations in subcellular distribution (82).
TDP-43 has six cysteine residues and there is experimental evidence that all sites contribute
to proper folding, self-assembly and oligomerization of TDP-43 (55). While increased levels
of cross-linked TDP-43 species are present in FTLD-TDP brains (82), the pathomechanistic
role of cysteine oxidation and cross-linking remains to be fully determined.

Biochemical diversity of TDP-43 aggregates in FTLD-TDP subtypes and evidence for
TDP-43 strains

A crucial open question in the FTLD-TDP research field is the molecular basis behind the
huge clinical and neuropathological phenotypic variability, as well as the selective
vulnerability in FTLD-TDP subtypes and ALS. The concept that distinct self-propagating
conformers of an aggregated protein (“strains’) represent the basis for phenotypic diversity
in a neurodegenerative disease was first established in prion diseases (83). By analogy, a
popular hypothesis to explain the heterogeneity in FTLD-TDP is the presence of different
conformational types of misfolded TDP-43 (‘TDP-43 strains’) that can propagate in a prion-
like manner (84). In fact, there is a growing body of evidence supporting this idea.

Biochemical heterogeneity of aggregated TDP-43 has already been recognized in the initial
report on the discovery of TDP-43 as the disease protein (11). Briefly, monoclonal
antibodies (clones 182 and 406) generated against insoluble protein fractions from FTLD-
TDP brains each labelled distinct bands of the N-terminally truncated TDP-43 species by
immunoblot, specific for either type A or type B FTLD-TDP cases (then referred to as
FTLD-U type 3 or 1, respectively). This suggested that each antibody was recognizing either
a specific conformation or a specific pattern of PTM of aggregated TDP-43 species, each
being specific for a different FTLD-TDP subtype. Several studies have been performed since
then to further characterize and correlate an immunoblot banding pattern of TDP-43 CTF
with distinct FTLD-TDP subtypes, with most employing antibodies against pS409/410 (19,
40, 68, 85). Using high percentage polyacrylamide gel electrophoresis, distinct CTF with up
to three major bands (23, 24, and 26 kDa) and two minor bands (18 and 19 kDa) can be
present in sarkosyl-insoluble lysates of FTLD-TDP brains, with some studies demonstrating
subtle differences in the banding pattern among FTLD-TDP subtypes (Fig. 3b) (40, 68, 85).
Briefly, in type A the most intense major band is at 23 kDa, in type B it is at 24 kDa, type C
lacks the 26 kDa band and has a more prominent 23 kDa band, and type E shows three
major bands with the most intense at 26 kDa. However, significant variability within and
overlap between subtypes exists (19); and so, the biochemical classification of subtypes
remains challenging and more sensitive methods of detection, quantification and analysis of
various CTF and their PTM are required.

Nevertheless, it is tempting to speculate that the different banding patterns in FTLD-TDP
may correspond to different conformational species of abnormal TDP-43. In strong support
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of this idea, protease treatment of insoluble TDP-43 aggregates has revealed different
patterns of protease-resistant cores among FTLD-TDP subtypes, highly suggestive of
different conformers (18). More recently, a new extraction method, termed ‘SarkoSpin’, has
been developed that allows extraction of pathological TDP-43 species from postmortem
tissue with improved separation from physiological TDP-43, compared to the previous
sequential extraction protocols (16). This approach has revealed additional insights into
distinct biophysical properties of aggregated TDP-43 among the TDP-43 proteinopathies,
with TDP-43 from FTLD-TDP type C found to exhibit a higher intrinsic density and
protease resistant CTF core compared to that from cases of type A or ALS (type B not
examined).

In addition to the observed biochemical/structural differences, crucial support for the idea
that distinct pathological TDP-43 species may (at least partially) explain the clinical and
pathological variability in FTLD-TDP comes from the observations that TDP-43 extracted
from different FTLD-TDP subtypes exhibits different levels of seeding activity and toxicity
in vitro and /n vivo. The first such evidence was provided by Nokanko et al. who reported
that seeding activity of TDP-43 extracted from human postmortem tissue in a cell culture
model was more efficient when using extracts from type A and B cases compared to type C
(86). Interestingly, the banding pattern of insoluble CTF extracted from the seeded cell
lysates resembled that from the corresponding FTLD-TDP subject used as the seed,
suggestive of a prion-like self-templating process of TDP-43 aggregation. These results were
validated and expanded in a report where TDP-43 aggregates extracted using the SarkoSpin
protocol from FTLD-TDP type A cases demonstrated templated seeding and toxicity in
cultured primary neurons, while those from subtype C seemed inert (16). While in these
studies no differences between sporadic and genetic cases were mentioned, Porta et al.
reported that lysates from GRN mutation carriers had the highest seeding activity in their
cellular screening assay, followed by C9orf72 mutation carriers and sporadic FTLD-TDP
type A and B cases (87). Biochemical analyses of the lysates revealed a correlation between
the presence of two minor CTF bands of 18 and 19 kDa and seeding activity, suggesting that
distinct fragments and/or conformational TDP-43 species seem to be more potent (87). Most
importantly, this study provided the first /n vivo evidence for propagation of TDP-43
pathology in a prion-like manner by demonstrating the induction and spreading of de-novo
TDP-43 pathology following the intracerebral injection of FTLD-TDP aggregates isolated
from human FTLD-TDP type A tissue into transgenic mice expressing cytoplasmic human
TDP-43 and non-transgenic mice (87).

Therefore, current insights are consistent with the idea that the progression of FTLD-TDP
pathology involves self-templating seeded aggregation and cell-to-cell spreading of
pathological TDP-43 that exists in different conformations. However, more extensive
biochemical, biophysical and seeding studies are needed to strengthen the hypothesis that
different TDP-43 conformers/species indeed contribute to the phenotypic heterogeneity in
FTLD-TDP patients (e.g. by demonstrating whether distinct FTLD-TDP subtype derived
TDP-43 aggregates can reproduce their distinct clinical and neuropathological
characteristics in animal models).
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Finally, in addition to biochemical differences of TDP-43 itself, co-aggregation of other
proteins into TDP-43 inclusions might contribute to the diversity among FTLD-TDP
subtypes. This hypothesis is supported by double-label immunohistochemical findings with
co-localization of hnRNP E2 and TDP-43 in FTLD-TDP subtype C and subsets of FTLD-
TDP type A inclusions but not in type B cases (88, 89). However, in-depths biochemical
characterization of the protein composition of TDP-43 inclusions are required to further
address this.

The current criteria for the pathological sub-classification of FTLD-TDP are widely
accepted and show a number of highly relevant clinical and genetic associations. However,
the presence of a small proportion of cases with novel patterns of TDP-43-ir pathology
indicate the need for additional correlative studies. Investigations to date suggest that the
basis for the different subtypes is, at least partially, biochemical and/or conformational
variation in the aggregating protein. Further studies to more fully elucidate the nature of the
subtype-specific pathological species of TDP-43 will be crucial to the development of useful
biomarkers and targeted therapies.
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Figurel.

TDP-43 immunoreactive pathology in different FTLD-TDP subtypes. Subtypes are defined
by the pattern in the neocortex: type A has compact neuronal cytoplasmic inclusions (CNCI),
short dystrophic neurites (DN) and some lentiform neuronal intranuclear inclusions (NII,
insert) concentrated in layer 11 (a); type B has diffuse granular NCI (dNCI) throughout the
neocortex (b); type C has DN, many of which are long and tortuous DN (c), and type D has
numerous NII (arrows) and delicate short DN (d). Each subtype also shows a characteristic
pattern of pathology in the hippocampus and subcortical regions. Type A cases have thread
pathology in the subcortic al white matter (€), delicate wispy threads in hippocampal CA1
(f) and a predominance of DN and occasional NIl in striatum and other subcortical grey
matter regions (g). Type B cases have glial cytoplasmic inclusions in the subcortical white
matter (h), a predominance of dNCI in subcortical grey matter (i) and NCI in lower motor
neurons of the medulla and spinal cord (j). Type C cases have compact “Pick body-like”
NCI in dentate granule cells of the hippocampus (k) and striatum (1). Bar: 40 um (a-c, f-j),

10 um (a, insert), 30 um (d, ¢, 1), 25 pm (k). TDP-43 immunohistochemistry.

Adv Exp Med Biol. Author manuscript; available in PMC 2022 January 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Neumann et al.

Page 20

VI

Type A Type B Type A+B Type E
| 3
¢ # z ¢
11 i / o 0 o (| %  ®
® @ # () @ . .
m | se| U f "o | W
<& N ® 0 2 @ N N
- w
o o Sl
\Y *
w w ® :
¥ ¥ # : .
Vv - @
@

Figure2.

Schematic representation of TDP-43 inclusion morphologies and distribution in cases with
mixed (A+B) and novel (E) subtypes. Type A+B cases show the characteristic features of
type A (compact neuronal cytoplasmic inclusions (NCI), short dystrophic neurites and

neuronal intranuclear inclusions, concentrated in layer 1) as well as the characteristic

features of type B (compact and diffuse granular NCI in deep and superficial layers). Type E
cases exhibit granulofilamentous neuronal cytoplasmic inclusions and a background of and
fine grains (inset photo) throughout the neocortex. Modified from Lee et a/ 2017 (40).
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Figure 3.
Immunoblot analysis of sarcosyl insoluble protein fractions from FTLD-TDP shows the

disease-specific biochemical signature of TDP-43 with pathological bands —25 kDa (*), —45
kDa (**) and a high molecular smear (***), in addition to the physiological TDP-43 band
(arrow) also present in control brains (a). Schematic representation of distinct banding
patterns of C-terminal fragments among FTLD-TDP subtypes (type A, B and C based on
Kawakami et al. 2018, type E based on Lee at al. 2017) (40, 84)(b).
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Table 1

FTLD-TDP subtypes: distinguishing pathological features”, associated phenotypes, causal mutations

TypeA TypeB TypeC TypeD
TDP-ir pathology
neocortex 11: cNCI, DN, NIl [1-VI: dNCI 11-V1: long DN 11-VI:DN, NIl
hippocampus den: NII den: dNCI den: cNCI
CAL1: threads
subcortical WM: threads WM: GCI
BG: DN, NII BG: dNCI, GCI BG: cNCI BG: DN, NIl
SN: DN SN: dNClI, GCI SN: DN, NIl
LMN: NCI
phenotypes bvFTD, nfvPPA bvFTD, nfvPPA, ALS  svPPA IBMPFD, ALS
mutations GRN C9orf72, TBK1 vcP

C9orf72, TBK1

*

see main text for full description of regional pathology. Il, cortical lamina II; 11-VI, cortical laminae 11 to VI; ALS, amyotrophic lateral sclerosis;
BG, basal ganglia; bvFTD, behavioral variant frontotemporal dementia; C9orf72, chromosome 9 open reading frame 72 gene; CA1, cornu
ammonis region 1; cNCI, compact neuronal cytoplasmic inclusions; den, dentate lamina of hippocampus; DN, dystrophic neurites (short unless
otherwise specified); dNCI, diffuse NCI; GClI, glial cytoplasmic inclusions; GRN, granulin gene; IBMPFD, inclusion body myopathy with Paget
disease of bone and frontotemporal dementia; LMN, lower motor neurons; NI, neuronal intranuclear inclusions; nfvPPA, non-fluent variant
primary progressive aphasia; SN, substantia nigra; svPPA, semantic variant PPA; 7BK1, TANK binding kinase 1 gene; TDP-ir, TDP-43
immunoreactive; VCP, valosin containing protein gene; WM, white matter.
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