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Abstract Frontotemporal lobar degeneration with TDP-43
inclusions (FTLD-TDP) can typically be categorized into
one of four distinct histopathologic patterns of TDP-43
pathology, types A to D. The strength of this histopatho-
logic classification lies in the association between FTLD-
TDP subtypes and various clinical and genetic features of
disease. Seven cases of FTLD-TDP were identified here
which were difficult to classify based on existing patho-
logic criteria. Distinct features common to these cases
included TDP-43 aggregates over a wide neuroanatomic
distribution comprised of granulofilamentous neuronal
inclusions, abundant grains, and oligodendroglial inclu-
sions. TDP-43 aggregates were phosphorylated and associ-
ated with loss of normal nuclear TDP-43 protein (nuclear
clearance) but were negative for ubiquitin. Biochemical
analysis confirmed the presence of insoluble and phos-
phorylated TDP-43 and also revealed a distinct pattern of
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TDP-43 C-terminal fragments relative to other FTLD-
TDP subtypes. Finally, these cases were uniformly associ-
ated with a very rapid clinical course culminating in death
within ~3 years of disease onset. We suggest that these
cases may represent a unique clinicopathologic subtype
of FTLD-TDP which we provisionally call “type E.” The
immature appearance of TDP-43 aggregates, widespread
distribution, uniform biochemical profile and rapid clini-
cal course highlights the clinical and pathologic variabil-
ity within FTLD-TDP, and raises the possibility that type
E neuropathology is the sequelae of a particularly virulent
strain of TDP-43 proteinopathy.

Introduction

Frontotemporal lobar degeneration (FTLD) with TDP-43
inclusions (FTLD-TDP) exhibits considerable pathologic,
clinical and genetic heterogeneity [16]. Patients may mani-
fest the disease with a broad spectrum of clinical signs and
symptoms ranging from behavioral/executive dysfunction
with or without motor neuron disease (MND) to language
dysfunction including semantic and nonfluent/agrammatic
variants of primary progressive aphasia (PPA) [16]. Moreo-
ver, 20-40% of FTLD-TDP cases are associated with a
family history of neurodegenerative disease, in part due to
a high proportion of cases associated with disease-causing
mutations [13, 24, 30, 37].

Pathologically, brain and spinal cord regions that degen-
erate in FTLD-TDP exhibit predominantly cytoplasmic
or neuritic, insoluble, and phosphorylated TDP-43 aggre-
gates in neurons and glia [2, 29]. These neuronal cyto-
plasmic TDP-43 aggregates are associated with loss of
normal nuclear TDP-43 [29]. TDP-43 pathology is also
seen in upper and lower motor neurons in nearly all cases
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of amyotrophic lateral sclerosis (ALS) [1, 4, 29]. Despite
these unifying features, there is considerable pathologic
heterogeneity in the distribution and morphology of TDP-
43 aggregates in TDP-43 proteinopathies. Two independ-
ent studies identified distinct histopathologic patterns of
TDP-43 pathology in FTLD-TDP [21, 31]. These studies
predated the identification of TDP-43 protein as the main
constituent of inclusions in FTLD and ALS, and thus relied
on typing cases via immunohistochemistry using ubiquitin
or type-specific antibodies. However, subsequent studies
found a high concordance between ubiquitin and TDP-43
immunohistochemistry profiles for these pathological sub-
types, thereby validating the presence of four distinct histo-
pathologic subtypes of FTLD-TDP [7].

Important clinical and pathologic associations were
made regarding the four subtypes [6, 9, 10, 17, 21, 22,
28, 31], prompting harmonization of the FTLD-TDP clas-
sification into types A to D [22]. Type A cases are associ-
ated with behavioral variant frontotemporal degeneration
(bvFTD) or nonfluent/agrammatic PPA (naPPA), together
with disease-causing mutations in GRN. Type B cases
are associated with bvFTD including cases with MND,
together with disease-causing mutations in C9orf72. Type
C cases are associated with bvFTD or semantic variant PPA
(svPPA). Type C cases are typically sporadic FTD having
no association with any known disease-causing genetic
mutations. Finally, type D histopathology is associated
with mutation in valosin-containing protein (VCP) that
cause familial inclusion body myositis, Paget’s disease of
bone, FTD, and/or ALS—variably called either IBMPFD-
ALS or multisystem proteinopathy [9, 28].

We identified here seven cases of FTLD-TDP which
could not be subtyped based on the harmonized pathologic
criteria for FTLD-TDP types [22]. Examination of these
cases revealed a distinct pattern of TDP-43 pathology with
a surprisingly wide neuroanatomic distribution. Moreo-
ver, these cases were associated with a very rapid clinical
course from onset to death. We propose that these cases
may represent a unique, particularly virulent subtype of
FTLD-TDP which we provisionally have designated “type

Materials and methods
Neuropathologic and clinical analyses

Neuropathologic analysis for cases #1-6 (Table 1) was
performed according to the standardized procedures of the
Center for Neurodegenerative Disease Research (CNDR)
Brain Bank at the University of Pennsylvania as previously
described [33]. Case #7 was obtained from the archives
of the Hospital of the University of Pennsylvania and was
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largely processed in the same fashion except for a longer
fixation period (~2 weeks). Briefly, brain and spinal cord
regions were fixed in neutral buffered formalin, and 6 pm
thick sections were cut from paraffin-embedded tissue.
CNS tissue samples were obtained from the following
regions for study here: mid-frontal cortex, primary motor
cortex, superior and middle temporal cortex, parietal cortex
(angular gyrus), occipital (primary visual) cortex, anterior
cingulate gyrus, amygdala with parahippocampal gyrus,
striatum and globus pallidus, mid-thalamus, hippocampus
with parahippocampal gyrus, cerebellum including dentate
nucleus, midbrain including substantia nigra, pons includ-
ing locus ceruleus, medulla including inferior olive, and
cervical spinal cord.

Closely adjacent series of sections from each CNS
region were stained with hematoxylin and eosin or by
immunohistochemistry using standard avidin—biotin com-
plex methods with microwave antigen retrieval in cit-
rate buffer. Antibodies included anti-TDP-43 antibod-
ies (rat monoclonal TARSP-1D3 (pS409/410 TDP-43)
Ascenion, Munich, Germany [26]; 6H6E12, ProteinTech,
Chicago, IL; 5104, 5095 and C1039, CNDR [18]), anti-
ubiquitin (MAB1510, Chemicon, Temecula, CA, USA),
anti-Ap (NAB228, CNDR [19, 20]), anti-phosphorylated
tau (PHFI1, gift of Professor Peter Davies, Albert Einstein
College of Medicine, New York, NY, USA), and anti-o-
synuclein (SYN303, CNDR [11]). Antibody concentration
optimization was sometimes required to enhance visualiza-
tion of TDP-43 pathology.

Additional FTLD-TDP cases with documentation of age
of onset, age of death, and FTLD-TDP subtype were iden-
tified in the CNDR Integrated Neurodegenerative Disease
Database (INDD) as described [33]. 102 cases were identi-
fied corresponding to 38 type A, 34 type B, and 30 type C
cases.

Immunofluorescence analysis

Double immunofluorescence was performed on formalin-
fixed, paraffin-embedded tissue sections. Primary anti-
bodies were incubated overnight at 4 °C in a humidified
chamber (anti-ubiquitin, MAB1510; anti-TDP-43, rab-
bit polyclonal C1039, CNDR; anti-SQSTM1/p62, mouse
monoclonal 2C11, Abnova, Walnut, CA; rabbit polyclonal,
TIP-PTD-PO1, Cosmo Bio Co., Carlsbad, CA, USA). Sec-
tions were washed in 0.1 M Tris buffer and then incubated
with species-specific secondary antibodies for 2 h at room
temperature (Alexa Fluor 594-conjugated goat anti-rabbit
IgG; Alexa Fluor 488-conjugated goat anti-mouse IgG;
Molecular Probes, Eugene, OR, USA). Sections were
mounted in Vectashield-hard set medium containing DAPI
(Vector Laboratories, Burlingame, CA, USA). Z-stack con-
focal images were obtained using a Lecia TCS SPE laser
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Table 1 Clinical diagnoses, Braak stage, and rare genetic variants of unknown significance

Case # Clinical phenotype

Age at onset Age at death Braak stage Family history

Genetics

1 bvFTD 49 51 I

2 bvFTD/MND 50 51 0

3 bvFTD 58 61 0

4 bvFTD 59 61 II

5 bvFTD 62 65 1I

6 bvFTD 69 72 I

7 Parkinsonism/ 85 86 11
apraxia

No ATXN2 c.957G>A (p.Pro319=)
PSENI ¢.953A>G (p.Glu318Gly)

SOSTM1 ¢.712A>G
(p-Lys238Glu)

COQ2 c.64A>T (p.Arg22Ter)

NEFH c.1387 G>A (p.Glu463Lys)

TREM?2 c.185G>5 (p.Arg62His)
VCP ¢.1704A>G (p.GIn568=)
SETX c.6507G>A (p.Gly2169=)
SPGI11 ¢.1698T>G (p.Asp566Glu)

C9orf72 expansion

DCTNI ¢.586A>G (p.Ile196Val)

ATP13A2 c¢.3365C>T
(p-Prol1122Leu)

DNAJCI3 ¢.5560+4A>T

DAO c.108G>A (p.Ala36 =)

EWSRI c.1408G>A (p.Gly470Ser)

No LRRK?2 ¢.356T>C (p.Leul 19Pro)
PARK7 ¢.293G>A (p.Arg98GlIn)
TMEM106B c.401G>A
(p-Ser134Asn)
NEFH ¢.1387G>A (p.Glu463Lys)

ATP13A2 c.3365C>T
(p.Prol1122Leu)

PARK? c.1180G>A
(p-Asp394Asn)

SPGI11 c.6684C>T (p.Tyr2228=)

Yes (strokes/dementia) N/A

Yes (AD, bipolar disorder,
0OCD)

Yes (alcoholism)

Yes (ALS, suicide)

Yes (PD, FTD)

Family history of neurologic or psychiatric disease is shown with relatives’ clinical phenotypes in parentheses

AD Alzheimer’s disease, OCD obsessive compulsive disorder, PD Parkinson’s disease

scanning confocal microscope and are presented as maxi-
mum intensity projections.

Genetic analysis

Genomic DNA was extracted from frozen brain tissue
using commercial reagents (Qiagen, Germantown, MD,
USA). All cases were screened for mutations associated
with FTD and related neurodegenerative diseases using a
custom targeted multi neurodegenerative disease sequenc-
ing panel (MiND-Seq), which covered the coding regions
of 45 genes including but not limited to MAPT, GRN, VCP,
TARDBP, CHMP2B, SOSTM1, UBQLN2, CSFIR, PSENI,
SODI, ATXN2, COQ2, NEFH, SETX, SPGI11, ATP13A2,
DNAJC13, DAO, EWSRI, LRRK2, PARK7, TMEMI106B,
and OPTN [33]. Briefly, the panel uses next-generation
sequencing technology with capture using Haloplex enrich-
ment custom kit (Agilent, Wilmington, DE, USA) accord-
ing to the manufacturer’s protocol and sequencing on a Mi-
Seq or Hi-Seq instrument (Illumina, San Diego, CA, USA).
Alignment of sequence reads and variant calling were

assessed by SureCall software (Agilent). In addition, cases
were tested for the C9orf72 hexanucleotide repeat expan-
sion as previously described [32].

Biochemical analysis

Grey matter from frozen human post-mortem frontal cor-
tex was sequentially extracted in a series of buffers of
increasing strength, modified from a previously described
procedure [29]. Tissue was sequentially extracted at
5 mL/g tissue with high-salt buffer containing 1% Triton
X-100 (HS-TX; 10 mM Tris—HCI, pH 7.4, 0.5 M NaCl,
2 mM EDTA, 10% sucrose (w:v), 1% Triton X-100 (v:v),
and 1 mM DTT) and a cocktail of protease/phosphatase
inhibitors. Homogenates were centrifuged at 180,000g for
30 min at 4 °C and the pellet was resuspended in HS-TX
buffer with additional 20% sucrose to remove myelin post-
centrifugation. The remaining pellet was gently homoge-
nized in nuclease buffer (50 mM Tris—HCI, pH 8.0, 20 mM
NaCl, 5 mM MgCl2; 1 mL/g tissue) and treated with Bit-
Nuclease (500 U/g tissue, Biotool Co, Houston, TX) on ice
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for 30 min before extraction with HS buffer containing 2%
sarkosyl. The resulting pellet was washed in PBS (3.0 mL/g
tissue) and then resuspended in PBS (0.1 mL/g tissue) by
sonication (20-60 pulses at ~0.5 s/pulse, 2.5 intensity)
using a hand-held probe (QSonica, Newtown, CT, USA).
Proteins from this final fraction were separated on 12%
Bis—Tris gels (NuPAGE Novex, Thermo Scientific, Rock-
ford, IL, USA) in MOPS-SDS running buffer (Thermo Sci-
entific). Proteins were transferred to 0.45 uM nitrocellulose
membranes and blocked with Odyssey blocking buffer (LI-
COR Biotechnology, Lincoln, NE, USA). Membranes were
immunoblotted overnight at 4 °C with two pairs of primary
antibodies diluted in Odyssey blocking buffer: anti-TDP-43
(mouse monoclonal, 5104, CNDR) and anti-p409/410-
TDP-43 (rabbit polyclonal, TIP-PTD-PO1, Cosmo Bio
Co.); or anti-TDP-43 (rabbit polyclonal, 10782-2-AP, Pro-
teintech, Chicago, IL, USA) and anti-p409/410-TDP-43
(rat monoclonal, TAR5P-1D3). After three washes in tris
buffered saline with 0.1% Tween, membranes were further
incubated with the corresponding pair of secondary anti-
bodies: IRDye 680RD goat anti-mouse IgG (926-32210,
LI-COR) and IRDye 800CW goat anti-rabbit IgG (926-
32211, LI-COR); or IRDye 680RD goat anti-rabbit (926-
68071, LI-COR) and IRDye 800RD affinity purified goat
anti-rat IgG (612-132-003, LI-COR). Membranes were
scanned using an ODY-2816 Imager and analyzed using
Image Studio Software.

Statistical analysis

Basic summary statistics are reported including mean and
standard deviation. Univariate linear regressions were per-
formed using the R statistical package to determine the
relationship between clinical measures (disease duration,
age of death, age of onset) with histologic subtype and
reported with B coefficient, standard error and p value.
Type C cases which represent typical sporadic FTLD-TDP
cases were chosen as the reference group for regressions.

Results

Six of the seven cases were characterized by a prominent
social disorder and a clinical diagnosis of bvFTD, includ-
ing one case with coexisting MND (Table 1). Two patients
(cases #1 and 6, Table 1) also had mixed expression/com-
prehension language dysfunction near the onset of disease
which did not meet formal criteria for primary progressive
aphasia. Case #7 exhibited a complex movement disorder
which included Parkinsonism, apraxia and eye movement
abnormalities. A family history of neurologic or psychiatric
disease was present in five of seven cases (Table 1), includ-
ing case #4 who was found to harbor a hexanucleotide
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repeat expansion mutation in C9orf72. Further genetic
analysis was available for cases #1—6 using a next-gener-
ation sequencing panel covering of nearly all of the known
genetic causes of aging related neurodegenerative diseases
including ALS, FTD, Alzheimer’s disease, Parkinson’s
disease and others. No other known disease-causing muta-
tions were identified including GRN or MAPT mutations.
Examination of rare variants of unknown significance did
not reveal any consistent genetic alterations or any enrich-
ment of variants within particular disease genes (Table 1).
Additional clinical details are available in the supplemen-
tary materials.

These seven cases shared a distinct pattern of TDP-43
pathology as revealed by immunohistochemistry of neocor-
tical regions using 1D3, an antibody specific for TDP-43
phosphorylated on serine residues 409 and 410 (Fig. 1).
Granulofilamentous neuronal inclusions (GFNI) were
present in neocortical neurons which were stained less
intensely than more typical compact neuronal cytoplasmic
TDP-43 inclusions (Fig. 1a, arrowheads). Morphologically,
these inclusions consist of fine granular to thin filamentous
structures within neuronal perikarya. Dense, compact neu-
ronal cytoplasmic inclusions (NCI’s) were rare to absent.
GFNTI’s were observed in a background of often abundant,
very fine grain-like deposits that involved all neocortical
layers including layer 1. Moreover, all cases showed curvi-
linear inclusions in oligodendrocytes within the subcortical
white matter (Fig. la, Type E—white matter). This pattern
of TDP-43 pathology was distinct from the dense neuronal
cytoplasmic inclusions (including ring inclusions) and neu-
rites of type A, the compact neuronal cytoplasmic inclu-
sions of type B, the long neuritic profiles of type C, and the
numerous neuronal intranuclear inclusions (NII) of type D
(Fig. 1a).

To determine the distribution of TDP-43 pathology in
these cases, phospho-TDP-43 immunohistochemistry was
performed on sections throughout the brain and spinal
cord which revealed a surprisingly wide neuroanatomic
distribution of TDP-43 pathology. Within the cerebrum
(Fig. 1b), GFNTI’s and grains were seen in frontal, temporal
and parietal neocortical areas, although occipital neocortex
including primary visual neocortex was relatively spared
with absent to rare TDP-43 aggregates. Oligodendroglial
inclusions were readily observed in subcortical white mat-
ter, corpus callosum, and the descending corticospinal
tracts (Fig. 1b and data not shown). Deep grey structures
including hippocampus, amygdala, striatum and thalamus
also exhibited GFNI’s, grains and oligodendroglial inclu-
sions (Fig. 1b and data not shown). Hippocampal dentate
gyrus neurons exhibited some compact NCI’s in addition
to GFNI’s. The amount and intensity of TDP-43 aggregate
staining appeared to be sensitive to differential lengths of
formalin fixation and the quality of tissue preservation,
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Fig. 1 Histopathologic characteristics of FTLD-TDP type E. a Rep-
resentative images of p409/p410 immunostained neocortical sections
(layer II) from type A, B, C, D and E are shown (scale bar 20 pm). Type
A shows dense neuronal cytoplasmic inclusions including ring inclu-
sions, and neurites affecting superficial neocortical layers. Type B shows
compact neuronal cytoplasmic inclusions with few neurites and involves
superficial and deep neocortical layers. Type C shows long dystrophic
neurites. Type D is typified by numerous intranuclear inclusions. Type
E exhibits GFNI’s and grains in superficial and deep neocortical layers.
Curvilinear oligodendroglial inclusions are also present (white matter).
b Type E pathology is seen throughout most of the cerebrum including
frontal neocortex, major white matter tracts such as the corpus callosum
(inset shows high power image of curvilinear oligodendroglial inclusion),

e
.

deep grey structures such as the striatum, and limbic regions such as the
hippocampus (DG = dentate gyrus). Also shown is the occipital neocor-
tex which is relatively spared (scale bars 10 um). ¢ Type E pathology is
seen throughout the brainstem and cervical spinal cord. Shown are repre-
sentative images from the substantia nigra, basis pontis (pons), medullary
olive, dorsal medulla and ventral spinal cord. More compact or dense
inclusions highlighted with arrows. Oligodendroglial inclusions high-
lighted with asterisks. Scale bars 10 um. d Representative images of type
E cases stained with anti-TDP-43 antibodies 6HO6E12 and 5104, and the
anti-ubiquitin antibody MAB1510 are shown (scale bar 10 um). TDP-43
antibodies reveal both GFNI’s and grains with nuclear clearance of nor-
mal nuclear TDP-43 in affected neurons (open arrowheads). Ubiquitin
stain was negative for discernible inclusions
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making comparisons between different cases difficult.
Despite this caveat, the amount of TDP-43 pathology
within a given case appeared to correlate with the extent
of neurodegeneration, most prominently affecting frontal,
temporal and anterior cingulate cortical regions.

Phospho-TDP-43 pathology extended into the brainstem
and spinal cord (Fig. 1c). TDP-43 aggregates were present
in the midbrain including substantia nigra, pons including
the basal pontine nuclei, medulla including the medul-
lary olives, and lower motor neurons in the anterior horn
of the cervical spinal cord. These affected regions typically
exhibited a predominance of GFNI’s, grains and oligoden-
droglial inclusions, although scattered examples of dense,
compact TDP-43 inclusions could also be found (arrows,
Fig. 1c). While overt neurodegeneration was not obvious in
the spinal cord or most of these brainstem structures, the
substantia nigra exhibited mild to moderate neuronal loss
and gliosis in five of the seven cases including case #7 who
exhibited Parkinsonism (Table 1). TDP-43 aggregates were
not present in the cerebellum except for very rare oligoden-
droglial inclusions in two cases (one or two per section).

A semi-quantitative analysis of the density and distribu-
tion of TDP-43 pathology is available in the supplementary
materials. Additional immunohistochemical analyses dem-
onstrated limited to no tau pathology (Braak stages O to II,
Table 1). B-amyloid and a-synuclein pathology was absent
in all seven cases (data not shown).

To further characterize this distinct pattern of TDP-43
pathology, sections were stained with anti-TDP-43 antibod-
ies that recognize epitopes independent of phosphorylation
status. Similar TDP-43 pathology consisting of GFNI’s,
grains and oligodendroglial inclusions were identified using
6H6E12 (human TDP-43 specific mouse monoclonal anti-
body, Fig. 1d), 5104 and 5095 (human TDP-43 C-terminus
specific mouse monoclonal antibodies, Fig. 1d and data not
shown), and C1039 (TDP-43 C-terminus specific rabbit
polyclonal antibody, Fig. 2). In addition to confirming the
presence of TDP-43 protein within GFNI’s, these TDP-43
antibodies demonstrated that GFNI’s were often associated
with the characteristic clearance of normal nuclear TDP-43
protein in affected neurons (Fig. 1d, open arrowheads).

Despite the detection of aggregates with TDP-43 anti-
bodies, immunohistochemistry using antibodies specific
for ubiquitin did not reveal GFNI’s, grains or oligodendro-
glial inclusions (Fig. 1d). To confirm the absence of ubiq-
uitin immunoreactivity within TDP-43 aggregates, double
immunofluorescence staining was performed for TDP-43
and ubiquitin which showed that GFNI’s, grains and oligo-
dendroglial inclusions were essentially negative for ubiqui-
tin (Fig. 2, Type E). The ubiquitin positive grains seen in
Fig. 2 that do not co-localize with TDP-43 pathology likely
reflect the aging related emergence of ubiquitin aggregates
during normal aging that are not disease related [8]. To
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ensure our staining protocol was robust, another FTLD-
TDP case was stained concurrently which showed strong
ubiquitin immunoreactivity of TDP-43 inclusions typical of
most cases of FTLD-TDP (Fig. 2, Type A).

Additional double immunofluorescence was performed
on cortical sections for phosphorylated TDP-43 and p62
to determine whether TDP-43 aggregates in these cases
colocalized with p62. The vast majority of GFNI’s and
grains demonstrated very weak to absent immunoreactiv-
ity for p62, with scattered (<5%) examples of moderate
immunoreactivity (Fig. 3, Type E neuronal, arrowheads).
In contrast, oligodendroglial inclusions were consistently
and strongly immunoreactive for p62 (Fig. 3, Type E oli-
godendroglial). Interestingly, p62 immunostaining of a sin-
gle case (case #5) revealed a moderate density of strongly
p62 immunoreactive TDP-43 inclusions which appeared
to be astrocytic in morphology (Fig. 3, Type E astrocytic,
arrows). Again, to ensure our staining protocol was robust,
an FTLD-TDP type B case was stained concurrently which
showed that nearly all TDP-43 inclusions were immuno-
reactive for p62, oftentimes with strong co-localization
between phospho-TDP-43 and p62 (Fig. 3, Type B).

Biochemical fractionation of frozen neocortical brain
tissue was performed to demonstrate the presence of insol-
uble and phosphorylated TDP-43 protein. Sarkosyl-insolu-
ble fractions from representative cases of type A, B, C and
E were immunoblotted for TDP-43 protein using 5104, a
C-terminal TDP-43 antibody, and a p409/p410 phosphoryl-
ation-specific antibody (Fig. 4a). Immunoblots revealed the
typical biochemical signature associated with FTLD-TDP,
namely the presence of phosphorylated TDP-43 protein at
~45 kDa and higher, together with the presence of phos-
phorylated and C-terminal TDP-43 fragments consisting of
three major bands between ~23 and 26 kDa. A subtle dif-
ference in the relative abundance of C-terminal fragments
was observed in type E cases, where type E cases exhibited
a prominent upper C-terminal fragment band of ~26 kDa
(Fig. 4a, asterisk) relative to other C-terminal TDP-43 frag-
ments (Fig. 4a, bracket). In contrast, type A, B and C cases
showed a predominance of lower C-terminal TDP-43 frag-
ments. Fluorescence-based quantification of band inten-
sities revealed that the upper C-terminal fragment repre-
sented ~45.3% of all C-terminal fragments in type E cases,
in contrast with ~26.9% for types A, B, and C.

To better characterize this C-terminal fragment, addi-
tional immunoblot analysis was performed for six cases
where frozen tissue was available with a rabbit polyclonal
antibody raised against N-terminal amino acids 1-261 of
TDP-43 (10782-AP), together with a p409/p410 phos-
phorylation-specific TDP-43 antibody (TIP-PTD-PO1).
The upper C-terminal fragment band was immunoreactive
with the 10782-AP antibody (Fig. 4b). Based on epitope
mapping of 10782-AP, this result suggests that this upper
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TDP-43

Ubiquitin

Type A

Type E
(Neuronal)

Type E
(Oligodendroglial)

Fig. 2 TDP-43 positive but ubiquitin-negative inclusions in FTLD-
TDP type E. Representative confocal stack images are shown of
double immunofluorescence stained cortical sections stained using
anti-TDP-43 (C1039, rabbit polyclonal, red) and anti-ubiquitin
(MAB1510, mouse monoclonal, green) with a DAPI nuclear coun-
terstain (blue). A typical type A case exhibits inclusions positive for

C-terminal fragment contains residues 203-209 [35]. Nota-
bly, other smaller C-terminal fragments were not immuno-
reactive with 10782-AP, consistent with these smaller frag-
ments exhibiting further N-terminal truncations. Moreover,
the upper C-terminal fragment was the predominant C-ter-
minal TDP-43 fragment in all six cases.

Finally, given the distinct pattern of microscopic and
biochemical pathology, clinical data were evaluated to
determine whether type E cases were associated with a
unique clinical phenotype. Nearly all seven cases were
clinically diagnosed with bvFTD, including one case of
bvFTD with MND (Table 1). We compared these type E
cases with other FTLD-TDP cases. One hundred and nine
cases of FTLD-TDP were identified for which clinical data
(age of onset and death) and pathologic subtype data were

both ubiquitin and TDP-43 positive inclusions (fop panels). In con-
trast, neuronal GFNI's and grains from a type E case are TDP-43
positive but ubiquitin negative (middle panel). Similarly, curvilinear
oligodendroglial inclusions are also TDP-43 positive but ubiquitin
negative (bottom panel). Scale bar 10 ym

available (n = 38 type A, 34 type B, 30 type C, 7 type E).
Insufficient numbers of type D cases were available for
analysis. Linear regressions (using type C cases as the ref-
erence group) revealed that type E cases exhibited remarka-
bly shorter disease durations (type C: 9.7 £ 4.0 years; Type
E: 2.1 £ 1.0 years; mean * standard deviation; Table 2;
Fig. 5a). Type A and B cases also exhibited shorter disease
durations relative to type C cases, although the magni-
tude of this effect was smaller than that observed for type
E cases (type A: 6.5 £ 3.5 years; Type B: 7.0 £ 4.3 years;
mean = standard deviation; Table 2; Fig. 5a). The relatively
rapid disease progression for type A and B cases is consist-
ent with the enrichment for autosomal dominant forms of
FTLD-TDP in these two subtypes (i.e., cases with GRN or
C9orf72 mutations).
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«Fig. 3 TDP-43 positive and variably p62-positive inclusions in
FTLD-TDP type E. Representative confocal stack images are shown
of double immunofluorescence stained cortical sections stained using
anti-p409/410 TDP-43 (TIP-PTD-PO1, rabbit polyclonal, red) and
anti-p62 (2C11, mouse monoclonal, green) with a DAPI nuclear
counterstain (blue). A typical type B case exhibits inclusions posi-
tive for both p62 and TDP-43 positive inclusions (fop panels). In
contrast, neuronal GFNI’s and grains from a type E case are TDP-43
positive but variably positive for p62 with a small minority of GFNI’s
exhibiting moderate p62 staining (upper middle panels). Curvilinear
oligodendroglial inclusions (middle panels) and astrocytic inclusion
(bottom panels) were strongly positive for phospho-TDP-43 and p62.
GNFTI’s are highlighted with arrowheads. Astrocytic inclusions are
highlighted with arrows. Scale bars 10 pm

Age of death was marginally lower for type B and E
cases (type A: 68.0 £ 11.0 years; Type B: 67.2 &£ 8.0 years;
Type C: 72.1 £ 9.3 years; Type E: 63.9 + 12.3 years;
mean =+ standard deviation; Table 2; Fig. 5b). No signifi-
cant differences were observed for age of onset across his-
tologic subtypes (Table 2; Fig. 5c).

Discussion

We identified seven cases of FTLD-TDP based on a dis-
tinct pattern of TDP-43 pathology: (1) an overwhelming
predominance of GFNI’s over compact neuronal inclu-
sions, (2) the presence of abundant, very fine grey matter
grains, and (3) the presence of oligodendroglial inclusions.
This trio of TDP-43 pathology was negative for ubiquitin,
which is typically a hallmark of TDP-43 proteinopathies.
Indeed, prior to the discovery of TDP-43 protein in inclu-
sions of FTD and ALS tissues, ubiquitin immunoreactivity
was the defining feature of FTLD with ubiquitin-positive,
tau-negative, a-synuclein negative inclusions (FTLD-U) [5,
23]. Nearly all of these FTLD-U cases are now known to be
TDP-43 proteinopathies, with rare exceptions lacking TDP-
43 pathology that were later discovered to harbor FUS
inclusions [6, 7, 29, 36]. In addition to the unique morphol-
ogy of TDP-43 aggregates in these cases, there was a wide-
spread neuroanatomic distribution of pathology. Moreover,
clinicopathologic correlations revealed that this histopatho-
logic pattern was uniformly associated with a rapid pro-
gression from onset to death.

FTLD-TDP subtypes were originally described by two
independent groups, and in large part were based on the
use of ubiquitin immunoreactivity [21, 31]. Later, correla-
tions between ubiquitin and TDP-43 immunohistochemis-
try revealed a high concordance in FTLD-TDP subtyping
using either method [7]. In the novel cases described here,
TDP-43 aggregates were negative for ubiquitin. Inter-
estingly, Mackenzie et al., commented on cases which

appeared similar to other type B cases in the presence of
hippocampal pathology but with the pronounced absence of
ubiquitin-positive pathology in neocortical regions [21]. It
remains possible that the few cases described in our cur-
rent study are similar to the previously described neocor-
tex-negative cases by Mackenzie et al. [21]. In addition to
involving both superficial and deep neocortical layers, oth-
ers have noted that type B cases can exhibit GFNI’s and
grains [17, 25]. Moreover, we present one case that exhib-
ited motor neuron disease and another case that was found
to harbor the C9orf72 repeat expansion mutation. These
findings raise the possibility that the cases described here
represent a unique subtype of FTLD-TDP type B, or per-
haps extreme examples on one end of a spectrum of FTLD-
TDP type B. Notably, TDP-43 positive, ubiquitin-negative
GFNI’s and grains were explicitly not a part of the harmo-
nized classification, and so the relationship between the
pathology described here and type B pathology deserves
further study [22].

A major strength of the existing FTLD-TDP subtyping
criteria lies in the relatively strong association between his-
topathologic subtypes and various clinical and/or genetic
features of disease [6, 9, 10, 17, 21, 22, 28, 31]. The seven
cases described here exhibit a common pattern of micro-
scopic pathology, a consistent biochemical signature, and a
uniformly rapidly progressive clinical course. Based on this
uniformity, we have provisionally categorized these cases
as FTLD-TDP, type E, pending independent verification by
other groups that this histopathologic pattern is associated
with rapidly progressive FTD. Regardless of whether the
pattern of pathology presented here is validated as a sepa-
rate FTLD-TDP type as we propose, or whether these cases
lies along a spectrum of FTLD-TDP types, better elucida-
tion of the clinical and genetic associations with GFNI’s,
grains and oligodendroglial TDP-43 pathology may reveal
insights into the pathogenesis of FTLD-TDP. The patho-
logic, clinical, and genetic features associated with the
FTLD-TDP subtypes are summarized in Fig. 6.

GFNTI’s have been previously called “pre-inclusions”
or “early/transitional” inclusions [7, 17, 25, 26]. We avoid
these terms now because it is unclear whether GFNI’s
would progress to form compact neuronal inclusions, or
perhaps whether grains would progress to form dense neu-
rites. One possibility is that these ubiquitin-negative aggre-
gates are indeed precursors to more compact or dense,
ubiquitinated inclusions, and that these are not seen in
the cases described here because death has occurred rela-
tively early after initiation of disease. While most GFNI’s
and grains were negative for p62, scattered GFNI’s and
grains were positive for p62 suggesting that acquisition
of p62 immunoreactivity precedes ubiquitin modification
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Fig. 4 Biochemical analysis of FTLD-TDP type E. Frozen frontal
cortex from unfixed frozen human brain was subjected to sequen-
tial biochemical extraction using a series of buffers of increas-
ing strength. Sarkosyl-insoluble fractions were electrophoresed on
NuPage Bis-Tris gels and immunoblotted with primary antibodies
as indicated and detected using fluorescently-labeled secondary anti-
bodies followed by dual-color imaging. a Representative immunoblot
of type A, B, C and E cases using 5104 (anti-TDP-43 antibody that
recognizes amino acids 261-392, left panel and red in right panel)

of TDP-43 aggregates. There was a predominance of the
upper C-terminal TDP-43 fragment which perhaps may
represent a biochemical signature of relatively immature
disease wherein this fragment is further N-terminally trun-
cated over time to generate smaller C-terminal TDP-43
fragments. The implications of this model is that mature,
dense inclusions are not required for neurodegenera-
tion, as all cases here exhibited severe clinical phenotypes
together with histologic evidence of neurodegeneration in
the absence of compact NCI’s or dense neurites. Notably,
GFNI’s can be associated with the clearance of normal
nuclear TDP-43 protein which alone may be sufficient to
induce neurotoxicity.

@ Springer

p409/p410 TDP-43

Merged

and TIP-PTD-PO1 (anti-p409/p410-TDP-43 antibody that recognizes
phosphorylated S409 and S410, middle panel and green in right
panel). Asterisk highlights upper C-terminal fragment band. Bracket
highlights smaller C-terminal fragments. Sufficient numbers of type
D cases were not available for analysis. b Immunoblotting of six type
E cases (labeled according to Table 1) with 10782-AP (anti-TDP-43
antibody raised against amino acids 1-261, left panel and red in right
panel) and 1D3 (anti-p409/p410-TDP-43, middle panel and green in
right panel)

Alternatively, this distinct TDP-43 pathology may rep-
resent a unique and particularly virulent variant of TDP-43
proteinopathy. Human pathologic staging of neurodegen-
erative diseases and various basic experimental models
support the hypothesis that neurodegenerative disease
pathology may transmit from cell to cell in a templated
manner that relies on the neuronal connectome [2—4, 14].
The widespread neuroanatomic distribution of TDP-43
pathology suggests that the pathology in these type E cases
was capable of rapid transmission through the brain and
spinal cord. This is in distinct contrast with more typical
cases of bvFTD or ALS which we described previously as
showing more circumscribed neuroanatomic distribution,
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Table 2 Univariate regression analysis of disease duration, age of
death, and age of onset as a function of histologic subtype

B St. error p value Significance

Duration (R = 0.205)

Intercept 9.67 0.70 <2 x 10716 woHE

Type A —-3.22 0.94 0.000846 woEE

Type B —2.70 0.96 0.00572 o

Type E —7.60 1.60 6.69 x 1076 swx
Age at death (R*> = 0.057)

Intercept 72.10 1.78 <2 x 10716 ok

Type A —4.07 2.38 0.0904

Type B —4.87 2.45 0.0492 *

Type E —8.24 4.10 0.0468 *
Age at onset (R* = 0.009)

Intercept 62.43 1.65 <2 x 10716 HoAk

Type A —0.68 221 0.757

Type B —-2.17 2.26 0.340

Type E —-0.72 3.79 0.850

particularly in early stages of disease [1, 2, 4]. In this
model, the distinct morphology, biochemical signature, and
rapid clinical course that typify these type E cases reflect a
particularly virulent strain of TDP-43 proteinopathy. This
possibility awaits a robust experimental model of TDP-43
proteinopathy transmission.

The presence of oligodendroglial inclusions is not
unique to type E cases as they are present in other FTLD-
TDP subtypes [27]. Moreover, oligodendroglial TDP-43
inclusions have been previously noted to be positive for
p62 and negative for ubiquitin as we observed here [15,
27]. The role of oligodendroglial inclusions in FTLD-TDP
is unclear, as FTLD-TDP exhibits a predominantly grey

matter/neuronal pattern of neurodegeneration. Multisystem
atrophy is another neurodegenerative disease which is char-
acterized by abundant oligodendroglial a-synuclein inclu-
sions [12, 34]. Compared to the other a-synucleinopathies
(most notably Parkinson’s disease, Parkinson’s disease
dementia, and dementia with Lewy bodies), multisystem
atrophy is a clinically aggressive disease with a rapid clini-
cal course [12]. The presence of oligodendroglial inclu-
sions may, therefore, represent the sequelae of a virulent
strain of proteinopathy that is capable of transmitting to
oligodendrocytes as bystanders. Alternatively, the unique
intracellular environment of oligodendrocytes may promote
the formation of protein strains which are particularly capa-
ble of spreading or inducing neuronal degeneration. Again,
the development of experimental models will be vital to
discern between these various models.

In summary, we present rare cases of FTLD-TDP
which are difficult to subtype based on existing patho-
logic criteria. We propose that three distinct features
(overwhelming predominance of GFNI’s, abundance of
very fine grey matter grains, presence of oligodendroglial
inclusions) may define a new histopathologic subtype,
type E, associated with widespread neuroanatomic spread
of pathology, a distinct biochemical C-terminal frag-
ment signature, and a rapidly progressive clinical course.
The predisposing factors leading to type E pathology are
entirely unknown, but histopathologic subtyping (devel-
oped prior to the discovery of GRN and C9orf72 muta-
tions in cases of autosomal dominant FTD and/or ALS)
has proven to be remarkably good in terms of segregat-
ing different genetic forms of FTLD-TDP [6, 9, 10, 17,
21, 22, 28, 31]. Six of the seven cases described here are
not associated with any known genetic neurodegenera-
tive disease mutation. However, several cases exhibited

a 25- b 100, o C 100
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FTLD-TDP Histologic Subytpes

Fig.5 FTLD-TDP Subtypes and disease duration, age at death and
age at onset. a Disease duration, b age at death and ¢ age at onset are
shown for FTLD-TDP type A, B, C and E cases. Data presented for

FTLD-TDP Histologic Subytpes

FTLD-TDP Histologic Subytpes

each individual together with group mean (/ines) and standard devia-
tion (error bars). Sufficient numbers of type D cases were not avail-
able for analysis
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Fig. 6 Proposed expansion of FTLD-TDP classification. An illus-
tration of TDP-43 aggregate morphology that define Types A, B, C,
D, and E is shown. Below each FTLD-TDP type is a summary of
the pathologic features, clinical phenotypes, and genetic features of
each subtype. Type A is characterized by crescentic to oval/ring-like
neuronal cytoplasmic inclusions and many short dystrophic neurites
involving superficial neocortical layers. Lentiform neuronal intra-
nuclear inclusions and oligodendroglial (oligo) inclusions may also
be observed. Type B is characterized by neuronal cytoplasmic inclu-
sions affecting superficial and deep neocortical layers with a paucity

strong family histories of either psychiatric or neurologic
diseases including dementia, FTD and Parkinsonism, rais-
ing the possibility of hitherto unknown genetic mutations.

@ Springer

of dystrophic neurites. Oligodendroglial inclusions may be observed.
Type C is characterized by long dystrophic neurites predominantly in
superficial layers with a paucity of neuronal cytoplasmic inclusions.
Type D is characterized by frequent lentiform neuronal intranuclear
inclusions with short dystrophic neurites. Finally, Type E is charac-
terized by granulofilamentous neuronal inclusions and very fine, dot-
like neuropil aggregates affecting all neocortical layers in addition to
curvilinear oligodendroglial inclusions in the white matter. Modified
from Mackenzie et al. [22]

Identifying these unique cases may facilitate future analy-
ses to identify genetic or other predisposing factors which
modulate disease pathogenesis.
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