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Concurrent tau pathologies in frontotemporal lobar degeneration with TDP-43 pathology
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Abstract

Aims: Accumulating evidence suggests that patients with frontotemporal lobar degeneration
(FTLD) can have pathologic accumulation of multiple proteins, including tau and TDP-43. This
study aimed to determine the frequency and characteristics of concurrent tau pathology in FTLD
with TDP-43 pathology (FTLD-TDP).

Methods: The study included 146 autopsy-confirmed cases of FTLD-TDP and 55 cases of
FTLD-TDP with motor neuron disease (FTLD-MND). Sections from the basal forebrain were
screened for tau pathology with phospho-tau immunohistochemistry. For cases with tau
pathology on the screening section, additional brain sections were studied to establish a
diagnosis. Genetic analysis of COORF72, GRN, and MAPT was performed on select cases.
Results: Among 201 cases, we found 72 cases (36%) with primary age-related tauopathy
(PART), 85 (42%) with aging-related tau astrogliopathy (ARTAG), 45 (22%) with argyrophilic
grain disease (AGD), and 2 cases (1%) with corticobasal degeneration (CBD). Patients with
ARTAG or AGD were significantly older than those without these comorbidities. One of the
patients with FTLD-TDP and CBD had C9ORF72 mutation and relatively mild tau pathology,
consistent with incidental CBD.

Conclusion: The coexistence of TDP-43 and tau pathologies was relatively common,
particularly PART and ARTAG. Although rare, individual patients with FTLD can have multiple
concurrent proteinopathies. The absence of TDP-43-positive astrocytic plaques may suggest
that CBD and FTLD-TDP were independent disease processes in the two patients with both tau
and TDP-43 pathologies. It remains to be determined if mixed cases represent a unique disease

process or two concurrent disease processes in an individual.
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Introduction

Frontotemporal lobar degeneration (FTLD) is pathologically and clinically heterogeneous
and classified by the predominant protein that accumulates within neuronal and glial lesions.
Most cases of FTLD have either transactive response DNA-binding protein of 43 kDa (TDP-43;
FTLD-TDP, 50%) or tau inclusions (FTLD-tau, 45%), with a small number having inclusions of
fused in sarcoma (FUS; FTLD-FUS, <5%) [1]. Patients with FTLD-TDP have heterogenous
clinical presentations, including behavioral variant frontotemporal dementia, primary progressive
aphasia, and corticobasal syndrome. Familial FTLD-TDP is most commonly caused by
mutations in COORF72 or progranulin (GRN) [2]. Some patients with FTLD also develop motor
neuron disease (MND; FTLD-MND). Accumulation of TDP-43 aggregates in the central nervous
system is a common pathologic feature of both MND and FTLD; thus, both are considered part
of a spectrum of TDP-43 proteinopathies.

FTLD-tau includes progressive supranuclear palsy (PSP), corticobasal degeneration
(CBD), and Pick’s disease [3]. Intracellular aggregates of phosphorylated tau protein in neurons
and glia associated with neurodegeneration are pathologic hallmarks of FTLD-tau [3]. Increased
age is a common risk factor for neurodegenerative disorders. Age-related changes, such as
cellular senescence, mitochondrial dysfunction, and epigenetic alterations, have been reported
in neurodegenerative processes [4-6]; thus, elderly individuals may often develop more than
one neurodegenerative disease, with the accumulation of multiple types of pathological protein
aggregates [7-10]. Indeed, concurrent TDP-43 pathology has been reported in a range of
tauopathies, including Alzheimer's disease [10, 11], PSP [12-14], and CBD [14-17]. Our
previous study found that 45% of CBD patients had TDP-43 pathology [17]. Some cases had
extensive TDP-43 pathology in the neocortex, which can be considered a mixed FTLD-tau and
FTLD-TDP. More recently, Kim and colleagues reported nine cases of mixed FTLD-TDP and
FTLD-tau, in which three unclassifiable FTLD-tau and two PSP cases had a primary diagnosis

of FTLD-TDP, while FTLD-TDP was found in four cases with CBD [18]. These studies suggest
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that FTLD can be caused by coexisting TDP-43 and tau pathologies; however, the frequency
and characteristics of tau and TDP-43 copathology have not been investigated.

In the present study, we aimed to determine the frequency and characteristics of tau
pathology in a series of cases of FTLD-TDP and FTLD-MND that were initially considered
“primary” TDP-43 proteinopathies as their original neuropathologic diagnosis. To do this, we
screened tau pathology in 146 patients with FTLD-TDP and 55 patients with FTLD-MND. All

cases were from the Mayo Clinic brain bank for neurodegenerative disorders.

Methods

Case selection

This study included 201 cases with FTLD-TDP with (N = 55) or without MND (N=146) in the
period of 1998 to 2020. All brain autopsies were performed after consent of the legal next-of-kin
or individual with power-of-attorney to grant permission. Studies of autopsy samples are

considered exempt from human subject research by Mayo Clinic Institutional Review Board.

General neuropathologic assessment

Formalin-fixed brains underwent systematic and standardized sampling with neuropathologic
evaluation by a single, experienced neuropathologist (D.W.D.). Regions sampled in all cases
included six regions of the neocortex, two levels of hippocampus, a basal forebrain section
(including amygdala, lentiform nucleus and hypothalamus), corpus striatum at level of the
nucleus accumbens, thalamus at the level of the subthalamic nucleus, midbrain, pons, medulla,
and two sections of cerebellum, one including the deep nuclei. Paraffin-embedded 5-um thick
sections mounted on glass slides were stained with hematoxylin and eosin (H&E) and
thioflavin S (Sigma-Aldrich, St. Louis, MO). Braak neurofibrillary tangle stage (NFT), Thal
amyloid phase, and severity of cerebral amyloid angiopathy were assigned using thioflavin S

fluorescent microscopy according to previously described methods [19-23].
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Immunohistochemistry for phospho-TDP-43 (pS409/410, mouse monoclonal, 1:5000, Cosmo
Bio, Tokyo, Japan) was performed on sections of cortex, hippocampus, basal forebrain,
midbrain, medulla, and cervical spinal cord to establish a neuropathological diagnosis of
FTLD-TDP or FTLD-MND. The neuropathologic diagnosis of FTLD-MND required motor neuron
loss with Bunina bodies and a variable degree of corticospinal tract degeneration, demonstrated
with myelin stains (Luxol fast blue-periodic-Schiff) and immunohistochemistry for activated
microglia (IBA-1, rabbit IG, 1:3000, Wako Chemicals, USA [24]). Hippocampal sclerosis was
diagnosed when neuronal loss and gliosis were selective in the CAL sector and/or subiculum of
the hippocampus in the absence of other pathologic findings that could account for neuronal

loss in this region.

Screening of tau pathologies
We immunostained 5-pm-thick sections of the basal forebrain section using a phosphorylated-
tau antibody (phospho-tau Ser202, CP13; mouse monoclonal; 1:1000; a gift from the late
Dr. Peter Davies; Feinstein Institute for Medical Research). Following deparaffinization in xylene
and reagent alcohol, antigen retrieval was performed by steaming slides in distilled water for 30
minutes. Immunostaining was performed with an IHC Autostainer 480S (Thermo Fisher
Scientific Inc., Waltham, MA) and DAKO EnVision™ + reagents (Dako, Carpinteria, CA).
Immunostained slides were counterstained with hematoxylin and coverslipped. Tau-
immunostained slides of all 201 cases were evaluated by three investigators (SK, XZ, DWD)
blinded to clinical and pathological information. For cases suspected of having FTLD-tau based
on the basal forebrain screening section, additional sections from motor cortex, cingulate gyrus,
superior frontal gyrus, thalamus/subthalamic nucleus, midbrain, pons, and cerebellum were also
processed for tau immunohistochemistry.

A diagnosis of CBD was made based on presence of astrocytic plagues and numerous

tau-positive threads in the gray and white matter in cortical and subcortical regions [25]. A
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diagnosis of argyrophilic grain disease (AGD) required tau-positive (argyrophilic) grains in
medial temporal lobe structures (i.e., amygdala and hippocampus), accompanied by pretangles,
coiled bodies, balloon neurons, and granular/fuzzy astrocytes or bush-like astrocytes [26]. Silver
stains (Gallyas) were used to confirm the diagnosis of AGD. For cases with AGD in the
amygdala, additional sections from hippocampus, entorhinal cortex, inferior temporal gyrus, and
cingulate gyrus were stained with tau immunohistochemistry and assessed to assign an AGD
stage according to Saito et al. [27]. The diagnosis of aging-related tau astrogliopathy (ARTAG)
was associated with variable thorn-shaped astrocytes or granular/fuzzy astrocytes in

subependymal, subpial, perivascular, gray matter, and white matter [28].

Clinical assessment

Clinical information was abstracted by two investigators (SK and AM) from the available medical
records and brain bank questionnaires filled out by a close family member. The information
included the age at symptom onset, disease duration, age at death, clinical diagnosis, clinical

symptoms, neurological signs, and family history of dementia or parkinsonism.

Genetic Analysis

We performed genetic analyses in two patients with FTLD-TDP and CBD. For genotyping,
genomic DNA was extracted from frozen cerebellum tissue using standard procedures. MAPT
H1/H2 haplotype (SNP rs1052553 A/G, A = H1, G = H2) was assessed with TagMan SNP
genotyping assays (Applied Biosystems, Foster City, CA). Genotype calls were obtained with
QuantStudio™ Real-Time PCR Software (Applied Biosystems). MAPT sequencing was
performed in exons 7, 9, 10, 11, 12, and 13, as well as known pathogenic intronic mutations
located at 50 bp on either side of each exon (e.g., IVS10+16 C>T). GRN sequencing and
screening for C9ORF72 hexanucleotide repeat expansion were performed as previously

described [29, 30].
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Statistical Analysis

All statistical analyses were performed using R 3.4.3. Fisher’'s exact test was performed for
group comparisons of categorical data, as appropriate. Mann-Whitney rank-sum test, analysis
of variance (ANOVA) on ranks, followed by Steel-Dwass post hoc test, or one-way ANOVA,
followed by post hoc Tukey test, was used for analyses of continuous variables as appropriate.

P-values <0.05 were considered statistically significant.

Results

Summary of the cohort

The study set included 146 patients (84 men and 62 women) of FTLD-TDP and 55 patients (30
men and 25 women) of FTLD-MND (Table 1). The average age at death was significantly older
in FTLD-TDP than in FTLD-MND (74 £+ 10 vs. 67 + 9 years; p<0.001). FTLD-TDP also had a
significantly longer disease duration than FTLD-MND (9 = 5 vs. 4 £ 2 years; p<0.001). The
average formalin-fixed brain weight was significantly lower in FTLD-TDP than in FTLD-MND
(970 £ 160 g vs. 1120 = 170 g grams; p<0.001). Alzheimer-type pathologies, measured by the
Braak NFT stage and Thal amyloid phase, were not significantly different between the two

groups.

Alzheimer’'s-type pathology assessed by thioflavin S microscopy

Thioflavin S microscopy was used to assign Braak NFT stage: Braak stage 0 in 46 (23%), stage
I'in 40 (20%), stage Il in 65 (32%), stage Il in 28 (14%), stage IV in 14 (7%), stage V in 4 (2%),
and stage VI in 4 patients (2%). Thal amyloid phase was also assigned using Thioflavin S
microscopy: Thal phase 0 in 106 (53%), phase 1 in 41 (20%), phase 2 in 23 (11%), phase 3 in
12 (6%), phase 4 in 7 (3%), and phase 5 in 12 (6%). Cerebral amyloid angiopathy was detected

in 64 patients (61%). In this autopsy cohort, 72 patients (36%) had Braak stages | - IV and Thal
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amyloid phase 0, consistent with a diagnosis of primary age-related tauopathy (PART). The age
at death was not significantly different between patients with and without PART (71 £ 9 vs. 73 £

10 years; 0.194).

Frequency of tau pathologies in TDP-43 proteinopathies

The second most common concurrent tau pathology was ARTAG, which was detected in 85
cases (42%) (Table 1). On tau immunohistochemistry, thorn-shaped astrocytes were detected
in subpial (Figure 1A) and perivascular spaces (Figure 1B) in the mediobasal forebrain, and
variably in the amygdala (Figure 1C). Thorn-shaped astrocytes were also observed in the peri-
amygdaloid white matter (Figure 1D). The age at death was significantly older in cases with
ARTAG than in those without ARTAG (76 + 9 vs. 69 + 10 years; p = 5.7 x 10”), regardless of
the disease group (i.e., FTLD-TDP, FTLD-MND; Figure 1E). A multivariable logistic regression
model adjusting for age, sex, Braak NFT stage, and Thal amyloid phase revealed that older age
(OR 1.08; Cl 1.04-1.12; p = 3.4 x 10°%), higher Braak NFT stage (OR 2.39; C| 1.24-4.61; p =
0.010), and male sex (OR 1.33; CI 1.05-1.69; p = 0.018) were independent risk factors for
ARTAG.

AGD was detected in 45 cases (22%). Argyrophilic grains in the amygdala were
accompanied by pretangles, coiled bodies, balloon neurons, and GFA (Figure 1F-I). Screening
of additional regions revealed that 23 cases had AGD restricted to the amygdala (stage 1), 15
also had AGD in the entorhinal cortex or subiculum (stage 2), and in 7 cases had pathology in
the cingulate gyrus (stage 3). As with ARTAG, the age at death was significantly older in cases
with AGD compared to cases without AGD (77 + 10 vs. 71 + 10 years; p = 9.1 x 10™*). As shown
in Figure 1J, the median age at death was highest in stage 3, followed by stages 2 and 1. A
multivariable logistic regression model adjusting for age, sex, Braak NFT stage, and Thal
amyloid phase revealed that older age (OR 1.05; CI 1.01-1.09; p =0.017), and higher Braak

NFT stage (OR 1.33; CI 1.03-1.71; p = 0.026) were independent risk factors for AGD.
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We found two patients with tau pathology consistent with CBD (Table 2).
Immunohistochemistry for tau revealed astrocytic plaques in the superior frontal gyrus and
premotor cortex, tau-positive threads and coiled bodies in the adjacent white matter, and
pretangles and threads in the subthalamic nucleus, pontine base, inferior olivary nucleus, and
cerebellar dentate nucleus in both patients (Table 3). One patient (Case 2) also had AGD. The
other patient who had a family history of dementia (Case 1) carried C9ORF72 hexanucleotide
repeat expansion. Mutations in GRN or MAPT were not detected in either patient. Clinical
presentations of these patients were Alzheimer’s type dementia (Case 1) and behavioral variant
FTD (Case 2). To adjudicate which pathology was most likely to contribute to their clinical
presentations, we describe detailed pathologic findings and clinical features of these two cases.

The detailed clinical history is provided in Supplementary Data.

Case 1l

The fixed left hemibrain weighed 460 grams. The macroscopic findings revealed minimal
cortical atrophy in frontal and temporal lobes, but there was thinning of the corpus callosum and
dilation of the lateral ventricles. Subcortical regions, brainstem, and cerebellum were
unremarkable except for decreased pigmentation in substantia nigra and locus coeruleus
(Figure 2A-D).

On H&E-stained sections, the neocortex had mild spongiform change and gliosis, as well
as mild thinning of the cortical ribbon, most marked in the frontal and temporal lobes. Only a few
balloon neurons were detected in the cingulate gyrus. Immunohistochemistry for phospho-
TDP-43 showed neuritic processes and neuronal cytoplasmic inclusions (NCI) in the neocortex,
most marked in superficial cortical layers (Figure 2E, F), consistent with FTLD-TDP type A [31].
A few neuronal intranuclear inclusions were also detected. TDP-43-positive fine neurites were
present in the CA1 sector of the hippocampus, along with marked neuronal loss, consistent with

hippocampal sclerosis (Figure 2G, H). The caudate nucleus and the nucleus accumbens had
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atrophy and gliosis, while the putamen and globus pallidus were less affected. Sparse NCI and
a dystrophic neurites were detected. The thalamus had mild atrophy and gliosis in anterior and
dorsomedial nuclei. The ventral and lateral thalamus and the subthalamic nucleus were
unremarkable. The substantia nigra had marked neuronal loss and gliosis with extraneuronal
neuromelanin, marked in the ventrolateral cell group. Moderate numbers of NCI, including
skein-like inclusions, were present. The cerebral peduncle had atrophy and myelinated fiber
loss in the frontobulbar tract, but not the corticospinal tract. The raphe nuclei had a mild
neuronal loss, but the locus coeruleus was well populated. The medullary pyramid and
hypoglossal nucleus were unremarkable. The inferior olivary nucleus had a mild neuronal loss,
but more marked gliosis and moderate NCI. Immunohistochemistry for CORANT [32] revealed
numerous neuronal inclusions in the cerebellar granular cell layers (Figure 21), confirming
C90ORF72 mutation.

Phospho-tau immunohistochemistry and Gallyas staining revealed astrocytic plagues in
the superior frontal gyrus and premotor cortex (Figure 2J-L). Moderate threads and coiled
bodies were detected in adjacent white matter. Sparse tau pathology, mainly pretangles and
threads, was also observed in the subthalamic nucleus, pontine base, inferior olivary nucleus,

and cerebellar dentate nucleus (Figure 2M-P).

Case 2

The fixed left hemibrain weighed 540 grams. Macroscopic evaluation of the fixed brain revealed
severe cortical atrophy over the dorsolateral and medial frontal lobe, including the frontal pole
and the orbital frontal lobe (Figure 3A, B). The medial temporal lobe had moderate atrophy and
the parietal lobe had mild atrophy in the superior lobule. The anterior corpus callosum was
markedly thinned (Figure 3C). The hippocampal formation and amygdala were both atrophic,
especially in the subiculum. Basal ganglia showed severe atrophy of the caudate nucleus and

attenuation of the anterior limb of the internal capsule (Figure 3C). The globus pallidus was
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markedly atrophic and had brown discoloration. The anterior thalamus was atrophic. The
substantia nigra had marked loss of pigment (Figure 3D).

On microscopic evaluation, the neocortex had thinning of the cortical ribbon with
spongiform change and extensive gliosis, most marked in the frontal cortices, but sparing of the
primary cortices and the occipital lobe. The gliosis was striking at the gray-white junction. The
cingulate and frontal cortices had ballooned neurons (Figure 3E) on H&E-stained sections.
Immunohistochemistry for phospho-TDP-43 revealed neuritic processes, NCI (Figure 3F), and
a few intranuclear inclusions (Figure 3G) in the neocortex, most marked in the frontal cortex,
amygdala (Figure 3H), dentate fascia, pyramidal layer of the hippocampus, substantia nigra,
red nucleus, and inferior olivary nucleus. H&E staining showed severe neuronal loss and gliosis
in CA1 and the subiculum. These findings were consistent with FTLD-TDP type A with
hippocampal sclerosis [31]. There was also extensive atrophy of the basal ganglia and diffuse
gliosis in the caudate nucleus and nucleus accumbens, while the globus pallidus was least
affected. The anterior limb of the internal capsule had marked attenuation with myelinated fiber
loss and gliosis. The thalamus, subthalamic nucleus, and adjacent hypothalamus had marked
gliosis. The mammillary body was atrophic and had many pyknotic neurons consistent with
transsynaptic degeneration. The posterior limb of the internal capsule was pale and gliotic. The
substantia nigra had marked neuronal loss with extraneuronal neuromelanin and gliosis. Sparse
TDP-43-positive NCI and dystrophic neurites were present. The cerebral peduncle had atrophy
and gliosis of the frontobulbar tract. The raphe nuclei, locus coeruleus, reticular formation,
medullary pyramid, and hypoglossal nucleus were histologically unremarkable. The inferior
olivary nucleus had severe gliosis with many TDP-43-positive NCI.

Immunohistochemistry for phospho-tau revealed tau-positive threads and astrocytic
plagues in the neocortex (Figure 3l, K), as well as numerous threads and fewer coiled bodies in
cerebral white matter (Figure 3J, L) consistent with CBD. Abundant pretangles and threads

were present in the subthalamic nucleus, red nucleus, pontine nuclei, inferior olivary nucleus,
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and dentate nucleus (Figure 3M-Q), but the neuronal populations in these regions were
relatively well preserved. Argyrophilic grains and pretangles were observed in the amygdala,

hippocampus, ventral striatum, and cingulate gyrus (Figure 3R), consistent with AGD.

Discussion

In this series of 201 autopsy cases with TDP-43 proteinopathies, many patients had concurrent
tau pathologies. As expected, ARTAG (42%) and PART (36%) were the most frequent tau
pathologies, followed by AGD (22%). In addition, we found two patients with CBD, which is a
4-repeat tauopathy form of FTLD-tau. TDP-43 and tau are the most common molecular
subtypes of FTLD, but coexistence of FTLD-TDP and FTLD-tau is uncommon [18]. These cases
raise the issue of what should be considered the “primary” pathologic process, and which may
be considered “secondary” or “co-primary” process.

Case 1 was clinically diagnosed with familial AD based upon his cognitive impairment,
initially characterized by amnestic type dementia, as well as dementia in multiple family
members. Neuropathologic assessment revealed mild Alzheimer’'s-type pathology (Braak NFT
stage Il and Thal amyloid phase 3) insufficient to account for dementia. Although the cortical
atrophy of the frontal and temporal lobes was relatively mild, immunohistochemistry for TDP-43
and presence of CORANT inclusions were diagnostic of FTLD-TDP [32]. A hexanucleotide
repeat expansion in the C9ORF72 gene was confirmed with repeat-primed polymerase chain
reaction assay [30]. The presence of a pathogenic mutation in a gene for FTLD makes a
strong case for the primary diagnosis in the case to be FTLD-TDP. Of note, amnestic
Alzheimer’s dementia is a common clinical diagnosis of genetically-confirmed FTLD-TDP in
elderly individuals [33], and in an autopsy series from the State of Florida brain bank, late onset
patients with CO9ORF72 mutations often present with Alzheimer type dementia or Lewy body

dementia [34].
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Tau pathology in the cases was consistent with CBD based upon morphology and
neuroanatomical distribution; however, tau pathology was mild and subcortical nuclei vulnerable
to neuronal loss in CBD, globus pallidus and substantia nigra, were well preserved. Moreover,
the severity of tau pathology was mild in subcortical regions. These findings are similar to those
reported as “preclinical” CBD [35]. In the current situation the term “preclinical” is not
appropriate since the patient presented with cognitive impairment, behavioral changes, and
parkinsonism. Taken together, genetically confirmed FTLD-TDP with “incidental” CBD seems to
be the best neuropathologic diagnosis.

Interestingly, this patient is similar to a patient in the study of Kim and coworkers. Their
patient had FTLD-TDP type A and unclassifiable FTLD-tau with COORF72 mutation (Case 1)
[18]. Given that COORF72 mutation is the most common risk factor for familial amyotrophic
lateral sclerosis and FTLD, its strong association with TDP-43 pathology has been established.
In contrast, it is still unknown whether COORF72 mutation is also associated with FTLD-tau.
Bieniek and colleagues investigated Alzheimer’'s-type tau pathology in the temporal cortex and
hippocampus in patients with FTLD who carried C9ORF72 mutation (c9FTLD) [36], and found
that tau pathology burden was not different between cOFTLD and sporadic FTLD. Snowden and
colleagues screened for C9ORF72 mutations in 398 patients with clinical presentations of FTD
and found one patient who had CBD pathology without TDP-43 pathology [37]. The absence of
TDP-43 pathology raised the question of the significance of COORF72 hexanucleotide
expansion in this patient. King and colleagues reported a patient with COORF72 mutation who
had Pick’s disease and TDP-43 pathology, with TDP-43 co-localizing with Pick bodies [38]. This
patient also had a MAPT variant A239T, which has not been associated with tau pathology.
Taken together, the association between C9ORF72 mutation and tau pathology remains
uncertain and warrants further investigation.

Our second case had marked atrophy in frontal and temporal lobes, as well as severe

atrophy in the orbital gyrus and caudate nucleus, and hippocampal sclerosis consistent with
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FTLD-TDP. In contrast, marked pigment loss in the substantia nigra and discoloration of the
globus pallidus were suggestive of CBD. TDP-43 immunohistochemistry revealed moderate NCI
and DN and sparse neuronal intranuclear inclusions in the neocortex, consistent with
FTLD-TDP type A. There was also severe tau pathology in the grey and white matter of the
neocortex, deep gray nuclei, brainstem, and cerebellum, consistent with CBD. Given that both
FTLD-TDP and CBD can present as behavioral variant frontotemporal dementia, it is difficult to
determine which pathology is “primary” for this patient. One can argue the that CBD is the
“primary” diagnosis in this patient, and that TDP-43 pathology can be explained by limbic-
predominant age-related TDP-43 encephalopathy neuropathological change (LATE-NC) [39].
LATE-NC is characterized by TDP-43 proteinopathy in the medial temporal lobe in elderly with
or without hippocampal sclerosis [39]. The amygdala and hippocampus are the most vulnerable
regions, but the midfrontal gyrus is affected in stage 3; therefore, it is challenging to differentiate
FTLD-TDP and advanced LATE-NC. Case 2 had significant frontal lobe atrophy, which supports
the diagnosis of FTLD-TDP; however, frontal lobe atrophy is also common in CBD. A diagnosis
of CBD with LATE-NC is reasonable. The advanced age of the patient (84 years) and the
presence of hippocampal sclerosis may also support the diagnosis of LATE-NC. Nevertheless,
our final neuropathological diagnosis is FTLD-TDP with “incidental” CBD because atrophy of the
globus pallidus and subthalamic nucleus were relatively mild compared to that of the orbital
gyrus and caudate nucleus. We judge the CBD to be “incidental” pathology in the context of
FTLD-TDP.

The present study needs to be taken account of the fact that TDP-43 pathology can be
found in a subset of CBD cases. In our previous study, we identified astrocytic plaque-like
TDP-43 lesions in the motor cortex and superior frontal gyrus in CBD patients with TDP-43
pathology. Therefore, we assumed that TDP-43 pathology was “secondary” to CBD pathology

[17]. In contrast, the two patients in the present study did not have astrocytic plaques with TDP-
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43 immunoreactive processes. This finding supports the conclusion that TDP-43 pathology
occurs independent of tau pathology in CBD, not “secondary” to tau pathology

Recently, Llibre-Guerra and colleagues reported a novel neuroglial tauopathy associated
with transmembrane protein 106B (TMEM106B) rs1990622 A/A genotype in FTLD/ALS-TDP
[40]. TMEM106B rs1990622 is a common variant in TMEM106B that increases the risk of
FTLD-TDP, especially those caused by GRN mutations [41, 42]. This tauopathy was
characterized by limbic-predominant distribution of grains, granular neuronal cytoplasmic
inclusions, as well as diffuse granular immunopositivity in astrocytic processes and threads.
Although these features resemble AGD or ARTAG, the distribution and overall morphological
features were not consistent with these diagnoses. In the present study of tau in FTLD-TDP, the
most common tau pathologies were ARTAG and AGD. We did not identify tau lesions similar to
those reported as TMEM106B-associated neuroglial tauopathy.

A limitation of this study is that the clinical information of two patients with FTLD-TDP
and CBD was limited due to the retrospective nature of the autopsy cohort. Systematic,
longitudinal data with neurological examinations and neuropsychological testing were not
available. Motor symptoms suggestive of corticobasal syndrome may have been overlooked or
not well documented. Another limitation is that we did not assess clinical features in patients
with PART, ARTAG, or AGD because the primary focus was FTLD-tau, rather than these “age-
related” tau pathologies.

In conclusion, by screening for tau pathology in TDP-43 proteinopathies, we identified
two patients with mixed FTLD-TDP and CBD that are likely independent (“co-primary”) disease
processes. Many of elderly individuals with neurodegenerative disorders have multiple
coexisting pathologies [8, 10]; therefore, both TDP-43 and tau should be part of the screening
process for the neuropathologic assessment of FTLD. We are not able to determine the relative
contribution of each pathology to the clinical presentations in these patient. This is not too

dissimilar to the issue of assigning relative contributions of mixed pathology in other settings, for
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example, cases with both Alzheimer's disease and diffuse Lewy body disease. Implementation
of molecular imaging modalities for each protein may help determine the timing and relative

contributions of the proteins to clinical presentations.


https://doi.org/10.1101/2021.09.23.461523
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.09.23.461523; this version posted September 24, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Acknowledgements

We would like to thank the patients and their families who donated brains to help further the
scientific understanding of neurodegeneration. The authors would also like to acknowledge
Virginia Phillips, Jo A. Landino Garcia, and Ariston L. Librero (Mayo Clinic, Jacksonville) for
histologic support, and Monica Castanedes-Casey (Mayo Clinic, Jacksonville) for
immunohistochemistry support. This work is supported by CurePSP, the Rainwater Charitable
Trust, and the Jaye F. and Betty F. Dyer Foundation Fellowship in progressive supranuclear

palsy research, as well as NINDS Tau Center without Walls (U54-NS100693).

Ethical statement
Brain autopsies were obtained after consent of the legal next-of-kin or individuals with legal
authority to grant autopsy permission. De-identified studies of autopsy samples are considered

exempt from human subject research by the Mayo Clinic Institutional Review Board.

Author Contributions

Shunsuke Koga: Study concept and design; acquisition, analysis, and interpretation of data;
execution of the statistical analysis; drafting of the manuscript. Xiaolai Zhou: Study concept and
design; acquisition, analysis, and interpretation of data; review and critique. Aya Murakami:
Acquisition, analysis, and interpretation of data; review and critique. Cristhoper Fernandez De
Castro: Acquisition of data; review and critique. Matthew C. Baker: Acquisition, analysis, and
interpretation of data; review and critique. Rosa Rademakers: Review and critique. Dennis W.

Dickson: Study concept and design; acquisition and interpretation of data; review and critique.

Data Availability Statement
The data that support the findings of this study are available from the corresponding author

upon reasonable request.


https://doi.org/10.1101/2021.09.23.461523
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.09.23.461523; this version posted September 24, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

References

1 Irwin DJ, Cairns NJ, Grossman M, McMillan CT, Lee EB, Van Deerlin VM, Lee VM,
Trojanowski JQ. Frontotemporal lobar degeneration: defining phenotypic diversity through
personalized medicine. Acta Neuropathol 2015; 129: 469-91

2 Moore KM, Nicholas J, Grossman M, McMillan CT, Irwin DJ, Massimo L, Van Deerlin
VM, Warren JD, Fox NC, Rossor MN, Mead S, Bocchetta M, Boeve BF, Knopman DS, Graff-
Radford NR, Forsberg LK, Rademakers R, Wszolek ZK, van Swieten JC, Jiskoot LC, Meeter LH,
Dopper EG, Papma JM, Snowden JS, Saxon J, Jones M, Pickering-Brown S, Le Ber I, Camuzat
A, Brice A, Caroppo P, Ghidoni R, Pievani M, Benussi L, Binetti G, Dickerson BC, Lucente D,
Krivensky S, Graff C, Oijerstedt L, Fallstrom M, Thonberg H, Ghoshal N, Morris JC, Borroni B,
Benussi A, Padovani A, Galimberti D, Scarpini E, Fumagalli GG, Mackenzie IR, Hsiung GR,
Sengdy P, Boxer AL, Rosen H, Taylor JB, Synofzik M, Wilke C, Sulzer P, Hodges JR, Halliday
G, Kwok J, Sanchez-Valle R, Llado A, Borrego-Ecija S, Santana I, Aimeida MR, Tabuas-Pereira
M, Moreno F, Barandiaran M, Indakoetxea B, Levin J, Danek A, Rowe JB, Cope TE, Otto M,
Anderl-Straub S, de Mendonca A, Maruta C, Masellis M, Black SE, Couratier P, Lautrette G,
Huey ED, Sorbi S, Nacmias B, Laforce R, Jr., Tremblay ML, Vandenberghe R, Damme PV,
Rogalski EJ, Weintraub S, Gerhard A, Onyike CU, Ducharme S, Papageorgiou SG, Ng ASL,
Brodtmann A, Finger E, Guerreiro R, Bras J, Rohrer JD, Initiative FTDP. Age at symptom onset
and death and disease duration in genetic frontotemporal dementia: an international
retrospective cohort study. Lancet Neurol 2020; 19: 145-56

3 Dickson DW, Kouri N, Murray ME, Josephs KA. Neuropathology of frontotemporal lobar
degeneration-tau (FTLD-tau). J Mol Neurosci 2011; 45: 384-9

4 Hou Y, Dan X, Babbar M, Wei Y, Hasselbalch SG, Croteau DL, Bohr VA. Ageing as a

risk factor for neurodegenerative disease. Nat Rev Neurol 2019; 15: 565-81


https://doi.org/10.1101/2021.09.23.461523
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.09.23.461523; this version posted September 24, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

5 Appleby-Mallinder C, Schaber E, Kirby J, Shaw PJ, Cooper-Knock J, Heath PR, Highley
JR. TDP43 proteinopathy is associated with aberrant DNA methylation in human amyotrophic
lateral sclerosis. Neuropathol Appl Neurobiol 2021; 47: 61-72

6 Koike Y, Sugai A, Hara N, Ito J, Yokoseki A, Ishihara T, Yamagishi T, Tsuboguchi S,
Tada M, lkeuchi T, Kakita A, Onodera O. Age-related demethylation of the TDP-43
autoregulatory region in the human motor cortex. Commun Biol 2021; 4: 1107

7 Robinson JL, Lee EB, Xie SX, Rennert L, Suh E, Bredenberg C, Caswell C, Van Deerlin
VM, Yan N, Yousef A, Hurtig HI, Siderowf A, Grossman M, McMillan CT, Miller B, Duda JE,
Irwin DJ, Wolk D, Elman L, McCluskey L, Chen-Plotkin A, Weintraub D, Arnold SE,
Brettschneider J, Lee VM, Trojanowski JQ. Neurodegenerative disease concomitant
proteinopathies are prevalent, age-related and APOE4-associated. Brain 2018; 141: 2181-93

8 Cornblath EJ, Robinson JL, Irwin DJ, Lee EB, Lee VM, Trojanowski JQ, Bassett DS.
Defining and predicting transdiagnostic categories of neurodegenerative disease. Nat Biomed
Eng 2020; 4: 787-800

9 Kovacs GG. Are comorbidities compatible with a molecular pathological classification of
neurodegenerative diseases? Curr Opin Neurol 2019; 32: 279-91

10 Spina S, La Joie R, Petersen C, Nolan AL, Cuevas D, Cosme C, Hepker M, Hwang JH,
Miller ZA, Huang EJ, Karydas AM, Grant H, Boxer AL, Gorno-Tempini ML, Rosen HJ, Kramer
JH, Miller BL, Seeley WW, Rabinovici GD, Grinberg LT. Comorbid neuropathological diagnoses
in early versus late-onset Alzheimer's disease. Brain 2021; 144: 2186-98

11 Josephs KA, Murray ME, Whitwell JL, Tosakulwong N, Weigand SD, Petrucelli L,
Liesinger AM, Petersen RC, Parisi JE, Dickson DW. Updated TDP-43 in Alzheimer's disease
staging scheme. Acta Neuropathol 2016; 131: 571-85

12 Yokota O, Davidson Y, Bigio EH, Ishizu H, Terada S, Arai T, Hasegawa M, Akiyama H,
Sikkink S, Pickering-Brown S, Mann DM. Phosphorylated TDP-43 pathology and hippocampal

sclerosis in progressive supranuclear palsy. Acta Neuropathol 2010; 120: 55-66


https://doi.org/10.1101/2021.09.23.461523
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.09.23.461523; this version posted September 24, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

13 Koga S, Sanchez-Contreras M, Josephs KA, Uitti RJ, Graff-Radford N, van Gerpen JA,
Cheshire WP, Wszolek ZK, Rademakers R, Dickson DW. Distribution and characteristics of
transactive response DNA binding protein 43 kDa pathology in progressive supranuclear palsy.
Mov Disord 2017; 32: 246-55

14 Robinson JL, Yan N, Caswell C, Xie SX, Suh E, Van Deerlin VM, Gibbons G, Irwin DJ,
Grossman M, Lee EB, Lee VM, Miller B, Trojanowski JQ. Primary Tau Pathology, Not
Copathology, Correlates With Clinical Symptoms in PSP and CBD. J Neuropathol Exp Neurol
2020; 79: 296-304

15 Robinson AC, Thompson JC, Weedon L, Rollinson S, Pickering-Brown S, Snowden JS,
Davidson YS, Mann DM. No interaction between tau and TDP-43 pathologies in either
frontotemporal lobar degeneration or motor neurone disease. Neuropathol Appl Neurobiol 2014;
40: 844-54

16 Uryu K, Nakashima-Yasuda H, Forman MS, Kwong LK, Clark CM, Grossman M, Miller
BL, Kretzschmar HA, Lee VM, Trojanowski JQ, Neumann M. Concomitant TAR-DNA-binding
protein 43 pathology is present in Alzheimer disease and corticobasal degeneration but not in
other tauopathies. J Neuropathol Exp Neurol 2008; 67: 555-64

17 Koga S, Kouri N, Walton RL, Ebbert MTW, Josephs KA, Litvan |, Graff-Radford N,
Ahlskog JE, Uitti RJ, van Gerpen JA, Boeve BF, Parks A, Ross OA, Dickson DW. Corticobasal
degeneration with TDP-43 pathology presenting with progressive supranuclear palsy syndrome:
a distinct clinicopathologic subtype. Acta Neuropathol 2018; 136: 389-404

18 Kim EJ, Brown JA, Deng J, Hwang JL, Spina S, Miller ZA, DeMay MG, Valcour V,
Karydas A, Ramos EM, Coppola G, Miller BL, Rosen HJ, Seeley WW, Grinberg LT. Mixed TDP-
43 proteinopathy and tauopathy in frontotemporal lobar degeneration: nine case series. J Neurol
2018; 265: 2960-71

19 Thal DR, Rub U, Orantes M, Braak H. Phases of A beta-deposition in the human brain

and its relevance for the development of AD. Neurology 2002; 58: 1791-800


https://doi.org/10.1101/2021.09.23.461523
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.09.23.461523; this version posted September 24, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

20 Braak H, Braak E. Neuropathological stageing of Alzheimer-related changes. Acta
Neuropathol 1991; 82: 239-59

21 Montine TJ, Phelps CH, Beach TG, Bigio EH, Cairns NJ, Dickson DW, Duyckaerts C,
Frosch MP, Masliah E, Mirra SS, Nelson PT, Schneider JA, Thal DR, Trojanowski JQ, Vinters
HV, Hyman BT. National Institute on Aging-Alzheimer's Association guidelines for the
neuropathologic assessment of Alzheimer's disease: a practical approach. Acta Neuropathol
2012; 123: 1-11

22 Thal DR, Ghebremedhin E, Orantes M, Wiestler OD. Vascular pathology in Alzheimer
disease: correlation of cerebral amyloid angiopathy and arteriosclerosis/lipohyalinosis with
cognitive decline. J Neuropathol Exp Neurol 2003; 62: 1287-301

23 Koga S, Zhou X, Dickson DW. Machine learning-based decision tree classifier for the
diagnosis of progressive supranuclear palsy and corticobasal degeneration. Neuropathol Appl
Neurobiol 2021:

24 Ahmed Z, Shaw G, Sharma VP, Yang C, McGowan E, Dickson DW. Actin-binding
proteins coronin-1a and IBA-1 are effective microglial markers for immunohistochemistry. J
Histochem Cytochem 2007; 55: 687-700

25 Dickson DW, Bergeron C, Chin SS, Duyckaerts C, Horoupian D, lkeda K, Jellinger K,
Lantos PL, Lippa CF, Mirra SS, Tabaton M, Vonsattel JP, Wakabayashi K, Litvan I. Office of
Rare Diseases neuropathologic criteria for corticobasal degeneration. J Neuropathol Exp Neurol
2002; 61: 935-46

26 Togo T, Sahara N, Yen SH, Cookson N, Ishizawa T, Hutton M, de Silva R, Lees A,
Dickson DW. Argyrophilic grain disease is a sporadic 4-repeat tauopathy. J Neuropathol Exp
Neurol 2002; 61: 547-56

27 Saito Y, Ruberu NN, Sawabe M, Arai T, Tanaka N, Kakuta Y, Yamanouchi H, Murayama
S. Staging of argyrophilic grains: an age-associated tauopathy. J Neuropathol Exp Neurol 2004;

63: 911-8


https://doi.org/10.1101/2021.09.23.461523
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.09.23.461523; this version posted September 24, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

28 Kovacs GG, Ferrer |, Grinberg LT, Alafuzoff I, Attems J, Budka H, Cairns NJ, Crary JF,
Duyckaerts C, Ghetti B, Halliday GM, Ironside JW, Love S, Mackenzie IR, Munoz DG, Murray
ME, Nelson PT, Takahashi H, Trojanowski JQ, Ansorge O, Arzberger T, Baborie A, Beach TG,
Bieniek KF, Bigio EH, Bodi I, Dugger BN, Feany M, Gelpi E, Gentleman SM, Giaccone G,
Hatanpaa KJ, Heale R, Hof PR, Hofer M, Hortobagyi T, Jellinger K, Jicha GA, Ince P, Kofler J,
Kovari E, Kril JJ, Mann DM, Matej R, McKee AC, McLean C, Milenkovic I, Montine TJ,
Murayama S, Lee EB, Rahimi J, Rodriguez RD, Rozemuller A, Schneider JA, Schultz C, Seeley
W, Seilhean D, Smith C, Tagliavini F, Takao M, Thal DR, Toledo JB, Tolnay M, Troncoso JC,
Vinters HV, Weis S, Wharton SB, White CL, 3rd, Wisniewski T, Woulfe JM, Yamada M, Dickson
DW. Aging-related tau astrogliopathy (ARTAG): harmonized evaluation strategy. Acta
Neuropathol 2016; 131: 87-102

29 Baker M, Mackenzie IR, Pickering-Brown SM, Gass J, Rademakers R, Lindholm C,
Snowden J, Adamson J, Sadovnick AD, Rollinson S, Cannon A, Dwosh E, Neary D, Melquist S,
Richardson A, Dickson D, Berger Z, Eriksen J, Robinson T, Zehr C, Dickey CA, Crook R,
McGowan E, Mann D, Boeve B, Feldman H, Hutton M. Mutations in progranulin cause tau-
negative frontotemporal dementia linked to chromosome 17. Nature 2006; 442: 916-9

30 DeJesus-Hernandez M, Mackenzie IR, Boeve BF, Boxer AL, Baker M, Rutherford NJ,
Nicholson AM, Finch NA, Flynn H, Adamson J, Kouri N, Wojtas A, Sengdy P, Hsiung GY,
Karydas A, Seeley WW, Josephs KA, Coppola G, Geschwind DH, Wszolek ZK, Feldman H,
Knopman DS, Petersen RC, Miller BL, Dickson DW, Boylan KB, Graff-Radford NR,
Rademakers R. Expanded GGGGCC hexanucleotide repeat in noncoding region of COORF72
causes chromosome 9p-linked FTD and ALS. Neuron 2011; 72: 245-56

31 Mackenzie IR, Neumann M, Baborie A, Sampathu DM, Du Plessis D, Jaros E, Perry RH,
Trojanowski JQ, Mann DM, Lee VM. A harmonized classification system for FTLD-TDP

pathology. Acta Neuropathol 2011; 122: 111-3


https://doi.org/10.1101/2021.09.23.461523
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.09.23.461523; this version posted September 24, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

32 Ash PE, Bieniek KF, Gendron TF, Caulfield T, Lin WL, Dejesus-Hernandez M, van
Blitterswijk MM, Jansen-West K, Paul JW, 3rd, Rademakers R, Boylan KB, Dickson DW,
Petrucelli L. Unconventional translation of COORF72 GGGGCC expansion generates insoluble
polypeptides specific to cOFTD/ALS. Neuron 2013; 77: 639-46

33 Buciuc M, Whitwell JL, Baker MC, Rademakers R, Dickson DW, Josephs KA. Old age
genetically confirmed frontotemporal lobar degeneration with TDP-43 has limbic predominant
TDP-43 deposition. Neuropathol Appl Neurobiol 2021

34 Murray ME, DeJesus-Hernandez M, Rutherford NJ, Baker M, Duara R, Graff-Radford
NR, Wszolek ZK, Ferman TJ, Josephs KA, Boylan KB, Rademakers R, Dickson DW. Clinical
and neuropathologic heterogeneity of cOFTD/ALS associated with hexanucleotide repeat
expansion in COORF72. Acta Neuropathol 2011; 122: 673-90

35 Ling H, Kovacs GG, Vonsattel JP, Davey K, Mok KY, Hardy J, Morris HR, Warner TT,
Holton JL, Revesz T. Astrogliopathy predominates the earliest stage of corticobasal
degeneration pathology. Brain 2016; 139: 3237-52

36 Bieniek KF, Murray ME, Rutherford NJ, Castanedes-Casey M, DeJesus-Hernandez M,
Liesinger AM, Baker MC, Boylan KB, Rademakers R, Dickson DW. Tau pathology in
frontotemporal lobar degeneration with CO9ORF72 hexanucleotide repeat expansion. Acta
Neuropathol 2013; 125: 289-302

37 Snowden JS, Rollinson S, Thompson JC, Harris JM, Stopford CL, Richardson AM,
Jones M, Gerhard A, Davidson YS, Robinson A, Gibbons L, Hu Q, DuPlessis D, Neary D, Mann
DM, Pickering-Brown SM. Distinct clinical and pathological characteristics of frontotemporal
dementia associated with COORF72 mutations. Brain 2012; 135: 693-708

38 King A, Al-Sarraj S, Troakes C, Smith BN, Maekawa S, lovino M, Spillantini MG, Shaw
CE. Mixed tau, TDP-43 and p62 pathology in FTLD associated with a COORF72 repeat

expansion and p.Ala239Thr MAPT (tau) variant. Acta Neuropathol 2013; 125: 303-10


https://doi.org/10.1101/2021.09.23.461523
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.09.23.461523; this version posted September 24, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

39 Nelson PT, Dickson DW, Trojanowski JQ, Jack CR, Boyle PA, Arfanakis K, Rademakers
R, Alafuzoff I, Attems J, Brayne C, Coyle-Gilchrist ITS, Chui HC, Fardo DW, Flanagan ME,
Halliday G, Hokkanen SRK, Hunter S, Jicha GA, Katsumata Y, Kawas CH, Keene CD, Kovacs
GG, Kukull WA, Levey Al, Makkinejad N, Montine TJ, Murayama S, Murray ME, Nag S,
Rissman RA, Seeley WW, Sperling RA, White lii CL, Yu L, Schneider JA. Limbic-predominant
age-related TDP-43 encephalopathy (LATE): consensus working group report. Brain 2019; 142:
1503-27

40 Llibre-Guerra JJ, Lee SE, Suemoto CK, Ehrenberg AJ, Kovacs GG, Karydas A,
Staffaroni A, Franca Resende EP, Kim EJ, Hwang JH, Ramos EM, Wojta KJ, Pasquini L, Pang
SY, Spina S, Allen IE, Kramer J, Miller BL, Seeley WW, Grinberg LT. A novel temporal-
predominant neuro-astroglial tauopathy associated with TMEM106B gene polymorphism in
FTLD/ALS-TDP. Brain Pathol 2020: e12924

41 Van Deerlin VM, Sleiman PM, Martinez-Lage M, Chen-Plotkin A, Wang LS, Graff-
Radford NR, Dickson DW, Rademakers R, Boeve BF, Grossman M, Arnold SE, Mann DM,
Pickering-Brown SM, Seelaar H, Heutink P, van Swieten JC, Murrell JR, Ghetti B, Spina S,
Grafman J, Hodges J, Spillantini MG, Gilman S, Lieberman AP, Kaye JA, Woltjer RL, Bigio EH,
Mesulam M, Al-Sarraj S, Troakes C, Rosenberg RN, White CL, 3rd, Ferrer |, Llado A, Neumann
M, Kretzschmar HA, Hulette CM, Welsh-Bohmer KA, Miller BL, Alzualde A, Lopez de Munain A,
McKee AC, Gearing M, Levey Al, Lah JJ, Hardy J, Rohrer JD, Lashley T, Mackenzie IR,
Feldman HH, Hamilton RL, Dekosky ST, van der Zee J, Kumar-Singh S, Van Broeckhoven C,
Mayeux R, Vonsattel JP, Troncoso JC, Kril JJ, Kwok JB, Halliday GM, Bird TD, Ince PG, Shaw
PJ, Cairns NJ, Morris JC, McLean CA, DeCarli C, Ellis WG, Freeman SH, Frosch MP, Growdon
JH, Perl DP, Sano M, Bennett DA, Schneider JA, Beach TG, Reiman EM, Woodruff BK,
Cummings J, Vinters HV, Miller CA, Chui HC, Alafuzoff |, Hartikainen P, Seilhean D, Galasko D,
Masliah E, Cotman CW, Tunon MT, Martinez MC, Munoz DG, Carroll SL, Marson D, Riederer

PF, Bogdanovic N, Schellenberg GD, Hakonarson H, Trojanowski JQ, Lee VM. Common


https://doi.org/10.1101/2021.09.23.461523
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.09.23.461523; this version posted September 24, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

variants at 7p21 are associated with frontotemporal lobar degeneration with TDP-43 inclusions.
Nat Genet 2010; 42: 234-9

42 Pottier C, Zhou X, Perkerson RB, 3rd, Baker M, Jenkins GD, Serie DJ, Ghidoni R,
Benussi L, Binetti G, Lopez de Munain A, Zulaica M, Moreno F, Le Ber |, Pasquier F, Hannequin
D, Sanchez-Valle R, Antonell A, Llado A, Parsons TM, Finch NA, Finger EC, Lippa CF, Huey
ED, Neumann M, Heutink P, Synofzik M, Wilke C, Rissman RA, Slawek J, Sitek E, Johannsen P,
Nielsen JE, Ren Y, van Blitterswijk M, DeJesus-Hernandez M, Christopher E, Murray ME,
Bieniek KF, Evers BM, Ferrari C, Rollinson S, Richardson A, Scarpini E, Fumagalli GG,
Padovani A, Hardy J, Momeni P, Ferrari R, Frangipane F, Maletta R, Anfossi M, Gallo M,
Petrucelli L, Suh E, Lopez OL, Wong TH, van Rooij JGJ, Seelaar H, Mead S, Caselli RJ,
Reiman EM, Noel Sabbagh M, Kjolby M, Nykjaer A, Karydas AM, Boxer AL, Grinberg LT,
Grafman J, Spina S, Oblak A, Mesulam MM, Weintraub S, Geula C, Hodges JR, Piguet O,
Brooks WS, Irwin DJ, Trojanowski JQ, Lee EB, Josephs KA, Parisi JE, Ertekin-Taner N,
Knopman DS, Nacmias B, Piaceri I, Bagnoli S, Sorbi S, Gearing M, Glass J, Beach TG, Black
SE, Masellis M, Rogaeva E, Vonsattel JP, Honig LS, Kofler J, Bruni AC, Snowden J, Mann D,
Pickering-Brown S, Diehl-Schmid J, Winkelmann J, Galimberti D, Graff C, Oijerstedt L, Troakes
C, Al-Sarraj S, Cruchaga C, Cairns NJ, Rohrer JD, Halliday GM, Kwok JB, van Swieten JC,
White CL, 3rd, Ghetti B, Murell JR, Mackenzie IRA, Hsiung GR, Borroni B, Rossi G, Tagliavini F,
Wszolek ZK, Petersen RC, Bigio EH, Grossman M, Van Deerlin VM, Seeley WW, Miller BL,
Graff-Radford NR, Boeve BF, Dickson DW, Biernacka JM, Rademakers R. Potential genetic
modifiers of disease risk and age at onset in patients with frontotemporal lobar degeneration

and GRN mutations: a genome-wide association study. Lancet Neurol 2018; 17: 548-58


https://doi.org/10.1101/2021.09.23.461523
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.09.23.461523; this version posted September 24, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Table 1: Case series and frequency of tau pathology among disease groups

Overall FTLD-TDP FTLD-MND

N=201  N=146 N =55 Pvalue
Male% (N) 57% (195) 58% (84)  55% (30) 0.449
Age, year 7210 74+ 10 67+9 6.5x 10"
Disease duration, year 7+5 9+5 4+2 1.9x 10
Brain weight, gram 1010 +180 970+160 1120+170 1.3 x10°®
Braak NFT Stage I (1, 11) 11 (1, 1y I, 11 0.707
Thal phase 0(0, 2) 1(0,2) 0(0, 2) 0.400
CAA 31% (64)  34% (49)  25% (14) 0.308
PART 36% (72)  34% (50)  40% (22) 0.540
ARTAG 42% (85)  44% (64)  39% (21) 0.629
AGD 22% (45)  23% (33)  22% (12) 1.000
CBD 1% (2) 1% (2) 0% (0) 1.000

Abbreviations: AD, Alzheimer's disease; AGD, argyrophilic grain disease; ALS, amyotrophic
lateral sclerosis; ARTAG, aging-related tau astrogliopathy; CAA, cerebral amyloid angiopathy;
PART, primary age-related tauopathy; FTLD, Frontotemporal lobar degeneration; MND, motor
neuron disease.
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Case 1 Case 2
Clinical diagnosis Familial AD FTD
Sex Male Male
Age at death, year 89 84
Age at onset, year 82 78
First symptoms Memory loss Memory loss,

behavioral changes

Family history of dementia or N )
parkinsonism
Motor weakness - -
Parkinsonism + -
Cognitive impairment + +
Brain weight, gram 920 1080
Braak NFT stage Il I
Thal amyloid phase 3 1
Thal CAA stage 2 0
TDP-43 pathology FngIP A FngIP A
Tau pathology CBD CBD; stage 3 AGD
MAPT haplotype H1/H1 H1/H1
MAPT mutations Negative Negative
C90RF72 mutations Positive Negative
GRN mutations Negative Negative

Abbreviations: AD, Alzheimer's disease; AGD, argyrophilic grain disease; CAA, cerebral amyloid
angiopathy; CBD, corticobasal degeneration; FTD, frontotemporal dementia; FTLD-TDP, frontotemporal
lobar degeneration with TDP-43; HpScl, hippocampal sclerosis.
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Table 3: Topographical distribution of tau pathology

Case 1l Case 2

Brain region
N A C T G N A C T G

Frontal cortex o S S T o T o o s o T S o
Motor cortex +++  ++  ++ -+ -
Temporal cortex I = = S T S S
Cingulate cortex e T S T = = S R T S R
Hippocampus ++ 4+ttt - - ++ 4+ o+
Amygdala e T o T S -+ 4+
Striatum ++ 4+ 4+ + i = o R S
Subthalamic nucleus ++ - + o+ -+ - - +++ -
Red nucleus + - + + -+ - e
Substantia nigra + - + + D - - +++ -
Pontine base + - + + -+ - e
Inferior olivary nucleus + - R R = = . - 4+ -
Dentate nucleus + - - + - 4+ - - +++ -

Abbreviations: N, pretangle/globose tangle; A, astrocytic lesion; C, coiled body; T, tau-positive thread; G,
argyrophilic grain. Semi-quantitative scores of tau lesions indicate - = none; + = sparse; ++ = moderate; +++ =
frequent for N, A, C, and T. For argyrophilic grain, - indicates absence, + indicates presence.
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Figure 1: Representative images of ARTAG and AGD. (A-D, F-I) Immunohistochemistry for CP13. (A-D)
Numerous thorn-shaped astrocytes are observed in the subpial mediobasal region (A) and perivascular
regions (B), and the gray matter (C) in the amygdala. Thorn-shaped astrocytes are also present in the peri-
amygdaloid white matter (D). (E) Patients with ARTAG are significantly older than those without ARTAG across
the three diseases. (F-1) The amygdala has numerous argyrophilic grains (F), along with balloon neuron (G),
pretangles (H, arrows), coiled bodies (H, arrowhead), and granular-fuzzy astrocytes (l), consistent with AGD.
(J) Patients with AGD (stages 1, 2, and 3) are significantly older than those without AGD (stage 0) across the

three diseases. Scale bars: 50 um in A-D and F-I.
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Figure 2: Pathologic findings of Case 1. (A-D) Macroscopic finding reveals minimal cortical atrophy in the
frontal and temporal lobes (arrows in A and B), thinning of the corpus callosum (arrowhead in C), and marked
enlargement of the frontal horn of the lateral ventricle (arrows in C). The substantia nigra shows loss of
pigment (arrow in D). Immunohistochemistry for pTDP-43 (E-G), CORANT (l), and CP13 (J, L-P), as well as
H&E (H) and Gallyas staining (K). There are neuronal cytoplasmic inclusions, dystrophic neurites, and
neuronal intranuclear inclusions in the midfrontal cortex (E) and inferior temporal cortex (F), consistent with
FTLD-TDP type A. (G) CAL sector of the hippocampus has neuronal cytoplasmic inclusions and numerous fine
neurites, accompanied by neuronal loss (H), consistent with hippocampal sclerosis. (I) Numerous inclusions
are C9rant-positive in the cerebellar granular layer. Astrocytic plaques are present in the motor cortex (J, K)
and superior frontal cortex (L). A mild degree of pretangles and threads are present in the subthalamic nucleus
(M), pontine base (N), inferior olivary nucleus (O), and cerebellar dentate nucleus (P). Scale bars: 1 cm in C,

50 umin E-P.
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Figure 3: Pathologic findings of Case 2. (A-D) Macroscopic finding reveals severe cortical atrophy over the
frontal lobe (arrows in A and B), thinning of the corpus callosum (arrowhead in C), and massive enlargement of
the lateral ventricles, especially the frontal horn (C). Basal ganglia show severe atrophy of the caudate nucleus
with a concave ventricular surface (arrow in C) and attenuation of the anterior limb of the internal capsule. The
substantia nigra shows marked loss of pigment (arrow in D). Balloon neurons are observed in the superior
frontal gyrus on H&E-stained sections (E). Immunohistochemistry for pTDP-43 shows neuronal cytoplasmic
inclusions (F), dystrophic neurites, and neuronal intranuclear inclusions (G) in the superficial layer of the

superior frontal cortex, consistent with FTLD-TDP type A. (H) The amygdala has neuronal cytoplasmic
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inclusions and dystrophic neurites. Immunohistochemistry for CP13 shows astrocytic plaques and numerous
threads in the gray matter of the superior frontal gyrus (I, K). Numerous threads and coiled bodies are
observed in the adjacent white matter (J, L). Abundant pretangles with threads are present in the subthalamic
nucleus (M), red nucleus (N), pontine base (O), inferior olivary nucleus (P), and dentate nucleus (Q).

Argyrophilic grains and pretangles are observed in the cingulate gyrus (R). Scale bars: 1 cmin D; 50 ym in E,

G, H,and L-S; 25 ym in F; 100 ymin | and J.
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Supplementary Data: Clinical history of two patients with FTLD-TDP and CBD

Case 1: This patient was an 89-year-old, right-handed Hispanic man with an 8-year history of memory
impairment and a 3-year history of disorientation, socially inappropriate behavior, and apathy. His family history
was notable for late-onset (70s to 80s) dementia in his father and two siblings who died in the 80s to 90s.
Neurological examination revealed saccadic eye movements, action tremor in both upper extremities, mild
bradykinesia in both lower extremities, and a slow unsteady gait. He scored 9/30 on the Mini-Mental State
Examination. He was diagnosed with familial Alzheimer's disease. His dementia and gait difficulty gradually

worsened. He developed frequent falls in the last 6 months of his life.

Case 2: This 84-year-old Caucasian man had a six-year history of memory loss and behavior change,
characterized by agitation, mutism and violent outbursts, treated with rivastigmine, memantine, and risperidone.
He had no family history of neurological disorders. On neurological examination at 78 years of age, he scored
15/30 on the Mini-Mental State Examination. An MRI of the brain revealed mild cortical atrophy, and FDG-PET
revealed decreased glucose metabolism in the bilateral frontal and temporal lobes. He was diagnosed with
frontotemporal dementia with a differential diagnosis of mixed dementia (i.e., Alzheimer’s-type, vascular, and

alcohol-related dementia).
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