Acta Neuropathologica (2024) 147:4
https://doi.org/10.1007/500401-023-02653-2

ORIGINAL PAPER q

Check for
updates

Loss of TDP-43 splicing repression occurs early in the aging population
and is associated with Alzheimer’s disease neuropathologic changes
and cognitive decline

Koping Chang'2 - Jonathan P. Ling' - Javier Redding-Ochoa’ - Yang An3- Ling Li'*® - Stephanie A. Dean* -
Thomas G. Blanchard® - Tatiana Pylyukh' - Alexander Barrett’ - Katherine E. Irwin' - Abhay Moghekar” -
Susan M. Resnick? - Philip C. Wong'® - Juan C. Troncoso'”

Received: 25 August 2023 / Revised: 23 October 2023 / Accepted: 25 October 2023
© The Author(s), under exclusive licence to Springer-Verlag GmbH Germany, part of Springer Nature 2023

Abstract

LATE-NC, the neuropathologic changes of limbic-predominant age-related TAR DNA-binding protein 43 kDa (TDP-43)
encephalopathy are frequently associated with Alzheimer’s disease (AD) and cognitive impairment in older adults. The asso-
ciation of TDP-43 proteinopathy with AD neuropathologic changes (ADNC) and its impact on specific cognitive domains
are not fully understood and whether loss of TDP-43 function occurs early in the aging brain remains unknown. Here, using
a large set of autopsies from the Baltimore Longitudinal Study of Aging (BLSA) and another younger cohort, we were able
to study brains from subjects 21-109 years of age. Examination of these brains show that loss of TDP-43 splicing repression,
as judged by TDP-43 nuclear clearance and expression of a cryptic exon in HDGFL2, first occurs during the 6th decade,
preceding by a decade the appearance of TDP-43+ neuronal cytoplasmic inclusions (NCIs). We corroborated this observa-
tion using a monoclonal antibody to demonstrate a cryptic exon-encoded neoepitope within HDGFL?2 in neurons exhibiting
nuclear clearance of TDP-43. TDP-43 nuclear clearance is associated with increased burden of tau pathology. Age at death,
female sex, high CERAD neuritic plaque score, and high Braak neurofibrillary stage significantly increase the odds of LATE-
NC. Faster rates of cognitive decline on verbal memory (California Verbal Learning Test immediate recall), visuospatial
ability (Card Rotations Test), mental status (MMSE) and semantic fluency (Category Fluency Test) were associated with
LATE-NC. Notably, the effects of LATE-NC on verbal memory and visuospatial ability are independent of ADNC. However,
the effects of TDP-43 nuclear clearance in absence of NCI on the longitudinal trajectories and levels of cognitive measures
are not significant. These results establish that loss of TDP-43 splicing repression is an early event occurring in the aging
population during the development of TDP-43 proteinopathy and is associated with increased tau pathology. Furthermore,
LATE-NC correlates with high levels of ADNC but also has an impact on specific memory and visuospatial functions in
aging that is independent of AD.
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Introduction

Dementia is a growing problem in the aging population
and has become a major challenge to societies. Alzhei-
mer’s disease neuropathological change (ADNC), char-
acterized by amyloid plaques and neurofibrillary tangles
(NFT), is the most common pathology in the autopsied
brains of older adults with cognitive impairment. How-
ever, ADNC is frequently accompanied by multiple neu-
ropathologic comorbidities that contribute to cognitive
impairment including transactive response DNA-binding
protein of 43 kDa (TDP-43) proteinopathy [67, 77]. TDP-
43 is a DNA and RNA binding protein involved in several
neurodegenerative diseases, including amyotrophic lat-
eral sclerosis (ALS), frontotemporal lobar degeneration
(FTLD), and Alzheimer’s disease (AD) [1, 71]. Under
normal circumstances, the presence of TDP-43 is largely
limited to the nucleus of neurons, but in its proteinopathic
state TDP-43 is mislocalized, forming neuronal cytoplas-
mic inclusions (NCI) and it is excluded from the nucleus
(nuclear clearance). Several studies have demonstrated that
TDP-43 proteinopathy with a predominant distribution in
the mesial temporal lobe is frequent in the aging popula-
tion, with a prevalence ranging from 10 to 70% [3, 25,
68, 86]. In 2019, a consensus group suggested the term
“Limbic-predominant Age-related TDP-43 Encephalopa-
thy neuropathologic change” (LATE-NC), the term we will
use henceforth to refer to this TDP-43 proteinopathy and
associated neuropathologic changes in the aging popula-
tion [69]. Increasing evidence indicates that LATE-NC
is associated with cognitive decline, hippocampal atro-
phy, and hippocampal sclerosis [17, 31, 41-43, 45, 64,
92]. Many studies have demonstrated that LATE-NC is
associated with cognitive decline independent of AD [9,
25, 29, 33, 36, 42, 45, 51, 62, 63, 65, 67, 68, 78, 79, 92].
However, we still need large-scale community-based stud-
ies with longitudinal cognitive assessments to ascertain
the clinical significance of the TDP-43 proteinopathy, its
relationship with ADNC and its contribution to declines
in different cognitive domains either associated or inde-
pendent from AD. In terms of the mechanism of TDP-43
proteinopathy, some studies have demonstrated that loss of
TDP-43 splicing repression is an important mechanism in
neurodegenerative diseases including ALS and FTLD [50,
83]. However, the age of onset of TDP-43 loss-of-func-
tion in the human brain and its relationship with nuclear
clearance and TDP-43 NCI remain unknown. Here, we
use clinical and neuropathologic data from participants
in the Baltimore Longitudinal Study of Aging (BLSA),
a community-based cohort study, to explore LATE-NC
and TDP-43 splicing repression in the aging population.
All participants were cognitively normal at enrollment
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and had periodic longitudinal cognitive assessments. We
also assessed for TDP-43 splicing repression in a younger
forensic autopsy cohort. To examine the cryptic exon
inclusion in cases with LATE-NC, we used RNA in situ
hybridization (BaseScope) followed by immunofluores-
cent demonstration of a cryptic exon-encoded neoepitope
within HDGFL?2 using a recently characterized monoclo-
nal antibody [35]. Our results showed that high levels of
ADNC significantly increase the odds of LATE-NC, which
is associated with accelerated decline in multiple cognitive
domains. Notably, there are associations of LATE-NC with
verbal memory and visuospatial ability that are independ-
ent of ADNC. Importantly, our data revealed that loss of
TDP-43 splicing repression first occurs in the aging popu-
lation during the 6th decade of life and a decade preceding
the appearance of TDP-43 4+ NCls.

Materials and methods
Subjects

Participants in this study were 309 individuals from
the BLSA autopsy cohort (age range 57-109, mean age
88.5 years). The BLSA is a prospective study of commu-
nity-dwelling volunteer participants begun in 1958 and
conducted by the National Institute on Aging. Participants
had normal cognition at the time of BLSA enrollment.
Neuropsychological assessments, neurological, labora-
tory and clinical evaluations were conducted during each
visit. The BLSA visit schedule has changed over time.
Participants were typically seen every two years before
2003. Since then, participants were seen every 4 years for
age < 60 years, every 2 years for 60-79 years, and annu-
ally for > 80 years until they are untestable or expire [90].
The BLSA study was approved by the local Institutional
Review Board and the National Institute on Aging. Writ-
ten informed consent was obtained at each visit from all
participants. An additional 24 donated autopsy brains
from individuals 21-68 years of age (mean age 43 years)
were included for examination of TDP-43 nuclear clear-
ance in a younger age group. Individuals in this younger
autopsy cohort did not have history of cognitive decline,
but no cognitive evaluation was available. These autop-
sies were performed at the Office of The Chief Medical
Examiner (OCME) of the State of Maryland in Baltimore
and accessioned by the University of Maryland Brain and
Tissue Bank with appropriate consent from the next-of-
kin. Research proceedings were approved by institutional
review boards. All brains were examined in the Division
of Neuropathology at Johns Hopkins Medicine under a
protocol approved by the JHU IRB.
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BLSA cohort cognitive assessments

Subjects enrolled in the BLSA cohort had comprehensive
longitudinal cognitive assessments. The Combined Clini-
cal Dementia Rating (CDR) scale [61] was administered at
1- to 2-year intervals to all autopsy study participants [90].
Clinical and neuropsychological data from participants were
reviewed at consensus conferences if their Combined Clini-
cal Dementia Rating scale score was > 0.5 or if they had > 3
errors on the Blessed Information-Memory-Concentration
Test [27]. After death, subjects were adjudicated as hav-
ing normal cognition, mild cognitive impairment (MCI), or
dementia at a consensus diagnostic meeting by study exam-
iners who were unaware of the neuropathologic diagnoses.
Diagnoses of dementia and AD, respectively, were based on
criteria outlined in the Diagnostic and Statistical Manual of
Mental Disorders, third edition, revised [2], and the National
Institute of Neurological and Communication Disorders and
Stroke—Alzheimer’s Disease and Related Disorders [56].
MCI was based on the Petersen criteria [74].

For the analysis of longitudinal cognitive trajectories, we
included all longitudinal cognitive assessments conducted
within 20 years prior to participants' death, from individu-
als who were > 60 years old at the time of data collection,
and whose assessments were conducted in or after 1993.
The final analytic sample of cognitive function included 243
participants with 1405 cognitive assessments. The cognitive
assessments include Mini Mental State Exam (MMSE) [26],
California Verbal Learning Test (CVLT) immediate recall
across five learning trials to assess verbal memory [18], Trail
Making Tests A and B to measure attention, psychomotor
speed and executive function [76], Card Rotations test to
measure visuospatial ability [22, 91], Letter and Category
Fluency tests to measure phonemic and semantic fluency,
respectively [7, 72]. A detailed description of the cognitive
measures and procedures have been published previously
[54].

Neuropathological assessments

This study included 309 autopsy brains from BLSA par-
ticipants and 24 brains from the younger autopsy cohort.
After autopsy, all brains from the BLSA cohort were fixed
in neutral buffered formalin for 2 weeks. Following exter-
nal examination, brains were cut in coronal slabs and diag-
nostic tissue blocks were dissected from the left cerebral
hemisphere in most instances. For microscopic examina-
tion, tissues from the middle frontal gyrus, superior and
middle temporal gyri, inferior parietal cortex, precuneus,
occipital cortex, cingulate gyrus, basal ganglion, thala-
mus, amygdala, hippocampus, midbrain, pons, medulla,
and cerebellum were obtained. Brains from the younger
autopsy cohort were examined and cut fresh in coronal

slabs after autopsy. Tissues from the middle frontal gyrus,
motor cortex, superior and middle temporal gyri, inferior
parietal cortex, occipital cortex, basal ganglion, amygdala,
hippocampus, midbrain, pons, medulla, and cerebellum
were obtained. Tissues were fixed in 10% neutral buft-
ered formalin, dehydrated in graded alcohols, cleared in
xylene, and embedded in paraffin. Tissue sections were
cut at 10 um and stained with H&E. For BLSA brains,
Hirano-silver stain was performed on middle frontal gyrus,
superior and middle temporal gyri, inferior parietal cortex,
precuneus, occipital cortex, amygdala, and hippocampus.
Immunohistochemistry (IHC) of f-amyloid was performed
on thalamus, midbrain, and cerebellum. ITHC of phos-
phorylated tau was performed on middle frontal gyrus,
superior and middle temporal gyri, inferior parietal cor-
tex, occipital cortex, thalamus, amygdala, hippocampus,
midbrain, and pons. IHC of a—synuclein was performed
on cingulate gyrus, amygdala, and midbrain. Additional
IHC was performed in brains with suspected histologi-
cal abnormalities. For young autopsy cohort brains, ITHC
of phosphorylated tau was performed on middle frontal
gyrus, amygdala, entorhinal cortex, and pons. IHC of
p-amyloid was performed on middle frontal gyrus and
amygdala. Additional IHCs including phosphorylated tau
and B-amyloid were performed in brains with positive
phosphorylated tau and p-amyloid staining or suspected
histological abnormalities. IHC of a—synuclein was per-
formed in brains with suspected Lewy body.

IHC of TDP-43 was performed using both phospho-
rylation-independent and phosphorylation dependent
TDP-43 antibodies. The phosphorylation-independent
antibody recognizes all forms of TDP-43 protein. The
phosphorylation dependent TDP-43 antibody recognizes
TDP-43 phosphorylation at Serine 409/410 and was used
to evaluate TDP-43+ NCls as well as other staining pat-
terns. Phosphorylation independent TDP-43 antibody
was used to assess the nuclear localization of TDP-43 and
also TDP-43+ NClIs. In all brains, tissue sections of the
amygdala and hippocampus were immunostained with
both types of anti-TDP-43 antibodies. Sections of mid-
dle frontal gyrus were stained in cases with any positive
staining in the amygdala, hippocampus, entorhinal cortex,
or adjacent structures. Sections of precuneus and inferior
parietal lobule were stained in randomly selected cases
encompassing all LATE-NC stages (n=22), including 7
cases of stage 0, 2 cases of stage 1, 10 cases of stage 2,
and 3 cases of stage 3.

To examine the relationship of LATE-NC and tau pathol-
ogy, we examined tau pathology in the dentate gyrus. Tau-
positive granule cells were counted manually by a neuro-
pathologist blinded to the pathologic diagnosis and TDP-43
status. The counts of tau-positive granule cells were adjusted
by the lengths of the dentate gyrus granule cell layers.
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Immunohistochemical (IHC) method

IHC stains were conducted on 10-um or 40-um thick sections
from formalin fixed paraffin embedded tissues. Each sec-
tion was deparaffinized with xylene and rehydrated through
graded alcohols and water followed by heat-based antigen
retrieval. Pretreatment with 88% formic acid for 5 min was
performed for a-synuclein and B-amyloid immunostaining.
Endogenous peroxidases were blocked using a 3% hydrogen
peroxide solution. The slides were blocked with 3% nor-
mal goat serum in Tris-buffered saline (TBS) solution for
1 h at room temperature (RT). Primary antibodies (anti-f-
Amyloid, 1:500, clone 6E10, mouse, 803023, BioLegend,
San Diego, CA; anti- phosphorylated tau, 1:200, clone ATS,
MN1020, Invitrogen, Waltham, MA; anti-a—synuclein,
1:500, mouse, clone 42, 610787, BD, Franklin Lakes, NJ;
anti-TDP-43 (phosphorylation independent), 1:1000, rabbit
polyclonal, 12782-1-AP, Proteintech, Rosemont, IL; anti-
TDP-43 phosphorylation at Serine 409/410, 1:200, rat, clone
1D3, 829901, BioLegend, San Diego, CA) were applied for
1 h at RT. Slides were washed with TBS. The biotinylated
horseradish peroxidase secondary antibodies (Abcam) were
applied for 1-h at RT. After washing with TBS, ABC (Vec-
tor Laboratories) and DAB kits (Vector Laboratories) were
used. After washing, slides were counterstained with hema-
toxylin, dehydrated by alcohol and xylene, and coverslipped
using Permount mounting medium (Fisher Chemical).

Assessment of Alzheimer’s and other
neurodegenerations

For assessment of neurodegeneration, we used Hirano-silver
stained sections to score the density of the NP according
to CERAD criteria [59] and stage NFT according to Braak
[10]. B-amyloid distribution was assessed using anti-f-
Amyloid antibody according to the Thal phase system [84].
Alzheimer’s disease neuropathologic change was staged
according to NIA-AA criteria [34]. Lewy body pathology
was examined using the anti-a—synuclein antibody and
scored according to Third Report of the Dementia with
Lewy Bodies Consortium [55]. The diagnosis of primary
aging-related tauopathy (PART) was formulated according
to Crary et al. [15].

Immunofluorescent (IF) staining method
for evaluation of TDP-43 nuclear clearance

TDP-43 nuclear clearance was evaluated in granule cells
of the hippocampus dentate gyrus using IF staining with
the phosphorylation independent anti-TDP-43 antibody. We
counted only cells with granule cell morphology. IF stain-
ing was performed by triple labeling with phosphorylation
independent TDP-43 (1:200), phosphorylation dependent
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TDP-43 (1:200), and NeuN (1:1000, mouse, clone A60,
MAB377, MilliporeSigma, Burlington, MA) antibodies on
10-pm thick sections from formalin fixed paraffin embedded
tissue blocks. Each section was deparaffinized with xylene
and rehydrated with graded alcohols, and water. For anti-
gen retrieval, tissue sections were microwaved for 10 min in
citrate buffer (ab93678, Abcam). All sections were blocked
with 3% normal goat serum in Tris-buffered saline (TBS)
solution with 0.2% Triton X-100 for 1 h at RT. The pri-
mary antibodies were applied and incubated overnight at
4 °C. After washing with TBS, the secondary antibodies
were applied for 1 h at RT: Alexa Fluor 488 anti-Rabbit
IgG (1:400, ab150077, Abcam), Alexa Fluor 568 anti-Mouse
IgG (1:400, ab175701, Abcam), Alexa Fluor 647 anti-Rat
IgG (1:400, ab150159, Abcam), and DNA stain with DAPI
(1:1000, Cat#10236276001, Roche). After washing with
TBS, sections were coverslipped using ProLong Gold Anti-
fade Mountant (P36930, Invitrogen). Slides were examined
on a Leica Mica confocal microscope.

Cryptic exon-encoded neoepitope: IF staining

For IF staining of a TDP-43 dependent cryptic peptide, a
mouse monoclonal antibody recognizing the cryptic exon-
encoded neoepitope in Hepatoma-Derived Growth Factor-
Like protein 2 (HDGFL2) was used [35] (Supplementary
Information). Cryptic HDGFL?2 was co-labeled with phos-
phorylation independent TDP-43 (1:200) and phosphoryla-
tion dependent TDP-43 (1:200). Antigen retrieval using
HistoVT One (Nacalai Tesque, Kyoto, Japan) 95 °C 30 min
was performed. IF staining method is as described above.

A peptide competition test was performed to evaluate
the specificity of the cryptic HDGFL2 antibody IF stain-
ing. Three different peptides with overlapping amino
acid sequences from the cryptic HDGFL2 sequence were
tested: peptide 1: EPTIWFGKGHSGMLASEGREA; pep-
tide 2: SEGREAVLTRLHESERVRKQ; peptide 3: HES-
ERVRKQERERDTEERRE. Five times peptide to antibody
by weight were added in the primary antibody mixture con-
taining cryptic HDGFL2 antibody, phosphorylation inde-
pendent TDP-43 antibody, and phosphorylation dependent
TDP-43 antibody. IF staining was performed as described
above. Slides were examined on a Leica Mica confocal
microscope.

TDP-43 dependent cryptic exon: RNA in situ
hybridization

For examination of cryptic exon containing RNA transcripts,
BaseScope™ probes (Advanced Cell Diagnostics, Newark,
CA) were designed for TDP-43 dependent cryptic exon
containing transcripts of HDGFL2. Assays were conducted
using a BaseScope™ RED Reagent Kit according to the
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manufacturer’s protocol in 5 brains with TDP-434NClIs, 5
brains with TDP-43 nuclear clearance only, and 5 brains
without TDP-43 pathology. Sections were deparaffinized,
rehydrated, and blocked for endogenous peroxidases with
H202, pre-treated with ACD RNAScope Target Retrieval
Reagents. The slides were incubated in Protease IV solu-
tion for 30 min at 40 °C, and then in probe solution for 2 h
at 40 °C in the HybEZ II Oven. Amp reagents 1-8 were
used according to the protocol. Slides were incubated in Fast
Red for 10 min, counterstained with hematoxylin, dried, and
coverslipped with VectaMount. Number of cryptic HDGFL2
transcripts (red dots) in 1000 granule cells in the dentate
gyrus per brain were counted for quantification of cryptic
HDGFL2 transcripts.

Statistical methods

Demographic, clinical, and neuropathologic characteristics
were compared between the LATE-NC positive and nega-
tive groups using t-test and Chi-square (x 2) test, depending
on the assessed variable. The number of cryptic HDGFL2
transcripts between pairs of different groups were com-
pared using the Mann—Whitney test. For assessment of
tau pathology in the dentate gyrus in different groups, the
Kruskal-Wallis test was used for comparing all three groups
and the Mann—Whitney test was used for comparing pairs.

To investigate the effects of age, sex and APOE &4 status
on the probability of LATE-NC presence, we used logis-
tic regression analysis with LATE-NC as the outcome. The
initial full model included the predictors of sex, APOE &4
(carrier vs. non-carrier), age at death, and all 2-way inter-
actions among these three factors. Backwards elimination
was used to reduce the model for all the interactions at the
p=0.1level.

We used separate logistic regression to model the rela-
tionship between CERAD scores and Braak stages and
probability of LATE-NC presence. CERAD scores and
Braak stages were used separately as continuous predic-
tors, assuming linearity between logit of LATE-NC pres-
ence with CERAD scores and Braak stages. Models were
conducted without and with adjustments of age of death,
sex and APOE.

We used separate linear mixed effects models with each
longitudinal cognitive measure as the outcome to estimate
the effect of LATE-NC on the longitudinal cognitive trajec-
tories. Time to death (years) was used as the time variable
in linear mixed effects models. Two sets of models were
tested for each cognitive measure. The first sets of mod-
els included covariates of sex and age of death. The fixed
effects included LATE-NC (presence vs absence), age at
death, sex, time, time square, and the interactions of LATE-
NC, age at death and sex with time and time square. Since
the cognitive trajectories were modeled to be quadratic and

nonlinear, the effects of LATE-NC on cognitive trajecto-
ries were tested using F test with 2 degrees of freedom so
that interactions of LATE-NC with time and time square
were tested simultaneously. If the effect of LATE-NC on
prior cognitive trajectories was significant, we estimated
the cognitive performance difference between LATE-NC
groups at 1 year, 5 years and 10 years prior to death based
on the model for illustration purposes. For the second set of
models, we additionally included CERAD scores and Braak
stages as covariates. Random effects of the model included
intercept, time and time square with unstructured covari-
ance. The statistical tests were two-sided with a type I error
of 0.05 unless stated otherwise.

All the analyses were conducted in SAS 9.4 (Cary, NC).

Results
Characteristics of participants in the BLSA cohort

This study included 309 deceased BLSA participants. Males
outnumber females because the BLSA cohort was initially
limited to men with enrollment of women beginning in 1978.
Mean age at death was 88.5 years (ages range 57—109 years).
The participants were predominantly white (93.5%), 33.0%
had normal cognition, 14.6% had MCI, and 52.4% had
dementia before death. Other demographic and clinico-path-
ological characteristics including CERAD neuritic plaque
(NP) score and Braak neurofibrillary tangle (NFT) stage for
ADNC are summarized in Table 1.

Clinical and pathological features of TDP-43
proteinopathy

Among the 309 BLSA participants, 118 (38.2%) had LATE-
NC comprised of TDP-434 neuronal cytoplasmic inclu-
sions (NClIs) accompanied by nuclear clearance of TDP-43
(Fig. la—c). According to the recently updated LATE-NC
staging system [70], among the 309 BLSA participants, 27
(8.74%) are stage 1a, 9 (2.91%) are stage 1b, 71 (23.0%)
are stage 2, and 11 (3.56%) are stage 3. Other LATE-NC,
including dense networks of TDP-43+ neurites (Fig. 1d),
TDP-43+glial staining (Fig. 1e—g), subpial and subepend-
ymal TDP-43+ processes (Fig. 1h—j), and perivascular
TDP-43+ pattern (Lin bodies) (Fig. 1k, 1) [49] were also
observed. TDP-43+ glial staining or subpial and subependy-
mal TDP-43+ cell processes in the absence of NCIs were
present in 12 (3.88%) brains, corresponding to LATE-NC
stage lc, which is not included in the LATE-NC positive
group in all the following analyses [70] (Table 1). Perivas-
cular TDP-43 pathology is mostly found in brains with TDP-
43+ NClIs. From a total of 118 brains with TDP-43+ NCls,
62 (52.5%) had perivascular TDP-43 pathology, while of 44
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clinicopathologic characteristics
of the BLSA autopsy
participants (n=2309)
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Characteristics Total LATE-NC positive LATE-NC negative p value

Case number (%) 309 118 (38.2%) 191 (61.8%)

Age at death
Mean (SD) 88.5(8.4) 91.3 (6.7) 86.8 (8.8) <0.001
Range 57.6-109.5 68.9-107.1 57.6 - 109.5

Sex <0.001
Male 190 (61.5%) 56 (47.5%) 134 (70.2%)

Female 119 (38.5%) 62 (52.5%) 57(29.8%)

Race 0.616
White 289 (93.5%) 114 (96.6%) 175 (91.6%)
African—American 14 (4.5%) 4 (3.67%) 10 (5.23%)

Other 6 (2.0%) 0 (0%) 6 (3.14%)

CERAD NP score [59] <0.001
0 87 (28.5%) 15 (12.8%) 72 (38.3%)

A 38 (12.5%) 15 (12.8%) 23 (12.2%)
B 122 (40%) 57 (48.7%) 65 (34.6%)
C 58 (19.0%) 30 (25.6%) 28 (14.9%)

Braak NFT stage [10] <0.001
0 4 (1.3%) 0 (0%) 4 (2.1%)

I 12 (4.0%) 1 (0.85%) 11 (5.88%)
I 60 (19.7%) 11 (9.32%) 49 (26.2%)
11 55(18.1%)  15(12.7%) 40 (21.4%)
1AY 114 (37.5%) 54 (45.8%) 60 (32.1%)
\Y% 24 (7.9%) 11 (9.32%) 13 (69.5%)
VI 35(11.5%)  25(21.2%) 10 (5.34%)

APOE €4 carrier 0.126
€4 carrier 75(26.1%) 34 (31.8%) 41 (22.8%)

Non-€4 carrier 212 (73.8%) 73 (68.2%) 139 (77.2%)

Cognitive function <0.001
Normal 102 (33.0%) 15 (12.7%) 87 (45.5%)

MCI 45 (14.6%) 13 (11.0%) 32 (16.8%)
Dementia 162 (52.4%) 90 (76.3%) 72 (37.7%)

Neuropathologic diagnosis <0.001
ADNC 144 (46.6%) 65 (55.1%) 79 (41.4%)

ADNC+LBD 18 (5.83%) 8 (6.78%) 10 (5.24%)
ADNC + vascular dementia 36 (11.7%) 19 (16.1%) 17 (8.90%)
ADNC +LBD + vascular dementia 5 (1.62%) 3(2.54%) 2 (1.05%)
ADNC + other pathology 9(2.91%) 5 (4.24%) 4 (2.10%)
LBD 4 (1.29%) 2 (1.69%) 2 (1.05%)
LBD + vascular dementia 2 (0.65%) 1(0.85%) 1 (0.52%)
Vascular dementia 15(4.85%) 2 (1.69%) 13 (6.80%)
PART 63 (20.4%) 9 (7.63%) 54 (28.3%)
Other pathology 11 (3.56%) 4 (3.39%) 7 (3.66%)
Normal 2 (0.65%) 0 (0%) 2 (1.05%)

TDP-43 pathology
NCIs
glia
subpial/subependymal
perivascular
LATE-NC stage [70]
Stage 0
Stage 1

118 (38.2%)
71 (23.0%)
31 (10.0%)
64 (20.7%)

179 (57.9%)
48 (15.5%)
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Table 1 (continued) Characteristics Total LATE-NC positive LATE-NC negative p value
Stage la 27 (8.74%)
Stage 1b 9(2.91%)
Stage 1c 12 (3.88%)
Stage 2 71 (23.0%)
Stage 3 11 (3.56%)

Significant p values are bolded

ADNC Alzheimer’s disease neuropathologic change, LATE-NC limbic-predominant age-related TDP-43
encephalopathy neuropathologic change, LBD Lewy body disease, NFT neurofibrillary tangles, NP neuritic
plaques, PART primary age-related tauopathy, SD standard deviation

Fig. 1 Pathologic features of TDP-43 immunohistochemistry in
BLSA cohort. a TDP-43+neuronal cytoplasmic inclusions (NCIs)
(phosphorylation dependent TDP-43 antibody). b TDP-43+NCls
and neurites (arrow) (phosphorylation dependent TDP-43 antibody).
¢ TDP-43 nuclear clearance (arrow) and cytoplasmic inclusion by
phosphorylation-independent TDP-43 antibody. d Dense networks
of TDP-43+ neurites (phosphorylation dependent TDP-43 antibody).

TDP-43 with nuclear clearance only, none had perivascular
TDP-43 pathology. For total of 122 brains without TDP-43
pathology, only 2 (1.6%) had perivascular TDP-43 pathol-
ogy. Sections of precuneus and inferior parietal lobule were
stained in randomly selected cases (n=22) encompassing
all LATE-NC stages. Only 4 of the 22 brains revealed TDP-
43 lesions. One LATE-NC stage 2 case had TDP-43+ NCls
and neurites in both precuneus and inferior parietal lobule.
Another LATE-NC stage 2 case had one TDP-43+ NCI and

e—g TDP-43+glial cells, including oligodendrocytes (e), astrocytes
(f), and astrocytes with ARTAG-like pattern (g) (phosphorylation
dependent TDP-43 antibody). h—j TDP-43+cell processes in subpial
region and subependymal region (phosphorylation dependent TDP-
43 antibody), usually associated with abundant corpora amylacea. k,
1 perivascular TDP-43+ pattern (phosphorylation dependent TDP-43
antibody). Scale bars, 10 pm

few neurites in the inferior parietal lobule, while two addi-
tional LATE-NC stage 2 cases had only rare TDP-434 neu-
rites in the inferior parietal lobule.

The participants with LATE-NC have older mean
age of death than the TDP-43 negative group (91.3 vs.
86.8 years, p <0.001) (Table 1). The frequency of LATE-
NC increases with age (Fig. 2a), is higher in females than
males (52.1% vs. 29.5%, p <0.001) (Fig. 2b), but not
significantly different in APOE €4 carriers as compared
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Fig.2 Limbic-predominant age-related TDP-43 encephalopathy neu-
ropathologic change (LATE-NC) positivity with age, sex, APOE ¢4
status. a The frequency of LATE-NC increases with age at death. b
Predicted probability of LATE-NC positivity increases 6.7% per year
and is higher in females. Being female increases the odds of LATE-

Table 2 Relation of age, sex, and APOE €4 with LATE-NC by logis-
tic regression

Predictor Outcome: LATE-NC positivity

OR 95% C1 p value
Age 1.067 (1.031, 1.105) 0.0002
Sex 0.429 (0.256, 0.721) 0.0014
APOE &4 1.607 (0.906, 2.826) 0.1052

Significant p values are bolded

LATE-NC limbic-predominant age-related TDP-43 encephalopathy
neuropathologic change, OR odds ratio, 95% CI 95% confident inter-
val

to non-APOE ¢4 carriers (45.3% vs. 34.4%, p=0.126)
(Fig. 2¢). To investigate the effects of age, sex, and APOE
€4 status on the probability of LATE-NC presence, we
used logistic regression analysis with LATE-NC as the
outcome. None of the interaction terms is significant
in the logistic regression model relating age, sex, and
APOE €4 with the probability of LATE-NC. The final
model included the main effects of age, sex and APOE
€4, and this model has c statistics (AUC) of 0.695. Age
at death and female sex are significantly predictive of
LATE-NC (p =0.0002 and p=0.0014, respectively;
Fig. 2b, Table 2). Every year increment increased the
odds of being positive by 6.7%. Being female increased
the odds of LATE-NC by 2.33-fold. Although APOE €4
increased the odds of LATE-NC positivity by 60.7%, it
did not reach statistical significance at 0.05 level. Results
are not adjusted for other covariates. (Fig. 2c, Table 2).
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NC by 2.33-fold (p=0.0014). ¢ The APOE €4 allele increases the
probability of LATE-NC by 60.7% but does not reach statistical sig-
nificance at 0.05 level (p =0.1052). Results are not adjusted for covar-
iates (also see Table 2)

Association of LATE-NC with Alzheimer’s disease
neuropathologic changes

The frequency of LATE-NC increases with higher CERAD
NP scores and Braak NFT stages (Fig. 3) [10, 59]. After
adjusting for age at death, sex, and APOE &4 status, both
CERAD NP score and Braak NFT stage are significantly
associated with probability of LATE-NC from logistic
regression models (p =0.0008 and < 0.0001, respectively;
Table 3); and each unit increase in CERAD NP score and
Braak NFT stage is associated with a 57% and 58% increase
in odds of LATE-NC, respectively (Table 3, Supplementary
Table 1 and 2). Due to higher frequency of LATE-NC in
females compared to males, we further examined the rela-
tionship between sex and ADNC by a regression model.
After adjusting for age at death and APOE &4 status, males
had lower CERAD NP score (beta=— 0.296, standard
error=0.131, p=0.024) and Braak score (beta=— 0.540,
standard error=0.157, p=0.0007) compared with females.

LATE-NC and domain-specific cognitive decline

Participants of the BLSA cohort underwent comprehensive
longitudinal cognitive assessments. The characteristics of
the longitudinal cognitive sample are in Supplementary
Table 3. Out of the total 309 participants, 243 participants
who had complete longitudinal cognitive assessments were
included in the analysis of cognitive decline. We used
separate linear mixed effects models with each longitudi-
nal cognitive measure as the outcome, and sex and age at
death as covariates in the first set of models. The effects of
LATE-NC on longitudinal trajectories of CVLT immediate
recall (verbal memory) and Card Rotations Test (visuospa-
tial ability) are highly significant in the first models (CVLT
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Fig.3 Limbic-predominant age-related TDP-43 encephalopathy neu-
ropathologic change (LATE-NC) positivity with CERAD neuritic
plaques (NP) score and Braak neurofibrillary tangles (NFT) stage. a
The frequency of LATE-NC positivity increases with higher CERAD
NP scores. b The frequency of LATE-NC positivity increases with

Braak stage

higher Braak NFT stages. By logistic regression models, there are
significant association between the LATE-NC positivity with both
CERAD NP score (see Table 3 and Supplementary Table 1) and
Braak NFT stage (see Table 3 and Supplementary Table 2)

Table 3 Relation of CERAD

Predictor Outcome: LATE-NC positivity
NP score and Braak NFT stage
with LATE-NC Model 1 (without adjusting covariates) Model 2 (adjusting for age at death, sex,
and APOE &4)
OR 95% CI p value OR 95% CI p value
CERAD NP score 1.721 (1.366, 2.167) <0.0001 1.569% (1.207, 2.039) 0.0008
Braak NFT stage 1.831 (1.495, 2.244) <0.0001 1.583** (1.264, 1.984) <0.0001

Significant p values are bolded

LATE-NC Limbic-predominant age-related TDP-43 encephalopathy neuropathologic change, NP neuritic
plaques, NFT neurofibrillary tangles, OR odds ratio, 95% CI 95% confident interval

*Corresponds to 57% increase and **to 58% increase

immediate recall p=0.0001, Card Rotations Test p <0.0001;
Fig. 4a, b, Table 4). Both tests showed significant differences
in scores between LATE-NC positive and negative groups.
The difference estimates for CVLT immediate recall scores
are — 13.40 at 1 year prior to death (p <0.0001), — 8.94 at
5 years prior to death (p <0.0001), and — 4.41 at 10 years
prior to death (p =0.0124). The difference estimates for Card
Rotations Test scores are — 13.62 at 1 year prior to death
(p=0.0135), — 12.28 at 5 years prior to death (p =0.0018),
and — 7.68 at 10 years prior to death (p=0.0709). The effects
of LATE-NC positivity on longitudinal slopes of MMSE
and Category Fluency Test are also significant (p =0.039
and p=0.026, respectively) in the first model (Fig. 4c, d,
Table 4). The differences in MMSE and Category Fluency
Test scores between LATE-NC positive and negative groups
are also significant. The difference estimates of MMSE and
Category Fluency Test scores are — 1.87 and — 2.05 at 1 year

prior to death (p =0.0054 and 0.0044, respectively), — 1.42
and — 1.45 at 5 years prior to death (p=0.0016 and 0.0048,
respectively), and — 0.86 and — 0.81 at 10 years prior to
death (p=0.0023 and 0.0092, respectively). After adding
CERAD NP score and Braak NFT stage as covariates, the
effects of LATE-NC on longitudinal trajectories of CVLT
immediate recall and Card Rotations Test remain signifi-
cant (CVLT immediate recall p =0.0048, Card Rotations
Test p=0.0007). However, the effects on the longitudinal
slopes of MMSE and Category Fluency Test are no longer
significant (p =0.286 and p =0.183, Table 4). The effects
of LATE-NC on the longitudinal trajectories and levels
of cognitive measures of Trail Making Test A, Trail Mak-
ing Test B, Trail Making Test B-A, and Letter fluency test
are not significant. In summary, LATE-NC has significant
effects on verbal memory (CVLT immediate recall), visuo-
spatial ability (Card Rotations Test), mental status (MMSE)
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and semantic fluency (Category Fluency Test). Notably,
the effects of LATE-NC on verbal memory and visuospa-
tial ability remain significant after adjusting for ADNC.
However, LATE-NC does not significantly affect attention,
executive function (Trail Making Tests) or phonemic fluency
(Letter Fluency Test).

TDP-43 nuclear clearance: an early marker of TDP-43
proteinopathy

Under normal circumstances, TDP-43 is localized in the
nucleus of neurons, a feature demonstrated using a phospho-
rylation independent TDP-43 antibody (Figs. 1c¢ and 5d). By
contrast, TDP-43 proteinopathy is characterized by a triad
of TDP-434-cytoplasmic and neuritic inclusions (NCI) plus
nuclear clearance. There is growing evidence suggesting that
TDP-43 nuclear clearance, in the absence of NCI, is suffi-
cient to cause loss of function of TDP-43 in neurons, and it
is likely an early event of TDP-43 proteinopathy [66, 81, 87].
We examined this notion by evaluating TDP-43 immunobhis-
tochemistry (IHC) in the dentate gyrus of the hippocampus
with a phosphorylation independent TDP-43 antibody in all
subjects in the BLSA cohort. Only cells with neuronal mor-
phology were evaluated. Triple immunofluorescent labeling
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with phosphorylation independent and phosphorylation
dependent TDP-43 antibodies, and neuronal marker NeuN
was performed to assess nuclear clearance of TDP-43 as well
as NCI (Fig. 5a—c). Results defined three distinct groups: (1)
no TDP-43 pathology (n= 147, 47.6%), (2) presence of both
TDP-43+ NClIs with nuclear clearance of TDP-43 (n=118,
38.2%), and (3) presence of TDP-43 nuclear clearance only
without TDP-43+ NClIs (n=44, 14.2%). Remarkably, the
mean age of participants in the TDP-43 nuclear clearance
only group is younger than the TDP-434NCIs group (86.7
vs. 91.3, p=0.002). Comparison of TDP-43 nuclear clear-
ance only group and no TDP-43 pathology group showed
that the TDP-43 nuclear clearance only group has higher
rate of APOE &4 (36.6% vs. 18.8%, p=0.033; Table 5). The
effects of TDP-43 nuclear clearance in absence of NCI on
the longitudinal trajectories and levels of cognitive measures
are not significant (Table 6, Supplementary Table 4).
Because the age of death of participants in BLSA cohort
was > 57 years of age (mean 88.5 years), we examined the
autopsy brain of 24 younger individuals aged 20 to 60 years
(mean age 43 years). Among these 24 brains, 4 (16.7%)
had low-level ADNC, 6 (25%) had primary aging related
tauopathy (PART), and 14 (58.3%) were normal. Their
demographic and clinico-pathological characteristics are
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Table 4 LATE-NC effects on cognitive domains

Outcome Model 1 Model 2
Sex age at death adjusted  Sex age at death CERAD
score Braak stage
adjusted
CVLT immediate recall ~ LATE-NC on cognitive trajectory p=0.0001 p=0.0048
Cognitive difference at year(s) prior to death 1 year — 13.40 (2.98) —10.42 (2.99)
Estimate (SE) p<0.0001 p=0.0005
p value 5 years —8.94 (2.02) —7.11 (2.06)
p <0.0001 p=0.0006
10 years —4.41(1.76) —3.70 (1.81)
p=0.0124 p=0.0409
Card Rotations Test LATE-NC on cognitive trajectory p<0.0001 p=0.0007
Cognitive difference at year(s) prior to death 1 year —13.62 (5.49) —10.32 (5.70)
Estimate (SE) p=0.0135 p=0.0707
p value 5 years —12.28 (4.23) —9.14 (4.42)
p=0.0018 p=0.0392
10 years  —7.68 (4.24) —4.98 (4.39)
p=0.0709 p=0.256
MMSE LATE-NC on cognitive trajectory p=0.039 p=0.286
Cognitive difference at year(s) prior to death 1 year — 1.87 (0.67) na
Estimate (SE) p=0.0054
p value Syears  — 1.42(0.45) na
p=0.0016
10 years —0.86 (0.28) na
p=0.0023
Category Fluency Test LATE-NC on cognitive trajectory p=0.026 p=0.183
Cognitive difference at year(s) prior to death 1 year —2.05(0.72) na
Estimate (SE) p=0.0044
p value Syears  — 1.45(0.51) na
p=0.0048
10 years —0.81(0.48) na
p=0.092
Letter Fluency Test LATE-NC on cognitive trajectory p=0.13
Trail-Making A LATE-NC on cognitive trajectory p=043
Trail-Making B LATE-NC on cognitive trajectory p=0.86
Trail-Making B-A LATE-NC on cognitive trajectory p=0.92

Significant p values are bolded

LATE-NC Limbic-predominant age-related TDP-43 encephalopathy neuropathologic change, SE standard error

summarized in Table 7. TDP-43 nuclear clearance without
TDP-43+ NCls was first noted in the 50 s, while the TDP-
434+ NClIs appeared in the 60 s (Fig. S5e, Supplementary
Table 5). We did not find any brains with TDP-43 nuclear
clearance in brains younger than 50 years old. In summary,
TDP-43 nuclear clearance precedes the onset of TDP-
43+ NClIs by approximately a decade.

Cryptic exon RNA and protein detection

TDP-43 represses the splicing of cryptic exons and loss of
this function has been proposed to be an important mecha-
nism of TDP-43 associated proteinopathy and neurodegener-
ation [13, 46, 50, 52, 57, 75]. To assess for TDP-43 splicing

repression, we used BaseScope RNA in situ hybridization
with an RNA probe targeting a cryptic exon in Hepatoma-
Derived Growth Factor-Like 2 (HDGFL2) transcript in 5
brains with TDP-43+ NCls, 5 brains with TDP-43 nuclear
clearance only, and 5 brains without TDP-43 pathology.
All 5 cases (100%) with TDP-43+ NCIs and all 5 cases
(100%) with TDP-43 nuclear clearance only revealed cryp-
tic HDGFL2 RNA transcripts (Fig. 6a, b, 7b, d). All five
brains without TDP-43 pathology were negative for cryp-
tic HDGFL2 RNA transcript (Fig. 6¢). The quantification
of cryptic HDGFL2 RNA transcripts revealed that brains
with TDP-434 NClIs had an average of 260.5 per 1000 cells
(median: 197 per 1000 cells) (Fig. 6d). Brains with TDP-43
nuclear clearance only had an average of 174.7 per 1000
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Fig.5 Nuclear clearance of TDP-43 in dentate gyrus of the hip-
pocampus. a—c Three representative cases of TDP-43 nuclear clear-
ance without TDP-43+neuronal cytoplasmic inclusions (NCIs).
Immunofluorescent stains with neuronal marker (NeuN), phospho-
rylation-independent TDP-43 (TDP-43), phosphorylation-depend-
ent TDP-43 (pTDP-43), and DNA stain with DAPI revealed some
neurons (white arrow) have loss of nuclear TDP-43 but no TDP-

cells (median: 166 per 1000 cells) (Fig. 6d). Brains without
TDP-43 pathology had an average of 12.2 per 1000 cells
(median: 13 per 1000 cells), which was considered back-
ground signal. Both brains with TDP-43+ NCls and brains
with TDP-43 nuclear clearance only showed significantly
higher numbers of cryptic HDGFL?2 transcripts compared
to brains without TDP-43 pathology (Mann—Whitney test,
p <0.01 for both comparisons) (Fig. 6d). No significant
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difference in levels of cryptic HDGFL?2 transcripts was
observed between brains with TDP-434NCIs compared to
those with TDP-43 nuclear clearance only (Mann—Whitney
test, p=0.15).

We then used a monoclonal antibody recognizing the
cryptic exon-encoded neoepitope in HDGFL?2 to corrobo-
rate its cryptic exon inclusion (Supplementary Informa-
tion) [35]. Cryptic HDGFL2 IF staining was performed
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Table 5 Clinico-pathologic characteristics of cases with TDP-43
nuclear clearance only vs. no TDP-43 pathology in the BLSA cohort

Characteristics TDP-43 nuclear No TDP-43 pathol- p value

clearance only  ogy

Case number 44 147

Age at death
Mean (SD) 86.7 (11.2) 86.8 (8.1) 0.968
Range 57.6-103.1 62.9-109.5

Sex 0.134
Male 27 (61.4%) 108 (73.5%)

Female 17 (38.6%) 39 (26.5%)

Race 0.709
White 39 (88.6%) 136 (92.5%)
African—American 3 (6.8%) 7 (4.8%)

Other 2 (4.5%) 4 (2.7%)

CERAD NP score 0.426

[59]
0 15 (34.1%) 57 (38.8%)
A 3(6.8%) 20 (13.6%)
B 19 (43.2%) 46 (31.3%)
C 7 (15.9%) 21 (14.3%)

Braak NFT stage 0.814

[10]

0 1(2.3%) 3(2.0%)

I 2 (4.5%) 9 (6.1%)

I 9 (20.5%) 40 (27.2%)
I 10 (22.7%) 30 (20.4%)
v 17 (38.6%) 43 (29.3%)
v 2 (4.5%) 11 (7.5%)
VI 3(6.8%) 7 (4.8%)

APOE &4 carrier 0.033
e4 carrier 15 (36.6%) 26 (18.8%)

Non-¢4 carrier 26 (63.4%) 122 (81.2%)

Cognitive function 0.190
Normal 20 (45.5%) 66 (45.2%)

MCI 11 (25.0%) 21 (14.4%)
Dementia 13 (29.5%) 59 (40.4%)

Significant p values are bolded

NFT neurofibrillary tangles, NP neuritic plaques, SD standard devia-
tion

in 6 brains with TDP-43+ NCls, 10 brains with TDP-43
nuclear clearance only, and 6 brains without TDP-43
pathology. All 6 (100%) brains with TDP-43+ NCIs were
positive for cryptic HDGFL2 accumulation (Fig. 7a).
Among brains with TDP-43 nuclear clearance only, 4 out
of 10 (40%) had positive cryptic HDGFL2 accumulation
(Fig. 7¢c). All 6 brains without TDP-43 pathology were
negative for cryptic HDGFL2 staining. A peptide competi-
tion study was conducted to ascertain the specificity of the
cryptic HDGFL?2 antibody. Three different peptides, each

possessing amino acid sequences derived from the cryptic
peptide within HDGFL?2, were tested. The peptide bearing
the C-terminal of the cryptic HDGFL?2 peptide effectively
blocked the staining of the cryptic HDGFL2 antibody,
whereas the other two peptides failed to block the cryp-
tic HDGFL2 antibody staining (Fig. 8). Together, these
data suggest that during aging loss of TDP-43 splicing
repression occurs initially in neurons depleted of nuclear
TDP-43 lacking NCI, supporting the notion that such loss
contributes to the progression of disease or exacerbates
neurodegeneration and cognitive decline in mixed etiology
dementia harboring TDP-43 pathology.

Association of TDP-43 nuclear clearance and tau
pathology

TDP-43 proteinopathy is associated with increased tau
pathology in patients with AD, even in cases lacking
high Braak NFT stages [58, 80, 85]. We examined the tau
pathology in dentate gyrus of the hippocampus in brains
from three TDP-43 pathology groups: brains with TDP-
434 NClIs, brains with TDP-43 nuclear clearance only,
and brains without TDP-43 pathology. Subsets of brains
from Braak NFT stage O-III or Braak NFT stage V/VI with
similar CERAD NP scores and Braak NFT stages within
each group were selected. There were no significant dif-
ferences in the average CERAD NP scores and Braak NFT
stages between three TDP-43 pathology groups (Supple-
mentary Table 6 and Supplementary Table 7), confirmed
by Kruskal-Wallis tests (p =0.452 for CERAD NP scores
and p =0.437 for Braak NFT stages for Braak NFT stage
0-IIT; p=0.764 for CERAD NP scores and p =0.670 for
Braak NFT stages for Braak NFT stage V/VI). We iden-
tified increased tau-positive granule cells in the dentate
gyrus from brains with TDP-43 NCIs and TDP-43 nuclear
clearance only (Fig. 9a). Brains with TDP-43+ NCIs
had a significant higher number of tau-positive granule
cells compared to brains with no TDP-43 pathology in
both Braak NFT stage O-III group and Braak NFT stage
V/VI group (p <0.0001 for Braak NFT stage O-III, and
p=0.0147 for Braak NFT stage V/VI, Fig. 9b, Supplemen-
tary Table 8—10). Importantly, brains with TDP-43 nuclear
clearance only also showed a significant higher number
of tau-positive granule cells compared to brains with no
TDP-43 pathology in both Braak NFT stage O-III group
and Braak NFT stage V/VI group (p =0.0243 for Braak
NFT stage 0-II1, and p =0.028 for Braak NFT stage V/
VI, Fig. 9b, Supplementary Table 8—10). Taken together,
these results support the idea that loss of TDP-43 splicing
repression exacerbates tau pathology to accelerate neu-
rodegeneration and cognitive decline in cases of ADNC.
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Table 6 TDP-43 nuclear clearance effects on cognitive domains
Outcome Model 1 Model 2
Sex & age at death adjusted Sex age at death CERAD
score & Braak stage
adjusted

CVLT immediate recall TDP-43 nuclear clearance on cognitive trajectory p=0.345 p=0.403
Cognitive difference at 1 year prior to death —0.76 (3.39) —1.10 (3.28)
Estimate (SE) p=0.823 p=0.73
p value

Card Rotations Test TDP-43 nuclear clearance on cognitive trajectory p=0.853 p=0.855
Cognitive difference at 1 year prior to death 5.63(7.37) 4.61 (7.44)
Estimate (SE) p=0.446 p=0.536
p value

MMSE TDP-43 nuclear clearance on cognitive trajectory p=0.937 p=0.973
Cognitive difference at 1 year prior to death 0.168 (0.615) 0.146 (0.602)
Estimate (SE) p=0.785 p=0.809
p value

Category Fluency Test TDP-43 nuclear clearance on cognitive trajectory p=0.824 p=0.945
Cognitive difference at 1 year prior to death —0.776 (0.974) —0.749 (0.960)
Estimate (SE) p=0.426 p=0.436
p value

SE standard error

Table 7 Demographics and clinico-pathologic characteristics of indi- Discussion

viduals from the younger autopsy cohort (n=24)

Characteristics Total
Case number 24
Age at death
Mean (SD) 43.0 (13.5)
Range 21-68
Sex
Male 21 (87.5%)
Female 3(12.5%)
Race
White 18 (75.0%)

African—American 4 (16.7%)
Others 2 (8.3%)
Clinical diagnosis

Drug or alcohol abuse 15 (62.5%)
Cardiovascular disease 4 (16.7%)
Intoxication 1(4.2%)
Others or unknown 4 (16.7%)
Neuropathologic diagnosis

ADNC low level 4 (16.7%)
PART 6 (25.0%)
Normal 14 (58.3%)

ADNC Alzheimer’s disease neuropathologic change, PART primary
aging-related tauopathy, SD standard deviation
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This clinico-pathological study of more than 300 BLSA par-
ticipants shows that LATE-NC is present in 38.2% of the
cohort, it frequently coexists with ADNC, and is associated
with domain-specific cognitive decline in the aging popula-
tion. Although LATE-NC is associated with higher levels
of ADNC, our results reveal that TDP-43 proteinopathy has
clinical impacts on verbal memory and visuospatial function
which are independent from the ADNC. This observation
suggests that TDP-43 proteinopathy and canonical pathol-
ogy of Alzheimer’s disease impacts different pathogenic
processes in the aging brain. Thus, TDP-43 proteinopa-
thy should be considered as one of several key independ-
ent factors that contributes and interacts with other patho-
genic pathways underlying cognitive decline in the aging
population.

Our study shows that the prevalence of TDP-43 pro-
teinopathy and LATE-NC is higher in cases with higher
CERAD NP score and Braak NFT stage, similar to a recent
study that collected data from 13 different cohorts [68]. Our
study also shows a higher frequency of LATE-NC in females
independent of age or APOE status. This higher frequency
could be associated with higher CERAD NP scores and
Braak NFT stages in females in our cohort. Some previous
studies have also shown higher ADNC pathology scores in
females [24, 32], but the presence of a greater frequency of
LATE-NC in females has not been previously addressed.
Some previous studies have shown an association between
APOE €4 allele and LATE-NC [16, 21, 39, 40, 94], while
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Fig.8 Peptide competition study for cryptic HDGFL2 antibody dem-
onstrating block of staining by peptide 3. a Immunofluorescent stains
of cryptic HDGFL2, phosphorylation-independent TDP-43 (TDP-
43), phosphorylation-dependent TDP-43 (pTDP-43), and DNA stain

a TDP-43 nuclear
TDP-43+ NCls
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Fig.9 Increased tau pathology in dentate gyrus in brains with TDP-
43+ NClIs and brains with TDP-43 nuclear clearance. a Immunohis-
tochemical stains of phospho-tau (AT8) showed increased tau pathol-
ogy in the dentate gyrus in brains with TDP-43+NClIs and TDP-43
nuclear clearance. b Quantification of number of tau-positive granule
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cells in dentate gyrus showed significant higher number in brains
with TDP-43 NCIs and TDP-43 nuclear clearance compared to brains
with no TDP-43 pathology in both Braak NFT stage O-III and Braak
NFT stage V/VI groups. Scale bar, 25 um; *p<0.05, **p<0.01,
**%p <0.001, ****p <0.0001
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other studies have failed to demonstrate this association
[14, 28, 29, 78, 88]. In our study, we observed a statisti-
cally significant relationship between the APOE ¢4 allele
and TDP-43 nuclear clearance. Although the APOE &4 allele
increased the probability of TDP-43 NCls, this relationship
did not reach statistical significance. This may be attributed
to an insufficient sample size.

The longitudinal trajectories of cognitive function in our
study show that LATE-NC was associated with faster rates
of cognitive decline in verbal episodic memory (California
Verbal Learning Test (CVLT) immediate recall), visuospa-
tial ability (Card Rotations Test), mental status (MMSE)
and semantic fluency (Category Fluency Test). The CVLT
immediate recall and Card Rotations Test scores show large
differences between participants with and without LATE-
NC. Both test results have more than 13-point differences at
1 year prior to death. By contrast, the differences in MMSE
and Category Fluency Test are smaller. Several lines of evi-
dence indicate that NPs in AD are associated with rate of
cognitive decline, and that NFTs are also associated with
cognitive impairment in both AD patients and non-AD
patients with PART [5, 6, 19, 37, 53, 60]. Therefore, we
used both CERAD NP score and Braak NFT stage as covari-
ates to adjust for effects of ADNC severity in our analysis of
cognitive decline, demonstrating that effects of TDP-43 loss
on decline of verbal memory and visuospatial ability were
independent of ADNC. By contrast, most previous studies of
LATE-NC and cognitive decline have not included CERAD
NP score or Braak NFT stage as covariates, limiting the
assessment of the separate contributions of TDP-43 pro-
teinopathy and ADNC to cognitive decline. We confirmed
the impact of TDP-43 proteinopathy on verbal episodic
memory decline, already shown by some previous stud-
ies [44, 92]. In addition, our study is the first to show that
cases with TDP-43 proteinopathy have significant decline
in visuo-spatial ability independent of ADNC. The impair-
ment of visuo-spatial ability is frequently seen in patients
with Alzheimer’s dementia and often occurs in early stages
[38, 89]. Many brain cortical regions are involved in visuo-
spatial ability, including occipital lobe, parietal lobe, pre-
frontal cortex, premotor cortex, inferior temporal cortex, and
mesial temporal lobe [47]. The parietal lobe, especially pos-
terior parietal cortex which includes superior parietal lobule,
inferior parietal lobule and intraparietal sulcus, is important
for visuospatial processing [30, 47, 93]. The precuneus has
strong functional connectivity with the angular gyrus and is
important for visuospatial processing in humans [8, 47]. In
Alzheimer’s disease, several studies have shown that early
amyloid deposition occurs in the precuneus during preclini-
cal stages [4, 20], but no prior study has examined the TDP-
43 pathology in this region. To examine LATE-NC in the
parietal lobe and precuneus, we randomly selected 22 brains
spanning the whole range of LATE-NC stages. We found 4

of 22 cases had TDP-43 pathology in inferior parietal lob-
ule or precuneus, and the burden of TDP-43 pathology in
these cases is quite low. By contrast, the mesial temporal
structures uniformly bear LATE-NC. These structures are
part of the parieto-medial temporal pathway that subserves
visuo-spatial processing in humans and is important in
navigation, topographic and spatial learning [47] and the
hippocampus plays an important role in allocentric spatial
memory formation in human [73, 82]. This pathway is also
important in the decline of visuo-spatial ability in patients
with Alzheimer’s disease [47, 48, 95]. Therefore, loss of
TDP-43 splicing repression occurring in the mesial temporal
lobe may underlie the visuo-spatial impairment observed in
patients with TDP-43 pathology. However, more research
is needed to investigate how TDP-43 pathology affects the
visuo-spatial abilities.

TDP-43 nuclear clearance: an early marker of TDP-43
loss of function and proteinopathy

TDP-43 pathology is characterized by TDP-43+ NCls
and nuclear clearance of TDP-43. Until now, few studies
have focused on neurons with nuclear clearance of TDP-
43 but without cytoplasmic inclusions [11, 12, 66, 81, 87].
An important function of TDP-43 is repressing the splic-
ing of cryptic exons [13, 46, 50, 52, 57, 75]. Our previ-
ous study revealed that brains with nuclear clearance of
TDP-43 without TDP-434 NClIs had cryptic exon incorpo-
ration, indicating a loss of TDP-43 function when nuclear
clearance is present in the absence of TDP-43 NClIs [81].
Others have confirmed that presence of TDP-43 regulated
cryptic RNAs in AD brains [23]. In this study, we showed
that 14.2% BLSA brains already had nuclear clearance of
TDP-43 in the absence of TDP-43+ NCIs. Importantly, this
phenomenon was first observed in individuals in their 50 s,
about 10 years earlier than the earliest appearance of TDP-
43+ NCls. However, we did not find any nuclear clearance
of TDP-43 in individuals younger than 50 years. We further
used cryptic HDGFL?2 antibody and RNA in situ hybridiza-
tion to show that brains with nuclear clearance of TDP-43
exhibit cryptic exon inclusion and accumulation of cryptic
peptide found in HDGFL2, an important pathogenic mecha-
nism of TDP-43 proteinopathy. Recent studies have showed
an association between TDP-43 pathology and increased
tau pathology in the hippocampus, implying that TDP-43
pathology may exacerbate tau aggregation [58, 80, 85]. Our
study demonstrated that not only brains with TDP-43+NCls
but also brains with TDP-43 nuclear clearance without NCIs
have higher burden of tau pathology in dentate gyrus of the
hippocampus. This suggests that loss of TDP-43 splicing
repression in neurons lacking NCI would initiate a patho-
genic cascade that contributes to or accelerates tau aggre-
gation. These findings indicate that the nuclear clearance of
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TDP-43 is an early pathogenic event of TDP-43 proteinopa-
thy, upstream to the TDP-43 NClIs, and that it precedes cog-
nitive decline. Furthermore, our observations suggest that
TDP-43 proteinopathy is more widespread in the popula-
tion and appears at a younger age than currently believed.
Further studies on the clinical and biological significance
of neurons with nuclear clearance of TDP-43 but lacking
TDP-43+4 NClIs are necessary.

In summary, this study shows that loss of TDP-43 splic-
ing repression is a seminal and early event in TDP-43
proteinopathy which is first manifested by neurons that
exhibit nuclear clearance of TDP-43 lacking NCI as early
as 50 s years of age, and then followed by TDP-43+ NCls a
decade later. Loss of TDP-43 splicing repression is associ-
ated with increased tau pathology, suggesting that such loss
contributes or exacerbates the pathological conversion of
tau in ADNC. LATE is common in brains with advanced
ADNC, and has specific effects on the decline of memory
and visuo-spatial ability in the aging population that are
independent of AD.

Limitations

Our observations have some limitations. As all histological
sections for immunohistochemistry and in situ hybridiza-
tion were performed on tissues from the left hemisphere,
therefore, possible asymmetries between the cerebral hemi-
spheres cannot be detected. Another unavoidable limitation
is the lack of cognitive evaluation of subjects in the young
cohort. It is conceivable that the presence of TDP-43 abnor-
malities in the subjects from the young cohort could rep-
resent the early stage of FTLD. Some patients with FTLD
exhibit anosognosia, which could not be ascertained without
a cognitive evaluation.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00401-023-02653-2.
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