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Abstract

Objective: Alzheimer’s disease neuropathologic change and alpha-

synucleinopathy commonly co-exist and contribute to the clinical heterogeneity

of dementia. Here, we examined tau epitopes marking various stages of tangle

maturation to test the hypotheses that tau maturation is more strongly associated

with beta-amyloid compared to alpha-synuclein, and within the context of mixed

pathology, mature tau is linked to Alzheimer’s disease clinical phenotype and

negatively associated with Lewy body dementia. Methods: We used digital histol-

ogy to measure percent area-occupied by pathology in cortical regions among

individuals with pure Alzheimer’s disease neuropathologic change, pure alpha-

synucleinopathy, and a co-pathology group with both Alzheimer’s and alpha-

synuclein pathologic diagnoses. Multiple tau monoclonal antibodies were used to

detect early (AT8, MC1) and mature (TauC3) epitopes of tangle progression. We

used linear/logistic regression to compare groups and test the association

between pathologies and clinical features. Results: There were lower levels of tau

pathology (b = 1.86–2.96, p < 0.001) across all tau antibodies in the co-

pathology group compared to the pure Alzheimer’s pathology group. Among

individuals with alpha-synucleinopathy, higher alpha-synuclein was associated

with greater early tau (AT8 b = 1.37, p < 0.001; MC1 b = 1.2, p < 0.001) but

not mature tau (TauC3 p = 0.18), whereas mature tau was associated with beta-

amyloid (b = 0.21, p = 0.01). Finally, lower tau, particularly TauC3 pathology,

was associated with lower frequency of both core clinical features and categorical

clinical diagnosis of dementia with Lewy bodies. Interpretation: Mature tau may

be more closely related to beta-amyloidosis than alpha-synucleinopathy, and

pathophysiological processes of tangle maturation may influence the clinical fea-

tures of dementia in mixed Lewy-Alzheimer’s pathology.

Introduction

The neuropathologic diagnosis of Lewy body disease

(LBD) is characterized by the accumulation of alpha-

synuclein (a-syn) aggregates (Lewy bodies and neurites),1

and Alzheimer’s disease neuropathologic change (ADNC)

is characterized by aggregates of beta-amyloid plaques

and neurofibrillary tau tangles.2 Most ADNC patients

(>50%) have co-existing a-syn pathology along with

plaques and tangles.3 Moreover, ~ >50% of individuals

with LBD have a secondary neuropathological diagnosis

of intermediate- or high-level ADNC4 (Fig. 1A). Tau

pathology correlates strongly with several clinical features

in LBD5–7; conversely, co-occurring a-syn pathology and

ADNC contributes to the heterogeneity of Alzheimer’s

disease (AD) dementia.8–10

Previous autopsy work finds correlation among a-syn,

tau, and beta-amyloid pathologies in LBD11; however,
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overall, there is lower tau burden in both in vivo PET

studies12 and postmortem studies13 of LBD compared to

AD. These autopsy studies mainly focused on phosphory-

lated tau reactivity which largely labels all forms of ADNC

tau pathology; however, three stages of neurofibrillary

tangle (NFT) maturation (i.e., pretangles, mature tangles,

and ghost tangles) have been characterized that corre-

spond to post-translational modifications of tau (PTMs),

recognized by specific monoclonal antibodies.14,15 Thus,

there is a clinicopathological spectrum of ADNC and a-

syn pathologies; however, the discrete pathological contri-

butions of NFT maturation to the clinical features in the

spectrum of AD and LBD are not clearly understood.

Previous in vivo and in vitro studies indicate mechanis-

tic interactions between a-syn, beta-amyloid, and tau

pathologies.16–19 Indeed, a recent study by our group17

identified a unidirectional interaction where a-syn can

influence aggregation and spread of tau pathology in a

murine model, while tau had no significant effect on

seeding and accumulation of a-syn. Interestingly, cerebral

beta-amyloidosis can accelerate both tau and a-syn

pathology in vivo, suggesting complex synergistic interac-

tions between beta-amyloid, tau, and a-syn at a molecular

level18; however, examining these interactions within the

human brain presents challenges. The study of tau PTMs

can give us insight into the temporal progression of tau

pathology and cellular vulnerabilities to tau-mediated

neurodegeneration to further study molecular interactions

of a-syn and tau pathology in the human brain20 and

their contributions to clinical features of dementia.

In this study, we address these gaps by testing the

hypothesis that advanced stages of tau maturation are more

closely associated with beta-amyloid than a-syn and relate

most closely to AD dementia than clinical features of

dementia with Lewy bodies (DLB). We used a panel of anti-

bodies preferentially reactive to different maturation stages

Figure 1. Study design. (A) The diagram illustrates the overlap between Alzheimer’s disease neuropathologic change and alpha-synucleinopathy

groups in the study, (B) Flow diagram of inclusion and exclusion criteria for selection of participants, (C) Serial sections sampled from superior/

middle temporal gyrus, middle frontal gyrus, and anterior cingulate gyrus were immunohistochemically stained for tau, beta-amyloid, and a-syn.

(D) Digital overlay of percent area-occupied (red) is shown for each stain.
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of tau pathology with validated digital histology methods21

in a unique autopsy cohort consisting of neuropathologi-

cally defined groups of pure ADNC, pure a-syn, and a co-

pathology group of ADNC+a-syn. We first tested the asso-

ciations between pathologies across neuropathologically

defined groups and then tested the association of tau con-

formational epitopes with clinical features of dementia.

Our findings provide new insights into the role of tau mat-

uration in the clinical expression of pathology that can

inform future work to define biological subgroups of indi-

viduals with mixed ADNC and a-syn pathology.

Methods

Participants

We focused our study to individuals with dementia and

cortical pathology by selecting those with neuropathologi-

cal diagnoses of ADNC and/or diffuse/neocortical stages

of LBD from the Penn Integrated Neurodegenerative Dis-

ease Database (INDD). Individuals with any evidence of

TDP-43 co-pathology, cerebrovascular disease (i.e., any

evidence of gross brain infarcts or two or more

microinfarcts2), or other tauopathies on autopsy were

excluded to avoid the confounding effect of co-existing

pathologies. Since the study is focused on dementia, only

individuals with dementia phenotypes at death (i.e., pos-

sible/probable AD,22 Parkinson’s disease with dementia

(PDD)23 and DLB24) were included. We found 163 indi-

viduals that met our pathological and clinical criteria in

INDD. Next, we categorized participants into three

groups based on neuropathological diagnoses and ADNC

level25: those with no evidence of a-syn pathology were

categorized as pure ADNC, individuals with no to low

level ADNC were categorized as pure a-syn, and partici-

pants with intermediate-high level ADNC were classified

into the co-pathology group (ADNC+a-syn). We then

selected a subgroup of ADNC individuals without any

evidence of alpha-synucleinopathy as a reference group

(N = 43) that was matched to the ADNC+a-syn group

based on age at death and sex. Finally, we excluded indi-

viduals without tissue available from regions of interest

(i.e., anterior cingulate cortex, superior/middle temporal

cortex, and middle frontal cortex) at the Center for Neu-

rodegenerative Disease Research (CNDR) brain bank to

arrive at our final cohort (N = 85) (Fig. 1B). A summary

of demographic, pathological, and clinical features of the

final cohort is shown in Table 1.

Neuropathologic assessment

Fresh brain tissue from autopsy was fixed in neutral buff-

ered formalin overnight as previously reported.21 Tissue

was processed and embedded in paraffin for preparation

of 6 lm sections for diagnostic evaluation at the CNDR26

in accordance with published criteria.1,2 All procedures

were compliant with the University of Pennsylvania insti-

tutional review board.

Table 1. Demographic and pathological characteristics.

Pure ADNC

(N = 26)

ADNC+a-syn

(N = 35)a
Pure a-syn

(N = 24)

Sex [Male] 22 28 22

Age at onsetb 62.3 [11.01] 65.26 [9.64] 60.56 [6.97]

Age at death 70.38 [10.85] 75.2 [9.09] 73.12 [6.28]

Disease durationb 8.08 [4.14] 10.6 [5.92] 13.04 [5.81]

Dementia duration 8.08 [4.14] 7.54 [4.84] 6.34 [3.62]

Motor dementia

interval

�6.6 [5.12]c 2.92 [6.42] 5.78 [7.44]

Clinical diagnosis

Alzheimer’s

disease

26 12

Parkinson’s

disease with

dementia

11 17

Dementia with

Lewy bodies

12 7

MMSE scored 7.25 (N = 19) 17.57 (N = 20) 18 (N = 9)

Braak stage

B1 20

B2 17 4

B3 26 18

Thal phase

A0 7

A1 8

A2 1 9 5

A3 25 26 4

CERAD score

C0 15

C1 2 2

C2 6 3

C3 26 27 4

Cerebral amyloid

angiopathy

21 30 7

ARTAGe 9 11 8

APOE e4 allele

carriers

18 (69.2%) 22 (62.8%) 9 (37.5%)

GBA variant 1 (2.8%) 9 (37.5%)

Note: Mean [Standard deviation] reported for age of onset, age at

death, dementia duration, and motor dementia interval.
aThere was one individual with Presenilin-1 and one individual with

LRRK2 mutation in the mixed ADNC+a-syn group.
bAge of onset was unavailable for one individual in the a-syn and one

individual in the ADNC+a-syn group.
cFive participants in the pure ADNC group developed motor features.
dAverage of MMSE score closest to autopsy reported. (N = 5 individ-

uals have converted MoCA score; N = 37 missing data).
eNine participants have not been evaluated for age-related tau astro-

gliopathy (ARTAG).
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Digital neuropathologic assessment

Adjacent tissue sections were immunohistochemically

stained with MC1, AT8, TauC3, NAB228, and MJF-R13

in the Penn Digital Neuropathology Lab according to the

protocol described previously27 (Fig. 1C, Table 2). We

focused on MC1 and TauC3 as important markers of

early and mature NFTs, respectively,14,28 and included

AT8 as a measure of pathology-specific NFTs across a

range of early-to-intermediate maturities.29 MC1 detects a

noncontinuous epitope of tau ranging from aa 7–9 and

312–322,30 and reactivity is largely observed in diffuse

threads and pretangles. TauC3 marks D421-truncated tau

that selectively reacts with mature intra- and extra-cellular

tangles and threads that co-localize with amyloid-binding

dyes in AD.15

Stained histology slides were digitally scanned (Aperio

AT2, Leica Biosystem, Wetzlar, Germany) at 20x magnifi-

cation. Digital histology analysis was performed using

QuPath software (version 0.2.3).

We applied a semi-automated image analysis approach

using a modified belt-transect method to segment gray

matter and measure percent area-occupied (%AO) by

pathology in histologic sections as described previously.21

Figure 1D illustrates an example of digital overlay of posi-

tive pixel detection for each antibody.

Clinical assessment

We performed a structured review of clinical charts

blinded to neuropathologic diagnosis to collect detailed

clinical data relevant to this study. The clinical features

collected consisted of core features associated with DLB24

including presence or absence of cognitive fluctuations

(i.e., mention of specific features indicative of cognitive

fluctuations,31 excessive daytime drowsiness, episodes of

disorganized speech, or staring into space), recurrent

visual hallucinations (i.e., spontaneous, well-formed visual

hallucinations in more than one clinical visit or

confirmed recurrent by informant), rapid eye movement

(REM) sleep behavior disorder (i.e., confirmed by poly-

somnogram or report of features strongly predictive of

REM sleep behavior disorder (RBD)32 including a clear

history of dream enactment, repeated episodes of sleep-

related vocalization and/or complex motor behaviors),

and parkinsonism (one or more of the cardinal features

including resting tremor, bradykinesia, and rigidity)

(Table S1).

If a clinical feature was not described in clinical

notes, it was considered absent for the purpose of anal-

ysis. Nine participants in the ADNC+a-syn group had

missing clinical data, and two individuals with end-stage

clinical diagnosis of probable AD were found to have

nonamnestic presentations of logopenic variant primary

progressive aphasia or behavioral variant of frontotem-

poral dementia at onset and were excluded from the

analyses that tested the association between pathology

and clinical features. We used the available clinical data

to confirm the clinical diagnosis of participants and test

associations between pathology and relevant clinical

features.

Additionally, Mini-Mental State Examination (MMSE)

scores within the 5 years from autopsy were collected

from the INDD. For those who had available Montreal

cognitive assessment scores near autopsy (N = 5), scores

were converted to MMSE using a validated conversion

method.33

Statistical analysis

We used Kruskal–Wallis and pairwise Mann–Whitney-

Wilcoxon tests to compare demographic features across

groups.

We averaged %AO measurements for each pathology

from the three regions sampled to obtain a cortical aver-

age %AO value for analysis. Missing data from damaged/

exhausted tissue were excluded from the cortical average

for a given stain (missing data = 10% AT8, 11% MC1,

Table 2. List of antibodies.

Antibody Epitope Species Dilution

Antigen retrieval

method Source

AT8 (Phosphorylated tau) Tau, Phospho S202, Phospho

T205

Mouse, monoclonal 1:1 K – Thermo-Fisher (#MN1020)

MC1 (Early tau

conformation)

Tau, aa 7–9, and 312–322 Mouse, monoclonal 1:500 – Dr. Peter Davies

TauC3 (Mature Tau

Conformation)

Tau, aa 412–421 Mouse, monoclonal 1:20 K 88% Formic acid Dr. Nicholas Kannan

MJF-R13 (a-syn) a-synuclein, Phospho S129 Rabbit, monoclonal 1:25 K Proteinase K Abcam (ab209421)

NAB228 (AB oligomers) Beta-amyloid, aa 1–11 Mouse, monoclonal 1:40 K 88% Formic acid CNDR

Note: Epitopes, hosts, dilutions, and the method of antigen retrieval indicated for each antibody.
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12% TauC3, 12% beta-amyloid, 12% a-syn sections). %

AO values were natural log transformed to obtain a nor-

mal distribution. In order to log transform data points

with %AO = 0 in our dataset, we added a constant value

(%AO + 10�5) to all data prior to applying the log

transform.

AD and LBD are clinicopathologic terms, and for clar-

ity, we differentiate neuropathologic entities from clinical

phenotypes for analyses. We use the term ADNC for neu-

ropathologic diagnosis of beta-amyloid and tau

pathology,2 a-syn for neuropathologic diagnosis of alpha-

synucleinopathy, and ADNC+a-syn for ADNC with con-

comitant alpha-synucleinopathy. Since our groups are

solely defined by neuropathologic diagnoses, the ADNC+-
a-syn group includes individuals with clinical diagnoses

of AD, PDD, and DLB. We use the terms AD22 and

LBD34 (i.e., PDD23 and DLB24) to denote the clinical

diagnoses associated with these pathologies.

Our main findings are presented in four sections:

I In the first section of the results, we compare pathol-

ogy %AO between pure and mixed pathology groups.

Linear models with averaged cortical %AO as the

dependent variable were used to examine group dif-

ferences while covarying for age at death and sex. A

sub-analysis was performed for each model covarying

for tau Braak stage (B0-3) as a continuous variable.

II The second section examines the relationship between

pathologies among individuals within the ADNC and

alpha-synucleinopathy spectrum separately. Linear

models covarying for age and sex tested the correla-

tion between pathologies.

III The third section compared %AO by pathology

between clinical groups using similar linear models as

in the first section with clinical groups as the inde-

pendent variable. We also tested the association

between pathology and presence/absence of specific

clinical features in individuals with mixed ADNC+a-
syn pathology using logistic regression models with

%AO as the independent variable and presence/

absence of a clinical feature of DLB as the dependent

variable.

IV Finally, we used data-driven methods of clustering

analyses with tau pathology %AO data in our total

cohort to define clinically and biologically meaningful

subgroups of individuals across AD and LBD to fur-

ther inform our clinicopathologic findings. We used

unsupervised hierarchical clustering to categorize indi-

viduals based on the averaged cortical %AO with

MC1, AT8, and TauC3. One case with missing MC1 %

AO was excluded from the analysis. D-index and

Hubert statistics indicated k = 3 as the optimal num-

ber of clusters. Additionally, we used the silhouette

index to validate the overall clustering quality

(Fig. S1).

All statistical analyses were performed using R statisti-

cal software (R version 4.2.2) and a statistical threshold of

a < 0.05. All missing data are reported in tables and

figures.

Results

Demographics and group characteristics

Characteristics of our groups are summarized in Table 1.

Individuals with pure a-syn were significantly younger

at symptom onset compared to participants with

ADNC+a-syn (p = 0.017). There was no significant dif-

ference at age of death (p = 0.12) or dementia-death

interval (p = 0.29); however, individuals in the pure a-

syn group had a longer overall disease duration com-

pared to the pure ADNC (p = 0.0007) and ADNC+a-
syn groups (p = 0.02). Participants in the ADNC+a-syn
group had a shorter motor dementia interval than the

pure a-syn group, but the difference was not significant

(p = 0.1).

The latest MMSE score for the ADNC group was sig-

nificantly lower compared to the ADNC+a-syn group

(p = 0.00004) and pure a-syn group (p = 0.0004). Ten

individuals carried a GBA mutation: 9 in the pure a-syn

group and one with ADNC co-pathology.

I Comparing pathology burdens between pure and

mixed pathology groups

First, we compared the average cortical pathology bur-

dens between ADNC+a-syn and pure ADNC (Fig. 2).

There was greater tau pathology in the pure ADNC group

compared to the ADNC+a-syn for all tau epitopes includ-

ing MC1 (b = 2.82, SE = 0.58, p < 0.001), AT8

(b = 2.96, SE = 0.51, p < 0.001), and TauC3 (b = 1.86,

SE = 0.37, p < 0.001). After controlling for tau Braak

staging, this finding remained significant for all tau

pathologies detected by MC1 (p = 0.02), AT8

(p = 0.002), and TauC3 (p = 0.003). However, ADNC+a-
syn and pure ADNC had similar levels of beta-amyloid

(p = 0.09) (Fig. 3A).

Next, we compared pathology burdens for tau, beta-

amyloid, and a-syn between groups of pure a-syn and

ADNC+a-syn (Fig. 2). As expected, the pure a-syn group

showed lower MC1 (b = �3.29, SE = 0.58, p < 0.001),

AT8 (b = �3.49, SE = 0.55, p < 0.001), TauC3

(b = �1.08, SE = 0.42, p = 0.014), and beta-amyloid

(b = �3.29, SE = 0.56, p < 0.001) %AO in comparison

with the ADNC+a-syn group. Furthermore, average corti-

cal burden of a-syn was lower in the pure a-syn group in
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comparison with the ADNC+a-syn (b = �1.28, SE = 0.3,

p < 0.001) (Fig. 3B).

II Association between tau, beta-amyloid, and a-syn

pathologies

We tested the association between tau, beta-amyloid,

and a-syn pathologies among individuals within the

ADNC and alpha-synucleinopathy spectrums (Fig. 4).

Among individuals within the ADNC spectrum (i.e.,

pure ADNC and ADNC+a-syn), there were positive corre-
lations between beta-amyloid and all tau epitopes of

MC1 (b = 2.14, SE = 0.4, p < 0.001), AT8 (b = 1.65,

SE = 0.38, p < 0.001), and TauC3 (b = 1.08, SE = 0.27,

p < 0.001). Moreover, we found all tau pathologies corre-

lated with each other (p < 0.001) (Fig. 4A).

Among individuals within the alpha-synucleinopathy

spectrum (i.e., pure a-syn and ADNC+a-syn), there was a

positive association between beta-amyloid pathology and

all tau epitopes recognized with MC1 (b = 0.64,

SE = 0.11, p < 0.001), AT8 (b = 0.63, SE = 0.11,

p < 0.001), and TauC3 (b = 0.21, SE = 0.08, p = 0.013).

Additionally, there were strong associations between a-syn

%AO and MC1 (b = 1.2, SE = 0.23, p < 0.001) and AT8

%AO (b = 1.37, SE = 0.21, p < 0.001), while there was

no significant correlation between a-syn %AO and TauC3

(p = 0.18). (Fig. 4B).

III Pathological correlates of clinical symptoms associ-

ated with mixed ADNC+a-syn

We focused on the mixed ADNC+a-syn pathology

group, where clinicopathologic diagnosis is most challeng-

ing, to examine the associations between pathology and

clinical features. The comparisons of pathology burden

between the subgroups with clinical syndromes of AD

and LBD within the mixed ADNC+a-syn pathology

group suggested overall less tau pathology in the clinical

LBD group compared to the clinical AD across all

Figure 2. Representative photomicrographs. Photomicrographs from

layer V in superior/middle temporal cortex are shown in individuals

with either pure ADNC, ADNC+a-syn, or pure a-syn groups,

respectively. Scale bar: 50 lm.

Figure 3. Tau, beta-amyloid, and a-syn pathology in pure and mixed pathology groups. (A) Percent area-occupied (%AO) was compared

between the ADNC+a-syn and the pure ADNC group for beta-amyloid and tau pathology marked with MC1, AT8, and TauC3, (B) Percent area-

occupied (%AO) was compared between the ADNC+a-syn and the pure a-syn group for a-syn pathology, Color indicates pathologic groups,

(***p-value < 0.001, **p-value < 0.01, *p-value < 0.05).
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tau markers of MC1 (b = �2.06, SE = 0.87, p = 0.024),

AT8 (b = �2.12, SE = 0.8, p = 0.013), and TauC3

(b = �1.23, SE = 0.58, p = 0.042). After controlling for

AD tau Braak staging, there was no significant difference

for tau %AO between the clinical groups of AD and LBD

(p > 0.21). Additionally, the clinical LBD group showed

lower burden of beta-amyloid compared to the clinical

AD group (b = �0.83, SE = 0.25, p = 0.003), while the

two groups had similar levels of a-syn pathology

(p = 0.98) (Fig. 5A).

To examine the effect of tau maturation on specific

clinical outcomes, we performed logistic regression

models to test the predictive value of pathology burden

on the presence or absence of core features of DLB

among individuals with ADNC+a-syn (Table S2). Nota-

bly, TauC3 was the tau epitope with the most consistent

and lowest odds ratio associated with all clinical DLB fea-

tures studied. Beta-amyloid %AO also had negative

associations with clinical parkinsonism and visual halluci-

nations, while a-syn %AO did not associate with clinical

DLB features (Fig. 5B).

IV Tau pathology in the full spectrum of ADNC,

ADNC+a-syn, and a-syn

Finally, we studied clinical and genetic associations of

tau pathology in the total cohort by performing a cluster-

ing analysis based on tau immunoreactivity recognized by

MC1, AT8, and TauC3.

Using hierarchical clustering based on MC1, AT8,

TauC3 %AO data, we identified three groups of individ-

uals with varying amounts of tau pathology (Fig. 6A).

The three clusters were characterized by overall low tau

%AO in cluster 1 (N = 40), high MC1 %AO, high AT8

%AO, and low TauC3 %AO in cluster 2 (N = 13), and

high MC1, AT8, and TauC3 %AO in cluster 3 (N = 31).

Interestingly, the frequency of cluster groups reflected

Figure 4. Tau, beta-amyloid, and a-syn pathology in ADNC spectrum and alpha-synucleinopathies spectrum. (A) Correlation matrix and

scatterplots show the correlation between tau (MC1, AT8, and TauC3) and beta-amyloid pathologies in the ADNC spectrum (B) Correlation

matrix and scatterplots show the correlation between tau (MC1, AT8, and TauC3), beta-amyloid, and a-syn pathologies in the alpha-

synucleinopathies spectrum, Color values for individual data points indicate pathologic group; correlation line is based on simple linear correlation;

and p-values were extracted from the multivariate models (***p-value < 0.001, **p-value < 0.01, *p-value < 0.05).
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neuropathological categories, where the pure a-syn group

consisted exclusively with cluster 1 with low tau %AO for

all markers, while the pure ADNC group was largely

enriched (92%) with cluster 3 with high pathology for all

three tau markers (Fig. 6B). Moreover, individuals with

GBA mutation conferring risk of a-syn were largely cate-

gorized in cluster 1 with low tau (N = 9/10).

The mixed ADNC+a-syn group was composed of

~77% of individuals in clusters 1 or 2 with low mature

tau (TauC3), and the remaining ~23% of the mixed

pathology group was classified into cluster 3 with high

tau %AO for all three markers.

Since the pure ADNC and pure a-syn groups consisted

of homogenous clinical syndromes of clinical AD and

LBD, respectively, we examined the clinical syndrome asso-

ciations within the mixed ADNC+a-syn group which had

heterogenous clinical presentations across AD, PDD, and

DLB (Fig. 6B); those with DLB phenotype were solely dis-

tributed in cluster 1 and 2, demonstrating a conspicuous

absence of mature TauC3 immunoreactive pathology in

clinical DLB. Moreover, greater than 80% of the PDD

group with mixed pathology were categorized in cluster 1

or 2 with low TauC3 as well. In contrast, over half of the

participants with clinical AD in the mixed pathology group

were in the cluster 3 with high TauC3 (Fig. 6B).

Discussion

Here, we comprehensively examined the inter-relationships

and clinical influence of a-syn, beta-amyloid, and three tau

PTMs marking various maturation stages of tau pathology

in a unique cohort of autopsy-confirmed individuals

within the clinicopathological spectrum of AD and LBD.

We report several important findings relevant to the bio-

logical contributions to clinical expressions in individuals

with mixed ADNC and a-syn pathology. First, we find a

positive correlation between early tau epitopes and a-syn

among individuals with alpha-synucleinopathies. In con-

trast, TauC3, which is selective for mature tangles, was

exclusively associated with beta-amyloid and not a-syn.

Furthermore, using both clinical subgroup comparisons

and data-driven methods, we found TauC3 had a strong,

consistent negative association with all core clinical fea-

tures of DLB in individuals with mixed ADNC+a-syn
pathology. Moreover, participants with clinical DLB and

those with GBA mutations associated with alpha-

Figure 5. Clinical correlates of pathologies the ADNC+a-syn group. (A) Percent area-occupied (%AO) was compared between the clinical groups

of AD and LBD with mixed ADNC+a-syn pathology for MC1-, AT8-, and TauC3-immunoreactive tau, beta-amyloid, and a-syn. (B) The forest plot

illustrates the odds ratio and 95% confidence intervals for the association between pathologies and core clinical features of dementia with Lewy

bodies based on logistic regression models; shape indicates clinical syndrome (***p-value < 0.001, **p-value < 0.01, *p-value < 0.05).
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synucleinopathy risk, had minimal mature tau pathology

in the cortex measured by TauC3, compared to clinical AD

with mixed pathology. These data suggest that tau tangle

maturation in the cortex is influential to the clinical

expression of dementia in individuals with mixed ADNC+-
a-syn and may mark a clinically meaningful biological

subgroup of individuals with mixed pathology driven by

ADNC-related pathophysiology.

In our pathological group comparisons between pure

ADNC and mixed ADNC+a-syn, we found higher tau

pathology for all three markers in pure ADNC (Fig. 3A).

This is consistent with previous studies, which found the

Figure 6. Clustering analysis using pathology data in the full cohort. (A) Scatterplot matrix shows the association between pathologies and

distribution of clusters for each of the variables, the colors represent the clusters, and the values show the correlation between MC1-, AT8-, and

TauC3-tau within the total cohort and each cluster (B) Bar plots represent the percentage of individuals from each cluster within pathological

groups and percentage of individuals from each cluster within each clinical subgroup among individuals in the total cohort and within the

ADNC+a-syn group; color indicates clusters.
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overall burden of total tau pathology is significantly lower

in individuals with mixed ADNC+a-syn compared to

pure Alzheimer’s disease.13,35 One interpretation could be

that with mixed pathology, there are added functional

impairments8 causing earlier death prior to the full matu-

ration of tau observed in individuals with pure ADNC.

Indeed, pure ADNC participants had lower MMSE scores

near death (Table 1) suggesting the cortical neurodegener-

ative process is more advanced compared to individuals

with ADNC+a-syn.
Furthermore, consistent with previous reports,5,36,37 we

found higher a-syn pathology in mixed ADNC+a-syn
compared to pure a-syn, suggesting a-syn pathology may

be potentiated by ADNC among individuals with alpha-

synucleinopathy. The combined observations of greater

tau in pure ADNC vs mixed ADNC+a-syn (Fig. 3A) and

greater a-syn in mixed ADNC+a-syn vs pure a-syn groups

(Fig. 3B) may appear paradoxical. However, this phenom-

enon could be explained by considering the possibility of

a differential temporal sequence of synergistic interactions

between these pathologies. Indeed, previous research in

model systems find directional relationships between tau,

beta-amyloid, and a-syn, where a-syn may induce tau for-

mation but tau has limited capacity to induce a-syn

aggregation,17 which may inform our observations. There

are model data suggestive of molecular interactions

between a-syn and tau18 that are reflective of postmortem

correlations of both pathologies in LBD brains.17,38,39

Moreover, several in vivo and in vitro studies support a

synergistic interaction between a-syn and beta-

amyloid.19,40 Some data suggest beta-amyloid42 induces

phosphorylation of a-syn and beta-amyloid can promote

a-syn pathology by modulating protein clearance.19 Addi-

tionally, postmortem human studies find a-syn co-

pathology is common in both sporadic and familial

ADNC,3,41 and beta-amyloid pathology is associated with

higher a-syn aggregations in LBD.11,36 The combination

of these findings with our observations of different pat-

terns of associations between tau and a-syn across the

ADNC spectrum and alpha-synucleinopathies spectrum

could potentially further support the notion of distinct

temporal sequences for synergistic interactions between

these pathologies. Future work employing in vivo seeding

aggregation assays for a-syn,42 in conjunction with AD

biomarkers and postmortem examination, could poten-

tially offer a more comprehensive understanding of the

chronological sequence of these pathologies in individuals

within the AD-LBD spectrum.

Here, among individuals with alpha-synucleinopathy, we

found positive correlations between all pathologies mea-

sured, with the exception of the lack of association between

mature TauC3 and a-syn %AO (Fig. 4B). The finding of

positive correlation between a-syn and phosphorylated tau

is supportive of previous research that have revealed close

association between tau and a-syn.17,38,39 Additionally, we

add new data including the observation of this association

of a-syn with early conformational MC1 epitope. Interest-

ingly, while we found no significant association between

TauC3 %AO and a-syn, TauC3 pathology correlated with

beta-amyloid, suggesting tau maturation may be more

closely linked to AD pathophysiology than alpha-

synucleinopathy. One previous study found colocalization

of D421-truncated tau within Lewy bodies in LBD.43 Thus,

we cannot entirely exclude a synergistic interaction of D421

truncation of tau induced by alpha-synucleinopathy at a

molecular level; however overall, in our cortical sampling

of cellular pathology across the spectrum of ADNC and

alpha-synucleinopathies, we did not detect an association

between the burden of TauC3 and a-syn pathology. This

observation is further supported by our clinicopathological

correlations and clustering approaches below, which high-

lights strong clinical and genetic associations of mature

TauC3 pathology.

Examination of clinical correlates in the mixed

ADNC+a-syn pathology group with heterogenous clinical

phenotypes found lower tau and beta-amyloid pathology

in clinical LBD compared to clinical AD, while the two

groups had strikingly similar levels of a-syn pathology

(Fig. 5A). This finding suggests that tau and beta-amyloid

pathology might be the primary factors driving the clini-

cal phenotype of AD among individuals with alpha-

synucleinopathy, regardless of the levels of a-syn. Never-

theless, it is important to acknowledge that the variances

in tau levels between the clinical AD and LBD groups

may also be attributable to lower tau Braak stages.

Indeed, it is difficult to differentiate the effects of topo-

graphical spread and tau maturity since both are highly

correlated.44 However, beyond categorical designation of

AD vs LBD clinical syndromes, we also found differential

associations of pathology with discrete clinical features of

LBD. Overall, lower levels of tau, particularly low TauC3

%AO, were associated with a lower likelihood of clinical

core features of DLB (Fig. 5B). Using the entire cohort,

we also found additional data to support a strong clinical

influence of mature TauC3 reactive NFTs using a data-

driven approach. Our cluster analysis based on tau anti-

body reactivity data found that the high tau cluster (i.e.,

high %AO for MC1, AT8, and TauC3) was enriched for

clinical AD and lacked clinical DLB. Moreover, GBA

mutation carriers were almost exclusively in the low

TauC3 clusters. Taken together, these data suggest that

mature NFT pathology may be a beta-amyloid-driven

process that strongly influences the phenotypic presenta-

tion of dementia with mixed ADNC+a-syn pathology.

Our findings are consistent with pathological diagnostic

criteria25,45 suggesting higher ADNC pathology lowers
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diagnostic accuracy of DLB,46 and a recent in vivo bio-

marker work finding a lower frequency of DLB clinical

features associated with tau positivity.47,48 Importantly,

we find new data suggesting that mature cortical tau

marked by TauC3 is a relatively specific marker of clinical

AD in individuals with mixed tau and a-syn pathology.

Current biomarkers cannot distinguish between morpho-

logical forms of tau pathology in living individuals and

future work is needed to confirm these findings over the

course of disease when in vivo biomarkers for mature vs

early tau are developed.

We used a unique strategy to select our participants for

study across the spectrum of AD and LBD (Fig. 1B) and

analyzed over 1100 postmortem sections to measure mixed

pathologies and tau conformations comprehensively and

objectively with validated digital histopathologic methods,

which facilitated our novel computational analyses. How-

ever, our study has several limitations. Due to our focus on

relatively “pure” contributions of tau, beta-amyloid, and a-

syn, we excluded individuals with other age-related co-

pathologies such as TDP-43 pathology which are important

contributors to age-related dementia.49 We focused on cor-

tical pathology and dementia syndromes, but future larger-

scale studies with longitudinal neuropsychological testing

can more comprehensively model these interactions by also

including subcortical and limbic regions, as well as individ-

uals with brainstem and amygdala/limbic-only alpha-

synucleinopathy. Moreover, considering the missing clini-

cal data and the biases resulting from retrospective chart

data rather than prospective method of clinical data collec-

tion, it is important to acknowledge the potential impact of

these limitations on the interpretation of the results.

Finally, since a-syn pathology may not persist after neurons

are degenerated compared to “ghost pathology” in tau

NFTs, we cannot rule out an influence of neuron loss on

our a-syn %AO measurements and future studies will more

comprehensively model a-syn pathology with digital mea-

sures of neuronal density as these tools are developed.

Despite these limitations, we find novel evidence from

human brain histopathology data to suggest there is a

biological subgroup of mixed ADNC+a-syn pathology

marked by high levels of cortical mature NFTs and a rela-

tive absence of DLB clinical features and genetic risk.

These data can guide future efforts to further refine the

biological contributions of mixed pathologies to aging

and the clinical expression of mixed pathologies across

AD and LBD.
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