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A JOURNAL OF NEUROLOGY

Neurodegenerative disease concomitant
proteinopathies are prevalent, age-related
and APOE4-associated

John L. Robinson,"?** Edward B. Lee,'"*** Sharon X. Xie,'">**> Lior Rennert,'>>*°
EunRan Suh,'"*** Colin Bredenberg,"“’4 Carrie Caswell,""?**> Vivianna M. Van
Deerlin,"z’3’4 Ning Yan,"2’3""6 Ahmed Yousef,"2’3'4 Howard I. Hurtig,"2’3’7

Andrew Siderowf,"2’3’7 Murray Gr’ossman,"2’3’7’8 Corey T. McMiIIan,7'8 Bruce Miller,9
John E. Duda,*'? David J. Irwin,"'*>*"% David Wolk,"**7%!! Lauren Elman,*’

Leo McCIuskeyf”7 Alice Chen-Plotkin,'">*7 Daniel Weintraub,?*'2 Steven E. Arnold,'?
Johannes Brettschneider,'? Virginia M.-Y. Lee"'>**7 and John Q. Trojanowski'%**7

See Coulthard and Love (doi:10.1093/brain/awy153) for a scientific commentary on this article.

Lewy bodies commonly occur in Alzheimer’s disease, and Alzheimer’s disease pathology is frequent in Lewy body diseases, but the
burden of co-pathologies across neurodegenerative diseases is unknown. We assessed the extent of tau, amyloid-p, e-synuclein and
TDP-43 proteinopathies in 766 autopsied individuals representing a broad spectrum of clinical neurodegenerative disease. We
interrogated pathological Alzheimer’s disease (12 = 247); other tauopathies (1 = 95) including Pick’s disease, corticobasal disease and
progressive supranuclear palsy; the synucleinopathies (7 =164) including multiple system atrophy and Lewy body disease; the
TDP-43 proteinopathies (7 = 188) including frontotemporal lobar degeneration with TDP-43 inclusions and amyotrophic lateral
sclerosis; and a minimal pathology group (7 =72). Each group was divided into subgroups without or with co-pathologies. Age
and sex matched logistic regression models compared co-pathology prevalence between groups. Co-pathology prevalence was
similar between the minimal pathology group and most neurodegenerative diseases for each proteinopathy: tau was nearly uni-
versal (92-100%), amyloid-f common (20-57%); a-synuclein less common (4-16%); and TDP-43 the rarest (0-16%). In several
neurodegenerative diseases, co-pathology increased: in Alzheimer’s disease, a-synuclein (41-55%) and TDP-43 (33-40%)
increased; in progressive supranuclear palsy, a-synuclein increased (22%); in corticobasal disease, TDP-43 increased (24%); and
in neocortical Lewy body disease, amyloid-p (80%) and TDP-43 (22%) increased. Total co-pathology prevalence varied across
groups (27-68%), and was increased in high Alzheimer’s disease, progressive supranuclear palsy, and neocortical Lewy body
disease (70-81%). Increased age at death was observed in the minimal pathology group, amyotrophic lateral sclerosis, and multiple
system atrophy cases with co-pathologies. In amyotrophic lateral sclerosis and neocortical Lewy body disease, co-pathologies
associated with APOE 4. Lewy body disease cases with Alzheimer’s disease co-pathology had substantially lower Mini-Mental
State Examination scores than pure Lewy body disease. Our data imply that increased age and APOE &4 status are risk factors for
co-pathologies independent of neurodegenerative disease; that neurodegenerative disease severity influences co-pathology as evi-
denced by the prevalence of co-pathology in high Alzheimer’s disease and neocortical Lewy body disease, but not intermediate
Alzheimer’s disease or limbic Lewy body disease; and that tau and a-synuclein strains may also modify co-pathologies since
tauopathies and synucleinopathies had differing co-pathologies and burdens. These findings have implications for clinical trials
that focus on monotherapies targeting tau, amyloid-p, a-synuclein and TDP-43.
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Introduction

The neuropathological diagnosis of nearly all major neuro-
degenerative diseases can be determined by the presence of
one of four aggregated proteins each with a distinct morph-
ology and distribution (Arnold et al., 2013). Tau-positive
neurofibrillary tangles and amyloid-B-positive plaques
define Alzheimer’s disease, while neuronal and glial tau in-
clusions define Pick’s disease (PiD), progressive supra-
nuclear palsy (PSP), and corticobasal degeneration (CBD)
(Montine et al., 2012; Irwin et al., 2015). a-Synuclein pro-
tein aggregates accumulate in multiple system atrophy
(MSA) as glial cytoplasmic inclusions and the Lewy body
diseases as neuronal Lewy bodies and neurites (Spillantini
and Goedert, 2016). TAR DNA-binding protein 43 (TDP-
43, encoded by TARDBP) positive neuronal inclusions
define frontotemporal lobar degeneration with TDP-43 in-
clusions (FTLD-TDP, Brettschneider et al., 2014) and the
majority of amyotrophic lateral sclerosis (ALS) cases
(Brettschneider et al., 2013). While these pure proteinopa-
thies define these neurodegenerative diseases, additional
proteinopathies may accumulate as co-pathologies.
Historically, before the molecular components of plaques,
neurofibrillary tangles and Lewy bodies were identified as
amyloid-B, tau and a-synuclein, respectively, Lewy bodies
were seen in Alzheimer’s disease cases (Woodard, 1962)
and Alzheimer’s disease pathology has long been included
in the dementia with Lewy bodies criteria (McKeith et al.,

2017). Beyond Alzheimer’s disease and Lewy body disease
however, tau, amyloid-B, a-synuclein and TDP-43 co-
pathologies in other neurodegenerative diseases are rarely
reported (Spires-Jones et al., 2017).

The purpose of this study is to characterize the extent of co-
pathology across a broad range of neurodegenerative disease.
We examine four hypotheses to account for neurodegenerative
disease co-pathologies. First, ageing itself associates with the
incidental accumulation of neurodegenerative disease proteino-
pathies (Filfan ez al., 2017). Recent studies have described the
extent of pathological tau, amyloid-f, a-synuclein and TDP-43
in elderly individuals without cognitive impairment: tau was
noted in 97-100%, amyloid-B in 46-69%, a-synuclein in 17—
25%, and TDP-43 in 13-36% (Buchman et al., 2012; Kovacs
et al., 2013; Elobeid et al., 2016; Abner et al., 2017). Second,
co-pathologies may occur by proteopathic seeding when mis-
folded neurodegenerative disease proteins template normal
counterpart proteins as well as cross-seed additional proteins
(Clinton et al., 2010). Under this hypothesis, cases with more
severe primary neurodegenerative disease proteinopathies have
more co-pathologies. Third, genetic risk factors such as APOE
¢4 that increase the likelihood of Alzheimer’s disease path-
ology in healthy ageing (Van Cauwenberghe et al., 2016)
may also increase Alzheimer’s disease co-pathology across
neurodegenerative disease. Fourth, while incidental co-pathol-
ogies may be relatively innocuous, more severe burdens should
have clinical relevance as we have recently reported for
Alzheimer’s disease co-pathology in Lewy body disease
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(Irwin et al., 2017) and others describe for comorbid cerebro-
vascular disease (Kapasi et al, 2017). In addition to
Alzheimer’s disease, we interrogate the tauopathies including
PiD, CBD and PSP; the synucleinopathies including MSA,
Parkinson’s disease with and without dementia, and dementia
with Lewy bodies; and the TDP-43 proteinopathies FTLD
with TDP-43 and ALS using a cohort of autopsied subjects
at the Center for Neurodegenerative Disease Research.

Materials and methods

Participants

Demographic, clinical, and neuropathological data were obtained
for all autopsy cases conducted at the Center for
Neurodegenerative Disease Research from January 2000 to
December 2016 (Toledo et al., 2014). Most patients with neuro-
degenerative diseases were clinically evaluated longitudinally and
invited to participate in the brain donation programme by clin-
icians at different clinical cores at the University of Pennsylvania,
although 29 cases were evaluated clinically at the University of
California San Francisco. Many of the patients without cognitive
impairment were recruited at time of death due to other causes.
Informed consent for autopsy was obtained in accordance with
state laws and protocols approved by the University of
Pennsylvania and University of California San Francisco.

Of 1210 accessioned cases, 766 met the following inclusion
criteria:

(i) Cases with primary clinicopathological diagnoses of either
Alzheimer’s disease, PiD, CBD, PSP, MSA, Parkinson’s
disease with and without dementia, dementia with Lewy
bodies, FTLD-TDP, ALS, primary ageing-related tau
(PART) (Crary et al., 2014), or unremarkable adult
brains. We excluded rare disorders (7 =36) such as
Creutzfeldt-Jakob disease, hereditary diffuse leukoence-
phalopathy with APP-positive spheroids, basophilic inclu-
sion body disease, frontotemporal lobar degeneration with
MAPT gene mutations, unclassifiable Lewy body diseases,
unclassifiable tauopathies, SOD1-positive ALS, and FUS-
positive ALS cases.

(1)) Cases with semiquantitative scores by immunohistochemistry
for pathological tau, amyloid-p (or Thioflavin S histochemis-
try), and a-synuclein for 16 regions described below; and for
pathological TDP-43 for a minimum of four regions: hippo-
campus, amygdala, mid-frontal cortex and superior temporal
cortex. We excluded 408 cases (7 = 408) primarily due to the
lack of TDP-43 scores. Excluded cases were the majority of
pre-2007  Alzheimer’s disease, PiD, CBD, PSP, MSA,
Parkinson’s disease with and without dementia, dementia
with Lewy bodies, PART, and unremarkable cases described
before the discovery of TDP-43 as the primary proteinopathy
in frontotemporal lobar degeneration and ALS (Neumann
et al., 2006).

Neuropathological staging

Sixteen regions are routinely examined in the CNDR neuropath-
ology evaluations as described in previous publications (Arnold
et al., 2013; Toledo et al., 2014). Notably, since 2012, the oc-
cipital cortex has been routinely sampled as an additional neo-
cortical region, as recommended in consensus criteria.

BRAIN 2018: 141; 2181-2193 | 2183

Each region was assigned a semiquantitative score i.e. none,
rare, mild, moderate or severe for individual lesions (tau, amyl-
0id-B, a-synuclein and TDP-43 positive pathologies). Tau-posi-
tive neurofibrillary tangles and amyloid-B plaques were
assessed to determine the level of Alzheimer’s disease neuro-
pathological change (ADNPC) (Montine et al., 2012).
a-Synuclein positive Lewy pathology was classified into amyg-
dala, brainstem, limbic or neocortical distributions (McKeith
et al., 2017). TDP-43 pathology was assigned different stages
depending on the pattern observed: a 4-point simplification of
either ALS (Brettschneider et al., 2013) or behavioural variant
FTLD-TDP (Brettschneider ez al., 2014) stages, or a 3-point
Alzheimer’s disease TDP-43 co-pathology stage (Josephs et al.,
2014).

Pathological groups

Cases and were assigned to 1 of 13 neuropathological diag-
nostic groups: PiD, CBD, PSP, MSA, hAD, iAD, nLBD, ILBD,
bLBD, ALS, FTLD-TDP, hTDP or minimal pathology group
(defined below).

First, PiD, CBD, PSP, and MSA groups were assigned based
on the presence their primary proteinopathy and morphology.
Second, the severity of the primary proteinopathy determined
assignment to the following groups: hAD for cases with a high
level of ADNPC; iAD for cases with an intermediate level of
ADNPC; nLBD for cases with neocortical a-synuclein; ILBD
for cases with limbic a-synuclein; bLBD for cases with brain-
stem or amygdala a-synuclein; ALS for cases with ALS stages
1-3, FTLD-TDP for cases with frontotemporal lobar degener-
ation with TDP-43 stages 1-3 and hTDP for high burden,
neuropathologically equivalent amyotrophic lateral sclerosis
stage 3—4 and frontotemporal lobar degeneration with TDP-
43 stage 3—4 cases. Alzheimer’s disease and Lewy body disease
group assignment was resolved according to McKeith criteria
(McKeith et al., 2017). Similarly, between Alzheimer’s disease
and FTLD-TDP cases, cases with a high level of ADNPC were
resolved in favour of hAD assignment. The remaining cases—
with no ADNPC, low ADNPC, definite PART or possible
PART—were assigned to the minimal pathology group.

Genetics

Genomic DNA was extracted from brain tissues using
QIAamp DNA mini kit (Qiagen). C90rf72 hexanucleotide
repeat expansions (>30) were determined by repeat-primed
PCR and capillary electrophoresis (7 = 516) or genotyping of
surrogate risk allele rs3849942 (n=758) on frozen tissue
derived DNA as previously described (Suh ez al., 2015). PCR
fragment size was analysed with GeneMapper software
(Applied Biosystems). APOE allele status was defined using
two  single nucleotide  polymorphisms—rs7412  and
rs429358—which were genotyped by TagMan allelic discrim-
ination assays (Thermo Fisher) (n = 698).

Clinical measures

The following test scores were analysed: Mini-Mental State
Examination (MMSE) for Alzheimer’s disease, Lewy body dis-
ease and frontotemporal lobar degeneration with TDP-43
cases; ALS Functional Rating Scale (ALS FRS) scores for
ALS cases; and Unified Parkinson’s Disease Rating Scale Part
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3 (UPDRS-II) scores for Lewy body disease cases. All test
scores were collected while ON medications.

Clinical severity measures

Clinical severity measures were obtained from tests performed
during neurological examinations. MMSE scores were available
for a combined Alzheimer’s disease group (172 of 247 from the
hAD and iAD groups), a combined Lewy body disease group (54
of 138 from the bLBD, ILBD and nLBD groups) and a combined
frontotemporal lobar degeneration group (67 of 188 from the
ALS, FTLD-TDP and hTDP groups); ALS FRS scores were avail-
able for a combined ALS group (92 of 133 from the ALS and
hTDP groups); UPDRS-III scores were available for a combined
Lewy body disease group (49 of 138 from the bLBD, ILBD and
nLBD groups). The median interval between last clinical test and
date of death was: 3.5 years for Alzheimer’s disease MMSE
scores; 1.3 years for Lewy body disease MMSE scores; 1.3
years for frontotemporal lobar degeneration MMSE scores; 0.2
years for ALS FRS scores; 1.3 years for UPDRS-III scores. Linear
mixed-effects models were used to determine the annual rate of
change of these clinical severity measures from the following
median number of tests: four for Alzheimer’s disease MMSE
scores; four for Lewy body disease MMSE scores; three for fron-
totemporal lobar degeneration MMSE scores; five for ALS FRS
scores; four for UPDRS-III scores. Both random intercept and
slope terms were included to account for the correlations
among repeated measures of clinical severity outcomes, where
the inclusion of the random slope terms was determined by the
Akaike information criterion.

Statistics

Demographic characteristics were compared across groups
using Pearson x> or post hoc t-tests with Excel (Microsoft,
USA). All further analyses used logistic regression adjusting
for age and sex, using SAS version 9.4 (SAS Institute Inc.,
USA). For greater statistical power, some frequency and sever-
ity measures were simplified to binary values. Clinical severity
measures—MMSE, ALS FRS, and UPDRS-III—were analysed
using linear mixed-effects models to estimate an annual rate of
change for each measure. All statistical tests were two-sided,
reporting degrees of freedom (df), with significance levels of
<0.01 to reduce false positive findings i lieu of formal mul-
tiple testing adjustment due to the exploratory nature of the
study (Bender and Lange, 2001).

Results

Neurodegenerative disease group
characteristics

Seven hundred and sixty-six cases with staging data avail-
able for tau, amyloid-B, a-synuclein and TDP-43 path-
ology met the inclusion criteria described above. Cases
were arranged by primary neurodegenerative disease pro-
teinopathy and then divided into groups by neuropathol-
ogy disease severity or morphology (Table 1). For the
tauopathies, groups included PiD, CBD, and PSP. For

J. L. Robinson et al.

cases with pathological amyloid-B and tau, iAD and
hAD groups were assigned for cases with an intermediate
or high level of ADPNC, respectively. For the synucleino-
pathies, groups included MSA, and nLBD, ILBD, and
bLBD for cases with neocortical, limbic, and brainstem
or amygdala patterns of Lewy pathology, respectively.
For the TDP-43 proteinopathies, groups included ALS
for cases at ALS stages 1-3, FTLD-TDP for cases at fron-
totemporal lobar degeneration with TDP-43 stages 1-3,
and hTDP for cases with high burdens of amyotrophic
lateral sclerosis or frontotemporal lobar degeneration
with TDP-43 stages. Alzheimer’s disease and Lewy body
disease group assignment was resolved according to the
McKeith criteria (Montine et al., 2012; McKeith et al.,
2017). The minimal pathology group comprised the re-
maining, low pathology cases.

Individuals were predominantly male (58% male) with a
mean age at death of 71 years, and a mean age of disease
onset of 63, with considerable variation (Table 1). In com-
parison to the minimal pathology group, several character-
istics differed between groups (Supplementary Table 1).
The minimal pathology group was 54% male and males
were more frequent in ILBD and nLBD. The minimal path-
ology group had a mean age at death of 70, while several
groups were older: iAD, hAD, PSP, ILBD, and nLBD; the
ALS group was younger.

APOE &4 is the major genetic risk factor for Alzheimer’s
disease pathology, while APOE &2 is protective (Van
Cauwenberghe et al., 2016). One or more APOE ¢4 alleles
were present in 31% of the minimal pathology group and
this frequency was statistically similar in most groups
(Supplementary Table 1). However, APOE ¢4 prevalence
was higher in the hAD and nLBD groups. One or more
APOE ¢2 alleles was present in 22% of the minimal path-
ology group but several groups had a statistically lower
frequency of the €2 allele, including the iAD, hAD, ALS,
MSA, ILBD and nLBD groups (Supplementary Table 1).
The C90rf72 GGGGCC hexanucleotide repeat expansion
is one of the major genetic causes of FTLD-TDP and ALS
(DeJesus-Hernandez et al,, 2011). The frequency of the
CYorf72 expansion was 15% (17/107) in ALS, 24% (13/
55) in FTLD-TDP, and 29% (7/24) in hTDP and did not
associate with other groups, confirming the correlation be-
tween the C90rf72 expansion and the presence of primary
TDP-43 proteinopathy.

Clinicopathological correlations

Each pathologically defined group showed variable sensitiv-
ity and specificity for the clinical diagnoses (Supplementary
Table 2). The largest group was hAD. The hAD group had a
75% (117/155) sensitivity and 59% (119/201) specificity for
possible or probable clinical Alzheimer’s disease. Fourteen
per cent (28/201) had clinical frontotemporal degeneration
representing a selection bias from the Penn FTD Center.
Other groups had higher levels of clinicopathological correl-
ation. The minimal pathology group had an 89% (64/72)
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Table | Group characteristics
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Group n % Male Age of Duration Age at APOE ¢4 APOE ¢2 C9orf72
onset® death frequency®, % frequency®, % expansion?, %

Minimal

MPG 72 54 70° (16) 9 (4) 70 (12) 31 22 0

Amyloid-p

iAD 46 53 69 (11) I (6) 8l (1) 42 I 0

hAD 201 48 66 (10) 10 (4) 76 (11) 68 4 0.5

Tau

CBD 29 38 60 (9) 6 (3) 65 (10) 15 21 0

PiD 15 60 58 (12) 94 67 (13) 15 13 0

PSP 51 63 68 (8) 8 (4) 76 (8) 19 25 0

TDP-43

ALS 108 62 60 (1) 5 (5) 64 (10) 22 13 15

FTLD-TDP 55 53 62 (8) 8 (3) 69 (9) 21 18 24

hTDP 25 60 59 (14) 6 (10) 65 (10) 29 16 29

a-Synuclein

MSA 26 62 58 (11) 8 (4) 66 (9) 22 8 0

bLBD 20 75 63 (8) 13 (6) 76 (7) 37 20 0

ILBD 37 84 66 (9) 14 (6) 80 (7) 22 I 0

nLBD 8l 74 64 (10) 13 (6) 76 (8) 52 4 0

?Age of onset of symptoms if known or applicable in years, mean (SD). n = 664. Not applicable to cases without symptoms.

One or more APOE ¢4 alleles.

“One or more APOE ¢2 alleles.

9C90rf72 GGGGCC hexanucleotide repeat expansion size > 30.

°n =9 cases with clinical symptoms.

fn = 1. This C90rf72 expansion case was mixed Alzheimer’s disease/FTLD-TDP.
MPG = minimal pathology group.

sensitivity and 88% (64/73) specificity for individuals with-
out a history of neurodegenerative disease. Similarly, the
ALS group had a 92% (101/108) sensitivity and 86% (97/
113) specificity for clinical ALS. The Lewy body disease
groups had 74% (115/155) sensitivity and 83% (115/138)
sensitivity for clinical Lewy body disease, which included
dementia bodies, Parkinson’s  disease,
Parkinson’s disease with mild cognitive impairment or
Parkinson’s disease with dementia.

with  Lewy

Frequency of neurodegenerative
disease co-pathologies

Groups were defined by their primary proteinopathy—
either tau, amyloid-B, a-synuclein or TDP-43—and each
group had differing frequencies and severities of secondary
co-pathologies (Fig. 1). Tau co-pathology was Alzheimer’s
disease-type neurofibrillary tangles as the presence of non-
Alzheimer’s disease tau pathology defined the CBD, PiD
and PSP groups. Amyloid-B plaque co-pathology was
staged by amyloid phases (Montine et al., 2012) across
all groups; a-synuclein co-pathology was defined by the
presence of Lewy pathology (McKeith et al., 2017) except
in the MSA group; TDP-43 co-pathology was staged across
all groups outside the primary TDP-43 proteinopathies
(Josephs et al., 2014).

Thus, each neurodegenerative disease group can be
divided into distinct subgroups: pure neurodegenerative dis-
ease with only primary pathology or neurodegenerative

disease with single or multiple co-pathologies (Fig. 2).
Tau was not included as a co-pathology for subsequent
analysis because it was nearly universal in the cohort
(Table 2) and, if included as a co-pathology, would severely
limit the number of cases in each pure neurodegenerative
disease subgroup.

Minimal pathology group

In the minimal pathology group, tau as the primary protei-
nopathy affected 93% and amyloid-p was observed in 50%
(Fig. 2A). o-Synuclein (4%) and TDP-43 (1%) were rare.
Pure minimal pathology group with only one or no path-
ology accounted for 52% of all minimal pathology group
cases (Table 2). Minimal pathology group co-pathology
cases were observed at a 48% prevalence and multiple
co-pathologies rarely observed.

Alzheimer’s disease

Pure Alzheimer’s disease represented a minority of cases
and the majority had either a-synuclein, TDP-43, or both
a-synuclein and TDP-43 co-pathologies. Compared to the
minimal pathology group, a-synuclein prevalence increased
to 41% in iAD (x*=29.68, df =1, P < 0.001) and 55% in
hAD (x*=15.91, df=1, P <0.001), reflecting a limbic
burden of a-synuclein pathology in 47% (9/19) in iAD
and 57% (63/111) in hAD cases with a-synuclein co-path-
ology. In addition, TDP-43 increased to 33% in iAD
(=7.58, df=1, P=0.006) and 40% in hAD



2186 | BRAIN 2018: 141; 2181-2193

A Tau stage B

| OnoNFTs DpreBraak OBraak -l BBraak IV @ Brask V-VI |

c AP phase

&0

[0A0 mAl mA2 ma3|

EPLECEVISS

100%
BB EEREERERE
o TRRER
70%
m L B || -
40%
30%
20% I
10%
0%
&

FOEISLEISSES

J. L. Robinson et al.

A-syn stage

—‘I-E[‘l
.@"é’

[ Onone OBrainstem BAmygdala BLimbic B Neocortical |

D TDP-43 distribution
lm = = =] == 1 — ] 1 - E
90% N = ||
80% L 1 =
70% L] i
50%
40%
30%
20%
10%
0%

MPG iAD hAD CBD PFiD PSP MSA bLED ILBD aLBD

| Onone OAmygdala OLimbic @ Neocortical |

Figure | Pathological tau, amyloid-§, a-synuclein and TDP-43 staging. Tau, amyloid-B, a-synuclein and TDP-43 pathologies were
individually staged according to established criteria across |3 neuropathologically-defined groups. (A) Tau pathology principally took the form of
Alzheimer’s disease-type neurofibrillary tangles, except in FTLD-Tau (i.e. PiD, CBD and PSP), allowing us to assign Braak stages and compare tau
prevalence and severity (Montine et al., 2012). Co-pathological tau was nearly universal, and was commonly observed in the hippocampal
formation (Braak I-l). (B) McKeith criteria staging of a-synuclein positive Lewy pathology was applied to all cases except the MSA group (McKeith
et al., 2017). a-Synuclein (A-syn) co-pathological affected a minority of cases across neurodegenerative disease and was frequently limited to a
brainstem or amygdala distribution except in the hAD group. (C) Amyloid phases were used to stage amyloid-p (Ap) plaques (Montine et al.,
2012). Amyloid-f3 plaque co-pathology was variably abundant across neurodegenerative disease except the nLBD group, which had an increased
burden. (D) Distinct distributions of TDP-43 pathology defined the primary TDP-43 proteinopathies, but a common staging was possible for the
remaining groups (Josephs et al., 2014). TDP-43 was rare to non-existent in several groups and frequently had a limbic distribution.

(x*=13.58, df=1, P < 0.001) with limbic or neocortical
TDP-43 present in 80% (12/15) in iAD and 77% (16/
201) in hAD cases with TDP-43 pathology.

Compared to the minimal pathology group, iAD co-
pathologies (x*=1.02, df=1, P=0.93) and multiple co-
pathologies (x*=1.53, df=1, P=0.37) were similarly
prevalent (Table 2), as were hAD co-pathologies
(x*=1.34, df =1, P = 0.04) but hAD had a higher burden
of multiple co-pathologies (x*=3.21, df =1, P = 0.002).

Tauopathies

The tauopathy groups—PiD, CBD and PSP—showed a
range of amyloid-f, a-synuclein and TDP-43 co-pathologies
(Fig. 2B). Pure PiD was common (73%); pure CBD was less
common (48%); and pure PSP represented a minority
(29%). In all tauopathy groups, amyloid-p was the

principal co-pathology, noted in 20% of PiD, 41% of
CBD, and 57% of PSP cases (Table 2). Compared to the
minimal pathology group, a-synuclein prevalence did not
increase in PiD (6%) or CBD (10%), but did increase to
22% in PSP (x*=6.40, df=1, P=0.01). TDP-43 was
absent in PiD, approached significance in 16% of PSP
(x*=5.43, df=1, P=0.02), and increased to 24% of
CBD (x*=7.56, df=1, P=0.006). Neocortical TDP-43
co-pathology was infrequent across neurodegenerative dis-
ease, as in PSP where only 12% (1/8) had a neocortical
distribution (Fig. 1). However, 75% (6/8) of CBD cases
with TDP-43 co-pathology had neocortical accumulations.

Compared to the minimal pathology group, PiD co-
pathologies (x*=0.61, df =1, P =0.13), CBD co-patholo-
gies (x*=1.17, df=1, P=0.51) and PSP co-pathologies
(x*=1.31, df=1, P=0.20) were similarly prevalent
(Table 2). Multiple co-pathologies were absent in PiD and
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Table 2 Prevalence of co-pathologies by neurodegenerative disease group

Group n Proteinopathy Co-pathology prevalence

Tau Amyloid-f a-Synuclein TDP-43 Single Multiple Total

n % n % n % n % n % n % n %
Minimal
MPG 72 67 93 36 50 3 4 I | 33 46 2 3 35 48
Amyloid-B
iAD 46 46 100 46 100 19 41 15 33 26 57 4 9 30 65
hAD 201 201 100 201 100 Il 55 8l 40 90 45 51 25 141 70
Tau
PiD 15 15 100 3 20 | 7 0 0 4 27 0 0 4 27
CBD 29 29 100 12 41 3 10 7 24 10 34 5 17 15 52
PSP 51 51 100 29 57 I 22 8 16 25 49 I 22 36 71
TDP-43
ALS 108 95 88 39 36 12 I 108 100 35 32 8 7 43 40
FTLD-TDP 55 51 93 23 42 8 15 55 100 21 38 5 9 26 47
hTDP 25 25 100 8 32 4 16 25 100 8 32 2 8 10 40
a-Synuclein
MSA 26 24 92 10 38 26 100 | 4 9 35 | 4 10 38
bLBD 20 19 95 10 50 20 100 0 0 10 50 0 10 50
ILBD 37 37 100 21 57 37 100 6 16 23 62 2 5 25 68
nLBD 8l 8l 100 65 80 8l 100 18 22 49 60 17 21 59 8l

MPG = minimal pathology group.

increased in both CBD (x> =4.03, df=1, P =0.01) and PSP
(x*=3.63, df =1, P = 0.006).

TDP-43 proteinopathies

The TDP-43 proteinopathies had similar rates of amyloid-p
and a-synuclein co-pathologies across the ALS, FTLD-TDP
and hTDP groups (Fig. 2C). Amyloid-B was the principal
co-pathology (32-42%) with a similar prevalence to the
minimal pathology group. a-Synuclein affected a smaller
percentage (11-16%) and was notably increased only in
hTDP (x*=6.20, df =1, P=0.01). Interestingly, tau was
absent in some of ALS (12%, 13/108) and FTLD-TDP
cases (7%, 4/55). However, Braak III or higher stage tau
pathology was also observed in 18% (19/108) of ALS,
16% (9/51) of FTLD-TDP, and 24% (6/25) of hTDP.
Compared to the minimal pathology group, co-pathology
prevalence was similar in ALS (x*>=0.96, df=1, P =0.81),
FTLD-TDP (®=0.72, df=1, P=0.72) and hTDP
(x*=0.92, df=1, P=0.76) (Table 2) while multiple co-
pathologies approached significance in ALS (x*=2.49,

Figure 2 Continued

df=1, P=0.05), FILD-TDP (x*=2.31, df=1, P=0.08)
and hTIDP (x*=4.27, df =1, P = 0.06).

Synucleinopathies

The synucleinopathies exhibited differing prevalences of
amyloid-B and TDP-43 co-pathologies (Fig. 2D). Pure neu-
rodegenerative disease represented 62%, 45%, 32% and
19% of MSA, bLBD, ILBD and nLBD, respectively.
Amyloid-p was the principal co-pathology, ranging from
38%, to 50%, to 57% and to 80% of MSA, bLBD, ILBD
and nLBD, respectively. Across the synucleinopathies amyl-
oid-B prevalence was statistically similar to the minimal
pathology group, except in nLBD where amyloid-f deposits
were more widespread (x*=10.01, df=1, P=0.002) and
more severe (x*=13.69, df=1, P < 0.001). TDP-43 was
rare to absent in MSA (4%) and bLBD (0%), approached
significance in 16% of ILBD (x> = 5.66, df = 1, P = 0.02) and
increased to 22% of nLBD (x*=7.42, P = 0.006). Tau path-
ology was frequently minimal, but the incidence of Braak
stage Il or higher stage increased with Lewy body disease

disease cases. Table 2 has the exact percentages for each co-pathology. (A) The minimal pathology group (MPG) was defined by a low level of
ageing-related tau or amyloid-. Pure iAD and hAD were in the minority as a-synuclein and TDP-43 co-pathologies were common in both groups.
(B) In the tauopathy groups, PiD had the lowest level of total co-pathology, CBD had an increased burden of multiple co-pathologies—principally
amyloid- and TDP-43—and PSP had the highest level of co-pathology involving amyloid-f3, a-synuclein and TDP-43. (C) Pathological amyloid-f3
and a-synuclein were similarly prevalent as co-pathologies and multiple co-pathologies across the TDP-43 proteinopathies. (D) In the synu-
cleinopathy groups, amyloid-3 was the only significant co-pathology in MSA and bLBD. Amyloid-f affected the majority of ILBD and nLBD cases
while TDP-43 was present in a minority as well. Rare cases (n = |) for single and multiple co-pathology combinations not depicted.
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Figure 3 Alzheimer’s disease neuropathological change co-pathology. The level of ADNPC was measured in all groups (Montine et al.,
2012). Intermediate and high levels of ADNPC were rare except in the PSP and nLBD group. Definite and possible PART was common across the
majority of groups (Crary et al., 2014). AD = Alzheimer’s disease; MPG = minimal pathology group.

stage and nLBD had significantly more tau pathology (53%,
43/81) than ILBD (19%, 7/37, x*=15.05, df = 1, P < 0.001)
and bLBD (10%, 2/20, x*=13.39, df =1, P < 0.001).

Compared to the minimal pathology group, co-pathology
prevalence was similar in MSA (x*=0.87, df =1, P = 0.58),
bLBD (x*=0.87, df=1, P=0.63) and ILBD (x*=1.11,
df=1, P=0.69) but increased in nLBD (x*=1.88, df=1,
P =0.002) (Table 2). Multiple co-pathologies were absent
in bLBD and were equally prevalent in MSA (x*=1.83,
df=1, P=0.40) and ILBD (x*=1.50, df=1, P =0.64),
and nLBD (x>=1.83, df=1, P=0.27).

Incidence and severity of Alzheimer’s
disease neuropathological change

Pathological tau and amyloid- were the most frequent co-
pathologies but the level of ADNPC was frequently limited
to definite or possible PART (Fig. 3). However, compared
to the minimal pathology group, there was a higher level of
ADNPC in nLBD (x*=18.48, df=1, P <0.001). The
tauopathies and TDP-43 proteinopathies did not differ in
their levels of ADNPC, but between the synucleinopathies,
ADNPC was increased in nLBD (versus ILBD, x*=38.03,
df=1, P <0.001; versus bLBD, x*>=21.80, df=1,
P < 0.001; versus MSA, x*>=7.81, df=1, P =0.005).

Increased age at death associates
with co-pathologies

Examination of age of onset, disease duration, and sex did
not reveal an association with co-pathology versus pure neu-
rodegenerative disease cases (data not shown), but for sev-
eral groups, age at death was a significantly increased in co-
pathology cases. An increased age at death associated with
co-pathology versus pure neurodegenerative disease in the
minimal pathology group (x*=7.39, df=1, P=0.007),

ALS (x*=17.95, df=1, P=0.004), hTDP (x*=9.66,
df=1, P=0.002) and MSA (x*=7.25, df=1, P =0.007).
hAD co-pathology cases did not have an increased age at
death compared to pure hAD cases (x*=3.20, df=1,
P =0.07), but hAD cases with TDP-43 co-pathology were
older at death (x*=7.49, df = 1, P = 0.006). Other measures
were not significantly different. hAD cases with a-synuclein
co-pathology did not differ in any measure.

APOE ¢4 may influence co-pathology
prevalence

While the incidence of APOE g4 was common in all groups
(Table 1), examination of APOE &4 in relation to co-path-
ology (Table 3) revealed that APOE &4 presence associated
with co-pathology versus pure neurodegenerative disease
only in ALS [odds ratio (OR) = 4.94, 95% confidence inter-
val (CI)=1.60-15.26] and nLBD (OR=9.32, 95%
CI =2.12-40.95). In addition, CBD, PSP and MSA cases
with co-pathologies had APOE &4 positive cases, but
pure CBD, PSP and MSA cases did not. Other groups did
not show significant differences.

Since age and APOE &4 and age associated with co-path-
ology in multiple groups, we also performed logistic regres-
sion within each group to assess if APOE &2 carriers were
protective against co-pathologies and if APOE ¢4 carriers
were younger. APOE &2 carriers did not associate with
co-pathologies, nor were they more likely to be free of co-
pathologies and APOE &4 carriers with co-pathologies did
not differ in age at death than non-carriers (data not shown).

Clinical impact of co-pathologies

There were variable clinocopathological correlations across
groups (Supplementary Table 2). We tested the hypothesis
that cases with poor clinicopathological specificity—hAD
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Table 3 Association of APOE ¢4 with co-pathology

APOE =4 OR? 95% CI P-value
Minimal

MPG 1.73 0.56 536 0.346
Amyloid-p

iAD 0.71 0.17 2.95 0.639
hAD 0.93 0.48 1.82 0.832
Tau

PiD®

CBD®

PSP¢

TDP-43

ALS 4.94 1.60 15.26 0.006
FTLD-TDP 1.95 0.45 8.48 0.376
hTDP 7.51 0.301 187.309 0.212
a-Synuclein

MSA® - - - -
bLBD 2.25 0.25 19.90 0.466
ILBD 8.69 0.70 107.39 0.092
nLBD 9.32 2.12 40.95 0.003

?Predictor is one or two copies of an APOE ¢4 allele and covariates are gender and age.
bCompar'ison not done since PiD cases with co-pathologies were all APOE ¢4—.
“Comparison not done since only APOE &4 cases had co-pathologies.

MPG = minimal pathology group.

cases with a clinical diagnosis of fronototemporal degener-
ation or Parkinson’s disease—would be more likely to have
co-pathologies than cases with a strong clinocopathological
correlation specificity. By logistic regression, poor clinico-
pathological specificity did not associate with co-pathology
in any group (Supplementary Table 3).

A subset of the Alzheimer’s disease, ALS, FTLD-TDP and
Lewy body disease patients were routinely administered the
MMSE, ALS FRS and/or UPDRS-III tests (see ‘Materials and
methods’ section) allowing us to more directly assess the clin-
ical impact of co-pathologies (Table 4). MMSE scores declined
over time in pure Alzheimer’s disease [#(127)=—12.60,
P < 0.001] and Alzheimer’s disease with co-pathologies
[#(561) = —16.61, P < 0.001], but the difference in decline be-
tween the two groups was not significant [F(1561)=2.17,
P =0.14]. MMSE scores also declined over time in the pure
FTLD-TDP cases [¢118) = —6.61, P < 0.001] and in the co-
pathology FTLD-TDP cases [#(36)=—8.58, P < 0.001], but
the difference was not significant [F(1118)=0.13, P =0.72].
However, this was not the case in the Lewy body disease
groups (Fig. 4). MMSE scores declined slightly over time in
pure Lewy body disease [#(240)=—2.42, P =0.016], but
Lewy body disease with co-pathology associated with a greater
annual decline in MMSE scores [t(62) = —9.34, P < 0.001].
Between the two groups, this difference approached signifi-
cance [F(1240)=5.52, P=0.02] and was significantly
increased for Lewy body disease with Alzheimer’s disease co-
pathology [F(1129) = 8.23, P = 0.005].

For ALS patients tested with the ALS FRS and Lewy
body disease patients tested with the UPDRS-III test, pure
ALS and Lewy body disease cases showed respective
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declines in ALS FRS [#(341)=-11.78, P < 0.001] and
UPDRS-II [#(39) = 3.26, P = 0.002] test scores, but co-path-
ology ALS [F(1341)=1.39, P =0.24] and Lewy body dis-
ease [F(1,83) =3.71, P =0.06] cases did not decline more
rapidly.

Discussion

In this study, we examined the prevalence the pathological
tau, amyloid-B, a-synuclein and TDP-43 in the major neu-
rodegenerative diseases. Pure neurodegenerative disease was
the exception while neurodegenerative disease with co-
pathologies was frequent. The ageing minimal pathology
group had a co-pathology burden of 48% (Table 2).
Similar percentages were observed in the majority of
groups, with a higher co-pathology prevalence in the
hAD, PSP and nLBD groups. Our data are consistent
with previous studies that reported the prevalence of con-
comitant proteinopathies in large cohorts of elderly individ-
uals with no cognitive or motor impairments (Buchman
et al., 2012; Kovacs et al., 2013; Elobeid et al., 2016;
Abner et al., 2017), and in Alzheimer’s disease and Lewy
body disease (White et al., 2016; Irwin et al., 2017; Kapasi
et al., 2017; Spires-Jones et al., 2017). It is now known that
the incidental accumulation of pathologies is more preva-
lent than previously thought and that pure Alzheimer’s dis-
ease and Lewy body disease without co-pathologies
represent the minority of diagnoses. Less is known about
the prevalence of co-pathologies in the tauopathies (Dugger
et al., 2014; Thal et al., 2015; Koga et al., 2017b; Tan
et al., 2017), MSA (Koga et al., 2017a) and the TDP-43
proteinopathies. As such, our study is an important first
step in understanding the extent of co-pathology across
all neurodegenerative diseases.

Ageing, proteopathic seeding, strain and genetic factors
may all actuate the presence of co-pathologies across neu-
rodegenerative disease. In a recent study reporting a high
frequency of co-pathology in frontotemporal lobar degen-
eration and Alzheimer’s disease, age, primary neurodegen-
erative disease, and genetics each impacted the overall
prevalence of co-pathologies (Tan et al., 2017). We
review the data and support for each of these hypotheses
in our cohort.

First, in support of the ‘ageing’ hypothesis, it is well
known that both pathological tau and amyloid-B occur
with age independent of neurodegenerative disease (Braak
et al., 2011) and both were common co-pathologies across
the neurodegenerative disease studied here (Fig. 3). Age at
death positively associated with co-pathologies versus pure
neurodegenerative disease in the minimal pathology group,
ALS, hTDP and MSA groups. The groups with the highest
average age at death—including iAD and hAD, PSP, and
ILBD and nLBD—also had the highest co-pathology fre-
quencies (Tables 1 and 2). Not all groups had co-patholo-
gies at older ages of death nor were all groups with
younger ages at death free from co-pathologies.
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Table 4 Annual rate of change in clinical severity measures by neurodegenerative disease group

Measure Estimate SE 95% CI t df P-value
MMSE

Pure AD —2.581 0.201 —2.993 —2.168 —12.60 127 <0.0001*
AD co-pathology —2.217 0.134 —2.479 —1.955 —l6.61 561 <0.0001
AD with a-synuclein —2.389 0.164 —2.711 —2.068 —14.60 445 <0.0001
AD with TDP —2.381 0.198 —2.771 —1.991 —12.01 395 <0.0001
Pure Lewy body disease —0.470 0.194 —0.085 —0.088 —2.42 240 0.016
Lewy body disease co-pathology —0.986 0.106 —1.198 —0.775 —9.34 62 <0.0001
Lewy body disease with AD —1.331 0.192 —1.719 —0.942 —6.95 35 <0.0001
Pure FTLD-TDP —2.973 0.445 —3.864 —2.082 —6.61 118 <0.0001
FTLD-TDP co-pathology —2.771 0.323 —3.423 —2.116 —8.58 36 <0.0001
ALS FRS

Pure ALS —13.064 1.109 —15.246 —10.882 —11.78 341 <0.00017
ALS co-pathology —10.892 1.471 —13.824 —7.959 —7.40 72 <0.0001
UPDRS-III

Pure Lewy body disease 1.989 0.610 0.755 3.223 3.26 39 0.002*
Lewy body disease co-pathology 3.442 0.448 2.552 4332 7.69 83 <0.0001

?Linear mixed effect modeling of pure neurodegenerative disease groups without any co-pathologies showed MMSE declines in Alzheimer’s disease, ALS FRS in ALS and UPDRS-IIl in

Lewy body disease.

AD = Alzheimer’s disease; MPG = minimal pathology group.
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Figure 4 Co-pathology in Lewy body disease results in a faster cognitive decline. MMSE test scores estimated from a linear mixed-
effect model were plotted over a |10-year path. Primary Lewy body disease (LBD) cases without any co-pathologies (solid line) declined

significantly over the course of disease (P-value < 0.001). Lewy body disease with co-pathologies (short dashes) had a slightly higher annual rate of
decline. Cases with Lewy body disease with Alzheimer’s disease (AD) pathology (dotted line) declined significantly faster than pure Lewy body

disease cases.

Nonetheless, neurodegenerative disease that develops late in
life may develop or already has developed co-pathologies.

Second, co-pathologies may occur when the iterative seed-
ing of neurodegenerative disease proteins directly cross-seeds

or renders cellular systems vulnerable to additional protein
accumulations (Clinton ef al., 2010). In support of this ‘pro-
teopathic seeding’ hypothesis, the Alzheimer’s disease and
Lewy body disease groups with more severe primary
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pathology—but not the TDP-43 proteinopathy groups—ex-
hibited higher prevalences of co-pathology (Table 2). The
presence of multiple co-pathologies increased from 9% to
25% between iAD and hAD (x*=1.91, df=1, P=0.02),
and from 0% to 5% to 21% for bLBD, ILBD and nLBD,
respectively (ILBD versus nLBD, x*=2.37, df=1, P =0.03).
Thus, primary pathological burden may influence co-path-
ology prevalence and severity. This was clinically relevant in
Lewy body disease where cases with co-pathologies showed
a greater rate of decline in MMSE scores than pure Lewy
body disease (Fig. 4).

Third, our data support a model whereby different trans-
missible ‘strains’ of proteins in non-prion neurodegenera-
tive disease may govern the types and frequencies of
co-pathology seen (Boluda et al., 2015). Specifically, co-
pathology prevalence differed among the tauopathies
(Table 2). Within the tauopathies, co-pathology incidence
ranged from a low of 27% in PiD to a high of 71% in PSP.
More compellingly, CBD had a distinct pattern of TDP-43
inclusions with more neocortical TDP-43 inclusions than
other tauopathies, while PSP had more amyloid-f and o-
synuclein co-pathologies than PiD and CBD. These differ-
ing co-pathology prevalences and types may reflect the abil-
ity of different tau strains to cross-seed other
neurodegenerative disease proteins.

Fourth, co-pathologies may be because of genetic risk
factors such as APOE e¢4. APOE ¢4 is a major risk
factor for Alzheimer’s disease pathology, and the CBD,
PSP, and nLBD groups had the highest rates of ADNPC
co-pathology (Fig. 3). Only CBD and PSP cases with co-
pathologies were APOE g4-positive and APOE ¢4 statistic-
ally associated with co-pathologies in nLBD (Table 3).

There are several constraints that limit our study. First,
our pathological approach is admittedly a simplification of
the diverse neuropathological and clinical subtypes of neu-
rodegenerative disease and while we provide some clinical
correlations of our findings, a more detailed approach is
warranted. For instance, the specific clinical measures of
FTD behavioural and executive changes may be more re-
vealing than the MMSE test scores analysed here. Second,
although we report a surprisingly high burden of co-pathol-
ogies across a wide spectrum of neurodegenerative disease,
examination of additional ageing and disease pathologies
including hippocampal sclerosis, cerebrovascular lesions,
amyloid angiopathy, ageing-related tau astrogliopathy in-
clusions would undoubtedly further increase co-pathology
prevalence (Kapasi et al., 2017). Third, we report on the
prevalence and severity of co-pathology across neurodegen-
erative diseases relative to the burden of co-pathology in
the minimal pathology group. Another approach would be
to threshold out the accumulation of age-associated inci-
dental pathologies, thereby reporting more severe co-path-
ology prevalence that may be more clinically relevant.
Fourth, while we examined the data available for 766
cases, some of our group sizes were small (Table 2) and
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the pure neurodegenerative disease and co-pathology sub-
groups were smaller still, limiting the analysis in some in-
stances. Finally, cases may reflect a referral bias from
tertiary academic centres limiting the generalizability of
our results to greater population.

These limitations notwithstanding, our study demonstrates
that pathological tau, amyloid-B, a-synuclein and TDP-43
affect most aged individuals across a full spectrum of clinical
and neuropathological presentations. This has implications
for the design of clinical trials that focus on monotherapies
targeting amyloid-B and tau in Alzheimer’s disease, or
a-synuclein in Lewy body disease (Perry et al., 2015). The
prevalence of neurodegenerative disease co-pathology sug-
gests that each disease may ultimately require combination
therapy. Nonetheless, co-pathologies may occur later in dis-
ease processes and so approaches that treat neurodegenera-
tive disease could be effective at earlier stages. Moreover, in
matching trial participants to prospective therapies, cases
may be better defined by their various proteinopathies
than their clinical designations. Indeed, this may provide
an additional motivation to develop the means of detecting
specific proteinopathies in living patients.
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