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ALZHEIMER'’S DISEASE

Ap and tau prion-like activities decline with longevity
in the Alzheimer’s disease human brain
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The hallmarks of Alzheimer’s disease (AD) are the accumulation of AB plaques and neurofibrillary tangles com-
posed of hyperphosphorylated tau. We developed sensitive cellular assays using human embryonic kidney-293T
cells to quantify intracellular self-propagating conformers of A in brain samples from patients with AD or other
neurodegenerative diseases. Postmortem brain tissue from patients with AD had measurable amounts of patho-
logical Ap conformers. Individuals over 80 years of age had the lowest amounts of prion-like A and phosphoryl-
ated tau. Unexpectedly, the longevity-dependent decrease in self-propagating tau conformers occurred in spite
of increasing amounts of total insoluble tau. When corrected for the abundance of insoluble tau, the ability of
postmortem AD brain homogenates to induce misfolded tau in the cellular assays showed an exponential decrease
with longevity, with a half-life of about one decade over the age range of 37 to 99 years. Thus, our findings demon-
strate an inverse correlation between longevity in patients with AD and the abundance of pathological tau
conformers. Our cellular assays can be applied to patient selection for clinical studies and the development of new
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drugs and diagnostics for AD.

INTRODUCTION
The plaques and tangles of Alzheimer’s disease (AD) were first
described more than a century ago (1). In 1984, the amyloid-p (AB)
peptide was described (2), and the tau protein in neurofibrillary
tangles (NFT's) was reported soon thereafter (3-6). Both Af and tau
proteins adopt pathogenic conformations that spread through the
brain (7, 8) in a manner similar to the prion protein (PrPsc), which
causes Creutzfeldt-Jakob disease, Gerstmann-Straussler-Scheinker
(GSS) disease, fatal familial insomnia, and kuru (9). Because our
knowledge of prions has expanded with the identification of physio-
logical nonpathogenic prions, a more inclusive definition has
emerged: Prions are composed of host-encoded proteins that adopt
alternative conformations, which are self-propagating (10). Here,
we refer to AP and tau as “prion-like” proteins.

Although the vast majority of AD cases are sporadic, an important
but small number of familial cases have been instructive. In 1989,
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one of us reported genetic linkage of the P102L mutation in the PrP
open reading frame that causes familial GSS (11). Two years later,
familial AD was linked to the V7171 mutation in the amyloid pre-
cursor protein (APP) open reading frame (12). The importance of
Ap was further elucidated through investigations of AD pathogene-
sis based on genetic linkage studies between inherited AD and mu-
tations in either APP or its processing enzymes (13, 14). Sequential
cleavage of APP yields AB40 and AP42 as the major peptide iso-
forms (14). AB42 can polymerize into oligomers or fibrils and ulti-
mately forms amyloid deposits in the brain (14). The role of tau in
AD was clarified in 1998 when three different point mutations in the
MAPT gene encoding tau protein isoforms were shown to cause fa-
milial Pick’s disease (15, 16).

In familial cases of cerebral amyloid angiopathy (CAA) caused
by mutations in the AP coding region of APP, death generally oc-
curs in the fourth or fifth decade of life and in the absence of sub-
stantial accumulation of insoluble tau (17, 18). In contrast to CAA,
misfolded tau spreads through many brain regions in both sporadic
and familial AD, resulting in cognitive decline. Hypotheses about
the role of Ap abound: AP deposition is considered inconsequential
by some (19, 20), or A is thought to transiently initiate tau misfold-
ing and polymerization into NFTs by others (21-24). AB might also
have transient toxicity due to the accumulation of AB oligomers, which
peak in the early, prodromal phase of AD progression (25, 26). Alter-
natively, an early steady progression of A oligomerization, deposition,
and spreading has been proposed. The latter hypothesis is supported
by the correlation of increasing AD severity with the spread of AB
throughout the brain (27, 28) and decreased AB42 in cerebrospinal fluid
(CSF) (29). In this view, early and progressive formation of prion-like
AR conformers leads to dysfunction in the central nervous system (CNS),
including an inability to clear misfolded tau molecules leading to the
accumulations of NFTs.

To address this hypothesis, assays are needed to measure and
rapidly compare AP and tau prion-like activities in the postmortem
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brain tissue of deceased patients with AD. However, current methods
for the measurement of pathogenic A conformations rely on either
time-consuming transgenic mouse models or in vitro biophysical
methods that are performed at superphysiological peptide concen-
trations. Earlier studies showed that AD patient brain-derived Ap
and synthetic AP injected into a transgenic mouse brain behaved in
a prion-like manner (30-34). Current clinical imaging ligands mea-
sure insoluble amyloids, the role of which in disease is uncertain. These
imaging methods fail to measure biologically active neuroinvasive
prion-like AP and tau proteins. In contrast, highly reproducible and
rapid cell-based methods have been devised to measure prion-like
tau and a-synuclein proteins expressed as fusions with fluorescent
proteins in mammalian cells (35-38). Here, we describe the devel-
opment of an analogous cellular assay for AB, allowing AP and tau
to be compared in postmortem brain tissue samples from patients
with AD or other neurodegenerative diseases. Prion-like A and tau
activity decreased with longevity despite the presence of increasing
NFTs. This decrease in tau prion-like activity paralleled similar de-
creases in tau phosphorylation. Thus, the greatest tau prion-like ac-
tivities were found in individuals who died at relatively young ages,
despite having the lowest abundance of total insoluble tau. It is the
relative abundance of biologically active, phosphorylated prion-like
tau and not the total amount of inert insoluble tau that correlated
with longevity.

RESULTS

Development of isoform-specific and sequence-specific Ap
cellular assays

Following earlier studies (39-41), we built constructs in which Ap40
and AP42 peptides were either N-terminally or C-terminally fused
to yellow fluorescent protein (YFP) (Fig. 1A). Several structures of
AP42 demonstrated that the C-terminal residues are buried in an
inaccessible core (42-44), whereas the N terminus is largely disor-
dered. We therefore compared constructs in which YFP was fused
to either the N terminus or the C terminus of AB42. We then exam-
ined the ability of synthetic AP fibrils to induce aggregation of
these constructs in the cytoplasm of mammalian human embryonic
kidney-293T (HEK293T) cells, as determined from the number of cells
showing yellow fluorescent puncta (Fig. 1, A to E). For these studies,
we used a preparation of synthetic Ap fibrils (fig. S1, A and B) that
had previously been characterized biophysically and shown to act as
prion-like particles as assessed from their ability to propagate their
aberrant conformations after injection into the brains of transgenic
mice (33, 34). As expected, in our cellular assays, AB40 and AP42 fi-
brils were able to induce aggregation of YFP-AB42 fusion proteins in
a dose-dependent manner, and this aggregation was most efficient
when YFP was fused to the N terminus (Fig. 1D). We determined the
fraction of cells that displayed punctate fluorescence due to the accu-
mulation of aggregated YFP fusion proteins as a quantitative measure
of prion-like activity. We designated the fraction of cells showing
puncta as f(AB) (fraction of cells with puncta in which the particular
protein fused to YFP is expressed and shown in parentheses). This cell
line was designated YFP-ARB42.

We also examined the formation of cytoplasmic puncta in an
analogous cell line designated YFP-AB40, which expressed the AB40
rather than the AB42 isoform. AB40 fibrils—but not AB42 fibrils—
were able to induce bright puncta in this YFP-AB40 cell line. Thus,
in contrast to the YFP-AB42 cell line, the YFP-AB40 cell line was AB
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isoform specific (Fig. 1D and fig. S2A). We next introduced the fa-
milial mutations E22G, E22Q, and E22A into the YFP-AB40 cell
lines (Fig. 1A). These cell lines showed high sensitivity for the for-
mation of puncta when treated with wild-type (WT) AB40 fibrils,
but not WT AB42 fibrils (Fig. 1E and fig. S2B). In contrast, synthetic
WT ABA40 fibrils were unable to induce f(AB) puncta in YFP-AB40
cells expressing the E22A mutation, a variant that is very prone to
aggregation in vitro (45, 46) (Fig. 1E and fig. S2B). These findings
are similar to earlier biophysical studies measuring templating ac-
tivities between WT AP and E22A AB (47). Thus, the YFP-AB40 cell
line was useful for probing questions of isotype-specific induction of
AP aggregation, whereas the YFP-AB42 cell line was more generally
useful for measuring prion-like AP activity induced by exogenous
addition of either AB40 or AB42 fibrils. Using the YFP-AB42 cell line,
we determined quantitatively the prion-like Ap titer from serial dilu-
tions of various preparations ranging from synthetic peptide fibrils
to human AD brain homogenates.

Next, we examined mouse brain-derived AP extracted using a so-
dium phosphotungstic acid (PTA) precipitation procedure (48). AB
was extracted from the brains of transgenic mice (TgAPP23) express-
ing human mutant APP (49) that showed spontaneous A deposition.
The concentration of total AB determined by enzyme-linked immu-
nosorbent assay (ELISA) that was required to stimulate intracellular
f(AB) puncta formation in the YFP-AB42 cell line was about 10-fold
lower than that for synthetic Ap fibrils (Fig. 1C). We further defined
the specificity of our bioassays using brain homogenates from trans-
genic mice carrying tau (50) or a-synuclein (51) mutations in the hu-
man MAPT or SNCA genes, respectively. These mice are commonly
used to model the spontaneous accumulation of tau or a-synuclein
aggregates in vivo. PTA-precipitated brain extracts from either mouse
model did not stimulate f(AB) puncta formation in the YFP-AB42 cell
line (Fig. 2, A and B). However, in cell lines expressing YFP fusions of
the corresponding a-synuclein or tau mutant proteins, we observed
intracellular prion-like activity of o-synuclein [f(syn)] or tau [f(tau)],
respectively (Fig. 2, A and B).

Increased prion-like Ap titer, amyloid plaques, and gliosis in
two transgenic mouse models of AD with age

We found previously (32) that formation of AP peptides increased
with age and correlated with measures of neuroinflammation and
pathology in two well-studied AD mouse models expressing human
mutant transgenes: TgAPP23 and TgCRNDS (49, 52). These two
transgenic mouse strains exhibited progressive Ap deposition with age
(fig. S3, A and D) as well as glial inflammation, neuronal dysfunction,
and cognitive deficits (49, 52). To determine the progression of prion-
like AB, we collected mouse brain samples over a ~2-year span in
the slowly progressing TgAPP23 mouse model of AD. TgAPP23 mice
display the first neuropathological brain changes between 6 and
9 months of age (49), with overt AR deposition appearing after
~1 year (390 days) (fig. S3A). Using our cellular assays, we found that
the prion-like AP activity became detectable between 200 and 300 days
of age, in parallel with the first appearance of amyloid plaques
(fig. S3A) and astrocytic gliosis, which was measured using a bio-
luminescent reporter gene driven by the glial fibrillary acidic protein
(GFAP) promoter (fig. S3B) (32). The number of f(AB) puncta mea-
sured using our HEK293T YFP-APB42 cell line continued to increase
as the animals approached ~2 years of age (732 days) (fig. S3A). We
observed similar results in the more rapidly progressing TgCRNDS8
mouse model of AD (fig. S3, D to F).
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pared with synthetic AB40 and
APB42 isoforms. Quantification of HEK293T cell lines

ABin 16 monoclonal cell lines (four randomly chosen clones from each construct; see fig. S2A) was performed 2 days after exposure to increasing concentrations of synthetic AB40
or AB42 isoforms (1 to 100 nM) (see fig. S1). Data shown are means + SEM as determined from four images per well across four wells and are representative of two to three inde-
pendent experiments. (E) Cell lines stably expressing four different AB40 constructs fused to YFP at the N terminus [shown in (A)] were developed, and puncta formation was
compared after exposure to synthetic AB40 and AB42 isoforms. Quantification of AR in 16 monoclonal cell lines (four randomly chosen clones from each construct; see fig. S2B)
was performed 2 days after exposure to increasing concentrations of synthetic AB40 or AB42 isoforms (1 to 100 nM) (see fig. S1). Data shown are means + SEM as determined from
four images per well across four wells and are representative of two independent experiments.
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Human prion-like Ap and tau
accumulation as a function of age,
gender, APOE ¢4 genotype, and
disease phenotype
Our AP cellular assays in combination
with analogous tau cellular assays (36, 38)
enabled comparison of AB and tau prion-
like activities in a collection of human
postmortem brain tissue samples from
patients with AD or other neurodegener-
ative diseases. We obtained postmortem
human brain specimens from tissue banks
(table S1) where the reported cause of death
included a spectrum of neurodegenerative
diseases ranging from “tau-only” demen-
tias [e.g., frontotemporal lobar degenera-
tion with tau-immunoreactive inclusions
(FTLD-tau)] to AB-centric familial CAA.
More specifically, in addition to 10 aged
control brains from people who died of
non-neurological diseases, we examined
two types of FTLD-tau brain tissue sam-
ples from seven cases of progressive su-
pranuclear palsy (PSP) and three cases
of corticobasal degeneration (CBD). We
also examined postmortem brain tissue
from 37 patients with sporadic AD, 3 pa-
tients with sporadic CAA, and 47 patients
with familial AD or familial CAA bear-
ing disease-causing mutations in APP,
PSEN1, or PSEN2. For each brain sample,
we used PTA to selectively precipitate prion-
like proteins from brain homogenates.
We next performed cellular assays for
AB, tau, and a-synuclein using HEK293T
cells expressing YFP-AB42, tau K18(LM)-
YFP, or o-synuclein (A53T)-YFP, respectively
(Fig. 3A). Elevated prion-like A activi-
ties were detected in all of the AD and
CAA brain samples (Fig. 3, C and D).
In each brain tissue sample, the value
of f(AB) was at least 20 SEs above the
mean for the control brain samples,
indicating that the prion-like A puncta—-
inducing activity remained robust at
the time of death in both AD and CAA
and could be preserved by freezing.
Additionally, all AD and CAA brain
samples tested were devoid of puncta-
inducing activity in the o-synuclein cel-
lular assay, unlike postmortem brain
samples from eight patients with MSA
(Fig. 3E). Although tau puncta-inducing
activity was detectable in all FTLD-tau
brains, no measurable prion-like AR
activity was found in these specimens
(Fig. 3B), consistent with the classi-
fication of PSP and CBD as primary
tauopathies.

Aoyagi et al., Sci. Transl. Med. 11, eaat8462 (2019)

A HEK293T cell lines
YFP-AB42 a-syn(A53T)-YFP

tauK18(LM)-YFP

AB

Tg mouse brain—-derived inoculum
a-syn(A53T)

tau(P301S)

B
AB: 0.01x a-syn(A53T): 0.01x tau(P301S): 0.01x
80- mm AB: 0.03x m o-syn(A53T): 0.03x == tau(P301S): 0.03x
= AR: 0.1x B o-syn(A53T): 0.1x = t5u(P301S): 0.1x -
%W' ‘ '
o ' " T
(] ' ]
2401 _B ' :
7 ! !
n- -~ ] ]
s 201 " "
" - "
= - ] - ] -
0- — = [ = — ) =
YFP-AB42 a-syn(A53T)-YFP tauK18(LM)-YFP

Fig. 2. Specificity of the A cellular assays. Various transgenic mouse brain inocula were assayed for their Ap,
tau, and a-synuclein prion-like activities. (A) Representative confocal images of HEK293T cells stably expressing
YFP-AB42 (top row), a-synuclein containing the A53T mutation fused to YFP (a-syn(A53T)-YFP, middle row), or
tauK18(LM)-YFP (bottom row) (see Materials and Methods for construct details). The cells were treated with
APP-derived peptides from the brains of TJAPP23 mice (0.1 X PTA sample, left column), or Tga-Syn*A53T mice
(0.1 X PTA sample, middle column), or homozygous TgON4Rtau*P301S mice (0.1 x PTA sample, right column).
Scale bar, 20 um. (B) Quantification of the responses of the YFP-AB42, a-syn(A53T)-YFP, and tauK18(LM)-YFP cell
lines 2 days after exposure to increasing concentrations of transgenic mouse brain—-derived Ap (0.01x to 0.1x PTA
sample; orange to dark red), a-synuclein carrying the A53T mutation (0.01x to 0.1x PTA sample; light blue to dark
blue), and tau carrying the P301S mutation (0.01 X to 0.1x PTA sample; light gray to dark gray). Data shown are
means + SEM as determined from four images per well across four wells and are representative of four indepen-
dent experiments.
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In familial CAA postmortem brain samples, Ap puncta-inducing
activity was uniformly elevated, whereas tau activity was either low
or absent. Postmortem brain tissue from patients with AD carrying
the Dutch (E22Q in AP or E693Q in APP) or Iowa (D22N) muta-
tions showed substantial AP but insignificant tau puncta-inducing
activity (Fig. 3D). Our findings are consistent with the absence of
NEFTs in the brains of these individuals (17, 18). Elevated prion-like
AP and tau activities were detected in postmortem brain tissue from
two patients with CAA carrying the Flemish (A21G) mutation (Fig. 3D).
This finding confirms earlier reports of widespread NFTs and hyper-
phosphorylated tau in dystrophic neurites in such patient cohorts

Aoyagi et al., Sci. Transl. Med. 11, eaat8462 (2019) 1 May 2019

YFP-AB42 HEK293T (% positive cells)

(53, 54). The two patients carrying the Flemish mutation (Fig. 3D)
were slightly older at death (63 and 60 years old) than the patients
carrying the Iowa and Dutch mutations (55.7 + 2.9).

In a plot of prion-like AP versus tau in postmortem brain tissue
from patients with different neurodegenerative diseases, the FTLD-
tau cases were observed to lie near the y axis in a distinct region
comprising very low AP (Fig. 3F); for these cases, there was no
correlation between the prion-like AP and tau titers. Brain tissue
from patients with familial CAA carrying the Dutch and Iowa
mutations segregated along the x axis (Fig. 3F). The remaining
brain samples were broadly distributed along the diagonal with a
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modest but significant (P < 0.0001)
linear correlation between prion-like
AP and tau.

We next asked whether prion-like A}
and tau activity in postmortem brain
tissue at the time of death correlated
with variables associated with the ge-
netic background of the donor or the
method of sample collection. No nota-
ble correlation was observed with re-
spect to variables such as the type of
brain bank and preservation method
(table S1). However, correlations were
observed between the longevity of the
donor, the gender, and the genetic back-
ground of patients with AD despite the
fact that all postmortem brain tissue
had essentially the same confirmed neu-
ropathology [Consortium to Establish a
Registry for Alzheimer’s Disease (CERAD)
neuritic plaque, C3; Braak stages V and
VI; table S1]. The values of f(AB) de-
creased modestly (R* = 0.17) with re-
spect to longevity (Fig. 4, A and B), and
f(tau) exhibited a similar linear decrease
(R? = 0.19) with age (Fig. 4C). About
half of the brain samples from patients
who were 80 or older exhibited a low
number of f(tau) puncta despite having
reached Braak stage V or VI and CERAD
score 3 (Fig. 4D). A preponderance of
these elderly cases were female (fig. S5,
A and B), although we cannot rule out
collection bias as most of the elderly pa-
tient donors were female. Overall, these
linear trends were observed in brain
tissue samples from a broad range of
patients with sporadic AD and patients
with familial AD.

Given that the &4 allele of the gene
encoding apolipoprotein E (apoE) is
the major risk factor for AD (55, 56),
we compared the effect of the APOE g4
allele on the values of f(AB) and f(tau)
(fig. S4, C and D). Correlation analy-
sis showed that brain tissue from pa-
tients who were APOE €4 noncarriers
had lower quantities of tau aggregates
than did brain tissue from APOE €4 car-
riers, and this effect was particularly
pronounced in patients over the age of
80 (fig. S4D). A similar trend was ob-
served for AP, although this fell short
0f 95% statistical confidence (P =0.057)
for the given sample size (fig. S4C). Last,
a weak correlation between f(tau) and
brain region was observed for samples
taken from the frontal and temporal lobes
(fig. S4F).
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Fig. 4. Inverse correlation between longevity and self-propagating Ap and tau activities. The Ap and tau prion-
like activity in brain tissue from sporadic and familial AD samples (Braak stages V and VI) was plotted as a function of
patient age at death (A): familial AD with the PSEN mutation, blue; familial AD with the APP mutation, orange; sporadic
AD, red. Statistical values for correlation, linear regression, and 95% confidence intervals are shown. (B) Histogram of
AB load for the same dataset binned into three age groups: <60 years old (y.o., top); 60 to 80 years old (middle); and
>80 years old (bottom). (C) Tau load in brain tissue from patients with sporadic AD and patients with familial AD
plotted as a function of patient age at death: familial AD with the PSEN mutation, blue; familial AD with the APP mu-
tation, orange; sporadic AD, red. Statistical values for correlation, linear regression, and 95% confidence intervals are
shown. (D) Histogram of tau abundance for the same dataset binned into three age groups: <60 years old (top); 60 to
80 years old (middle); and >80 years old (bottom). Fraction of total sample number in each age bin with 0 to 5%
tau-positive cells. The SDs of individual data points are similar to those in Fig. 1 and are much smaller than the devia-
tion from the regression line, indicating that measurement error did not contribute significantly to the deviations
from the trend line. Data are representative of three independent experiments.
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Correlations between longevity and APP, AB, tau, and

phosphorylated tau

It is possible that the intersubject variations in the quantities of f(AB)
and f(tau) simply reflect differences in APP and MAPT expression or
the concentrations of misfolded forms of the proteins encoded by these

genes. Alternatively, individuals with higher
f(AB) and f(tau) might have biochemi-
cally or physically distinct forms exhib-
iting greater intrinsic stability or potency.
To differentiate among these possibili-
ties, we measured the total abundance of
various forms of soluble and insoluble
Ap and tau in postmortem brain sam-
ples using ELISA. The abundance of APP,
ApB40, and AB42 showed a slight (R? =
0.12 to 0.23) but significant trend (P <
0.005 in all cases) toward lower values
with respect to age (Fig. 5, A to C).

Markedly different trends were ob-
served when the abundance of various
forms of the tau protein was quantified
in postmortem brain samples. There was
no significant relationship between age
at death and concentrations of total sol-
uble tau (Fig. 5D), as measured using an
antibody that was specific for all splice
forms of tau protein. Furthermore, the
amount of total insoluble tau (Fig. 5E)
increased with age in contrast to the de-
crease in prion-like tau activity shown
in Fig. 4C. We therefore examined the
abundance of insoluble phosphorylated
tau (p-tau) in the postmortem brain sam-
ples because the amount of p-tau is known
to be associated with clinical severity
(57, 58). Antibodies for three different
p-tau epitopes (S396, S199, and T231)
provided similar results: Each antibody
showed that, unlike total insoluble tau,
the extent of insoluble p-tau decreased
linearly with age at death (Fig. 5F and
fig. S5, Band C).

We next normalized prion-like tau
abundance, relative to the total insolu-
ble tau concentration, to provide a mea-
sure of the specific activity of the insoluble
tau within a given brain sample. The data
are described by an exponential decay
(R? = 0.79) over five half-lives of obser-
vations. This correlation is in part a re-
sult of the data spanning a wide range
of ages at death from 37 to 99 years, re-
sulting in a large range of the dependent
variables relative to sampling and other er-
rors. If a smaller age range were consid-
ered, the overall range of specific activities
would be smaller, while experimental and
other errors would remain about the same,
leading to a lower correlation coefficient.

Aoyagi et al., Sci. Transl. Med. 11, eaat8462 (2019)

Thus, the exponential nature of the process is most clearly revealed
by including as wide a range of ages as available.

The extent of tau phosphorylation as a function of age was similar-
ly evaluated by calculating the amount of a given p-tau epitope in
the insoluble tau fraction relative to total insoluble tau. Again, a single
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Fig. 5. Measurement of APP expression and the amounts of soluble and insoluble Ap and tau species as a
function of the age at death of patients with AD. ELISA was used to measure different proteins in brain samples
(Braak stages V and VI) from patients with familial or sporadic AD. The following proteins were measured: (A) APP in
the clarified brain homogenate (PBS soluble), (B and €) AB40 and AB42 (formic acid soluble), respectively, (D) total tau
in the clarified brain homogenate (PBS soluble), (E) total tau (formic acid soluble), and (F) p-tau (phosphorylated
epitope Ser*®, formic acid soluble). All data are plotted as a function of patient age at death. Statistical values for
correlation, linear regression, and 95% confidence interval are shown. The measurements were made in duplicate
and are much smaller than the deviation from the regression line, indicating that measurement error did not contribute
significantly to the deviations from the trend line. Data are representative of one to two independent experiments.
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exponential decay was observed over five half-lives, with R* values
ranging from 0.75 to 0.78 (P < 0.0001), depending on the epitope used
to quantify insoluble p-tau (Fig. 6, B to D). The half-life of prion-like
tau obtained from the normalized cellular assay data (Fig. 6, A and E)
was 12 years, whereas the corresponding half-lives for p-tau ranged
from 7 to 10 years. The 95% confidence intervals for each of the half-

lives overlapped (Fig. 6E), so it was not
possible to distinguish whether the dif-
ferences in half-lives were meaningful. At
present, we can conclude that both prion-
like tau activity and the extent of tau phos-
phorylation decreased about twofold for
each decade of longevity. Thus, for ex-
ample, on average, an individual who
died at age 40 would have about 2°- or
32-fold higher prion-like tau than would
an individual who lived five decades lon-
ger and died at age 90 (when normalized
for total insoluble tau). Our data indi-
cate that the biophysical and biochemical
changes that accompany tau phosphoryl-
ation correlate with disease progression,
and that prion-like activity rather than
bulk accumulation of insoluble tau relates
directly to longevity.

DISCUSSION
A wealth of evidence argues that both
AP and tau adopt pathological confor-
mations leading to prion-like spreading
throughout the brain during AD patho-
genesis. The findings reported here es-
tablish the presence of both prion-like
AB and prion-like tau proteins in the
brains of patients who died of either spo-
radic or inherited AD. Moreover, studies
by us and others in cellular and trans-
genic mouse models have previously
demonstrated prion-like tau in the
brains of patients who died of FTLD-tau
(36, 38, 59-61). Our results extend those
of earlier studies by demonstrating that
postmortem brain tissue from patients
with FTLD-tau was devoid of both prion-
like AP and a-synuclein proteins (Fig. 3).
The linear trends in prion-like Ap and
tau with longevity were observed over a range
of sporadic and familial forms of AD.
Thus, what had appeared to be a set of
disparate disorders can now be seen as a
continuous spectrum, with the defining
feature being the spreading of prion-like
AP and tau through the CNS. Our find-
ings from earlier molecular genetic studies
and those described here begin to create a
more complete view of the chemical pro-
cesses that feature in the pathogenesis
of AD, because they allow a clear defini-
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Fig. 6. The abundance of self-propagating and p-tau decreased exponentially over six decades in patients
with AD. The specific activity of prion-like tau in AD brain homogenates decreased in parallel with a reduction in
hyperphosphorylated tau. (A) Prion-like tau abundance measured in AD brain tissue samples (Braak stages V and VI)
was normalized to the adjusted value of insoluble tau as measured by ELISA (see Fig. 5E). Shown are normalized data
plotted as a function of AD patient age at death and fitted using an exponential decay model equation (one-phase
decay). (B) p-tau (phosphorylated on Thr*®'; p-tauT231) was measured in AD brain samples normalized to the adjusted
value of insoluble tau as measured by ELISA (see Fig. 5E). Normalized data were plotted as a function of AD patient
age at death and fitted using an exponential decay model equation (one-phase decay). To normalize the data, the
prion-like tau values from Fig. 4 or the p-tau concentration from Fig. 5 was divided by the concentration of total in-
soluble tau obtained from the regression line for total tau versus age at death for patients with AD shown in Fig. 5E.
(C) p-tau (phosphorylated on Ser®; p-tau$396) was measured in AD brain samples normalized to the adjusted value
of insoluble tau as measured by ELISA. (D) p-tau (phosphorylated on Ser'?; p-tau$199) was measured in AD samples
normalized to the adjusted value of insoluble tau as measured by ELISA. (E) Statistical values for correlation, decay
constant (k), half-life (T), and their respective 95% confidence intervals (Cls) are shown.
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prions and prion-like proteins such as a-synuclein, tau, and, possi-
bly, AB42 from one CNS region to another argues for trans-synaptic
spread (64-69). The apparent spread of prion-like proteins in the
CNS is reflected by their regional distribution and has been well
documented in neuropathological studies (70, 71). The identifica-
tion of distinct prion-like AB conformers in AD brain samples with
different etiologies has been particularly informative (72-75). It re-
mains to be determined which of these conformers are related to
distinct disease phenotypes or which are associated with selective
prion-like tau formation. Using the cellular assays reported here, we
can now correlate the presence of a given conformer with prion-like
tau or prion-like A activities across a variety of phenotypic mani-
festations of AD.

Recent studies report that the minimal size of a biologically active
tau aggregate may range from a monomer (76, 77) to linear aggre-
gates of ~100 nm in length (78). Pentameric or smaller tau aggregates
were unable to support prion-like tau activity (79). Additionally, tau
phosphorylation may also contribute to the conformation of prion-like
tau as shown in previous studies where immunodepletion of p-tau
in brain extracts used as inocula abolished prion-like tau activity
in recipient cells (80, 81) or in animal models (79). These findings
are consistent with our data, demonstrating a relationship between
prion-like tau activity and the extent of tau phosphorylation in brain
samples from patients with AD obtained at different ages of death
(Figs. 5 and 6).

Development of a new cellular assay for prion-like AP peptides
has permitted us to compare prion-like A generated using synthetic
AB fibrils versus transgene-encoded AP preparations. Our cellular
assay is useful for measuring AP prion-like activities generated by
allele-specific AP subtypes. In addition, it has enabled parallel quan-
tification of prion-like AR and prion-like tau activities, providing a
direct quantitative comparison of these actively propagating species,
rather than comparisons of inert protein deposits. Our data also
show that the patients with AD with greatest longevity had lower
concentrations of both prion-like AP and prion-like tau at the time
of death compared to patients who died at younger ages from AD-
related disease. Previous studies showed that the abundance of NFTs
correlated well with the extent of brain atrophy and cognitive de-
cline in AD (29, 82). These studies focused only on total insoluble
tau. By examining the age of death as a variable, we found that low
prion-like tau activity correlated with greater longevity.

Both the extent of prion-like AP activity and the abundance of
APP, AB40, and AP42 decreased with longevity in a roughly syn-
chronous manner. This finding is consistent with the hypothesis
that prion-like AP features early during the formation of patholog-
ical tau tangles. Moreover, measurable prion-like AP activity was
found in the oldest patients, suggesting that it continues to partic-
ipate throughout AD pathogenesis. However, the R* values that we
found ranged from 0.12 to 0.2, indicating that many factors (from
the methods of sample collection to genetic components) appeared
to have a sizable influence on the observed correlation. Clearly, ge-
netic factors such as the APOE &4 allele and TREM2 variants, which
have been implicated in AP metabolism and clearance, can strongly
increase the risk of AD (56, 83). Although we found interesting
trends with respect to the APOE €4 genotype and gender, we will
need to perform larger studies that carefully sample all of the dif-
ferent APOE genotypes.

The strong associations among longevity, prion-like tau activity,
and tau phosphorylation are particularly intriguing. Such findings

Aoyagi et al., Sci. Transl. Med. 11, eaat8462 (2019) 1 May 2019

are consistent with the greater contribution of tau versus A protein
misfolding to the AD phenotype as measured by neurological dys-
function and neuropathological lesions. One particularly notable re-
sult is the accumulation of insoluble tau that increases with a greater
age at death in contrast to insoluble p-tau, which decreases with in-
creasing longevity (Figs. 4 and 5). Although these relationships were
clear from examining the extent of prion-like tau formation and
phosphorylation per gram of total brain protein, these findings be-
came more notable when the data were normalized according to the
abundance of insoluble tau (Fig. 6). Our findings argue that all in-
soluble tau is not equally neurotoxic and that biochemical events
such as phosphorylation influence the formation of prion-like tau
or modulate tau toxicity. It remains to be determined whether the
low abundance of prion-like tau in long-lived patients with AD is a
result of a slowly replicating tau conformer or is due to host factors
that more readily clear prion-like conformers or shift prion-like tau
toward a more inert amyloid state (e.g., total insoluble tau). Thus,
future work aimed at the development of diagnostic reagents and
effective therapeutics for AD will need to focus on prion-like tau ac-
tivity and its associated posttranslational modifications rather than
total insoluble tau.

Measuring both prion-like AR and prion-like tau abundance in
postmortem brain samples is likely to have many applications. Ante-
mortem detection of AP and tau activities in the CSF or blood of pa-
tients with AD, as shown for PrP prions (84-86), may provide more
informative diagnostic tools to stage disease and measure efficacy of
putative therapeutics. Also, our findings may help to illuminate both
the successes and failures of pharmaceutical approaches that target
AP and the AB-tau axis. The availability of paired cellular assays for
measuring prion-like AB and prion-like tau should contribute to fu-
ture drug discovery programs for AD.

MATERIALS AND METHODS

Study design

The aim of our study was to develop a rapid, quantitative cell-based
assay to measure biologically active AP derived from postmortem hu-
man brain tissue. We first engineered HEK293T cell lines that were
sensitive to AP40 and AB42 and validated the assay using synthetic AB
fibrils that had previously been shown to be transmissible when in-
jected into transgenic mouse brains (33, 34). We tested our cell lines
with these AP fibril preparations in three independent experiments.
The sample size and time points (including end points) were chosen
for cell and animal experiments based on our previous work
(34, 37,38, 75). We used the minimum number of animals required to
obtain a significant difference based on the expected variability, and
all mice were randomly assigned and gender balanced. Deidentified
human postmortem brain tissue was collected from several brain
bank repositories located in the United States, Europe, and Australia
(table S1). We replaced the identity of the samples with an internal
code, and the investigator performing the experiments was blinded
to the sample identity during testing and analysis. Experimental rep-
licates for each experiment are listed in the figure legends.

Cell line development

Constructs encoding human WT and mutant AB42 or AB40 fused
with YFP at the N or C terminus were introduced into the pIRESpuro3
vector (Clontech), were transfected to HEK293T cells (American Type
Culture Collection), and monoclonal cell lines were generated and
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maintained as described (37). Cell lines expressing full-length human
o-synuclein with the A53T mutation or human tau containing the
repeat domain of 4R tau with the mutations P301L and V337 M fused
with YFP were generated as described (37, 38).

Development of the cellular assay

The cellular bioassay for AB was developed as previously described
(37, 38). Briefly, cells were plated in a 384-well plate at a density of
3000 cells per well (70 pl per well) with Hoechst 33342 (0.1 pg/ml)
(Thermo Fisher). A mixture of Lipofectamine 2000 (1.5% final volume,
Thermo Fisher), OptiMEM (78.5% final volume, Thermo Fisher), and
sample (20% final volume) was incubated at room temperature for
2 hours and plated in four replicate wells (10 ul per well). Plates were
then incubated and imaged every 24 hours on the IN Cell Analyzer
6000 (GE Healthcare) for 3 to 4 days. Images of both the DAPI (4,6-
diamidino-2-phenylindole) and FITC (fluorescein isothiocyanate) chan-
nels were collected from four different regions in each well. The images
were analyzed using the IN Cell Developer software with an algorithm
developed to identify intracellular aggregates only in live cells.

Preparation of synthetic A fibrils

Preparation of synthetic Ap fibrils was performed as described (34).
Briefly, the WT AB40 and WT AP42 peptides were purchased from
Bachem. Lyophilized peptides were dissolved to hexafluoroisopropanol
(5 mg/ml) and separated in 200-ug aliquots. Hexafluoroisopropanol
was evaporated in a SpeedVac and stored at —20°C. For conversion,
the dried peptide film was solubilized in 20 pl of dimethyl sulfoxide
and diluted with 980 pl of aqueous buffer solution containing 10 mM
sodium phosphate. Samples were incubated at 37°C for 72 hours in
1.5-ml centrifugation tubes under constant agitation at 900 rpm.
The resulting samples were spun down for 1 hour at 100,000g, and
the pellet was resuspended in 100 ul of PBS at 2 mg/ml. Samples
were further analyzed or diluted, snap frozen in liquid nitrogen, and
stored at —80°C.

PTA precipitation of Ap peptides and tau proteins in
postmortem brain samples

PTA precipitation of human postmortem brain samples was per-
formed as described (48, 87). Briefly, 10% brain homogenate was in-
cubated in 2% sarkosyl and 0.5% benzonase (Sigma) at 37°C with
constant agitation (1200 rpm) in an orbital shaker for 2 hours. Sodium
PTA was dissolved in double-distilled H,O (ddH,0), and the pH was
adjusted to 7.0. PTA was added to the solution to a final concentra-
tion of 2%, which was then incubated overnight under the same con-
ditions. The sample was centrifuged at 16,100g for 30 min at room
temperature, and the supernatant was removed. The resulting pellet
was resuspended in 2% sarkosyl in PBS and 2% PTA in ddH,0
(pH 7.0). The sample was again incubated for at least 1 hour before
a second centrifugation. The supernatant was again removed, and
the pellet was resuspended in PBS using 10% of the initial starting
volume and stored at —80°C.

To establish cellular assays for measuring prion-like AB and tau
loads, we prepared a dilution series (e.g., 0.01, 0.03, and 0.1x) of all
PTA-precipitated brain samples to perform the initial experiments.
Once we established the dilution factor that best suited the majority
of all samples, we performed subsequent experiments with only one
or two dilution factors to conserve sample stocks. Using this ap-
proach, we ensured that our aggregation-inducing activity measure-
ments were well within the dynamic range of the bioassay.

Aoyagi et al., Sci. Transl. Med. 11, eaat8462 (2019) 1 May 2019

Formic acid extraction of insoluble proteins in postmortem
brain tissue for ELISA

Fifty microliters of formic acid was added to 25 pl of 10% brain homo-
genate and placed in an ultracentrifuge tube. The samples were
vortexed, sonicated for 20 min at 37°C in a water-bath sonicator,
and then centrifuged at 100,000¢ for 1 hour. We removed 50 pl of
the supernatant and neutralized it with 950 ul of neutralization buf-
fer in a low-binding tube. The neutralization buffer consisted of 1 M
tris base and 500 mM dibasic sodium phosphate with no pH adjust-
ment. (If a very small pellet or layer of lipids formed at the top of the
supernatant, then we aspirated the sample from the middle of the
supernatant to maximize the protein in the extract.) Samples were
aliquoted into low-binding tubes and flash frozen in liquid nitrogen.
The following ELISA kits from Thermo Fisher Scientific were used
according to the manufacturer’s protocol: APP (KHB0051), AB40
(KHB3481), AB42 (KHB3441), total tau (KHB0041), p-tau S396
(KHB7031), p-tau S199 (KHB7041), and p-tau T231 (KHB8051). The
AB43 ELISA kit was from IBL-America (27710). Each sample was an-
alyzed in duplicate. We adjusted the raw ELISA values to total brain
protein (grams) in the clarified 10% brain homogenate as determined
by bicinchoninic acid assay (Pierce/Thermo Fisher Scientific).

Transgenic mice

TgAPP23 mice, which express human APP (751-amino acid isoform)
containing the Swedish mutation under the control of the Thy-1.2 pro-
moter, were maintained on a C57BL/6 background. TgCRNDS mice,
which express human APP (695-amino acid isoform) with the Swedish
and Indiana mutations under the control of the hamster Prup promoter,
were maintained on a mixed B6/C3 background. TgGfap-luc mice,
which express firefly luciferase under the control of the murine Gfap
promoter, were a gift from Caliper Life Sciences and were maintained
on an FVB/N background. To create bigenic mice, TgAPP23 and
TgCRNDS8 mice were crossed with TgGfap-luc animals and were
screened for the presence of both transgenes. Aged homozygous
TgON4Rtau*P301S (“Tg2541**”) and Tga-Syn*A53T (“TgM83**”)
mice were used to provide control brain samples (50, 51). Animals
were maintained in an Association for Assessment and Accreditation
of Laboratory Animal Care International-accredited facility in accord-
ance with the Guide for the Care and Use of Laboratory Animals. All
procedures were approved by the Institutional Animal Care and Use
Committee of the University of California, San Francisco.

Bioluminescence imaging

Bioluminescence imaging of the brains of bigenic TgAPP23:Gfap-luc
mice and TgCRND8:Gfap-luc mice was performed as previously de-
scribed (32). Isoflurane-anesthetized, head-shaved mice were imaged
(60-s exposure) after receiving an intraperitoneal injection of 50 ul of
p-luciferin potassium salt solution (30 mg/ml; Gold Biotechnology)
that was prepared in PBS (pH 7.4) (a dose of ~60 mg/kg). Brain bio-
luminescence values were calculated from images displaying surface
radiance using circular regions of interest and then were converted to
total photon flux (photons per second) using Living Image software
version 4.4 (PerkinElmer).

Statistical analysis

Statistical analyses were performed with GraphPad Prism version 7.
Data are shown as means + SEM. Comparisons between multiple
groups were performed using one-way analysis of variance (ANOVA)
with post hoc Dunnett’s test. We used linear regression analysis for
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correlation plots. For two-group (frequency distribution) compari-
sons, we used a nonparametric Mann-Whitney U test. A value of
P < 0.05 was considered significant. The exponential decay equation
model (one-phase decay) used the least-squares (ordinary) fitting
method with no constraints applied.

SUPPLEMENTARY MATERIALS
stm.sciencemag.org/cgi/content/full/11/490/eaat8462/DC1

Fig. S1. Development of YFP-AP fusion HEK293T cell lines: Synthetic A fibril inocula- and
puncta-inducing kinetics.

Fig. S2. Development of YFP-AB fusion HEK293T cell lines: Individual clones.

Fig. S3. Amyloid plaque pathology, astrogliosis, and prion-like Ap abundance during disease
progression in TJAPP23 and TgCRND8 mice.

Fig. S4. APOE ¢4 status, gender, and brain region influence the extent of prion-like AR and tau
abundance in AD postmortem brain tissue.

Fig. S5. Correlation of different A and tau species with age at death of patients with AD.
Table S1. Source of postmortem human brain tissue samples.

Data file S1. Source data.
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Puncta point the way

Amyloid plaques composed of AR peptides and neurofibrillary tangles composed of aberrant tau proteins
are the key pathological hallmarks in the Alzheimer's disease (AD) brain. However, understanding which
conformers of AP and tau play a pathological role at each step of AD pathogenesis has been difficult to elucidate.
Aoyagi et al. have developed sensitive cellular assays that detect aberrant A and tau in postmortem brain
homogenates from patients with AD or other neurodegenerative diseases. Using fluorescent puncta as a readout,
these assays now reveal that patients with AD who died at an older age have lower AB and tau pathological
conformers than do patients who died at a younger age.
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