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Abstract

Amyloid beta (AB) is thought to play a critical role in the pathogenesis of Alzheimer’s disease (AD). Prion-like A3 poly-
morphs, or“strains’, can have varying pathogenicity and may underlie the phenotypic heterogeneity of the disease.
In order to develop effective AD therapies, it is critical to identify the strains of AP that might arise prior to the onset
of clinical symptoms and understand how they may change with progressing disease. Down syndrome (DS), as the
most common genetic cause of AD, presents promising opportunities to compare such features between early and
advanced AD. In this work, we evaluate the neuropathology and AP strain profile in the post-mortem brain tissues
of 210 DS, AD, and control individuals. We assayed the levels of various AP and tau species and used conformation-
sensitive fluorescent probes to detect differences in AR strains among individuals and populations. We found that
these cohorts have some common but also some distinct strains from one another, with the most heterogeneous
populations of AR emerging in subjects with high levels of AD pathology. The emergence of distinct strains in DS at
these later stages of disease suggests that the confluence of aging, pathology, and other DS-linked factors may favor
conditions that generate strains that are unique from sporadic AD.

Introduction

Alzheimer’s disease (AD) is a progressive neurodegen-
erative disease that affects 10% of the US population over
65 years of age [1] and responds only minimally to cur-
rently available therapeutics [2]. Most people with AD
initially suffer from memory loss, apathy, and depres-
sion, followed by impaired communication and confu-
sion, and eventually, motor debilitations that often lead
to death [3]. Inherited or familial AD (fAD) is early-onset
but relatively rare, while the majority of cases are either
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associated with Down syndrome (AD-DS) or are spo-
radic (sAD), which is manifested by later onset and no
clear genetic cause.

The AD brain is marked by an abundance of extracel-
lular amyloid beta (Ap)-rich plaques and intraneuronal
neurofibrillary tangles (NFTs) composed of hyperphos-
phorylated tau. Both AP and tau are therefore believed to
play a causative role in AD. However, the precise roles of
these peptides—either independent or synergistic [4]—
in its pathogenesis are unclear. AP aggregation is specu-
lated to be the nucleating event in AD, as it accumulates
in the brain 10-20 years before the onset of dementia [5,
6], followed by tau deposition concomitant with clinical
symptoms [7-9]. The molecular genetics of AD further
highlights the importance of AP in disease pathogenesis:
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mutations in the amyloid precursor protein (APP, from
which AP is generated) or in the APP processing enzyme
presenilin lead to fAD [10]. Alternatively, mutations in
tau lead to other types of dementias with NFT pathology
[11].

The onset, progression, and severity of symptoms in
sAD are diverse [12]. This heterogeneity is likely due at
least in part to the structural diversity of AP species in
the AD brain [13-15]. Normal APP processing results
in AP peptides of various lengths, most commonly com-
prising A residues 1-40 (AB40) and 1-42 (APB42). These
isoforms can in turn adopt a multitude of distinct molec-
ular conformations in vitro, [16] form fibrils of differing
structure and pathogenicity, [17] and have been found
as diverse ultrastructural assemblies in different clini-
cal AD phenotypes [18, 19]. The ability of brain-derived
AP fibrils to propagate their structure in a prion-like
mechanism [14, 20-22] suggests that structurally dis-
tinct, self-propagating strains of AP might underlie sSAD
clinicopathological heterogeneity. Indeed, we recently
showed that different AP strains differentiate plaques in
fAD subtypes [14], supporting a hypothesis that individ-
uals each have only a few of the many AP strains found
across AD. Together, this evidence suggests that different
molecular structures of AP have varying pathogenicity
and may be responsible for the phenotypic heterogeneity
of sAD. Understanding whether more pathogenic strains
are seeded early in the disease or evolve with time and
environmental changes would enable more targeted
approaches to diagnostics and therapies.

Thus, robust methods of interrogating the role of A
early in AD are needed. Previous efforts have focused on
fAD individuals with mutations that affect the produc-
tion of AP because they cause comparable phenotypes to
sAD in an identifiable, deterministic manner [23]. Such
studies have yielded critical insights into the pathogen-
esis of AD, but as fAD represents <1% of all AD cases
[23], the size and scope of these investigations are lim-
ited. Alternatively, as the most common genetic cause of
AD, Down syndrome (DS) presents promising opportu-
nities to study the onset of AD. Due to trisomy of chro-
mosome 21 (Chr21), which encodes APB [24] people
with DS have a lifelong overproduction of APP leading
to increased accumulation of AB. AD neuropathology is
prevalent in DS individuals over the age of 40 [25], while
dementia is diagnosed in approximately 65—-80% of the
DS population over 65 years of age [26]. The distribution
and biochemical composition of AB plaques and NFTs
in AD-DS are similar to fAD and sAD [27, 28], as is the
progression of clinical symptoms including dementia [29,
30]. Thus, compared to the relatively rare fAD, DS offers
unique advantages for comprehensive studies of AD
pathogenesis.
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Despite promising prospects of AD prevention tri-
als in DS [31], research into the molecular pathogenesis
of AD-DS has been limited by a number of obstacles. A
lack of standardized collection and documentation for
DS autopsy cases has restricted the size and characteriza-
tion of study cohorts [32]. Furthermore, due to the over-
expression of APP and other Chr21 genes in AD-DS, its
molecular phenotypes and mechanisms may be different
from sAD. Yet the histological methods often used for
assessing the distribution and morphology of AP and tau
lesions in DS have often lacked the specificity to interro-
gate such molecular detail. PET imaging, while enabling
longitudinal studies of the spread and severity of AP
load in AD-DS, is also relatively nonspecific to A mor-
photypes [33-35] and primarily binds only a subfraction
of AP in AD [36]. Clearly, there is a need for applying
precise, high-resolution methods to the analysis of Ap
pathology in AD-DS.

Environment-sensitive fluorescent dyes such as Congo
Red [37], ThT [38], and others [39] have historically been
invaluable in probing AP conformation in AD. Though
lacking the definitive structural detail of cryo-electron
microscopy (cryo-EM) or solid-state nuclear magnetic
resonance (ssNMR), dye-based analysis is high through-
put while still sensitive to structural differences [40]. Of
further advantage, it can be performed in situ, without
the need for stringent purification. We previously opti-
mized a set of three dyes, BF-188, FSB, and curcumin, to
discriminate amyloid deposits in post-mortem fAD and
sAD tissue and identified distinct A strains within indi-
viduals [14]. Importantly, structural differences in tau,
a-synuclein, and A identified with these dyes have all
been confirmed using a variety of structural and immu-
nofluorescence methods [40-42]. Because differences
in fibril conformation, isoform composition, density,
and other local environmental factors can all impact a
plaque’s fluorescence signature, they contribute to the
definition of different strains in this context.

Here we apply this method in the first comparative
analysis of AP strains among plaques in 210 individuals
with DS or AD as well as in control subjects. We sought
to identify whether a distinct subset of AP strains are pre-
sent before the onset of dementia in AD and how such
strains might change or persist throughout the disease.
Using principal component analysis (PCA) of the fluo-
rescence spectra of dyes bound to intact plaques, we
found that most strains of AP appear to be common to
sAD and AD-DS. However, some DS individuals with the
most severe neuropathology additionally present with
some distinct strains. These differences are partially but
not fully explained by the bulk amount of Ap40 and Ap42
in each tissue and may be related to a 2-fold elevation of
phospho-Tau (pTau) in our AD-DS cohort. We posit that
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the increasingly divergent biochemical environment of
the aging DS brain may be able to foster the propagation
of unique strains of AP not otherwise found in AD.Image
Low res: The supplied figure (3) is not good enough to
reproduce and looks fuzzy. Please provide a better quality
figure in tiff/jpeg format with 300 dpi resolution.

Results

AD pathology varies by age and cohort

We first sought to characterize the key biological and
genetic attributes of the cases in our study to allow us to
later control for potential covariates in our analysis of Ap
strains. The age distributions of the three main cohorts—
DS (including AD-DS), AD (without DS), and AD neu-
ropathological change (ADNC)—are shown in Fig. la.
We prioritized obtaining and analyzing DS cases under
40 years of age, since these were the most likely to pro-
vide insight into pre-clinical AD. Though such cases are
relatively rare, we obtained 21 cases between 2040 years
of age, making this the largest study of young DS post-
mortem tissue to date in addition to the largest known
cohort of DS generally in a molecular study of AB. The
majority of our DS cases were aged 35-65 years at the
time of death, while most AD cases tended to be older
(aged ~55-90 years); generally, these two groups are con-
sidered comparable because of accelerated aging in DS.
Fifty percent were male and 50% female (Fig. 1c).

We chose to genotype samples for APOE, a gene
encoding the cholesterol transport and lipid metabolism
protein apolipoprotein E (apoE), because its three iso-
forms (€2, €3, and €4) are linked to varying AD severity
[43]. The €4 allele is strongly associated with earlier onset
of dementia in both DS [44] and the general population
[45]. Only frozen samples could be analyzed by our PCR
method. For this group, genotyping revealed a majority
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of cases as APOE 3/3, with 43 cases having at least one
€4 allele (Fig. 1b). For the subset of cases for which APOE
was provided by the tissue bank, 90% of genotypes were
in agreement with those established by our method.

An additional source of variation in our cohorts stems
from the fact that the tissue for this study was sourced
from eleven different brain banks and spanned nearly
four decades of collection (see Additional File 1: Sup-
plementary Table 1, attached). As a consequence, the
methods and timing of tissue fixation and storage post-
mortem, as well as the methods and quantity of clinical
analyses and neuropathological assessment at autopsy,
varied greatly across our 210 samples. To obtain a stand-
ardized measure of AD neuropathology, we generated
our own pathological scores based on AB (X,p) and tau
(Xiaw load in the frontal cortex detected using antibod-
ies targeting AP40, AP42, and phosphorylated, mature
neurofibrillary tau tangles, as outlined in Table 1. Exam-
ples of the appearance of A and tau pathology in cases
assigned X, g and X;,, 1 and 4 are shown in Fig. 2a.

Our standardized method allows for direct, consist-
ent comparisons of neuropathology among cases for this
study. It is important to note that the absence of tau in
the particular tissue section we studied does not preclude

Table 1 Af and tau scoring criteria by number of pathological
markers per mm?

X AB Tau

<1 plaque/mm? <1 mature NFT/mm?

<1 dense-cored plaque but > 2 total plaques  1-5 NFTs
5-12 NFTs
> 5 dense-cored and 2-15 neuritic plaques 12-25 NFTs

0
1
2 >1dense-cored but< 2 neuritic plaques
3
4

> 15 neuritic plaques > 25 mature NFTs
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Fig. 1 Distribution of ages, APOE genotypes, and sexes among the study cohorts. A broad range of case ages, genotypes, and sexes comprise the
study cohorts. a Distributions of patient ages at the time of death (nps= 152, Nnyxp =34, Nypne = 24). b Proportion of cases with each APOE genotype,
when known (n=137). Genotypes were established through Sanger sequencing of SNP-containing APOE amplicons purified from gDNA. ¢ Percent
of all cases and of each cohort that were known to be male or female (n=204)
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Fig. 2 Characterization of neuropathology using custom histological scoring and biochemistry. a Representative IHC images from a DS case
with X, =1and Xsg=1(UCl 35-06) and from a DS cases with X,,,=4 and X,z =4 (UCI 29-06). FFPE sections were dual stained with primary
antibodies specific for either AB40/AR42 or total AR/S262 pTau and were detected using fluorescent secondary antibodies. Scale bars are 100 um.
b Proportions of cases in each cohort with each X,g and X, as determined by custom manual scoring methodology. e~h Protein concentrations
determined in frozen tissue, £ SEM. For soluble proteins (APP, sTau), clarified brain homogenate was assayed by ELISA. For insoluble proteins (AB40,
AB42, total insoluble tau, and pTau), formic acid-extracted samples were assayed by HTRF. Significance values were determined by one-way ANOVA
with Tukey’s multiple comparisons test. *: 0.01 <p <0.05; **:0.001 <p <0.01, ***:0.0001 < p <0.001. ****: p<0.0001
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its presence elsewhere in the brain, nor are we diagnos-
ing AD with this method. However, because tau accumu-
lation is associated with the onset of dementia [8, 9, 46]
and post-mortem NFT density has been shown to cor-
relate with pre-mortem cognitive scores [47], we inter-
pret higher X, to correspond to a greater likelihood of
having had clinical symptoms of AD at the time of death.
Specifically, we considered X,,, to indicate subjects who
more likely did not experience clinical symptoms of AD
during life (X,,,=0) and those who likely did (X,,=4).
This strategy enabled downstream comparisons of Af
strains in DS versus probable AD-DS.

The proportions of cases with each AP and tau score
are shown in Fig. 2b. The majority of DS and AD cases
were X,g and X, >3, corresponding to the pres-
ence of many and neuritic plaques and NFTs, whereas
ADNC cases tended to have less pathology (X, <2).
Within DS, both X, and X, tended to increase with
age (R%,5=0.61, R%,, =0.52, p<0.001), with the earli-
est signs of AP pathology visible in a 9-year-old with DS
and of tau pathology in a 19-year-old with DS (Additional
file 2: Supplmentary Fig. 1A). Importantly, 9 DS cases had
Xiau=0 with X,g>1. Being the most likely to be associ-
ated with pre-clinical AD, the plaques in these cases were
prioritized for later AP strain assessment. The oldest DS
cases without any sign of AP or tau pathology were aged
27 and 51 years, respectively. No significant trends in
X,p and Xi,, were observed relative to age among AD or
ADNC cases.

Concentrations of APP and some Af and tau species differ
among cohorts

We sought to characterize the amount of soluble APP in
each sample in order to better understand how the pro-
cessing of the protein might differ with age in DS. We
also analyzed the amounts of various A and tau peptides
to bolster our neuropathological cohort comparisons and
to assess potential novel trends in DS. The concentrations
of APP, AB40, AP42, soluble total tau, insoluble total tau,
and $202/T205 pTau determined by ELISA and HTRF
are shown in Fig. 2c—h. On average, APP in older DS was
2x higher than in AD or ADNC cases (Fig. 2c), which was
unsurprising given APP overexpression in DS. AB40 and
AB42 were 10x and 3x higher in DS individuals over 40
years of age compared to younger individuals (Fig. 2d—e).
By immunohistochemistry (IHC), we made the qualita-
tive observation that many cases with the highest Ap40
levels also had vascular AB40 due to cerebral amyloid
angiopathy (CAA), although a statical analysis was not
performed due to inconsistent presence of meningeal
vessels and penetrating arterioles in the available fixed
brain sections. However, the overall 4x elevation of A40
in DS individuals over 40 years of age compared to AD
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was not consistently explained by CAA, suggesting
altered APP processing favoring AB40 or shifted target-
ing of AB40 to plaques in AD-DS.

Soluble total tau concentrations were highest in the
very youngest DS cases (0-2 years of age) and steadily
decreased with patient age until after age 30 (R?>=0.42,
p<0.0001; Additional file 2: Supplementary Fig. 2c), but
on average were not significantly different to those in AD
or ADNC (Fig. 2f). Total insoluble tau was significantly
lower in ADNC than in DS, as we expected from those
cases in which neuropathology was generally less severe
by IHC. However, insoluble pTau species have been
shown to be one of the strongest predictors of disease
severity in sAD and fAD [4, 48]. We found that pTau was
only significantly higher than in either AD or ADNC in
DS subjects over 40 years of age (Fig. 2h and Additional
file 2: Supplmentary Fig. 2b), potentially indicating more
accelerated disease progression in DS.

DS individuals develop unique strains of AB with advanced
AD, which differ in amounts of some tau and AP species.
Environment-sensitive fluorescent dyes are ideal sensors
for amyloid conformation because even small changes in
local environment are exhibited in their emission spec-
tra. While many such probes have been developed, we
previously found a set of three dyes to sufficiently dis-
criminate between AD-relevant AP strains in situ [14].
We used this same set to examine the strains in this
study, with optimized computational analysis (Fig. 3a),
as described in our previous work [14]. Briefly, the inten-
sities at 15 nm intervals of the emission spectra for a
given plaque are combined into a single array. This is
repeated for each plaque over the entire group of sam-
ples to provide a matrix of intensities—with one row for
each plaque. We next used principle component analy-
sis (PCA) to determine plaques with similar fluorescent
characteristics. (Fig. 3b—e). Principal component 1 (PC1)
represented 62% of the variation in the spectra, which
was found to be due to a shelter-in-place-related micro-
scope calibration change. We thus focused our analy-
ses on PCs 2 and 3, which contained an additional 20%
of the spectral variation. All three dyes contributed to
the assessment (Additional file 2: Supplmentary Fig. 3).
Using one-way MANOVA performed on patient centroid
coordinates (i.e. the average coordinate) in PC2 and PC3,
we determined that AD, DS, and ADNC are moderately
but significantly differentiated by PCA (Wilks’ lambda
[A]=0.74, p<0.005). AD-DS and DS in the absence of
AD (here defined as X,,,<2) were similarly discrimi-
nated (A=0.69, p<0.005). This suggests that some of the
most prevalent Af strains in each stage of disease may be
distinct.
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DS vectors (blue points) indicate AR strains that may be unique to DS

We defined two subsets of the principal component
space using a kernel density estimate (KDE) calculated
on either all ADNC vectors or all AD vectors (Fig. 3f).
The overlap of the densities defines a region that con-
tains plaques from all 3 cohorts. Considering that >95%
of ADNC vectors are found in this region, these vectors
could represent strains of AP that are found in normal,
healthy aging, and could be less pathogenic. Interestingly,
vectors from DS individuals aged 30-65 years, but not
<30 years (n=3), are all found in this region, as are vec-
tors from DS with both low (X,,,=0-2) and high (X,,,=4)
AD pathology. The plaques not within these AD or
ADNC densities indicate strains which, by the resolution
of our method, are found exclusively in DS. These strains
were found exclusively in individuals with high levels of
pathology (X,,,>3).

In performing linear regression on patient centroids in
each PC, we determined that the distribution of patients

in PC2 is somewhat correlated with HTRF-measured
[AB42] (r=0.34, p<0.05) in DS, whereas PC3 is signifi-
cantly correlated with [AB40] (r=—0.36, p<0.005) when
considering all patients. We also examined additional
variables that might similarly correlate. No significant
correlation was observed with respect to biochemical
variables such as the concentrations of soluble total tau,
insoluble total tau, or pTau species. Despite much effort,
we saw no significant trends in regards to the morphol-
ogy of plaques. We also did not observe any correlation
between patient sex, age, or the tissue’s post-mortem
interval (PMI) or source bank.

Strain heterogeneity increases with pathology in DS

We previously observed in sAD and fAD patients that
the heterogeneity of AP strains varies both between
populations and individuals [14]. We were therefore curi-
ous how heterogeneous AP strains are in DS compared
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to sAD and ADNC individuals. To get an overall meas-
ure of the spread of patients in each cohort, we calcu-
lated variance-weighted RMSDs of the distances of each
patient centroid to the cohort centroid. We found that
DS patients were more heterogeneous (RMSD = 0.055)
than AD patients (RMSD = 0.030), which were more het-
erogenous than ADNC patients (RMSD = 0.023) in this
eigenspace, perhaps suggesting a greater difference in A
strains among DS individuals than among others.

Examples of per-patient vector populations are shown
in Fig. 4a. To quantify per-patient heterogeneity, we also
calculated the RMSD of the distances of the patients’
vectors to their centroid. We found that like previously
seen in fAD, per-patient RMSDs varied widely between
patients but that strains were generally more homoge-
neous within a patient than for the entire population.
In general, ADNC individuals were more homogene-
ous than AD cases, which were more homogenous than
DS cases (Fig. 4b). The proportion of DS cases with high
RMSD were substantially greater in cases with advanced
disease (X,,,=3 or 4; Fig. 4c) and age (Additional file 2:
Supplmentary Fig. 4a). These trends held true when the
amount of data from AD and DS was equalized by either
over- or under-sampling (see Methods). This suggests
that the continued accumulation of AP in DS may result
in its adoption of new or additional conformations. The
presence of two APOE €4 alleles, but not patient sex, also
contributed to heterogeneity (Additional file 2: Suppl-
mentary Fig. 4b—c).

Discussion
Key neuropathological and biochemical differences
distinguish AD-DS from sAD
Quantifying the progression of neuropathological hall-
marks of sSAD and AD-DS is critical for a comprehensive
understanding of how Ap and tau species might con-
tribute—either independently or interactively—to the
development of disease in each population. In DS, A
accumulation is known to begin in the late teenage years
in the temporal lobe, with pathology developing through-
out the brain in a similar pattern as in sAD by age 55 [28].
By IHC, we observed the earliest signs of AB deposition
in DS as diffuse AP42 in the frontal cortices of individu-
als just younger than 10 years of age. In agreement with
established trends [48-51], AB40 and AP42 both gener-
ally increased with age across the DS population, though
AP40 was always found in the presence of appreciable
AP42 accumulation. However, by HTREF, only AB40 and
not AB42 levels were significantly elevated in DS over 40
years of age.

We also found slightly elevated levels of $202/T205
pTau by HTRF in AD-DS compared to AD and ADNC,
which may indicate accelerated or more severe disease
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in DS. It is also interesting to note that while HTRF did
not unveil significant differences in this species of pTau
between AD and ADNC individuals, our neuropatho-
logical scoring method, which used an antibody against
$262 pTau, greatly differentiated the two cohorts. A num-
ber of differences in the preparations of the two meas-
ured materials could be responsible. However, it is also
possible that the difference is a consequence of different
profiles of pTau that associate differently with NFTs or
disease severity in AD. Current efforts in dissecting the
timing and composition of pathogenic tau [52] should
certainly be expanded to include AD-DS to better under-
stand the relationship between tau and disease.

Our finding of the presence of A in the frontal cortex
as early as 9 years and some tau pathology as young as 19
years old in DS is earlier than some others have reported
[25, 28, 50, 53]. Since tau pathology does not extend
beyond the temporal cortex to other regions of the cer-
ebral cortex until Braak stage IV [54], it is also surprising
that we found tau pathology in the frontal cortex of many
cases assigned Braak stages I-III. These findings likely
point to the sensitivity advantage of fluorescence-based
methods over chromogenic stains. Yet overall, our neu-
ropathological analysis highlights the heterogeneity of the
DS brain, particularly in the relationships between A3 and
tau pathology, which do not appear to perfectly mirror
that in sSAD. This suggests that while on the whole AD-DS
is an apt model for sAD, caution should be taken in
assuming that all DS individuals are equally appropriate.

One subset of early-stage strains in DS reflect those in AD,
but another subset is distinct

Considering the failure of multiple clinical trials for AD
targeting the production of AB [55], it is critical that we
recognize the diversity of AP species present in the brain
and understand which, if any, might be most responsi-
ble for the onset or severity of dementia. To this end, we
were interested in evaluating whether a unique subset of
AR strains is present at early stages of AD, and whether
early-stage strains persist or evolve with time or worsen-
ing clinical condition. To assess such relationships among
strains in post-mortem tissue, we used environment-
sensitive dyes to probe the amyloid plaques of individuals
with DS and/or AD, as well as cognitively healthy ADNC
individuals. We discriminated the plaque-bound fluo-
rescence spectra using PCA, which successfully resolved
strains of AP that are present at different stages of AD
progression in DS. While these probes might report on
other aspects of the plaque composition or environment
[56], their specificity for insoluble protein aggregates and
sensitivity to AP structure has been well documented [14,
39, 57, 58] and is expected to represent the majority of
spectral variation.
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We found that some of the strains we observed in the before the onset of clinical symptoms of AD, are distinct
frontal cortices of DS individuals with minimal to non-  from strains in AD-DS. In DS cases where tau pathol-
existent NFTs but some AP pathology, i.e. generally ogy was more severe, many strains appeared common



Maxwell et al. Acta Neuropathologica Communications (2021) 9:201

to AD and AD-DS. Intriguingly, a portion of plaques in
many late-stage AD-DS individuals appear distinct from
any non-DS plaques, suggesting that not all strains of A
are common to the two diseases. However, these cross-
sectional observations can only suggest what may be hap-
pening temporally in these individuals. Moving forward,
using strain-specific imaging agents in live subjects with
DS will be critical to understanding the true evolution of
Ap strains in AD.

While the difference in amyloid presentation in senile
plaques itself may be important for the development of
anti-amyloid AD therapeutics, the causes of these dif-
ferent strains may also inform our understanding of AD
in DS. For example, neuroinflammation, in particular
plaque-associated microglia activation, is known to affect
amyloid conformation [41, 59, 60]. As the relative popu-
lations of different types of microglial cells are altered in
people with DS after the age of 40 [61, 62], these changes
may manifest in altered amyloid conformation. Perhaps
most critically, the progressive changes in strain compo-
sition evinced by PCA may indicate that distinct strains
of AP are present prior to the onset of clinical AD. It is
possible that these strains persist while other strains
emerge along with clinical symptoms, in which case the
next obvious question arises: are these strains harmless
bystanders, or are they the catalyst of disease? If the lat-
ter, it would be critical to ensure that preventative thera-
pies and diagnostics targeted these strains.

A strain heterogeneity increases with AD progression

in DS

Through calculating the RMSDs of case vector distribu-
tions in principal component space (see Methods), we
have found that AP strain heterogeneity varies among
individuals. Heterogeneity tended to be greater in indi-
viduals with more advanced AD, particularly in DS. In
most of these DS individuals, we found representation of
strains both common to and unique from late-stage sAD.
This suggests that while many strains common to sAD
and AD-DS persist throughout life, certain conditions
specific to aging or pathology in DS may allow for the
emergence of new strains. Recent evidence shows that
while APP has a direct role in AD-related A neuropa-
thology [63, 64], other genes on Chr21 also substantially
impact AP aggregation in AD-DS [65]. As tau is thought
to interact with AP in AD [4], changes in tau isoform
ratios and phosphorylation via Chr21-associated proteins
DYRKIA [66, 67] and RCANT1 [68] could also impact Af
plaque composition. Our finding of enhanced pTau in DS
individuals over 40 years of age supports this hypothesis.
These DS-specific changes could therefore enhance this
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strain diversification or alter the specific strains that are
favored.

The possibility that multiple distinct AP species or a
spectrum of species could exist within a single patient
has important therapeutic implications. For example, a
changed cellular environment could favor the dominant
propagation of a previously minor strain. Should this
strain be particularly pathogenic and negatively impact
other neuropathological or clinical outcomes, then pre-
venting the emergence of such a strain would be of
paramount therapeutic importance. In the worst-case
scenario, a seemingly successful treatment aimed non-
specifically at AP could be thwarted by the evolution of
drug resistant strains, as has been observed in screens
against prions causing scrapie [69, 70]. Furthermore, tar-
geting only one or a few of many pathogenic strains in a
given individual could have little impact on slowing dis-
ease progression—an outcome possibly demonstrated in
the failure of anti-amyloid therapies [55, 71].

Understanding the structural characteristics of these
strains in more detail will help us understand how they
may evolve and what role they may play in AD in DS.
Ultimately, we might not be able to treat DS as a direct
model for all sAD. Instead, by understanding what fea-
tures in DS might be associated with altered AP strain
profiles, we could triage clinical trial candidates accord-
ingly. Based on the findings presented here, we would
suggest that DS individuals already have Ap conforma-
tions or plaque environments that replicate those in
AD before the onset of dementia, which can differenti-
ate with age and advancing disease. Thus, we posit that
younger, non-demented individuals with DS may be the
only appropriate DS candidates for clinical trials target-
ing sAD, while more pathologically advanced individuals
would require a separate therapeutic strategy.

Future work

Whether the unique strains developing late in AD-DS are
emergent or native to the individual is still not clear. A
next important step will be to assess how these strains
might differ among brain regions, particularly in the hip-
pocampus where A is believed to spread from the neo-
cortex [72, 73]. Machine learning could also be applied to
assess morphological and intra-plaque differences in our
existing micrographs in order to more robustly differenti-
ate strains. The development of PET imaging agents that
are specific to multiple distinct AP strains will certainly
be needed in order to follow these potential changes
longitudinally. Furthermore, the success of future AD
diagnostic and therapeutic efforts against AP depends
on a detailed structural understanding of these strains.
Mass spectrometry and cryo-EM or ssNMR should be
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employed to precisely understand the commonalities
between specific strains in SAD and AD-DS, and moreo-
ver what aspects of plaque composition or amyloid struc-
ture make certain strains unique.

Conclusion

This work provides the first analysis of AP strains in DS
and their relevance to sAD. We showed that AD-DS gen-
erally reflects the broad neuropathological features of AD
but differs significantly in AB40 and pTau concentrations.
Through molecular analysis using environment-sensitive
fluorescent probes, we found that DS, AD-DS, AD, and
ADNC all likely share a subset of AP strains. However,
as AD progresses in DS, strains become more heteroge-
neous and some prominent strains tend to diverge from
non-AD-like AB. We therefore suggest that AD clinical
trials focus on recruitment of younger DS patients who
do not yet show signs of dementia; in doing so, however,
it must be recognized that more heterogenous dominant
strains of AP in AD-DS would potentially not be yet rec-
ognized. It is critical to follow this work with high-reso-
lution structural analysis of the differences between AP
strains in older and younger DS and to understand the
mechanistic connections between the DS brain environ-
ment and Af heterogeneity.

Methods

Cases

Deidentified post-mortem brain tissue was obtained
from 210 individuals: 152 DS (+/— AD), 34 AD without
DS, and 24 control cases without cognitive impairment
but with AD neuropathological change (ADNC). Details
on each case are outlined in Additional file 1: Supple-
mentary Table 1. Included in the DS cohort is one sub-
ject with partial trisomy of Chr21 (PT21) that does not
include APP, which resulted in normal aging without
dementia [64] and affords us interesting comparisons
between characteristics that might differ in DS without
the eventuality of AD. Frozen blocks and/or 5-pm thick
formalin-fixed paraffin-embedded (FFPE) sections were
analyzed from the frontal cortex. Note that not all cases
were able to be used for every experiment, depending on
amount and type of tissue preparation available for each
case (see Additional file: 1: Supplementary Table 1). All
cases able to be used in an experiment are included in the
presented results unless otherwise specified.

Immunohistochemistry

Deparaffinized fixed sections were pretreated in 98%
formic acid for 6 min to enhance immunoreactivity.
After blocking with 10% normal goat serum (ngs) in PBS
with 0.2% Tween 20 (PBST), sections were incubated at
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room temperature in primary antibodies overnight fol-
lowed by secondary antibodies for 2 h. Primaries were
prepared in 10% ngs and applied as combinations of
either: anti-Ap1-40 rabbit polyclonal (Millipore Sigma
#AB5074P, 1:200) and anti-AP1-42 12F4 mouse mono-
clonal (Biolegend #805502, 1:200); or anti-Ap17-24
4G8 mouse monoclonal (Biolegend #800709 1:1000)
and anti-tau (phospho-5262) rabbit polyclonal (Abcam
#ab131354, 1:200). Polyclonal IgG H&L secondaries were
Alexa Fluor 488- and 647-conjugates (Thermo Fisher #s
A11029, A21235, A11008, and A21244) applied 1:500 in
10% ngs in PBST.

Stained slides were scanned on a ZEISS Axio Scan Z1
digital slide scanner at 20x magnification. Excitation at
493, 553, and 653 nm was followed by detection at 517
nm (AB40 or pTau), 568 nm (autofluorescence), and 668
nm (AB42 or tau).

Neuropathological scoring

To determine the level of AD pathology at the time
of death, one IHC-stained fixed cortical section was
evaluated for each case. The number of AP40- and
AB42-positive plaques, neuritic plaques, and phospho-
S262-positive NFTs were averaged among three random
1-mm? sections of grey matter. Tau positive structures
that were not morphologically consistent with a neuron
were not counted as mature NFTs. Cored plaques had a
dense mass of AP surrounded by diffuse labelling; diffuse
plaques were generally amorphous and had homogenous,
less intense labelling. AP and tau scores were assigned
according to the criteria in Table 1, which were formu-
lated to honor traditional staging methods, to allow for
scorer efficiency, and to separate the patient pool into
large enough groups to facilitate downstream analy-
sis. Importantly, the relationship between NFT quantity
and cognitive impairment in AD is well established [47],
enabling a rough assessment of each case’s likelihood of
symptoms at the time of death.

Table 2 Primers and conditions used in PCR and sequencing

Primer or Step Sequence or condition

PCR Forward 5-AGCCCTTCTCCCCGCCTCCCACTGT-3
PCR Reverse 5-CTCCGCCACCTGCTCCTTCACCTCG-3
Sequencing primer GATGGACGAGACCATG

Initial denaturation 98 °Cfor 4 min

Denaturation (x 35 cycles) 98 °Cfor10s

Annealing (x 35) 68 °Cfor30s

Extension (x 35) 72 °Cfor45s

Final extension 72 °Cfor 10 min
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NFT accumulation in the neocortex (Braak stage
V-VI) is required for a post-mortem diagnosis of AD.
Therefore, to cross-check any assignment of X, =0 in
AD, a BF-188-stained fixed section was viewed with a
red-light filter by confocal microscopy, which would
reveal both phosphorylated and unphosphorylated tau
species [57]. We eliminated from downstream analysis
AD cases that indeed appeared to have no NFTs (n=2)
in the frontal cortex.

DNA extraction and genotyping

Upon receipt, frozen brain tissue was homogenized in
PBS and stored 10% w/v in PBS at —80°C until thawed
on ice for biochemical assays. Genomic DNA was puri-
fied from this homogenate using a DNeasy Blood & Tis-
sue Kit (Qiagen cat #69506).

To determine the APOE genotype of each case,
gene fragments encompassing the two APOE-relevant
SNPs were amplified by PCR based on the protocol
described by Zhong et al. 2016 [74]. Each 50-pL reac-
tion contained 1 U Phusion Plus DNA Polymerase, 200
uM dNTPs, 1X Phusion GC buffer, 5% DMSO, 0.2 uM
forward and reverse primers, and 10-100 ng gDNA.
Primer sequences and cycling conditions are in Table 2.
Purified PCR products were Sanger sequenced by
Genewiz (San Francisco, CA).

Protein quantification

To determine the total concentration of soluble APP
and tau present in each frontal cortex sample, sandwich
enzyme-linked immunosorbent assays (ELISAs; Invitro-
gen, cat #s KHB0051 and KHB0041) were performed on
brain homogenate (10% in PBS, called “10% BH”) clarified
through centrifugation (5000xg for 5 min) to remove cell
debris and the majority of insoluble proteins. Samples
were prepared and stored in low-binding 96-well plates
and measured according to manufacturer directions. It
should be noted that a subset of samples from two tissue
banks were measured separately in time and were found
to have 10-100x less soluble tau than the lowest other
sample; this set of samples was not included in any bulk
analyses on the assumption of batch error. Protein con-
centrations were normalized to total brain protein in the
clarified homogenate as determined by BCA.

Insoluble protein fractions were extracted from brain
homogenate by sonicating 10% BH with 75% v/v for-
mic acid for 20 min followed by ultracentrifugation at
48000xg for 1 h at 4°C. The supernatant was neutralized
with 20-fold dilution in neutralization buffer (1M tris
base [NH,C(CH,0OH),] 0.5M Na,HPO, - 7H,0O, pH 10.5)
and was stored in aliquots at —80°C until use. To measure
concentrations of AB40, AB42, and insoluble tau species
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in these extracts, ELISAs were attempted but were aban-
doned due to the imprecision of biological replicates.
Therefore, homogeneous time-resolved fluorescence
(HTRF) assays were performed instead. Total tau (Per-
kin Elmer Cisbio 64ANTAUPEG), tau phospho-5202/T205
(64TS2PEG), AP40 (62B40PEG), and AP42 (62B42PEG)
HTRF kits were used according to manufacturer pro-
tocols. Peptide standards were not provided in either
tau kit for generating standard concentration curves, so
unphosphorylated and hyperphosphorylated ON4R tau
from insect cell expressions (gifts from Aye Thwin and
Dr. Greg Merz, UCSF) were used after optimization of
standard concentration ranges.

Spectral profiling of plaque-bound fluorescent dyes

Cases with X,3=0, including the PT21 case, could not
undergo AP strain analysis due to their lack of plaques.
For cases with sufficient pathology, adjacent cortical sec-
tions were photobleached to reduce background auto-
fluorescence [75], blocked in PBST, stained for 30 min
at room temperature with 2.5 uM curcumin (Sigma;
#08511), BF-188 (FUJIFILM-Wako Chemicals; #025-
18801), and FSB (Santa Cruz; #sc-359845) prepared in
PBS (with 5% EtOH for curcumin), and washed in PBS.
Labelled plaques were imaged in the spectral (Lambda)
scan mode of a Leica SP8 confocal microscope using a
40x water immersion lens (1.1 NA), a 405-nm laser for
excitation, and a HyD detector at 512- x 512-pixel res-
olution. For each field-of-view, the optical plane was
moved to the center of the z-stack volume for a given AP
deposit, and fluorescence emission was acquired from a
series of 40-image steps spanning 385- to 780-nm wave-
lengths using a sliding 15-nm-wide detection window.
This procedure was followed as previously published
[14].

Micrographs were analyzed using custom MAT-
LAB [76] software and the code is deposited on github
(https://github.com/PaulY]/Maxwell-et-al-2021.git).
Plaques were automatically segmented based on size and
fluorescence intensity. False-positive objects, including
neuritic plaque-associated NFTs, were manually excluded
to ensure that fluorescence information was plaque-spe-
cific. Separate spectra obtained from each of the three
dyes were normalized to their maximum intensities and
randomly concatenated to form the full 1200-nm spec-
tral vector for each patient case used in PCA. To avoid
biasing PCA towards individuals with more plaques, we
limited the analysis to 30 randomly-selected vectors per
patient. We compared multiple under-sampled PCA to
each other and to PCA that included all possible vectors
to ensure that the trends observed in each were the same.
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PCA and statistical analysis

PCA was performed on composite spectral vectors using
the Python sklearn decomposition package. Compari-
sons made between groups were always performed in the
same eigenspace, which refers to the set of vectors gener-
ated by PCA. Density contours were applied to the PCA
plot using the matplotlib contour function calculated on
a Gaussian KDE mesh grid within the Scipy stats pack-
age. To account for the overrepresentation of DS cases
in our analysis, we validated our PCA through computa-
tional oversampling of young DS cases as well as through
the inclusion of all (>30) spectra from the given AD
cases, neither of which altered the relationships among
samples in PC space.

To determine the heterogeneity of strains, the weighted
root-mean-square deviation (RMSD) of spectral vectors
in principal components (PCs) 2, 3, and 4 was calculated
for each patient and for each cohort using the following
equation:

where

di = \/(xl - E)zwxz + (i — ?)Zwyz + (z; — 2)2W22

Per-patient calculations were performed on each
patient vector with N as the total number of patient
spectral vectors and the barred coordinates represent-
ing the patient centroid. Per-cohort calculations were
calculated on the centroid of each patient in the cohort
with N as the total number of patients in the cohort and
the barred coordinates representing the cohort cen-
troid. The weights are the proportion of overall vari-
ance explained by PCs 2, 3 and 4.

Linear regression from SciPy and the StatAnnot
package were used to determine significance of rela-
tionships between PCA coordinates and numerical
and categorical case attributes respectively. One-way
multivariate analysis of variance (MANOVA) was per-
formed on the centroids of each patient in PC2 and
PC3 to determine the resolving power of PCA among
groups.

Supplementary Information

The online version contains supplementary material available at https://doi.
org/10.1186/s40478-021-01298-0.

Additional file 1. Supplementary Table 1. Biological data and experimen-
tal inclusion of each case.

Additional file 2. Supplementary Figures 1 through 4.
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