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Abstract

Misfolded AP is involved in the progression of Alzheimer’s disease
(AD). However, the role of its polymorphic variants or conforma-
tional strains in AD pathogenesis is not fully understood. Here, we
study the seeding properties of two structurally defined synthetic
misfolded Af strains (termed 2F and 3F) using in vitro and in vivo
assays. We show that 2F and 3F strains differ in their biochemical
properties, including resistance to proteolysis, binding to strain-
specific dyes, and in vitro seeding. Injection of these strains into a
transgenic mouse model produces different pathological features,
namely different rates of aggregation, formation of different
plaque types, tropism to specific brain regions, differential recruit-
ment of AB4o/AB4. peptides, and induction of microglial and astro-
glial responses. Importantly, the aggregates induced by 2F and 3F
are structurally different as determined by ssNMR. Our study ana-
lyzes the biological properties of purified Ap polymorphs that have
been characterized at the atomic resolution level and provides rel-
evant information on the pathological significance of misfolded Ap
strains.
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Introduction

Alzheimer’s disease (AD) is clinically diverse (Devi & Scheltens,
2018). Several reports suggest that patient-specific pathological

. Antonia Gutierrez®®
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traits are responsible for AD clinical variation (Thal et al, 2015;
Zhang et al, 2016; Dujardin et al, 2020; Duran-Aniotz et al, 2021).
Amyloid-p (AB) deposition, an early and perhaps the most charac-
teristic feature of AD pathology, accumulates in the brain in a vari-
ety of arrangements (types of deposits) and displays tropisms
towards different anatomical, tissue and intra- or extra-cellular loca-
tions (Knobloch et al, 2007; Thal et al, 2008, 2015; Duran-Aniotz
et al, 2021). This pathological variability is similar to that observed
in other diseases associated with the accumulation of misfolded pro-
teins (Prusiner & Hsiao, 1994; Irwin, 2016; Soto & Pritzkow, 2018).
The most classical example of variation at this level can be found in
prion diseases. There, different conformations of the misfolded
prion protein (PrP%), which is the main component of the prion
infectious agent, are thought to be the cause for the diverse clinical
and pathological manifestations observed in these neuropathies
(Morales et al, 2007; Morales, 2017). Interestingly, several prion
strains can be generated from prion proteins with identical primary
structure. In the same line, several reports suggest that variabilities
in synucleinopathies (e.g., Parkinson’s disease [PD] and multiple
system atrophy [MSA]), and tauopathies (Alzheimer’s disease,
Pick’s disease, progressive supranuclear palsy, and others) are also
caused by variations in the misfolded conformation of a-synuclein
and tau, respectively (Shahnawaz et al, 2020; Shi et al, 2021).
Conformational prion strains can be faithfully propagated in vitro
and in animal models (Castilla et al, 2008). Similarly, misfolded A,
tau, and a-synuclein “strains” also propagate their conformations in
appropriate systems (Petkova et al, 2005; Clavaguera et al, 2013;
Watts et al, 2014; Shahnawaz et al, 2020). In early in vitro experi-
ments, synthetic A4 polymorphs were shown to serially propagate
while maintaining their unique strain-specific properties as charac-
terized by solid-state nuclear magnetic resonance (ssNMR; Petkova
et al, 2005). The aggregates described in this report were later
termed “2F” or “3F” due to their approximate rotational symmetry
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around the fibril growth axis in structural models and their charac-
teristically different mass-per-length values (Tycko, 2014). Although
generated under laboratory-controlled conditions, these aggregates
provided initial evidence on the conformational plasticity of
misfolded Ap. Later reports using animal models of brain amyloid-
osis showed that inoculation of possibly diverse misfolded AP
strains differentially propagated in these systems (Heilbronner
et al, 2013; Stohr et al, 2014; Watts et al, 2014). Interestingly, brains
from AD patients that experienced rapid and slow clinical decline
have been linked to different populations of misfolded AP con-
formers as resolved by the conformation-dependent immunoassay
(Cohen et al, 2015). On the other hand, changes on misfolded AP
conformation may explain why some individuals carrying large
quantities of AP deposits in their brains do not manifest clinical
signs (Zolochevska & Taglialatela, 2016). Additional evidence
highlighting the role of misfolded AP strains in AD pathology has
been provided at the structural level, as specific A structures (as
resolved by ssNMR) have been linked to different AD types (Lu
et al, 2013; Qiang et al, 2017). Despite of all this information, the
pathological relevance that different conformations of misfolded AR
exert in AD is still unclear. In this study, we investigated the biologi-
cal changes induced by the prion-like propagation of the structurally
defined 2F and 3F synthetic AP aggregates upon injection in the
brain of transgenic mice expressing human amyloid precursor pro-
tein (APP). Considering this, the results presented here are the first
to describe the pathological features generated by the prion-like
spreading of AP polymorphs that have been characterized at the
atomic resolution level. Along these lines, our findings enable to
relate the structure of AP aggregates to the neuropathological alter-
ations produced in the brain in vivo.

Results

2F and 3F aggregates display different structural and
biochemical features

To properly model the pathological features of conformational vari-
ants of misfolded AP, we used the previously described 2F and 3F
AP fibrils due to their relative homogeneity and clear structural dif-
ferences indicated by electron microscopy and ssNMR (Petkova

Figure 1. Biochemical properties of 2F and 3F fibrils.
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et al, 2005; Tycko, 2014). Importantly, the structural motifs of these
particular AB morphotypes have been extensively characterized
(Petkova et al, 2005). Although previous articles have extensively
described the molecular structures of these fibrils, they have not
addressed their biological effects (Petkova et al, 2005; Tycko, 2014).
Our initial efforts were focused to analyze the biochemical proper-
ties of these aggregates using similar tools used to characterize prion
strains (Morales et al, 2007; Castilla et al, 2008; Morales, 2017).
First, we visualized these aggregates using transmission electron
microscopy (TEM, Fig 1A and B). TEM images displayed gross dif-
ferences in the morphological features of these aggregates, similarly
as previously described (Petkova et al, 2005). Then, these aggre-
gates were tested for their resistance to proteolytic degradation
using increasing concentrations of proteinase K (PK). Results show
that 2F and 3F fibrils were distinguishable at this level. Specifically,
2F fibrils displayed a higher resistance to proteolytic digestion com-
pared to their 3F counterpart (Fig 1C). Additionally, we tested the in
vitro seeding activity of these aggregates using the protein
misfolding cyclic amplification (PMCA) technique modified for AB
aggregates. The PMCA technology was originally developed to repli-
cate infectious prions in an accelerated manner and in cell-free
conditions (Saborio et al, 2001; Morales et al, 2012). Further
modifications on PMCA allowed this technique to be
implemented for their use to amplify misfolded AB (Salvadores et al,
2014), o-synuclein (Shahnawaz et al, 2020), and tau (Saijo
et al, 2019) aggregates. Importantly, the PMCA technique has been
shown to faithfully replicate the conformation and biological proper-
ties of infectious prions (Castilla et al, 2008) and distinguish
between conformational variants of a-synuclein associated with PD
or MSA (Shahnawaz et al, 2020). Our AB-PMCA assay using 2F and
3F as seeds provided us with relevant information supporting the
differential pathological activity of misfolded AP strains. Impor-
tantly, the AP aggregates generated by 2F and 3F seeding displayed
different fluorescence readings at plateau (Fig 1D and E). This result
further supports the differential molecular structural and seeding
properties of 2F and 3F, as it suggests differential accessibility and
reactivity of thioflavin T (ThT) to the AP aggregates generated by
seeding (Fig 1D). Importantly, similar outcomes have been reported
for AP fibril polymorphs (Qiang et al, 2011) and o-synuclein-PMCA
products seeded with MSA- and PD-derived specimens (Shahnawaz
et al, 2020).

A, B Transmission electron micrographs of negatively stained 2F (A) and 3F (B) fibrils before sonication and injection into mice. The two fibril polymorphs were grown
in vitro from synthetic AB4o and show the morphological differences originally reported by Petkova et al (2005). Fibrils are negatively stained with uranyl acetate.

Bars represent 100 nm.

C PK resistance profile of 2F and 3F fibrils. Values are expressed as the mean densitometric value at each PK concentration (technical triplicates) & standard error.

Statistical analyses were performed by student’s t-test (*P < 0.05).

D  Seeding assays using 100 pM of 2F (blue) and 3F (green) fibrils as seeds as described in Materials and Methods. Curves were generated by measuring ThT emission
values at different time points. Reaction kinetics were statistically different as assessed by using the multiple comparisons method to compare pairs of curves
(***P < 0.0001). Data in graphs is represented as averages depicting standard errors of five technical replicates.

E Mean fluorescence (quintuplicates) of the seeding reaction in (E) at 125 h. Statistical differences were assessed by student’s t-test (***P < 0.0001). Data in graphs is

represented as averages depicting standard errors of five technical replicates.

F-I 2F and 3F fibrils were tested for their reactivity against a variety of luminescent conjugated thiophenes able to discriminate among conformational variants of
misfolded proteins. Stock solutions of LCOs (1.5 mM) were diluted in distilled water to 15 uM and added to the wells to a final concentration of 0.3 puM. All wells
contained 10 uM of either 2F or 3F fibrils. The samples were incubated at 37°C, and the emission spectrum of each probe was collected after 30 min by exciting

the samples at 440 nm (HS-68) or 535 nm (HS-194, HS-208, and HS-212).

Source data are available online for this figure.
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To further confirm structural differences, we tested 2F and 3F
fibrils with a battery of thiophene-based ligands, including lumines-
cent conjugated oligothiophenes (LCOs). LCOs have great affinities
for amyloids and have been previously shown to discriminate
between prion strains (Magnusson et al, 2014) and different types of
misfolded A deposits (Rasmussen et al, 2017). Here, we tested nine
different LCOs (Fig 1F-I and Appendix Figs S1 and S2). Several of
these molecules were able to discriminate between 2F and 3F fibrils
(Fig 1F-I) while some others revealed similar spectra when both
fibrils were used (Appendix Fig S2). The most pronounced spectral
difference was observed for the structurally related analogs, HS-194,
HS-208, and HS-212 (Fig 1F-1 and Appendix Fig S1), suggesting that
ligands with a distinct chemical composition display differential
binding modes to 2F and 3F fibrils. In contrast, the two LCOs, HS-
169 and HS-199, previously used to distinguish a-synuclein PMCA
products seeded with MSA and PD seeds (Shahnawaz et al, 2020)
display comparable spectra for both aggregated species. Altogether,
these results further support the differences between 2F and 3F
fibrils at the biochemical and seeding activity levels, complementing
previous structural characterizations (Petkova et al, 2005;
Tycko, 2014). In addition, these results suggest that a similar battery
of assays used to discriminate between prion strains can be used to
distinguish AP strains.

Synthetic Ap misfolded strains induce diverse pathological
outcomes in the brains of seeding-susceptible transgenic mice

Currently, the pathological relevance of AB polymorphic variants is
not clear. To explore this, we injected 2F and 3F fibrils in both brain
hemispheres (hippocampus) of 50 days old Tg2576 mice. Controls
included animals injected with either monomeric Af4o peptides
(negative control) and brain extracts from old Tg2576 mice with
proven seeding activities (positive control). Animals were sacrificed
and brains collected at 300 days old (250 days post-inoculation),
time when nontreated mice display only small amount of AP
deposits (Morales et al, 2021). Collected brains were separated in
both hemispheres, keeping one frozen for biochemical analyses
while the other was preserved for histopathological assessments
(Appendix Fig S3). First, we analyzed the histopathological features
of experimental and control mice. We observed pronounced differ-
ences, specifically at the injection site (hippocampus). Mice treated
with monomeric AP, peptides displayed a modest amount of
deposits, similar to what has been described for untreated mice at
the same age (Morales et al, 2015, 2021; Fig 2A). On the contrary,
the group of mice injected with the brain of an old Tg2576 animal
showed abundant diffuse amyloid deposition across all hippocampal
layers (Fig 2B) in agreement with previous reports using the same
model (Morales et al, 2015). Interestingly, mice injected with 2F and
3F aggregates displayed a substantially different pattern of amyloid
deposition compared to mice injected with the in vivo (Tg2576) gen-
erated seeds. 2F induced abundant amyloid lesions in the hippocam-
pus, mostly in the dentate gyrus and alveus (Fig 2C). Interestingly,
3F seeded aggregation was restricted to the dentate gyrus (Fig 2D).
We also observed differences on the aggregates seeded by the differ-
ent AP strains in terms of their reactivity against thioflavin S (ThS, a
dye known to bind fibrillar and compact AP deposits). For animals
treated with monomeric AP, reactivity against ThS was negligible
(Fig 2E). Interestingly, amyloid deposits seeded by the Tg2576-
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derived seeds were poorly reactive against this dye (Fig 2F). On the
contrary, amyloid deposits in 2F- (Fig 2G) and 3F- (Fig 2H) treated
mice were reactive against ThS. Quantification of AP burden
showed a significant increase in the hippocampi of mice injected
with Tg2576 seeds (Old Tg BH) when compared to all other groups
(Fig 2I, **P < 0.001). However, ThS only reached a statistically sig-
nificant increase in mice injected with the 2F fibrils (Fig 2J,
**P < 0.001). An exhaustive analysis of the mice’s brains demon-
strated that while animals treated with the Old Tg BH induced AB
deposition in other brain regions (cortex and caudate nucleus/puta-
men Appendix Fig S4), 2F and 3F deposits were restricted to the hip-
pocampus and the lateral ventricle (Appendix Fig S5). In the latter
brain region, 2F seeds induced strong amyloidosis (Appendix
Fig S5). 3F seeds also showed aggregation in the lateral ventricle
compared to the positive and negative control groups, although this
increase was not significantly different compared to the pathology
induced by the Old Tg2576 seeds (Appendix Fig S5). Consistent with
the data obtained in the hippocampus, the amyloidosis promoted by
the Old Tg2576 seeds in the lateral ventricle was ThS negative
(Fig 2). Importantly, the patterns of seeded amyloid deposition are
unlikely to be generated from the needle injury as (i) the needle
track lesion and associated seeded amyloid deposition runs horizon-
tally from the cortex through the hippocampus and (ii) the patterns
of amyloid deposition in the different groups were inoculum-specific
and reproducible (Appendix Fig S6).

To further explore 2F and 3F seeding activity properties, addi-
tional groups of mice treated with these aggregates were sacrificed
100 days after exposure. In line with the data presented above, 2F
aggregates displayed higher, although no significant quantities of
PBS-insoluble AB compared to mice treated with the 3F fibrils
(Appendix Fig S7). Histological analyses displayed deposition in the
alveus and dentate gyrus of 2F-treated mice, suggesting that accu-
mulation in these areas occurs way before the 300 days old experi-
mental endpoint. It is relevant to note that some mice treated with
3F fibrils and Old Tg2576 seeds also displayed AB deposition in the
alveus (one animal per group, Appendix Figs S5 and S7). However,
these animals were not representative of the tropism observed in all
other subjects within the same groups.

AP pathology induced by 2F and 3F aggregates recruits different
AP peptides and result in differential reactivity to amyloid
binding dyes

Another difference found for mice induced by 2F, 3F, and Tg2576-
derived seeds was observed on their differential abilities to recruit
AP4o and A4, peptides. We first focused our analyses on the den-
tate gyrus, the area of the hippocampus where the three seeds
induced amyloidosis. Amyloid deposits primed by Tg2576 seeds in
this brain region were composed by both AP peptides. In fact, AB4p
and A, seemed to coexist in these specific aggregates (Appendix
Fig S8A). 2F- and 3F-induced deposits in the dentate gyrus also
recruited both AP peptides but with a predominance of the A4 ver-
sion (Appendix Fig S8A). Interestingly, while some deposits
displayed colocalization of both AP, and AP,;, others appeared to
be exclusively formed by AP4. This phenomenon was more pro-
nounced in the 3F group where plaques were mostly composed by
AB4o (Appendix Fig S8A). Additional differences were observed in
the alveus (Appendix Fig S8B). While the extensive amyloidosis

© 2023 The Authors
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Figure 2. Amyloid pathology seeded by 2F and 3F fibrils, and brains extracts from old Tg2576 mice.

A-H Representative images of hippocampi from mice treated with 2F-, 3F-, and Tg2576- derived seeds after visualization for Ap deposits using the 4G8 antibody (A-D)
or ThS (E-H). CA, cornu ammonis 1; DG, dentate gyrus. Scale bar in (B), (D), (F), and (H) represents 500 um and applies to all panels. Arrows represent regions of

interest (alveus, DG).

I,J  AB () and ThS (J) burden quantification in hippocampus. Statistical analyses were performed using one-way ANOVA (*P < 0.05, **P < 0.001). Data in graphs is
represented as averages depicting standard errors. Measurements considered five tissue slices per animal, and 4-7 animals were included per group.

Source data are available online for this figure.

exerted by 2F seeds in this region was mostly composed by A4,
the few deposits induced by the Old Tg2576 seeds in this area were
mostly formed by A4, (Appendix Fig S8B). Mice treated with
monomeric APy and 3F seeds generated negligible quantities of
amyloidosis in this brain region, as discussed above.

Luminescent conjugated oligothiophenes have been previously
shown to be wuseful in differentiating between prion strains
(Magnusson et al, 2014) and diverse AP arrangements (Rasmussen
et al, 2017). In this study, we confirmed the use of these amyloid
binding dyes to differentiate between AP strains. Based on the data
presented in Fig 1, we used dyes HS-68 and HS-194 in brain tissue
to explore their binding properties in the in vivo seeded aggregates
(Appendix Fig S9). In the dentate gyrus, we observed that deposits
induced by the Old Tg2576 and 2F seeds were, in their vast major-
ity, reactive to both dyes. In contrast, 3F-induced deposits were
strongly reactive to HS-194 and poorly reactive against HS-68
(Appendix Fig S9A). Interestingly, 2F-induced amyloidosis in the

© 2023 The Authors

alveus was reactive almost exclusively to HS-68, consistent with the
in vitro results presented in Fig 1. These data are relevant as they
suggest that different brain regions play a relevant role in the differ-
ential propagation of A strains, similarly as it has been shown for
prion strains (Morales et al, 2007; Morales, 2017). These data also
verify that ligands with different chemical compositions, such as
HS-68 and HS-94, can aid in the identification of different aggregated
AP species.

The specific properties of amyloid deposits induced by 2F, 3F,
and Tg2576-derived seeds in Tg2576 mice are summarized in
Table 1.

Glial activation induced by 2F- and 3F-seeded aggregates is Ap
strain dependent

To further explore the biological differences in the brain produced
by injection of distinct AP strains, we studied differential glial

EMBO reports 24: 570032023 5 of 19
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Table 1. Specific properties of hippocampal Ap deposits induced by
old Tg2576-derived seeds, 2F, or 3F fibrils.

AB40 and Ap42

content
Amyloid Ths LCO
deposits DG Alveus reactivity reactivity
old Widespread ~ AB40 N/A Negative HS-68/
Tg BH and HS-194
AB42
2F DG and Ap40 AB40 Positive HS-68/
Fibrils  Alveus and HS-194
AB42
3F DG AB40 N/A Positive HS-194
Fibrils and
AB42

responses. For that purpose, astroglial (Fig 3A-D) and microglial
(Fig 3E-H) markers in control and experimental groups were
measured. Astroglial reactivity, evaluated through immunolabeling
for the glial fibrillary acidic protein (GFAP, Fig 3A-D), showed
no differences between experimental and control groups when
burden staining was measured in the whole hippocampus
(Fig 3I). A similar outcome was found in the dentate gyrus, albeit
3F aggregates seeded predominantly in that area (Fig 3J). The
alveus of 2F-treated mice displayed a significantly increase of
GFAP signal compared to other groups (Fig 3K, 46% of increase
compared to 3F injected animals, **P < 0.001). This effect is
likely induced by the specific AP aggregates being deposited in
these animals. Changes in microglial response were assessed by
evaluating the ionized calcium binding adaptor molecule 1 (Iba-1)
signals in the same brain regions (Fig 3E-H). In analogy to the
GFAP data, no differences were found when considering Iba-1
staining across the whole hippocampus (Fig 3L). However, differ-
ences in microglial activity were found in specific areas. In agree-
ment with amyloid deposition, mice induced by 3F seeds
displayed significantly higher levels of Iba-1 reactivity in the den-
tate gyrus compared to other groups (Fig 3M, 21.27% of increase
compared with 2F fibrils, **P < 0.001), with the exception of the
mice treated with the Old Tg2576 brain extract (Fig 3M). In the
same line, 2F aggregates induced higher Iba-1 reactivity in the
alveus (Fig 3N, 33.13% of increase compared with 2F fibrils,
**P < 0.001). These nonlinear AB/glial activation responses were
better appreciated when correlations between these parameters
were done (Fig 30-R).

Ruben Gomez-Gutierrez et al

Next, we explored in more detail the effect that the different
seeded aggregates exerted over alveus and dentate gyrus glial cells
by epifluorescence microscopy analysis of double immunofluores-
cent 4G8/GFAP (Fig 4) and 4G8/Ibal (Fig 5) labeling. In the dentate
gyrus (Fig 4A al-16), all AP aggregates induced astroglial reactivity
in a similar manner, regardless of the plaque type/morphology. In
the alveus region (Fig 4B b1-16), GFAP signal was highly detected
in 2F inoculated mice (Fig 4B b9-12) as only 2F aggregates were
strongly deposited in this region. Importantly, the few diffuse AB
deposits induced by the Tg2576 seeds area did not result in strong
astroglial reaction surrounding them (Fig 4 bl1-4). Mice injected
with monomeric AP displayed considerably less astroglial reactivity
in both alveus and dentate gyrus when compared to all other groups
(Fig 4A a5-8 and B b5-b8). For microglial reaction in the dentate
gyrus (Fig SA al-16), the strongest Iba-1 positive signal was
detected around 3F seeded plaques (Fig 5A al3-16). The microglial
response of seeded aggregates induced by 2F and the Tg2576 seeds
was not as strong and few Ibal-positive cells were clustered around
plaques, regardless of plaque size. In the alveus (Fig 5B b1-16), the
microglial response against 2F seeded aggregates (Fig 5B b9-12)
appeared weaker compared to what was found in the dentate gyrus
(Fig 5A a9-12), further suggesting that different AR arrangements
induce differential glial responses in a hippocampal region-specific
manner. These spatial variations were supported by correlation ana-
lyses (Appendix Fig S10). Both microglial and astroglial reactivity
correlated positively with amyloid burden in the dentate gyrus for
3F fibrils, whereas Tg2576 seeds showed positive correlation with
microgliosis and 2F with astroglial reaction.

To evaluate whether these aggregates induced distinct inflamma-
tory profiles, we selected and measured the concentrations of 23
key cytokines related to inflammation in brain extracts using a mul-
tiplex immunoassay (Appendix Fig S11). The cytokines’ levels were
significantly different between groups. Mice inoculated with the
Tg2576-derived seeds displayed greater cytokine alterations, with
IL-1a, IL-6, IL-5, IL-9, IL-13, MIP-1a, MIP-1B, RANTES, TNF-a and
INF-vy levels significantly increased. On the contrary, IL-2, IL-3, and
IL-17 showed lower levels in mice treated with Tg2576 seeds when
compared to control animals challenged with monomeric AB. More-
over, Tg2576 seeds induced higher levels of IL-1b, IL-6, IL-5, IL-9,
IL-13, and INF-y than 2F and 3F aggregates. Despite these differ-
ences, these three distinct AP strains also exhibited a common cyto-
kine signature with significant elevations of CCL3 and INF-y and
reduced IL-2, IL-3 and IL-17 when comparing with the monomeric
AP injected group. Levels of the anti-inflammatory cytokines IL-4
and IL-10 were unchanged regardless of the injectate used. 2F fibrils

Figure 3. Glial activation in the brain of mice treated with 2F-, 3F-, and Tg2576-derived Ap seeds.

A-H Representative pictures of hippocampi from mice treated with different injectate after for micro- and astro-glial associated signals using anti-GFAP (A-D) and anti-
Iba-1 (E-H) antibodies. Scale bar in (D) and (H) represents 500 um and applies to all panels. CA1-3, cornu ammonis 1-3; DG, dentate gyrus; so, striatum oriens; sp,

striatum pyramydale; sr, striatum radiatum.

I-N  Anti-GFAP burden in hippocampus (I), dentate gyrus (J), and alveus (K) for all animal groups was quantified for image analysis. Similarly, anti-Iba-1 burdens for all
experimental and control groups were calculated in hippocampus (L), dentate gyrus (M), and alveus (N). Statistical analyses were performed by one-way ANOVA
(*P < 0.05, **P < 0.001). Data in graphs is represented as averages depicting standard errors. Measurements considered five tissue slices per animal, and 4-7 ani-

mals were included per group.

O-R Correlations between AB burden and glial burden were calculated in the alveus for mice injected with 2F (O) and 3F (P) fibrils. In the same way, the relationship
between glial activation and AB burden in the hippocampus was calculated for mice treated with 2F (Q) and 3F (R) aggregates. Statistical analyses were performed
by Pearson correlation coefficients test in which P < 0.05 was considered significant.

Source data are available online for this figure.
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Figure 4. Astroglial reactivity to Ap deposits seeded by 2F-, 3F- and Tg2576-derived aggregates.

A Panels showing representative epifluorescence microscopy images of the dentate of mice treated with experimental and control materials and immunostained with
both 4G8 (green) and anti-GFAP (red) antibodies. The third column of panels from left to right depict merged images. Right panels are insets obtained from the

merged images (white punctuated squares).

B Asimilar analysis as explained in (A) was performed for the alveus. Images were arranged in the same manner as described above.

Data information: Scale bars at the left panels represent 200 um and are applicable to the pictures labeled as “4G8,

» o«

GFAP,” and “Merge.” Scale bars on the right images

(inset) represent 50 pum. Alv, alveus; g, granular layer; h, hilar region; m, molecular layer; so, striatum oriens. One tissue slice per animal was used for these analyses.

Source data are available online for this figure.

induced a proinflammatory profile (IL-1a, CCL3, CCL5, and INF-y)
that slightly differed from 3F fibrils (CCL3 and INF-y).

Vascular amyloid deposition in mice treated with in vivo-derived
and synthetic A fibrils

We and others have shown that AB deposition induced by seeding
promoted the formation of vascular amyloidosis in animal models
that naturally display negligible levels (Eisele et al, 2010; Morales
et al, 2021). Moreover, a previous report from our group shows that
AD brain extracts displaying amyloid pathology in diverse arrange-
ments differentially seed AB deposits in brain vessels of APP/PS1
mice (Duran-Aniotz et al, 2021). Here, we measured whether
seeding to brain vessels was differentially induced by synthetic or in
vivo derived seeds. Analyses were restricted to meningeal vessels as
parenchymal cerebral amyloid angiopathy (CAA) was absent in all
mice included in this study. A significant increase was only
observed for mice treated with the Tg2576 seeds when compared to
the animals treated with either monomeric AB4 and 3F fibrils
(Appendix Fig S12, *P < 0.05). 2F-treated mice did not display any
significant difference at this level when compared to any other

group.

Amyloid deposits induced by different seeds contain Ag fibrils
with different molecular structures

We used ssNMR to test whether amyloid deposits induced in mouse
brain tissue by injection of 2F-, 3F-, or Tg2576-derived seeds con-
tains fibrils with different molecular structures. Since ssNMR
requires milligram-scale quantities of fibrils and isotopic labeling,
fibrils in mouse brain homogenates were amplified by seeded
growth in vitro (see Materials and Methods and Appendix
Fig S13A), as previously demonstrated in studies of A fibrils from
human brain tissue (Lu et al, 2013; Qiang et al, 2017). APy fibrils
for ssNMR were °N,'3C-labeled at all nitrogen and carbon sites in
eight residues, namely F19, V24, G25, S26, A30, 131, L34, and M35.
NMR frequencies (i.e., chemical shifts) of these residues are sensi-
tive to structural variations among AP polymorphs, allowing the

one-dimensional (1D) and two-dimensional (2D) ssNMR spectra to
be used as structural fingerprints (Lu et al, 2013; Qiang et al, 2017).

Figure 6A shows 1D '*C ssNMR spectra of AP, fibrils grown
from amyloid-containing extracts of brain homogenates from mice
that had been treated with 2F-, 3F-, or Tg2576-derived seeds. These
spectra show clear differences, especially in the aliphatic signal
region (!3C chemical shifts in the 0-70 ppm range). Clear differ-
ences in crosspeak positions and crosspeak shapes are also observed
in 2D 3C-13C and 'N-'>C ssNMR spectra, in which signals can be
assigned to specific amino acids (Fig 6B and C). All labeled residues
show differences in '*C and '°N chemical shifts. Two sets of cross-
peaks are resolved for F19, G25, and A30 in all three samples and
for 131, S26, and L34 in the sample derived from Tg2576-treated
mice. Thus, each brain-derived fibril sample contains at least two
distinct polymorphs.

Superpositions of the 2D °N-'*C ssNMR spectra from the three
samples are shown in Appendix Fig S13B. Based on the presence or
absence of common crosspeaks in these superpositions, we con-
clude that Ay fibrils derived from 2F- and Tg2576-treated mice
may have one polymorph in common but differ in the identity of
their second prevalent polymorph. The most prevalent polymorphs
derived from 3F-treated mice are distinct from those derived from
2F- and Tg2576-treated mice. Moreover, one of the prevalent poly-
morphs in the Tg2576-derived sample may closely resemble the pre-
dominant A4y polymorph derived from cortical tissue of typical AD
patients (Qiang et al, 2017; Ghosh et al, 2021), based on overlap of
I5N-13C crosspeaks (green X’s in Appendix Fig S13B).

APy fibrils derived from 2F- and 3F-treated mice do not have the
same molecular structures as the original 2F and 3F fibrils that were
used as seeds to induce amyloid deposition in the mouse brains.
Appendix Fig S13C shows that crosspeak positions in 2D '°N-'3C
ssNMR spectra of the brain-derived samples do not agree with cross-
peak positions in similar spectra of 2F and 3F fibrils with the same
isotopic labeling pattern (orange and cyan X’s). This observation
may indicate that AP fibril structures evolve or adapt as they propa-
gate in brain tissue, presumably due to the pronounced differences
in chemical, physical, and biological environments between a
mouse brain and the simple phosphate buffer used to grow the

Figure 5. Microglial reactivity to Ap aggregates seeded by 2F-, 3F- and Tg2576-derived aggregates.

A Panels showing representative pictures of the dentate gyrus of mice treated with experimental and control AR seeds and stained with both 4G8 (green) and anti-Iba-
1 (red) antibodies. The third column of panels from left to right depict merged images. Right panels are insets obtained from the merged images (white punctuated

squares).

B A similar analysis as explained in (A) was performed for the alveus. Images were arranged in the same manner as described above.

Data information: Scale bars at the left panels represent 200 um and are applicable to the pictures labeled as “4G8”, “Iba-1” and “Merge”. Scale bars on the right images
represent 50 pm. Alv, alveus; g, granular layer; h, hilar region; m, molecular layer; so, striatum oriens. One tissue slice per animal was used for these analyses.

Source data are available online for this figure.
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Figure 6. Characterization of brain-seeded Ay, fibrils by ssNMR.

Ruben Gomez-Gutierrez et al

A 1D *3C ssNMR spectra of fibrils that were prepared in vitro by seeded growth from amyloid-containing extracts of mouse brain homogenates. Mice had been treated
with 2F-, 3F-, or Tg2576-derived seeds. AP4o Was *°N,*C-labeled at F19, V24, G25, 526, A30, 131, L34, and M35. Vertical dashed lines indicate some of the ssSNMR peaks
that vary among the three samples. Asterisk indicates a peak from residual sodium dodecy! sulfate in the 2F sample.

B Aliphatic regions of 2D **C-*3C ssNMR spectra of the same samples, with crosspeaks signals assigned to the labeled residues.

C 2D *N-3C ssNMR spectra of the same samples, showing intraresidue crosspeaks between chemical shifts of backbone nitrogen and a-carbon sites.

Data information: Asterisk indicates a crosspeak to the L34 B-carbon. Differences in peak positions in panel (A) and differences in crosspeak positions and shapes in
panels (B) and (C) indicate differences in molecular structures of the brain-seeded fibrils. One technical replicate per group was used in this study.

original 2F and 3F fibrils. That A fibril structures can evolve during
multiple rounds of self-propagation in a new environment has been
amply demonstrated in vitro (Qiang et al, 2011). Nonetheless, even
though molecular structures of synthetic Ap seeds do not propagate
faithfully in mouse brains, data in Fig 6 and Appendix Fig S13 show
that different molecular structures exist within amyloid deposits that
are induced by structurally distinct seeds.

Discussion

Misfolded A has been reported to exist in different conformations,
similarly as described for other misfolded proteins including prions
(Morales, 2017), tau (Dujardin et al, 2020), and a-synuclein (Shah-
nawaz et al, 2020). In all these cases, conformational variability can
be linked with different clinical or pathological manifestations.
Whether different A conformations are at the root of clinical vari-
ability in AD patients is still unknown. If this proves to be correct,
AP strain variation should be considered when designing diagnostic
and therapeutic strategies directed to identify and modify amyloid
pathology.

In this work, we describe the seeding properties of two synthetic
misfolded AP strains using in vitro and in vivo systems. The original
seeds used in this study (termed 2F and 3F) have been extensively
characterized for their structural features (Petkova et al, 2005;
Tycko, 2014), although their biological properties have not been
described. To our knowledge, this is the first study analyzing the
biological properties of purified AP strains that have been character-
ized at the atomic resolution level. These AP polymorphs were pre-
pared in vitro using somewhat different fibril growth conditions
(quiescent growth for 3F, gentle agitation during growth for 2F).
The preparation and characterization of these fibrils have been pre-
viously described (Petkova et al, 2005) although the “2F, 3F”
nomenclature was not used at that moment. Previous work from the
Tycko lab shows that these polymorphs exhibit different morphol-
ogies in TEM images and different 13C and 15N chemical shifts in
solid state NMR spectra. Thus, they contain different molecular
structures. These aggregates transmit their conformational features
by seeding (Petkova et al, 2005), mirroring the strain specific in
vitro replication extensively described for infectious prions (Castilla
et al, 2008). Here, we describe that the distinct structural motifs
observed in 2F and 3F fibrils are linked with different biochemical
features such as their differential resistance to proteolytic digestion
and their in vitro seeding activities. Remarkably, these aggregates
displayed strain-specific affinities to dyes previously shown to dif-
ferentiate conformational variants of other misfolded proteins such
as o-synuclein (Shahnawaz et al, 2020) and prion proteins
(Magnusson et al, 2014). Moreover, 2F and 3F fibrils induced the

12 of 19  EMBO reports 24: €57003 | 2023

formation of easily distinguishable pathological features in treated
mice (Table 1). The seeding properties of 2F and 3F fibrils in vivo
resulted in remarkably different pathological features, namely differ-
ent rates of aggregation, formation of different plaque types, tropism
to specific brain regions, differential recruitment of AB4o/AB4, pep-
tides, and induction of microglial and astroglial responses. Impor-
tantly, the seeded amyloidosis and linked pathological features
induced by synthetic peptides were easily distinguishable to the
ones generated by in vivo-derived seeds (collected from an aged
Tg2576 mouse). The structural differences between the aggregates
generated by the three seeds used in this study was confirmed by
different means, including the reactivity of seeded aggregates to a
variety of dyes able to bind misfolded protein structures, and
ssNMR. It is important to note that in all cases, the properties of the
seeded aggregates did not match the ones recorded for the original
seeds. This outcome was expected as we believe that seeded pathol-
ogy in treated animals is likely the result of both, the seeds adminis-
tered and the endogenous aggregates that are normally displayed by
Tg2576 mice as they age. The fact that different ssSNMR results were
obtained with human brain tissue and mouse brain tissue (and dif-
ferent results were obtained with human brain tissue from rapidly
progressing AD cases vs. typical long-duration AD cases, as reported
by Qiang et al (2017)) supports the idea that in vitro amplification
does not preferentially select a single polymorph (or strain or con-
former). It is possible that in vitro amplification alters the relative
populations of different polymorphs to some extent, but we have
designed our amplification protocol to minimize this effect. In par-
ticular, we confirm by TEM that abundant long fibrils develop
within 4 h after the initial seeding step, and we avoid multiple
rounds of seeded fibril growth in our protocol for preparing solid
state NMR samples (see Materials and Methods). An alternative
explanation is that the accelerated induction of amyloid pathology
through seeding is responsible to alter the conformation of the
resulting aggregates, analogous to what is observed when different
protein concentrations are used in in vitro aggregation assays, or the
type and size of aggregates displayed in mouse models carrying the
same mutations on APP but producing different concentrations of
AP (Hsiao et al, 1996; Jankowsky et al, 2004; Oakley et al, 2006). It
is important to mention that the aggregates induced by Tg2576
seeds did not induce the same pathology observed spontaneously in
older Tg2576 transgenic mice (Morales et al, 2015, 2021). Specifi-
cally, the natural amyloid pathology in aged Tg2576 mice is charac-
terized by compact AP deposits in the cortex and hippocampus that
strongly react against ThS and displaying limited CAA. On the con-
trary, pathology induced by Tg2576 seeds show diffuse aggregates
poorly reactive against ThS, mild CAA, and tropism directed to the
injection site (Morales et al, 2015). In addition, the glial response
toward naturally versus induced aggregates is different, being more

© 2023 The Authors
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prominent in aged, not seeded subjects (Appendix Fig S14). Interest-
ingly, the pathology observed in animals treated with the Tg2576-
derived aggregates is similar as the one described for humans poten-
tially exposed to biologically active AP seeds (Gomez-Gutierrez &
Morales, 2020). Whether the mechanisms of exogenous versus
endogenous seeding lead to different pathologies should be carefully
explored as they could unveil the etiology of certain cases of brain
amyloidosis.

An important contribution of this work is to describe the patho-
logical significance of strain-specific replication of A misfolding in
vivo. Our results show that Ap aggregates with known differences in
molecular structural properties induce amyloid deposition in specific
brain regions, mimicking the extensively described strain-specific
tropism of infectious prions (Morales et al, 2007; Morales, 2017).
Specifically, our results show that while Tg2576-derived seeds
induce diffuse amyloid deposition across the hippocampus, synthetic
AP aggregates promoted amyloidosis prominently in the alveus (2F)
and dentate gyrus (2F and 3F). Along the same line, amyloid deposi-
tion was also induced in other brain regions in a AP strain-specific
fashion. Particularly, the lateral ventricle (2F) and meningeal blood
vessels (0ld Tg2576 BH) displayed these pathological differences.
Although connected, these anatomical structures are away from the
injection site. This, and the fact that each injectate induced a well-
defined response in this pathological feature, supports the idea of
strain-specific spreading of AP misfolding. Importantly, the amyloid
deposition in meningeal vessels presented here reproduce our previ-
ous findings in Tg2576 mice intra-cerebrally injected with Tg2576-
derived seeds (Morales et al, 2015, 2021).

We also show that the induction of amyloid pathology by dis-
tinct AP seeds resulted in different glial responses. Our interpreta-
tion of this data is that 2F-, 3F-, and Tg2576-Ap seeded aggregates
represents unique populations of misfolded proteins inducing spe-
cific biological responses. Though a more comprehensive inflam-
matory characterization of the AP seed-specific inflammatory
profiles is necessary, our multiplex analysis support our initial
conclusions. This data demonstrates a predominance of proinflam-
matory cytokines expression in mice receiving the Tg2576-derived
seeds. This indicates that neuroinflammation is exacerbated by this
specific AP strain compared to mice challenged with the other
seeds. 2F and 3F fibrils elicited a moderate proinflammatory

A
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signature characterized by INF-y and CCL3 production, with 2F
increasing also IL-1a and CCLS production. These findings indicate
the existence of differential glial responses to the seed strain used
as inocula. Cytokines can be produced by microglia, astroglia and
neurons, however the exact sources for each cytokine in the differ-
ent seeded mice need to be further investigated. Moreover, the bio-
logical impact of the AP strains in the innate immune response
may be underestimated by the complexity of microglial and astro-
glial responses in the disease context, with the coexistence of mul-
tiple functional phenotypes including spatial and temporal
variations (Escartin et al, 2021). Interestingly, the three seeds
(Tg2576, 2F, and 3F) induced similar CCL3 upregulation, a chemo-
kine involved in chemotaxis and shown to contribute to T-cell
recruitment to the brain (Shechter et al, 2013). Moreover, these
seeds also induced IFN-y elevation, an essential element of the
neuroinflammatory network involved in leukocyte trafficking
(Kunis et al, 2013). Future research in this line may help to link
specific conformational motifs on misfolded A with strain-specific
inflammatory profiles. It is important to consider that future exper-
iments specifically focusing on the behavioral, synaptic and neuro-
toxic aspects of naturally occurring and seeded pathology should
be conducted to further evaluate the biological significance of
strain-specific spreading of misfolded Ap.

Another interesting finding in this study is the strain-specific
recruitment of AB peptides into amyloid deposits. While synthetic
AP seeds (2F and 3F) had a preference to recruit A4, the in vivo
derived seeds displayed a higher affinity for AB,,. Interestingly, we
observed that while some aggregates were composed by both AR
and A4, peptides, some others were exclusively formed by one spe-
cific AP peptide. Moreover, we observed that the population of
aggregates formed by different patterns of APy and AP4, varied
depending on the brain region within a single brain, suggesting that
the different recruitment of AP peptides is just partially due to the
seeds administered. This conclusion is further supported by the
brain region-specific reactivity of amyloid plaques to LCOs.

One limitation of this study involves the use of synthetic AP
seeds. As judged by their seeding activity in animal models (Stohr
et al, 2014 and this report), the seeding titers of misfolded synthetic
AB are considerably lower compared to their in vivo-derived coun-
terparts (Morales et al, 2015). In addition, 2F and 3F fibrils used in
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Figure 7. Supplemental schemes for the synthesis of thiophene-based ligands and LCOs.

A General procedure (G1) for Suzuki coupling to generate compounds 4a and 4b.

B General procedure (G2) for te synthesis of HS-208 and HS-212 from the dimer building blocks 4a and 4b.

© 2023 The Authors

EMBO reports 24:e57003|2023 13 of 19



EMBO reports

this study were developed under lab-controlled conditions using
chemically synthesized AB4. On the contrary, it is very likely that
AP aggregates in AD brains are composed by a multitude of different
structural arrangements, similarly to what has been hypothesized
for infectious prions (Polymenidou et al, 2005; Collinge &
Clarke, 2007). In that sense, the use of these particular synthetic
aggregates may be advantageous, as they are expected to contain
either limited or even a unique set of structural motifs. This homo-
geneity may help to properly characterize the contribution of spe-
cific AP strains in AD pathology. In addition, the well-characterized
structural properties of these fibrils (Petkova et al, 2005) may allow
to make structure/pathology predictions. Regardless of the advan-
tages expressed above, it is uncertain whether the synthetic Af
strains used in this study represent naturally occurring aggregates
present in human diseased brains. This obviously limits the poten-
tial impact of the results and conclusions presented in this article.
However, we observed that HS-194 and HS-68 LCOs recognized
amyloid deposits in post-mortem brains from AD and nondemented
individuals (Appendix Fig S15), suggesting that seeded aggregates
in experimental rodents share common structural motifs with the
amyloid deposits present in human brains. Based in their LCOs reac-
tivities, aggregates from humans seem heterogenous as they react to
dyes in different patterns. Specifically, while some parenchymal
deposits may be recognized by either one, or both LCOs (Appendix
Fig S15A-C and J-L), others appears to be recognized by a single
dye (Appendix Fig S15G-I). In addition, the proportion of LCO bind-
ing appears to be different, depending of the type (vascular/paren-
chymal) and morphology of the aggregates. Interestingly, the
pattern of LCO binding was different for amyloid deposits in the AD
and nondemented brains, suggesting that these clinically diverse
cases accumulate different proportions of AB strains. Nevertheless,
we acknowledge that the previously discussed evidence is indirect.
Along these lines, future studies must confirm or discard 2F and 3F
as surrogates of AD-relevant A strains, as well as the applicability
of our conclusions to AD pathophysiology.

In conclusion, our results provide useful information on the path-
ological significance of misfolded AP strains. Future studies using
relevant (patient isolated) AP propagons are necessary to confirm or
rule out a putative role of misfolded strains in the clinical variability
observed across AD patients.

Materials and Methods
Preparation of synthetic Ap aggregates and monomeric Ap

AB4o peptides with isotopic labeling of specific residues were syn-
thesized at a 0.1 mmol scale by standard solid phase methods with
Fmoc chemistry, using a Biotage Initator+ Alstra synthesizer,
Fmoc-Val-NovaSyn-TGA resins (Sigma-Aldrich), and DIC/Oxyma-
Pure activation. All Fmoc-amino acids were double-coupled with a
fivefold excess at 75°C, except that Fmoc-His(Boc)-OH was double-
coupled at 50°C. Each labeled amino acid was single coupled with
a threefold excess, followed by single coupling with a fivefold
excess of the corresponding unlabeled amino acid. Acetic anhy-
dride capping was performed before deprotection steps, which was
performed with 20% piperidine in DMF at room temperature.
Cleavage from the resin was performed with a standard cocktail,
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including tetrabutylammonium bromide in the final 15 min of
cleavage to reduce any oxidized methionine at M35. After precipi-
tation and washing with cold methyl t-butyl ether, crude peptides
were purified by reverse-phase high-performance liquid chromatog-
raphy, using a Zorbax 300SB-C3 column (Agilent Technologies).
Purified peptides were lyophilized and stored at —25°C. Final
purity was determined to be greater than 95% by liquid chroma-
tography/mass spectrometry.

For fibril growth in vitro, 3-5 mg of lyophilized ARy were first
dissolved in DMSO at approximately 5 mM peptide concentration.
Aliquots of DMSO-solubilized peptide were then diluted rapidly
into 10 mM sodium phosphate buffer, pH 7.4, containing 0.1%
w/v NaNj to produce final AP,y concentrations of 100 uM. Solu-
tions in phosphate buffer were incubated at room temperature in
15 mL or 50 mL polypropylene tubes, either quiescently to pro-
duce 3F fibrils or with orbital mixing (approximately 60 rotations
per minute) to produce 2F fibrils (Petkova et al, 2005). Seeds of
previously prepared 2F or 3F fibrils (i.e., sonicated fibril frag-
ments with typical lengths of 50-150 nm, approximate 1:30 ratio
of APy in seeds to DMSO-solubilized Af,,) were added to the
solutions before incubation, to accelerate fibril growth and ensure
formation of the desired polymorphs. Solutions were incubated
for several days. Fibril formation was verified by negative-stain
TEM (Fig 1A).

2F and 3F fibrils for injection into mouse brains were prepared
from AP with '3C labels at V18 carbonyl, A30 p-carbon, and G33
a-carbon sites. Additional 2F and 3F fibrils for ssNMR measure-
ments, which were used for the comparisons in Appendix Fig S13C,
were prepared from A, with uniform 5N, B labeling of F19, V24,
G25, S26, A30, 131, L34, and M35.

Biochemical characterization of the synthetic Ap aggregates

The structural features of 2F and 3F fibrils have been previously
characterized (Petkova et al, 2005; Tycko, 2014). Additional struc-
tural characterization presented in this article included analyses by
transmission electron microscopy (TEM, see above). Both fibrils
preparations, at 0.1 mg/ml, were treated with different concentra-
tions of proteinase K (PK, 100, 50, 25, and 12.5 pg/ml) for 1 h at
37°C with gentle agitation (600 rpm in an Eppendorf thermomixer).
Digestion products were analyzed by silver staining after separation
in NuPage Bis-Tris 12% gels. The monomeric band of AB4 was ana-
lyzed using the WCIF ImageJ software (National Institutes of Health,
Bethesda, MD, USA).

In vitro aggregation assay

2F and 3F synthetic AP aggregates were further characterized for
their seeding potential in vitro using the AP version of the protein
misfolding cyclic amplification (AB-PMCA) technique (Salvadores
et al, 2014). In summary, purified, aggregate-free ARy (1 pM) was
incubated in 100 mM Tris-HCI buffer, pH 7.4, and 5 uM ThT, at
20°C in opaque 96-well plates with cycles of 1-min cyclic agitation
(500 rpm) every 30 min. Samples were incubated in the presence of
100 pM of either 2F or 3F fibrils. Protein aggregation was monitored
by ThT fluorescence measured at 485 nm after excitation at 435 nm
using a plate spectrofluorometer. All graphs were modeled by using
a Boltzmann sigmoidal equation.
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Synthesis of thiophene-based ligands and LCOs

p-FTAA, h-FTAA, HS-68, HS-167, HS-169, HS-194, and HS-199 were
synthesized as described previously (Aslund et al, 2009; Klingstedt
et al, 2011, 2015; Shirani et al, 2015, 2017; Shahnawaz et al, 2020).
HS-208 and HS-212 were synthesized as shown in Fig 7A.

General procedure for Suzuki coupling (G1)

A mixture of the (2) or (3), and (1), K,CO; (3 equiv./bromine), in
1,4-dioxane/methanol (8: 2, 8 ml/mmol, degassed) and PEPPS-IPr
(5 mol %) was heated to 80°C until the LC-MS indicated completion
of reaction. After cooling to room temperature, pH was adjusted to 4
by 1 M HCI and the residue was extracted with DCM (3 x 30 ml/
mmol), washed with water (3 x 30 ml/mmol) and brine (30 ml).
The combined organic phase was dried over MgSO, and the solvent
was evaporated. The crude product was subjected to column chro-
matography with appropriate solvent to give desired products 4a-4b
(Fig 7B).

General procedure for condensation reactions (G2)

A few drops of pyridine were added to a cold solution of the 4a or 4b
(1 equiv) and the corresponding 2-methyl-3-alkylbenzothiazolium
salt 5 (1 equiv.) in anhydrous MeOH. The mixture was refluxed until
completion of the reaction (monitored by HPLC). The solvent was
evaporated in vacuo to provide a dark red solid, which was crystal-
lized from appropriate solvent. The red solid was collected by filtra-
tion, washed with cold MeOH and dried in vacuum to afford desired
final products in good purity and yield.

4a

General procedure of Suzuki coupling (GI) was applied starting with
5-formyl-2-thiopheneboronic acid (1) (102 mg, 0.657 mmol) and 5-
Bromo-1,3-benzodioxole (2) (120 mg, 0.597 mmol). The residue
was subjected to column chromatography using [heptane/EtOAc
(8:1 — 5:1)] to give 4a (73 mg, 53%) as yellow solid. IR (neat)
1,644, 1,499, 1,436, 1,358, 1,252, 1,224, 1,104, 1,051, 1,031, 931,
843, 815, 785, 755 cm™'. 'H NMR (500 MHz, CDCl3) & 9.86 (s, 1H),
7.70 (d, J = 3.9 Hz, 1H), 7.27 (d, J = 3.9 Hz, 1H), 7.19 (dd, J = 8.1,
1.9 Hz, 1H), 7.12 (d, J = 1.8 Hz, 1H), 6.86 (d, J = 8.1 Hz, 1H), 6.03
(s, 2H). *C NMR (126 MHz, CDCl;) & 182.8, 154.5, 149.0, 148.6,
141.6, 137.7, 127.5, 123.6, 121.0, 109.1, 106.9, 101.8. LCMS (ESI):
m/z calcd for C,,HgO3S (M + H) 232.3 found: 233.6.

4ab

General procedure of Suzuki coupling (GI) was applied starting with
5-formyl-2-thiopheneboronic acid (1) (175 mg, 1.15 mmol) and 5-
bromo-2,1,3-benzothiadiazole (3) (0.2 mg, 0.930 mmol). The resi-
due was subjected to column chromatography using [DCM/MeOH
(1%)] to give 4b (162 mg, 75%) as yellow solid. IR (neat) 1,653,
1,477, 1,448, 1,426, 1,223, 1,189, 1,146, 1,064, 845, 800, 758 cm .
'H NMR (500 MHz, CDCl3) & 9.95 (s, 1H), 8.32 (dd, J = 1.8, 0.8 Hz,
1H), 8.07 (dd, J =9.1, 0.8 Hz, 1H), 7.91 (dd, J = 9.1, 1.8 Hz, 1H),
7.81 (d, J=4.0 Hz, 1H), 7.59 (d, J=3.9 Hz, 1H). '*C NMR
(126 MHz, CDCl;3) 6 182.9, 155.1, 154.9, 152.1, 144.0, 137.4, 134 .4,
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128.6, 126.0, 122.5, 118.5. LCMS (ESI): m/z calcd for C;;HgN,0S,
(M + H) 246.3 found: 247.2.

HS-208

General procedure of condensation reactions (G1) was applied with
5 (100 mg, 0.328 mmol) and 4a (76 mg, 0.328 mmol). The residue
was purified by crystallization from MeOH/THF (80:20) to give stil-
bene HS-208 (110 mg, 65%) as deep red solid. IR (neat) 1,596,
1,584, 1,500, 1,448, 1,419, 1,332, 1,275, 1,241, 1,209, 1,139, 1,067,
1,034, 926, 863, 799, 753 cm~'. 'H NMR (500 MHz, DMSO0-d6) &
8.46-8.39 (m, 2H), 8.26 (d, J = 8.5 Hz, 1H), 7.96 (d, J = 4.2 Hz,
1H), 7.85 (ddd, J = 8.5, 7.3, 1.2 Hz, 1H), 7.79-7.74 (m, 1H), 7.69
(d, J=4.0 Hz, 1H), 7.64 (d, J = 15.4 Hz, 1H), 7.41 (d, J = 1.9 Hz,
1H), 7.30 (dd, J = 8.1, 1.9 Hz, 1H), 7.05 (d, J = 8.1 Hz, 1H), 6.12
(s, 2H), 4.91 (q, J = 7.2 Hz, 2H), 1.46 (t, J = 7.2 Hz, 3H). '3C NMR
(126 MHz, DMSO0-d6) 6 170.7, 151.5, 148.5, 148.3, 141.4, 140.9,
137.4, 137.3, 129.4, 128.2, 128.0, 126.8, 125.4, 124.3, 120.4, 116.4,
110.3, 109.1, 106.0, 101.8, 44.3, 14.1. LCMS (ESI): m/z calcd for
C,,H1gNO,S, (M + H) 392.5 found: 392.7.

HS-212

General procedure of condensation reactions (G1) was applied with
5 (62 mg, 0.203 mmol) and 4b (50 mg, 0.203 mmol). The residue
was purified by crystallization from MeOH to give stilbene HS-212
(70 mg, 65%) as deep red solid. IR (neat) 1,594, 1,581, 1,510,
1,421, 1,334, 1,261, 1,169, 962, 850, 822, 810, 760, 722 cm™*. 'H
NMR (500 MHz, DMSO-d6) & 8.49 (d, J = 14.6 Hz, 2H), 8.43 (d,
J=8.0 Hz, 1H), 8.28 (d, J = 8.5 Hz, 1H), 8.21 (d, J = 9.1 Hz, 1H),
8.15 (dd, J=9.2, 1.6 Hz, 1H), 8.09 (q, J = 4.1 Hz, 2H), 7.86 (t,
J=17.7Hz, 1H), 7.78 (dd, J=15.2, 5.8 Hz, 2H), 4.95 (q,
J=6.9 Hz, 2H), 149 (t, J=7.2 Hz, 3H). '*C NMR (126 MHz,
DMSO0-d6) 6 170.6, 154.5, 154.1, 148.7, 140.9, 140.8, 139.9, 136.6,
133.9, 129.5, 128.5, 128.3, 128.3, 128.2, 124.4, 122.2, 116.9, 116.5,
111.9, 44.5, 14.2. LCMS (ESI): m/z calcd for C,;H14N3S; (M + H)
406.6 found: 406.6.

In vitro reactivity of Ap strains to luminescent conjugated
oligothiophenes (LCOs)

2F and 3F fibrils were resuspended at 1 mg/ml (vide infra) and
diluted to 100 uM in PBS. These fibrils were further diluted at a 1:10
ratio (10 uM) in PBS in a 96-well microtiter plate. Stock solutions of
LCOs at 1.5 mM, were diluted in distilled water to 15 uM and added
to the wells containing the 2F and 3F fibrils to a final concentration
of 0.3 uM. The samples were incubated at 37°C and the emission
spectrum of each probe was collected after 30 min by exciting the
samples at 450 nm (p-FTAA), 465 nm (h-FTAA), 440 nm (HS-68),
525 nm (HS-167), 535 nm (HS-169, HS-194, HS-208, and HS-212),
or 545 nm (HS-199).

Preparation of inocula

(i) A brain from an aged (15 months old) Tg2576 mouse (frontal
cortex) was homogenized at 10% w/v using a glass homogenizer
in Phosphate Buffer Saline (PBS, MP Biomedicals, Santa Ana,
CA, USA) containing a cocktail of protease inhibitors (Roche
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Diagnostics). (ii) Both 2F and 3F fibrils were pelleted by ultracentri-
fugation at 100,000 g, resuspended in PBS at 1 mg/ml concentra-
tion, and sonicated for 30 s right before injection into animals. The
resulting inocula, both from brains and the synthetic fibrils, was
stored at —80°C until used for animal injection.

Mice

Tg2576 transgenic mice were used in this study. These mice express
the human APP gene harboring the Swedish mutation and start
developing cerebral AP deposits at approximately 8 months old
(Hsiao et al, 1996; Morales et al, 2015, 2021). Mice were housed in
standard conditions (22°C, 12 h dark/light cycles, food and water
ad libitum) as groups of no more than five animals per cage. All ani-
mal procedures described in this work complied with the regula-
tions of the Institutional Animal Care and Use Committee of The
University of Texas Health Science Center at Houston (UTHealth,
protocol number AWC-21-0065) and approved by an Animal Wel-
fare Committee. We used 5-10 animals (sex randomized) per exper-
imental group.

Animal procedures

Fifty days old Tg2576 mice were intracerebrally (i.c.) injected with a
10% w/v brain homogenate from an aged Tg2576 mouse or syn-
thetic AB (2F or 3F fibrils, or monomeric protein). Injections were
performed stereotaxically in the hippocampus (both hemispheres)
of anesthetized animals using the following coordinates from
bregma: anteroposterior: —1.8 mm; medio-lateral: £1.8 mm; dorso-
ventral: —1.8 mm. Ten microlitres of the brain homogenate or syn-
thetic AP (1 mg/ml) were administered per injection using a Hamil-
ton syringe. Mice were sacrificed by CO, inhalation at either 100- or
250-days post injection (dpi). Brain halves were frozen to be ana-
lyzed by protein-based multiplex immunoassay for AB,o, AP4z, and
cytokines levels using commercially available kits (Miliplex from
Milipore for AB4o and AP4,, and Bio-Plex Pro Mouse Cytokine 23-
plex Assay from Bio-Rad). Opposite brain halves were fixed by
immersion in formalin and saved for further immunohistochemical
(IHC) studies.

Serial extraction and multiplex immunoassay measurement of
aqueous insoluble Ap and cytokine panel

Two hundred microlitres of 10% w/v brain homogenates were
ultra-centrifuged at 100,000 g for 1 h at 4°C using a L100K
Beckman-Coulter ultracentrifuge (Beckman—Coulter). Supernatants
(S1) were snap frozen in liquid nitrogen and pellets were resus-
pended in 200 pl of 70% v/v formic acid. Samples were sonicated
and centrifuged again, in the same conditions, for 30 min. Superna-
tants (S2) were diluted 25 times in 1 M Tris buffer (pH 11) and snap
frozen in liquid nitrogen. Resulting samples were stored at —80°C
until used (next day) for measuring AP concentration using AB4o/
APy, specific protein-based multiplex immunoassay kits (Miliplex,
Milipore). S1 samples were used to measure a panel of 23 cytokines
(Bio-Plex Pro Mouse Cytokine 23-plex Assay, Bio-Rad). The protocol
provided by the kits’ manufacturers was followed for measuring A
and cytokines. Extractions and multiplex measurements were
performed in duplicates.
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Human samples

Human autopsied fixed brains hemispheres from AD patients and
non-demented individuals were obtained from the National Disease
Research Interchange (NDRI, USA) in a de-identified manner. Fixed
hemispheres were dissected and temporal cortices from one AD
patient and one non-demented individual were used for LCO
staining (see below). The AD sample corresponded to a 66-year-old
female AD that was histologically scored for Tau and AP pathology
as a Braak V-VI and Thal 1V, respectively. The non-demented brain
tissue was obtained from a 84-year-old female that was scored as a
Braak II-IV and Thal IV. Research on human samples was
performed following The Code of Ethics of the World Medical Asso-
ciation (Declaration of Helsinki). Brain tissues were manipulated
following the universal precautions for working with human sam-
ples and as directed by the Institutional Review Board (IRB) and the
Biosafety Office of The University of Texas Health Science Center at
Houston.

Histological studies

Fixed mouse brains and human temporal cortices were dehydrated
in graded ethanol for paraffin embedding. Then, paraffin-
embedded brains were serially sliced in 10 pm thick sagittal sec-
tions. Five slices per animal were used for the histological studies.
In short, sections were deparaffinized and Thioflavin S (ThS)
staining was performed by incubating tissue slices with a ThS
(Sigma, St. Louis, MO, USA) solution (0.1% w/v in 50% ethanol)
for 15 min. After incubation, sections were washed for 2 min in
80% ethanol, dehydrated, cleared in xylene, and cover slipped
with DPX mounting medium (Innogenex, San Ramon, CA, USA).
For immunohistochemistry, after deparaffinization, the endogenous
peroxidase activity was blocked with a solution containing 10%
methanol and 3% H,0, in PBS, for 30 min. Then, brain sections
were incubated in 85% formic acid for 5 min to enhance antigen
retrieval. Sections were incubated overnight with the mouse 4G8
antibody (Covance), the rabbit Iba-1 antibody (Wako) or the rabbit
GFAP antibody (Abcam), diluted 1:1,000 in PBS with 0.02%
Triton-X100 (Sigma). After washing with PBS, sections were incu-
bated for 1 h with an HRP-linked secondary anti-mouse antibody
(GE Healthcare) or HRP-linked secondary anti-rabbit antibody
(Sigma Aldrich) at a 1:500 dilution. Peroxidase reaction was visu-
alized using a DAB Kit (Vector Labs) following the manufacturer’s
instructions. Finally, sections were dehydrated in graded ethanol,
cleared in xylene, and cover slipped as described previously
(Duran-Aniotz et al, 2021; Morales et al, 2021). For double immu-
nofluorescence staining, deparaffinized sections were consecutively
incubated with anti-4G8 and anti-Iba-1 or anti-GFAP antibodies.
After primary antibody incubations, sections were washed with
PBS and incubated for 1.5 h with anti-mouse Alexa Fluor-488 and
anti-rabbit Alexa Fluor-594 at a 1:500 dilution. Then, sections were
washed and cover slipped using FluorSave Mounting medium
(Millipore Sigma). For LCOs staining of mouse and human brain
sections, paraffin-embedded tissues were deparaffinized and incu-
bated with LCOs at 300 nM diluted in PBS for 30 min at room
temperature. Sections were rinsed with PBS and cover slipped with
VECTASHIELD® Antifade Mounting Medium with DAPI (Vector
Labs).
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Image analyses of brain slices

Immunostained sections, as well as those stained with ThS and
LCOs, were visualized in a dual (bright field and epifluorescence)
microscope (DMI6000B microscope from Leica Microsystems, Ger-
many). For quantification, image analysis was performed using the
ImageJ software (National Institutes of Health). AP burden was
defined as the 4G8 antibody labeled area in each slice per total area
analyzed and expressed as percentages. Quantification in the lateral
ventricle was performed by analyzing plaques that surround the lat-
eral ventricles and giving a visual score ranging from 0 (No plaques)
to 10 (plaques found in the tissue with more plaques). Given the
subjectivity of this measurement, this was performed blinded by 2
independent researchers (RG-G and KD). Quantification of CAA was
performed by counting the total amount of meningeal vessels and
the amount of 4G8-positive meningeal vessels following this for-
mula: % 4G8 positive vessels = (Total number of 4G8 positive ves-
sels) / (Total number of vessels).

Preparation of brain-seeded fibrils for solid-state nuclear
magnetic resonance

Amyloid-containing extracts were prepared from mouse brain
homogenates by following a protocol developed previously for
ssNMR studies of AP fibrils from human cortical tissue (Lu
et al, 2013; Qiang et al, 2017). Briefly, frozen homogenates were
thawed, added to 5 mL of buffer A (10 mM Tris-HCI, pH 7.5,
0.25 M sucrose, 3 mM EDTA, 0.1% w/v NaNj3) with one half tablet
of Roche Complete Protease Inhibitor, then rotated end-over-end
overnight at 4°C. After increasing the sucrose concentration to
1.2 M, the mixtures were centrifuged at 220,000 g for 60 min at
4°C. The resulting pellets were resuspended in 11 ml of buffer B
(10 mM Tris—HCI, pH 7.5, 1.9 M sucrose, 3 mM EDTA, 0.1% w/v
NaNj3;) and centrifuged again with the same conditions. Top layers
were resuspended in 10 ml of Tris—HCI buffer (50 mM, pH 8.0) and
spun at 11,000 g for 15 min at 4°C. Pellets were resuspended in
10 ml of Tris-HCI buffer with 2 mM CaCl, and 10 pg/ml of DNAse
I, then incubated at room temperature for 60 min with orbital
mixing. After pelleting again, pellets were resuspended in 4.5 ml of
buffer C (10 mM Tris—HCIl, pH 7.5, 1.3 M sucrose, 3 mM EDTA,
0.1% w/v NaN;, 1% w/v SDS), then centrifuged at 350,000 g for
30 min at 4°C. Pellets were washed twice by resuspension in deio-
nized water followed by centrifugation.

Fibrils for ssNMR measurements were then prepared by resus-
pending the pelleted extracts from mouse brain homogenates in
0.5 ml of 10 mM sodium phosphate buffer, pH 7.4, containing 0.1 %
w/v NaNj. Suspensions were sonicated vigorously for 20 min
(Branson S-259A sonifier with tapered 1/8" microtip horn, lowest
power, 10% duty factor) to break amyloid into short fragments. Ali-
quots of isotopically labeled A4, solubilized in DMSO and
containing 0.22 mg of the peptide to produce [AB4] = 100 pM,
were then added to the sonicated suspensions and mixed by brief
vortexing. TEM images were recorded after 4 h of quiescent incuba-
tion at room temperature (Appendix Fig S11A, top row of images).
Observation of abundant long fibrils confirmed seeded fibril growth,
as control experiments without brain extract produced no detectable
fibrils after 4 h incubation. Sample volumes were then increased to
2.5 ml by addition of the same buffer and DMSO-solubilized,
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isotopically labeled AP4o was added to restore the total peptide con-
centration to 100 pm (1.1 mg total peptide). Samples were then
incubated at room temperature for an additional 4-5 days, after
which TEM images were recorded again (Appendix Fig S11B, bot-
tom row). To maximize conversion of soluble APy, to fibrils, sam-
ples were given a 10 s burst of sonication once per hour for the first
24 h (Qsonica model Q55 sonifier, 1/8" horn, power level 20, con-
trolled by an Omega PTC-16 timer). Aside from these brief sonica-
tion bursts, incubation was quiescent.

Finally, fibrils were pelleted, resuspended in deionized water,
pelleted again, and lyophilized. Lyophilized material (containing
<1 mg of isotopically labeled fibrils in a larger quantity of nonfi-
brillar material from the brain tissue) was then packed into 1.8 mm-
diameter magic-angle spinning (MAS) rotors for ssNMR measure-
ments and fully rehydrated by addition of 10 mM sodium phosphate
buffer to the rotor.

Transmission electron microscopy

TEM images of 2F and 3F fibrils and fibrils grown from brain
homogenates were obtained with an FEI Morgagni microscope,
operating at 80 keV, equipped with an Advantage HR camera
(Advanced Microscopy Techniques). Each fibril sample was diluted
by a factor of 5-10 in deionized water, then applied as a 10 pl ali-
quot to a glow-discharged grid (carbon film supported by lacey car-
bon on 300 mesh copper), allowed to adsorb for approximately
120 s, blotted, rinsed twice with deionized water, blotted, stained
with a 10 pl aliquot of 2% w/v uranyl acetate for 15-30 s, blotted,
and dried in air.

Solid-state nuclear magnetic resonance

ssNMR data spectra were acquired at 17.5T (187.5 MHz '*C NMR
frequency, 75.6 MHz >N NMR frequency), using a Varian Infinity-
Plus spectrometer and a 1.8 mm magic-angle spinning (MAS) probe
obtained from the laboratory of Dr. Ago Samoson (Tallinn Univer-
sity of Technology, Estonia). MAS frequencies were 17.00 kHz.
Sample temperatures were 25° + 1°C. All measurements used stan-
dard cross-polarization techniques for H-13¢, 'H-'°N, and '°N-'3C
polarization transfers and two-pulse phase-modulated 'H decou-
pling with a 100 kHz radio-frequency (rf) field amplitude (Bennett
et al, 1998). 2D '3C-'3C spectra used 2.82 ms mixing periods with
finite-pulse rf-driven recoupling (Bennett et al, 1998; Ishii, 2001),
using 20.0 ps '3C = pulses at a carrier frequency of 32 ppm to maxi-
mize polarization transfers among aliphatic *C sites. 2D 3C-'*C
spectra of brain-derived fibrils in Fig 6B were obtained in 2.5-
4.4 days, using maximum t; values of 4.00 ms, t; increments of
20.0 ps, and recycle delays of 1.0-1.3 s. 2D !SN-13C spectra in
Fig 6C were obtained in 2.0-3.5 days, using maximum t; values of
7.35 ms, t; increments of 49.0 ps, and 1.0 s recycle delays. Similar
conditions were used to obtain 2D spectra of synthetic 2F and 3F
fibrils (grown in vitro, not seeded with brain extract), which were
used for the comparisons in Appendix Fig S11C.

Data were processed with nmrPipe software (Delaglio et al,
1995). Pure Gaussian apodization functions were used, corresponding
to 0.8 and 1.3 ppm line-broadening in '*C and "N dimensions,
respectively, without artificial resolution enhancement. *C and '°N
chemical shifts are relative to 4,4-dimethyl-4-silapentane-1-sulfonic
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acid (DSS) and liquid ammonia, respectively, based on an external
standard of 1-'3C-L-alanine powder at 179.65 ppm relative to DSS.
Contour levels in plots of 2D *C-'3C and 2D 'N-'3C spectra increase
by successive factors of 1.4 and 1.2, respectively.

Quantification and statistical analysis

According to the data distribution, Student’s t-test or Mann—Whitney
U-test were used to compare AP burden in injected and noninjected
animals. The values are expressed as means + standard deviation.
Data was analyzed using the Graph Pad prism software. Statistical
differences were considered significant for values of P < 0.05. All
analyses were performed in a blinded manner by different
investigators.

Data availability

The solid state NMR data included in this paper are available at
https://data.mendeley.com/datasets/96nvvpz9y8/1 (DOI: 10.17632/
96nvvpz9y8.1).

Expanded View for this article is available online.
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