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Seeding, maturation and propagation of
amyloid B-peptide aggregates in Alzheimer’s
disease
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Alzheimer’s disease is neuropathologically characterized by the deposition of the amyloid B-peptide (Ap) as amyloid
plaques. Af plaque pathology starts in the neocortex before it propagates into further brain regions. Moreover, Af ag-
gregates undergo maturation indicated by the occurrence of post-translational modifications. Here, we show that
propagation of Ap plaques is led by presumably non-modified Ap followed by Ap aggregate maturation. This sequence
was seen neuropathologically in human brains and in amyloid precursor protein transgenic mice receiving intracer-
ebral injections of human brain homogenates from cases varying in Af phase, Ap load and Ap maturation stage. The
speed of propagation after seeding in mice was best related to the Ap phase of the donor, the progression speed of
maturation to the stage of Ap aggregate maturation. Thus, different forms of Ap can trigger propagation/maturation
of AB aggregates, which may explain the lack of success when therapeutically targeting only specific forms of Ap.
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APP =amyloid precursor protein; Ap = amyloid-B; Apnspe = N-terminally truncated and pyroglutamate
modified Ap; ABpSerg_phosphorylated Ap; B-AB=(biochemical) Ap maturation stage; hAP score=hippocampal
anterior-posterior expansion score; NFT =neurofibrillary tangles; nonAD = control cases; p-preAD = pathologically
diagnosed preclinical Alzheimer’s disease; p-t=phosphorylated tau protein; symAD =symptomatic Alzheimer’s

disease

Introduction

Alzheimer’s disease is the most frequent form of dementia in the
elderly." The deposition of amyloid-f peptide (Ap)-containing senile
plaques and the generation of neurofibrillary tangles (NFTs) com-
posed of abnormal phosphorylated t protein (p-t) are the two
main histopathological hallmarks of Alzheimer’s disease.>* The
propagation of senile plaques and NFTs from one brain region
into another follows distinct hierarchical and predictable pat-
terns.>® The sequence that describes the topographical spreading
of AB-plaque pathology in the human brain is referred to as Af
phases® and can also be found in mouse models of Ap pathology
such as mutant human amyloid precursor protein (APP) overex-
pressing mice.” Experimental evidence showed that both Af and
p-t propagate from one brain region into others by following neur-
onal connections.®®*?

The progression of Alzheimer’s disease is also accompanied by
changes in the composition of AB plaques indicated by the sequen-
tial occurrence of post-translationally modified forms of A, which
is here referred to as maturation.*? This sequence was described as
Ap maturation (B-AB) stages. Newly developed Ap plaques, as found
in the first phase of A deposition in the neocortex, most frequently
consist only of Ap that can be detected with antibodies raised
against non-modified Ap. Post-translationally modified forms of
AB, such as N-terminal truncated and pyroglutamate modified AB
(ABnspe) and phosphorylated A (ABpsers) either occur in a later pre-
clinical stage (APnspe) Or are mainly restricted to symptomatic
Alzheimer’s disease (ABpsers).>*® Other authors use the term mat-
uration in the context of the development of amyloid plaques from
diffuse to cored plaques.”* Whether this maturation goes along
with that of the changes in the biochemical composition (B-Af ag-
gregate maturation) has not yet been reported in detail.

A prion-like seeding process is considered to be one of the me-
chanisms underlying the induction and propagation of the Af path-
ology in the brain.™*® Moreover, transmission of A deposition has
been described in transgenic mouse models,”"*® non-human pri-
mates'® and patients receiving Ap-positive brain extracts via
human-derived growth hormone treatment, cadaveric dura grafts
or previous neurosurgery.’>?? In these cases, Ap deposition can
be induced and was mainly found in blood vessels. These findings
suggest that seeding of Ap pathology is an important event in the
pathogenesis of Alzheimer’s disease and possibly involved in
propagation of Ap pathology throughout the brain.

Soluble and insoluble AB preparations from human Alzheimer’s
disease brain homogenates as well as distinct synthetic Ap strains
have been shown to induce seeding in a concentration-dependent
manner.”’?>%° However, it is not yet clear whether the maturation
stage of seeds has influence on seed-induced propagation and mat-
uration of Ap plaque pathology. This becomes of increasing interest
in the light of antibodies against Apspg that are now entering phase
3 trials.?® Since it is theoretically possible to halt the maturation
process of Ap aggregate formation by tackling ABnspe, it appears

to be essential to clarify the role of Ap maturation for the progres-
sion of AB plaque pathology.

Induction of A seeding can be induced in vitro within Ap produ-
cing, wild-type and APP-knockout hippocampal slice cultures®
whereas in vivo seeding is restricted to animal models that overex-
press APP and produce increased amounts of A, although AB ag-
gregates can persist in a hidden form even in APP-knockout
mice.'”*® Thus, to study seeding of A in vivo, Ap producing mouse
models are required.

Here, we studied the pattern of Ap maturation in four different
brain regions of human autopsy cases covering early as well as
late affected brain regions throughout the phases of A deposition
and supplemented this descriptive analysis by functional seeding
and propagation experiments in APP transgenic mice. By inducing
AB seeding with patient-derived Ap aggregates differing in the AB
phase, AB load and B-Ap aggregate maturation stage, we show
that Ap deposition was induced by all lysates used. In this context,
the speed of propagation was associated with the amount of Af in
the brain lysates and the donor Ap phases whereas maturation
was also influenced by the presence of APnspe and/or APpsers in
the lysates of the donor brains.

Materials and methods

Forty-six autopsy cases from university and municipal hospitals in
Offenbach, Bonn and Ulm (Germany)®*****° were analysed in this
study (Supplementary Table 1A and B). The autopsies were per-
formed with informed consent of the next in kin. This study was ap-
proved by the Ulm University (54/08, 342/14) and the UZ/KU-Leuven
ethical committees (S-59295, 64378).

All cases were clinically examined at the time point of hospital
admission (~1-4 weeks before death) by clinicians with different
specialties according to standardized protocols. These protocols in-
cluded the assessment of cognitive function (orientation to place,
time and person,; specific cognitive or neuropsychiatric tests were
not performed) and recorded the patients’ ability to care for them-
selves and to get dressed, eating habits, bladder and bowel contin-
ence, speech patterns, writing and reading ability, short-term and
long-term memory and orientation within the hospital setting.
These data were used to retrospectively assess the clinical demen-
tia rating scores for 39/46 individuals® without knowledge of the
pathological diagnosis. For seven cases, the available clinical data
were not sufficient to obtain a clinical dementia rating score
retrospectively.

From all human brains, the right brain hemisphere was cut fresh and
specimens were kept frozen for biochemical analysis. The left hemi-
sphere was fixed in a 4% aqueous solution of formaldehyde or
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phosphate-buffered formaldehyde for ~3-4 weeks before cutting.
Brains were cut in coronal slices and screened macroscopically. For
histopathological analysis and for assessing the amounts of amyloid
plaques, NFTs and neuritic plaques, paraffin-embedded tissue includ-
ing parts of the frontal, parietal, temporal, occipital, entorhinal cortex,
the hippocampal formation at the level of the lateral geniculate body,
basal ganglia, thalamus, amygdala, midbrain, pons, medulla oblon-
gata and cerebellum were examined. Paraffin sections of 5-12 pm
thickness from all blocks were stained with haematoxylin and eosin.

Data were excluded when the documentation was not clear or
when tissue was not available. Cases were assigned to each group
[symptomatic Alzheimer’s disease (symAD); pathologically-defined
preclinical Alzheimer’s disease (p-preAD); non-Alzheimer’s disease
control (nonAD)] based on records of medical diagnosis and post-
mortem neuropathological examinations (for details. see
Supplementary Table 1A and Supplementary material). The sample
size was determined in analogy to a previous study analysing the mat-
uration of A in the neocortex*? and by the limitations of tissue avail-
ability (frozen samples from four brain regions of the same brain).

For neuropathological diagnosis sections were stained with im-
munohistochemical methods with primary antibodies against ab-
normal phosphorylated t protein, APi7_ss, APnzpe and APpsers
(Supplementary Table 5). Primary antibodies were detected with
biotinylated secondary antibodies and visualized with
diaminobenzidine-HCl and the avidin-biotin complex (Vector).

The phase of AP plaque pathology (Ap phase),® Braak NFT
stage,® consortium to establish a registry for Alzheimer’s disease
scores for neuritic plaque density,** cerebral amyloid angiopathy
stage,® stage of maturation of A plaques (B-Ap plaque stage)™?
and the AB, APnspe and APpsers loads were determined (for details,
please see Supplementary material).

The presence of non-modified Af was confirmed in cases listed
in Supplementary Table 1B with an antibody (7H3D6) detecting
non-truncated Af without phosphorylation at Ser8. This antibody
does not cross-react with ABnspe and ABpsers.>>

In the temporal neocortex of Brodmann area 36, the presubicu-
lar and the cornu ammonis 1 (CA1)/subiculum region of the hippo-
campal formation we determined the plaque types stained with
antibodies against AB, APnspe and Apgers.

Biochemical analysis was carried out from 38 cases that were al-
ready included in previous studies.’®*° In short, protein extraction
for biochemical analysis of A maturation from fresh-frozen frontal
neocortex (Brodmann area 6), cingulate gyrus (Brodmann area 24),
putamen and the cerebellum from cases listed in Supplementary
Table 1A was performed as described in detail in Supplementary
material. Enzyme-linked immunosorbent assay (ELISA) measure-
ments for ABso, ABsz, APnspe and APpsers Were carried out without
fractionation. Western blot analysis was done after separating sol-
uble, dispersible, sodium dodecyl sulphate-soluble and formic acid
soluble fractions. To detect even very low amounts of ABnspe and
APpsers the blots were detected with longer exposure times
(Supplementary material).

Biochemical stages of Ap aggregation were determined as previous-
ly published and described in detail in the Supplementary material.>*?

Heterozygous 2-month-old female C57BL/6J-Tg(Thyl-APPK670N;
M671L)23 mice (APP23 mice) were used because they are a well-
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established model for analysing Ap seeding.'”"** Mice were original-
ly generated by the Novartis Institutes for Biomedical Research
(Basel, Switzerland).*® For this study, we chose heterozygous fe-
male mice because they have a well predictable course of Af plaque
pathology and start to develop the very first neocortical plaques
when 5-6 months old.”*”*® Thus, seeding can be easily identified
by the deposition of A plaque material outside the neocortex.
Mice were bred by continuous backcrossing of heterozygous males
with wild-type females on a C57BL/6 background in a specific
pathogen free facility. All mice were housed in individual, type II fil-
ter cages with floors covered in wood shavings, with food and water
ad libitum (for details see Supplementary material). The experimen-
tal procedures were approved by the ethical committee for animal
experimentation with project number P125/2016 and carried out
according to the Belgian law.

Fifty milligrams of fresh-frozen human brain tissue from the oc-
cipital cortex (Brodmann area 17) from the cases: symAD 2,
p-preAD 2, p-preAD 14, p-preAD 21, nonAD 2 and nonAD 10 were
used (Supplementary Table 1B). Tissue was homogenized in
phosphate-buffered saline (PBS) using a micro-pestle (0.1 mg tis-
sue/pl PBS) before being sonicated three times for 5s. Next, the
samples were centrifuged at 3000g for 5 min at 4°C. The super-
natant was collected and stored as the total supernatant. Part of
the total supernatant (i.e. initial volume for soluble and dispersible
fractions) was ultracentrifuged at 121 6569 for 30 min at 4°C. The re-
sulting supernatant was further concentrated 10 times using a
3 kDa Amicon filter (Millipore) before being stored as soluble frac-
tion. The pellet was resuspended in PBS (1/10 of the initial volume),
shortly sonicated and stored as dispersible fraction. The neuro-
pathological characterization as well as the quantitative and semi-
quantitative biochemical analysis of the occipital cortex samples of
these cases was carried out as described for other brain samples
under the ‘Neuropathology’ and ‘Biochemistry’ sections.

The seeding activity of the brain tissue was confirmed in an in
vitro seeding assay using mCherry-Ap;_4, expressing human em-
bryonic kidney cell line 293T (HEK293T) cells (Supplementary
material).

Sixty-nine female APP23 transgenic mice were used and randomly dis-
tributed over 11 groups (n= 6-7 for each group) receiving brain extracts
from different cases or PBS as indicated in Table 2. For stereotactic injec-
tion, 2-month-old mice were anaesthetized by intraperitoneal injection
of Ketamine and Medetomidine. After placing the mice in a stereotactic
frame (72-6049, Harvard Apparatus), 1 pl of brain extract was injected in
the left hippocampal formation (Bregma: —2.5mm AP, +2mm LR,
—1.8 mm DV) using a 10-pl syringe with a Hamilton needle. One mouse
was injected into the right hippocampal formation (Bregma: —2.5 mm
AP, -2 mm LR, —1.8 mm DV). The injection was performed at a speed
of 1 ul/min. We used a separate needle and syringe for each treatment
group (for more details see Supplementary material). One microlitre of
the total fraction of the brain lysates represented 100 pg brain tissue.
One microlitre of the soluble and dispersible fraction represented the
AR content of 1 mg brain tissue due to the 10x concentration.

At 6 months of age, the mice were sacrificed by decapitation under an-
aesthesia with Ketamine and Medetomidine. The brains were removed
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Table 1 Prevalence of plaques exhibiting Ap (detected with antibodies against non-modified Ap), Apnspe and APpsers in the human

brain

Brain region Antibody Ap phase 0 Ap phase 1 Ap phase 2 Ap phase 3 Ap phase 4 Ap phase 5

(n=9) (n=6) (n=8) (n=7) (n=3) (n=11)

Temporal neocortex AB 0.00 83.33 100.00 100.00 100.00 100.00

APnszpE 0.00 66.67 87.50 87.50 100.00 100.00

ABpsers 0.00 0.00 25.00 57.10 100.00 90.90

Cingulate gyrus AB 0.00 0.00 62.50 100.00 100.00 100.00

ABnspE 0.00 0.00 50.00 100.00 100.00 100.00

ABpsers 0.00 0.00 12.50 57.10 100.00 54.50

Putamen AB 0.00 0.00 0.00 100.00 100.00 100.00

ABnspE 0.00 0.00 0.00 87.50 66.67 100.00

ABpsers 0.00 0.00 0.00 0.00 33.33 36.40

Cerebellar cortex AB 0.00 0.00 0.00 0.00 0.00 90.90

ABnspE 0.00 0.00 0.00 0.00 0.00 90.90

ABpsers 0.00 0.00 0.00 0.00 0.00 9.10

Percentages of cases in each Ap phase exhibiting the respectively stained plaques in the human brain in the temporal neocortex (Brodmann area 36), cingulate gyrus (Brodmann
area 24), putamen and cerebellar cortex are provided (n =44 cases). A single Ap phase 1 case exhibited plaques only in the occipital neocortex but not in the temporal cortex. Few
AP phase 2 cases showed plaques in the entorhinal cortex/hippocampus while none were seen in the cingulate gyrus. One Ap phase 5 case with Ap plaques in the pons had no

cerebellar plaques. Values in bold highlight positive percentage >76%.

and further processed. Brain tissue of six mice was snap-frozen and
stored at —80°C. From 63 animals, the brains were kept fixed in 4% par-
aformaldehyde for ~4 days and embedded in paraffin. Serial sections of
the mouse brain samples were immunostained using the BOND-MAX
automated staining system (Leica) with polyclonal antibodies raised
against AP;_s0”>° and ABnspe (Supplementary Table 4). The BOND-MAX
automated staining system performs a peroxidase blocking step, incuba-
tion with primary antibody, secondary antibody, 3,3-diaminobenzidine
and a haematoxylin counterstaining via an automated protocol.
Staining for AB,sers Was performed with a mouse monoclonal antibody
(1E4E11) (Supplementary Table 5)* according to a staining protocol for
mouse tissue with murine antibodies.*® Briefly, the mouse primary anti-
bodies and biotinylated anti-mouse IgG fragment antigen-binding
(Fab)-fragments (Jackson ImmunoResearch Laboratories) were incu-
bated together for 20 min (2 pg Fab-fragment for 1 pg primary antibody)
at room temperature. Thereafter, normal mouse serum was added to
capture unbound Fab-fragments. After epitope retrieval and subsequent
peroxidase and protein blocking, the Fab-fragment linked antibodies
were incubated overnight with the sections, followed by detection
with horseradish peroxidase-coupled streptavidin (1/1000, 016-030-084,
Jackson ImmunoResearch) and 3,3’-diaminobenzidine. Stained sections
were counterstained with haematoxylin, dehydrated and mounted in
Leica CV mounting medium.

For AB-plaque load measurements, digital images of the hippocam-
pal region from the injected and non-injected, plaque-free hemi-
sphere of each mouse were taken with a Leica DM2000 LED
microscope connected to a Leica DFC 700T camera at X5 magnifica-
tion using the LAS V4.8 software. The images covered a total area of
4.65 mm’ (reference area), the Ap-positive area was measured using
Image] software (National Institutes of Health, Bethesda, USA), and
the Ap-load was calculated as the percentage of the Ap-positive
area in the given reference area. The Ap-plaque area was measured
by setting a threshold based on the brightness parameter for every
individual case, in a manner that the plaque area was covered. To
correct for background signals of the transgenic expression of
APP, we subtracted the area that was detected in the non-injected
hemisphere, when applying the same threshold values as for the

injected hemisphere. For plaque load measurements, Apnspe and
ABpsers positive plaques in the injected hemisphere were manually
delineated with a cursor.*

To determine the spatial expansion of seeded AB plaques, the
anterior-posterior extent of Ap pathology was analysed for five to
seven mice per group. The animals were selected for this analysis
based on two inclusion criteria: (i) induction of seeding; and
(ii) availability of paraffin-embedded tissue (frozen brains were
not used). Spreading was analysed by scoring 12 coronal sections,
covering the entire hippocampal region (—0.655 mm from Bregma
until —3.78 mm from Bregma, see Supplementary Table 4 for details
about the investigated levels). Scoring was performed based on ab-
sence or presence of Ap pathology, separately in each section as vi-
sualized by the polyclonal anti-AB;_4, antibody.*® The hippocampal
anterior-posterior expansion score (hAP score) was calculated as a
percentage of the sum of the positive sections from these 12 sec-
tions. A hAP score was also determined for anti-APyspg and
anti-APpsers-stained sections.

Assessment and quantification of all neuropathological variables
from brain samples of human cases and mice were performed by
two blinded observers independently. Statistical analysis was cal-
culated with R (v.3.6.3) and SPSS 27 (IBM, Armonk, NY, USA). The
Kruskal-Wallis test with Dunn’s post hoc method was carried out
when comparing multiple groups. Friedman’s test with Dunn’s
post hoc method and Bonferroni correction for multiple tests was
carried out when comparing among Af, ABnspe and ABpsers path-
ologies, within human cases and mice pair-wise, the distribution
of multiple groups. To compare A quantification by Ap loads and
ELISA measurements a Spearman correlation analysis was carried
out. The association of these quantitative measures with positive/
negative results determined by western blotting was tested with
the Mann-Whitney U-test. Spearman correlation (two-tailed) was
used for comparison between seed characteristics and seeding ef-
fects in mice. Linear regression controlled for age and sex was used
to determine the association of the increasing A phase with the re-
spective AB, ABnspe and APpsers loads in the human brain samples. In
the mouse samples we used for this purpose, an ANOVA test since all
mice were female and the same age.
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Table 2 Characteristics of the cases used for preparing the brain lysates used as seeds with the respective seeding performance in
relation to the presence/absence, loads and expansion of induced Ap, Apnspe and ABpsers deposition in mice

Induced pathology in the treated mice

Characteristics of lysates

Cases and Antibody Seeded Totaln Average Ap  Average A A Braak Temp B-Ap B-Ag B-AB
fraction AB per load® hAP score® content, phase NFT Apload stage plaque lysate
species®  group ng/ul stage stage injected
Comparison among different fractions of lysates from an Alzheimer’s disease and a p-preAD case
p-preAD2 AB 50.00 6  0.037(0.063) 13.9(20.2) 0.011 1 1 0 0 2 0
soluble APBnspe 0.00 0(0) 0(0)
fraction ABpsers 0.00 0 (0) 0 (0)
p-preAD2 AB 50.00 6  0.021(0.024) 27.1(19.7) 0.009 1 1 0 0 2 0
dispersible  APspr 33.33 0.001 (0.001) 8.3 (11.8)
fraction ABpsers 0.00 0 (0) 0 (0)
p-preAD2 total  Ap 50.00 6  0.023(0.035) 15 (22.4) 0.007 1 1 0 0 2 0
supernatant  ABnspe 0.00 0(0) 0 (0)
fraction ABpsers 0.00 0 (0) 0 (0)
symAD2 soluble AB 83.33 6 0.266 (0.238) 66.7 (40.4) 0.017 4 4 10.88 3 3 2
fraction ABnspE 33.33 0.032 (0.064) 15 (33.5)
ABpsers 66.67 0.043 (0.061) 46.7 (44.3)
symAD2 Ap 100.00 6 0.882 (0.696) 69.4 (39.1) 0.136 4 4 10.88 3 3 2
dispersible ABnspE 83.33 0.031 (0.028) 37.5 (34.4)
fraction ABpsers 83.33 0.003 (0.002) 18.8 (14.2)
symAD?2 total Ap 83.33 6 0.486 (0.611) 54.4 (45) 0.039 4 4 10.88 3 3 2
supernatant  APnspe 33.33 0.005 (0.009) 18.1(28.1)
fraction ABpsers 50.00 0.019 (0.023)  29.2 (39.4)
Comparison of the dispersible fraction among lysates from different cases
PBS AR 14.29 7 0.001 (0.003) 1.6 (4.2) NA NA NA NA NA NA
ABnsee 0.00 0(0) 0(0)
ABpSerS 0.00 0 (0) 0 (0)
nonAD10 AB 0.00 7 0(0) 0(0) 0.001 0 0 0 0 0 0
ABnspe 0.00 0(0) 0(0)
ABpSerS 0.00 0 (0) 0 (O)
nonAD2 AB 33.33 6  0016(0.024) 9.2(14.3)  <0.001 0 1 0 0 0 0
APwspe 16.67 0.001 (0.002)  3.3(8.2)
ABpSerS 0.00 (0) 0 (O)
p-preAD2 AB 50.00 6  0.021(0.024) 27.1(19.7) 0.009 1 1 0 0 2 0
APBnspE 33.33 0.001 (0.001) 3 (11.8)
ABpSerS 0.00 (0) (0)
p-preAD14 AB 100.00 7 0.23 (0.195) 36.4 (27.9) 0.031 2 2 1.54 2 3 2
ABnseE 85.71 0.029 (0.029) 24.2 (22.2)
ABpsers 71.43 0.025 (0.026)  10.7 (8.6)
p-preAD21 AB 100.00 64 2767 (1.541) 91.7 (18.6) 0.018 5 2 5.53 2 2 2
ABnseE 83.33 0.017 (0.012)  61.7 (32.6)
ABpsers 33.33 0.001 (0.002) 15 (20.7)
symAD2 AB 100.00 6 0.882 (0.696) 69.4 (39.1) 0.136 4 4 10.88 3 3 2
ABnsee 83.33 0.031(0.028) 37.5 (34.4)
ABpsers 83.33 0.003 (0.002) 18.8 (14.2)

n=number of animals treated for each condition. Values in bold highlight a positive percentage >76%. Note that Case p-preAD21 is exceptional since this case already showed
the topographical distribution of Ap phase 5 whereas ABpSer8 could not be detected within the plaques by immunohistochemistry. We used this case here because it allowed us
to extract substantial amounts of A in B-Ap plaque stage 2. NA = not applicable.
“Values presented as % (positive n/total n).
Values presented as % (+SD).

“Values presented as mean (+SD).

40ne mouse from this group received the injection of dispersible fraction from Case p-preAD21 in the right hippocampus.

Ethical approval was obtained from the Ulm University Ethics
Committee (Ulm/Germany; Decision No. 54/08, 342/14) and by the
UZ-Leuven ethical committee (Leuven/Belgium; Decision No. S-
59295, S-64378). In accordance with the Declaration of Helsinki, in-
formed consent for autopsy and scientific use of autopsy tissue
with clinical information was granted. Animal experiments were ap-
proved by the KU-Leuven ethical committee for animal experiments

(Leuven/Belgium; Decision No. P125/2016). All methods were per-
formed in accordance with the relevant guidelines and regulations.

All cases are listed in Supplementary Tables 1 and 2 with the main
parameters obtained throughout this study, with the main clinical
diagnosis, age and sex. Due to legislation and privacy protection any
medical reports and files of the cases included in this study cannot
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be made available. Mean and standard deviations from mouse experi-
ments are provided in Table 2. Data describing statistical results are
presented in the respective figure legends, in the ‘Results’ section
and in Supplementary Table 3. More detailed data will be provided
by the corresponding author upon reasonable request.

Results

To study maturation of AB plaques throughout the different phases of
AB plaque propagation, 45 autopsy brains covering all A phases were
investigated (Supplementary Table 1A). We determined the compos-
ition of Ap plaques in four brain regions that become subsequently af-
fected by A pathology: the neocortex in Af phase 1, cingulate gyrus in
phase 2, basal ganglia in phase 3 and the cerebellum in phase 5
(Supplementary Table 1).° In all four regions, an antibody raised
against ABq7_»4 detected all Ap plaques (Table 1). A subset of these pla-
ques exhibited AByspe-positive material in some non-demented and all
demented cases. AB,sers Was mainly restricted to demented cases, i.e.
symAD, and only observed in cases that already exhibited Apnspe in the
respective regions (Table 1). Ap deposits lacking anti-APnspe and
anti-APpsers-positivity were considered to mainly contain non-
modified AB. This was supported by reactivity of A plaques with an
antibody not cross-reacting with N-terminal truncated and phos-
phorylated AB species®® in the cases listed in Supplementary
Table 1B. The cerebellum exhibited ABpsers in only one single case.
None of our cases exhibited modified forms of A in the absence of
AR detectable with antibodies raised against AB;;_»4. The AB loads de-
scribing the area in a given region covered by A plaques in all investi-
gated brain regions were higher for presumably non-modified Ap, than
for Apnspe loads, which were higher than the respective ABysers loads
(Fig. 1). Given the Ap phase-related prevalence of Ap plaques in a given
brain region, the temporal neocortex showed AB plaques most fre-
quently, followed by the cingulate gyrus, then the basal ganglia and fi-
nally the cerebellum (Fig. 1, Table 1). The histopathological sequence of
AP aggregate maturation from presumably non-modified AB to APnspe
and finally to AB,sers in all investigated brain regions was confirmed by
western blotting and quantitative ELISA analysis of brain homoge-
nates of the respective brain regions (Supplementary Fig. 1). The meth-
ods correlated well for detection and quantification of AB, whereas
APBnspe and APpsers Were less abundant in ELISA measurements espe-
cially in the basal ganglia and the cerebellum.

The accumulation of modified AB species varied among different
plaque types. Fleecy amyloid, a very early type of diffuse plaques oc-
curring in the entorhinal cortex and the subiculum/CA1 region exhib-
ited no ABnspe and no ABpsers (Supplementary Fig. 2A-C). Presubicular
lake-like and subpial band-like amyloid were AB- and AByspe-positive
whereas ABpsers Was seen there only in single cases. The highest per-
centage of diffuse plaques was stained with anti-Ap antibodies, fol-
lowed by anti-ABnspe. APpsers Was only visible in a minority of
diffuse plaques (Supplementary Fig. 2). Cored plaques often exhib-
ited all three AB forms and represented the main plaque type exhibit-
ing ABpsers (Supplementary Fig. 2 and Supplementary Table 2).

To analyse the impact of the seed (derived from different phases
and maturation stages) on inducing Ap deposition and maturation
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in vivo, we determined first which fraction of the brain lysates (sol-
uble or insoluble) was best suited for comparing seeds derived
from different brains. To do so, we compared the seeding effects
in mice injected with soluble, dispersible (insoluble) and total
supernatant (soluble + dispersible) fractions (Fig. 2). To avoid con-
tamination by p-t pathology, we chose the Brodmann area 17
from cases with a Braak NFT stage lower than V, lacking local p-t
pathology in this region. For this purpose, we used brain lysate
fractions from one AB phase 4 symAD case (Case symAD2,
Supplementary Fig. 3L-N) and one AB phase 1 p-preAD case (Case
p-preAD2) with single plaques in the occipital cortex
(Supplementary Fig. 3C-E). The soluble, dispersible and total
supernatant fractions were prepared as indicated in Fig. 2A. The
proteins of the soluble and dispersible fraction were concentrated
in a standardized manner to gain sufficient yield and to avoid an
over-proportional enrichment of AB (see Supplementary material
for details). The lysates from Case symAD2 contained ~0.017 to
0.136 ng/pl A (Table 2) and detectable amounts of Apyspe Whereas
ABpsers could not be seen in the fractions. The fractions from Case
p-preAD2 did not contain detectable amounts of Af (<0.011 ng/pl)
despite the presence of single Af plaques in the occipital cortex ob-
served immunohistochemically (Supplementary Fig. 3). These re-
sults were confirmed by ELISA (Supplementary Fig. 3), although
due to the lack of sensitivity of the antibodies and the low levels,
neither Apyspg NOT ABpsers was detected. To determine the seeding
activity of these extracts, we used a biosensor cell model expres-
sing mCherry-AB;_4, stably in HEK293T cells,*? and we measured
mCherry-intensive spots that indicated cellular seeding. We
used the sarkosyl-insoluble fractions of the selected cases in this
assay. Unlike the wells that were treated with early p-preAD case
(p-preAD2) extract that barely showed any positive signal, those
with symAD case (symAD2) extracts exhibited Ap seeding activity
with an half-maximum effective concentration of 0.6083 ng/ml to-
tal AB1_4o (Supplementary Fig. 3T-U).

Next, the soluble, dispersible, and total supernatant fractions of
the human brain lysates were injected into the left hippocampus of
2-month-old APP23 mice (n=6 mice per group) (Fig. 2B). At this age,
there were no Ap plaques present in the hippocampus.”* To analyse
the seeding effect before intrinsic A deposition takes place in APP23
mice, we euthanized these animals at 6 months of age®® and studied
the seeding effect immunohistochemically with antibodies raised
against (i) ABi_40 lacking post-translational modifications and C ter-
minus specificity [confirmed with the 7H3D6 antibody not cross-
reacting with truncated or phosphorylated AB*?> (Supplementary
Fig. 4)]; (ii) ABnspg; and (iii) ABpsers.

Nine brains from 12 mice receiving the dispersible fraction of
brain lysates of the previously mentioned p-preAD and symAD
cases exhibited seeded AB plaques (Table 2). A seeding effect was
also observed in 16/24 of brains from animals receiving the
total supernatant fraction and the soluble fraction, respectively
(Table 2). All fractions from Case symAD2 induced AB, ABnspe and
ABpsers deposition to a certain degree. When focusing only on pre-
sumably non-modified Ap, seeding was found in all mice receiving
the dispersible fraction of symAD occipital cortex (Table 2). Both
the soluble and the total supernatant fraction of this case induced
Ap seeding in 5/6 of the respectively treated mice. When the dispers-
ible fraction of Ap phase 1 Case p-preAD2 was used to induce seeding,
AP and APyspe together were observed in two out of six mice (33%),
whereas Ap deposits lacking ABnspe and APpsers Were seen in three
out of six (50%) of the injected animals. Total supernatant and soluble
fractions of Case p-preAD2 induced a seeding effect less frequently
than the dispersible fraction (Table 2A).
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A, APBn3pe, and Afpsers loads in the human brain among different Ap phases
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Figure 1 AB, APnspe and Appsers loads in the human brain among different Ap phases. (A-D) Box plot diagrams comparing Ap loads in the human brain
among AP phases 0-5. AB, ABnspe and APpsers loads were obtained immunohistochemically in the temporal neocortex (Brodmann area 36) (A), the cin-
gulate gyrus (Brodmann area 24) (B), the putamen (C) and the cerebellar cortex (D) (n=44). All A, ABnspe and APpsers loads increased with advancing Ap
phase as dependent variable (linear regression analysis with age and sex as additional covariates: P <0.05; B: 0.289-0.731), except for the cerebellar
ABpsers load (linear regression analysis with age and sex as additional covariates: P=0.233). Presumably non-modified Ap prevailed over Apyspe and
APpsers in the temporal cortex, cingulate gyrus and putamen [Friedman test corrected for multiple testing (two-sided): P <0.05]. APnspe Was here
more abundant than Appsers [Friedman test corrected for multiple testing (two-sided): P <0.05]. In the cerebellar cortex, which was only involved in
Ap pathology in 10 out of 11 Ap phase 5 cases, presumably non-modified Ap was more abundant than Afpsers [Friedman test corrected for multiple test-
ing (two-sided): P <0.001] and a trend was observed for more abundant ABnspe than ABpsers [Friedman test corrected for multiple testing (two-sided): P=
0.059; non-corrected P=0.019]. Box elements: centre line =median; box limits = upper and lower quartiles; whiskers = 1.5x interquartile range; dots/

stars = outliers.

The statistical comparison of the induction of seeding by the
soluble, dispersible and total supernatant fractions revealed no sig-
nificant differences among the fractions for the presence/absence
of a seeding effect, the induced AP loads and the expansion
throughout the hippocampus as measured with the hAP score
(Supplementary Table 3A). Since the dispersible fraction induced
seeding and maturation of AB more regularly than the soluble or to-
tal supernatant fraction, we continued with the dispersible frac-
tion. We used it to compare the impact of seeds from brains with
different levels of AB pathology, ranging from AB phase 1 to Ap
phase 5 and covering different biochemical stages of Ap aggregate
maturation on Ap propagation and maturation.

To clarify whether the presence or absence of ABnspe and APpsers
plays arole in the capacity of brain-derived Af to induce Af seeding,

propagation and maturation we first produced dispersible fractions
of brain homogenates from four human brains (Fig. 2A and B). We
chose one AP phase 4 Alzheimer’s disease case (Case symAD?2),
one AB phase 2 p-preAD case (Case p-preAD14) with plaques exhi-
biting APnspe and APpsers, an AP phase 5 p-preAD case (Case
p-preAD21) with plaques lacking ABysers and a p-preAD case (Case
p-preAD2) in Ap phase 1 with single plaques containing presumably
non-modified Ap and APnspe in the occipital cortex (Table 2B,
Supplementary Fig. 3C and D). Biochemically, the amount of non-
modified AB in the extracts was quantified by comparing the inten-
sity of the 4 kDa bands from the extracts with standard samples
containing different amounts of synthetic AB;_4o peptide.*’ The
concentrations of presumably non-modified A in the dispersible
fractions from Cases p-preAD14, p-preAD21 and symAD2 were es-
timated to range from 0.018 to 0.136 ng/pl (Supplementary Fig.
3R). These lysates contained also detectable amounts of ABnspe.
Ap was nearly not detectable in lysates from Case p-preAD2,
nonAD10 or nonAD2 (<0.009 ng/pl; Table 2B, Supplementary Fig.
30-R). Lysates of control cases without AB plaques (Cases
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A Production of non-AD, p-preAD and AD brain homogenates for inoculation in mouse brain
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B Induction of AR seeding in mouse brain by brain homogenates of non-AD, p-preAD, and symAD
cases by soluble, dispersible and total supernatant fractions
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Figure 2 Propagation and maturation of A pathology in the mouse brain after seed injection. Schematic representation of the experimental design. (A)
Production of nonAD, p-preAD and Alzheimer’s disease brain homogenates for inoculation in the mouse brain. For this purpose, a slightly modified
centrifugation protocol according to Meyer-Luehmann et al.’” was used to generate the ‘total supernatant’ fractions, which was in a second step divided
into soluble and insoluble but dispersible material. In short, after homogenization of occipital cortex (Brodmann area 17) samples and addition of a
proteinase inhibitor cocktail, the lysates were centrifuged at 3000g. The pellet was discarded. The supernatant was considered as the total supernatant
fraction. Part of the total supernatant fraction were ultracentrifuged and concentrated 10 times to separate the soluble (supernatant) and dispersible
(resuspended pellet) fractions (Supplementary material). (B) Induction of Ap seeding in the mouse left mouse hippocampal formation by brain homo-
genates of nonAD, p-preAD and symAD cases by soluble, dispersible and total supernatant fractions. To carry out this experiment, 2-month-old APP23
mice received injections of soluble, dispersible or total supernatant fractions from human brain homogenates from one sympAD and one p-preAD
case. Likewise, additional mice received the dispersible fraction of two controls or two additional p-preAD cases.
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Figure 3 Relationship between ‘donor’ Ap pathology and propagation and maturation in the ‘host’ brain. Box plot diagrams of the induced Af loads
(A-C) and hAP scores (D-F) with the AB phases (A and D), B-Ap stages (B and E) and temporal cortex AB loads (C and F), of the respective cases used
for the generation of the brain lysates. ANOVA indicated an increasing tendency of the induced hAP scores for all three A species with increasing
Ap phase of the injected ‘donor’ brains (ANOVA: P <0.023, n=38 mice) and Ap load (ANOVA: P <0.001, n= 38 mice). Apnspe and ABpysers loads did not in-
crease continuously with Ap phase although ANOVA indicated differences among the groups (ANOVA: P <0.005, n=38 mice). Increasing B-Ap stages
and temporal cortex Ap loads of the ‘donor’ brains did not go along with a continuous increase of the induced Ap and ABnspe loads and hAP scores
and the APpsers load, whereas the ABpsers hAP score continuously rose. Note that the Ap loads and hAP scores for Ap detectable with antibodies raised
against non-modified forms of Ap were higher than those for ABnspe and ABpsers in mice with Ap pathology [Friedman test corrected for multiple testing

(two-sided): P <0.01, n=24 mice; see also Supplementary Table 2B]. Box elements: centre line =median; box limits = upper and lower quartiles; whis-
kers =1.5x interquartile range; dots/stars = outliers.
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nonAD10 and nonAD2) were used as negative controls (Table 2, for
detailed histological and biochemical characterization, and the
quantification of the presumably non-modified AB, see
Supplementary Fig. 30-R) as well as PBS (pH 7.6). The presence of
non-modified AB species was confirmed using an antibody detect-
ing non-truncated AB lacking phosphorylation of AB at Ser8
(Supplementary Fig. 4). The western blot-based results were
confirmed by ELISA showing similar patterns of total AB;_40 and
AB1_42 (Supplementary Fig. 3). In the biosensor cell model
(mCherry-AB;_4o HEK293T cells), both p-preAD cases (p-preAD14
and p-preAD21) exhibited AB seeding activity while both nonAD
cases (nonAD10 and nonAD2) showed no induction of seeding
(Supplementary Fig. 3T-U).

In mice, the highest Ap loads and hAP scores were induced with
lysates from Case p-preAD21, followed by symAD2 and then the
other p-preAD cases. In single mice, we could also observe minimal
Ap deposition after treatment with PBS and lysates from Case
nonAD?2. Since APP23 mice can develop single A plaques ~6 months
spontaneously, we would consider the minimal Ap lesions in PBS
and nonAD lysate-injected mice as part of the spontaneous Ap de-
position, maybe triggered by the minimal tissue damage caused
by the injection. A similar seeding in control treated animals has
also been reported by others.” Two-tailed Spearman correlation
analysis revealed that the AB phase of the donor brain was best as-
sociated with the induced Af loads and hAP propagation scores in
the mice (AB load: r=0.842; P <0.001; hAP score: r=0.854, P <0.001;
Fig. 3 and Supplementary Table 3B). The temporal cortex A load,
the A4, content in the lysates as measured by ELISA and the B-AB
stage/B-AB plaque stage of the donor also correlated with the in-
duced A loads and hAP scores but less well than the Ap phase
(Fig. 3 and Supplementary Table 3B). Thus, the speed of A propaga-
tion as indicated by the hAP score 4 months after seeding induction
showed the strongest correlation with the donor’s A phase and Af
load, whereas maturation was less strongly associated.

On the contrary, the induced ABnspe and Appsersloads and the re-
lated hAP scores correlated better with the B-Ap plaque stage/B-Ap
stage of the donor brains (Supplementary Table 3B). The finding
that brain lysates with an advanced B-Ap stage induce higher hAP
scores for modified forms of A than lysates with less advanced
B-Ap stages indicates that the propagation of mature Ap aggregates
is accelerated by the presence of modified forms of Af in the seeds,
i.e. the respective B-Af stage.

Next, we wanted to know which forms of A expand to what extent
after seeding was induced. Presumably non-modified AB deposits
detected with antibodies raised against non-modified Af showed
higher hAP scores than those detected with anti-APnspe OF
anti-ABpsers (Supplementary Table 3C), indicating a more wide-
spread expansion of presumably non-modified AR whereas only
few APnspe OF APpsers-positive plaques were found (Figs 3D-F and 4).
In none of the mice and regardless of the fractions/lysates that were in-
jected, ABnspe OF ABpsers Was found in the absence of presumably non-
modified AB. Likewise, APnspe Was always present when APpsers Was
detected (Figs 3 and 4 and Table 3). Since seeding and expansion of
AB deposition were investigated in a 4-month interval after injecting
the seeds, the more widespread distribution of presumably non-
modified forms of AB represents a higher propagation speed of this
AP species compared to APnspr, Which propagates still faster than
ABpsers-
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Discussion

The results indicate (i) that propagation of Ap pathology is led by Ap
species lacking detectable amounts of post-translationally modified
ABnspe and APpsers in the human p-preAD and symAD brain as well
as in mouse brains that were triggered to develop Ap deposits by
seeds from symAD or p-preAD brains; (ii) that biochemical matur-
ation in the human brain is associated with the maturation of the
plague morphology from diffuse plaque types to mature cored
ones; (iii) that maturation of Ap aggregates principally takes place re-
gardless of the origin (fraction, symAD or p-preAD brain) or bio-
chemical composition of the brain-derived seeds but is accelerated
by the presence of ABnspe and APpsers in the seeds; and (iv) that the
level of A pathology in a given donor brain indicated by the AB
phase or the Ap plaque load explains the seed-induced AB extent
of propagation and plaque load better than the B-Af stage of Ap in
the donor brain lysates. With these results, we extend the current
knowledge about AP pathology propagation and maturation by
highlighting the importance of presumably non-modified Ap species
for the induction of Ap seeding and its propagation while Ap matur-
ation is accelerated by the presence of the post-translationally
modified forms of Ap, i.e. Afnspe and/or ABpsers. This is in line with
the occurrence of ABnspe and APpsers in more mature plaque types,
especially cored plaques in Alzheimer’s disease cases.

Our conclusion that presumably non-modified AB is the leading
force for initiation and propagation of AR pathology in the brain is
based on two independent findings: (i) the detection of Ap deposits
lacking APBnspe and APpsers that occur in a given brain region before
more mature forms of Ap aggregates develop in each of the investi-
gated brain regions of the human brain in symAD and p-preAD cases;
and (ii) the fastest propagation of AP lacking anti-APnspe- and
anti-APpsers-positive material in APP23 mice after induction of seed-
ing. These findings are in line with neuropathological findings in
Alzheimer’s disease’*? as indicated here by the lack of AByspe and
APpsers in fleecy amyloid, which is an early plaque type preceding dif-
fuse plaques,** and in Ap deposits associated with normal pressure
hydrocephalus.*> They also fit with the increased propensity of
APnspe and APpsers to form more stable and less soluble Ap aggregates
than non-modified Ap.**~*® Quantitative ELISA measurements of the
AB concentration in the Alzheimer’s disease brain are in line and indi-
cate that the concentration of APyspe is more than 20x lower than that
of AB4y. ABpsers is even less prominent than Apnspe and can only be de-
tected by western blotting after long exposure of the blots. Moreover,
we found that the AB composition of the lysates injected as seeds into
the mice had only influence on the speed of accumulation of Apnspe
and APpsers in the seeded AB deposits but not on the deposition and
propagation of other, presumably non-modified forms of AB. That
brain lysates from early and late stage Ap aggregates of different mat-
uration stages induce seeding of modified A species is further
supported by our finding that even soluble AB from p-preAD
cases was capable of inducing Ap seeding including that of AB,sers, al-
though soluble Appsers Was not detected in the soluble fraction.”

On the other hand, the accumulation of anti-APnspe and
anti-APpsers-positive material is essential for the maturation of
AB, which is linked with the development of cognitive decline in
Alzheimer’s disease cases compared to non-demented indivi-
duals®® and to p-t pathology.*® In this context, the presence of
anti-APyspe and anti-Appsers-positive material in seeds accelerated
the accumulation of the post-translationally modified forms of AB
as indicated by the respective Apnspe- and ABpsers-loads.

As expected from earlier studies using mouse brain-derived Ag,
the concentration of Ap in the seeds determined the severity of the
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Figure 4 Seeded A in mice receiving the dispersible fraction from p-preAD case 14. (A) Seeded plaques stained with a non-C terminus-specific poly-
clonal antibody raised against AB;_40. The A deposits were easily detectable even at low magnification level. (B and C) At low magnification level
ABnspe- and APpsers-positive plaques were less widespread and less visible. Calibration bar in C is valid for A-C. (D and E) At high power magnification
both ABnspe and APpsers Was seen at the white matter next to the hippocampal sector CA1. Note that Apnspe-positive material was more widely distrib-

uted compared to APpsers. Calibration bar in E is valid for D and E.

seeding effect.”®? In our study, the concentration of A in the brain
measured by ELISA corresponds to the Ap loads and the phases of
AP deposition in the brains of the individuals used to produce the
lysates for inducing seeding. Interestingly, even brain lysates
from an AP phase 1 p-preAD case induced a mild seeding effect in
50% of the mice receiving the lysates whereas plaque-free lysates
from younger individuals did not induce significant seeding.
Since all lysates were prepared in an identical procedure, their
seeding activity is related to the concentration of the relevant Af
forms in the respective samples that varied among the cases.
This was confirmed in our in vitro seeding assay and extends earlier
reports about seeding with Alzheimer’s disease and Af containing
brain lysates from non-demented individuals®* by clearly indicat-
ing that p-preAD cases already have a seeding capacity, i.e. the cap-
acity to kick-off the process of Alzheimer’s disease-related
B-amyloidosis. By doing so, we deliver another argument support-
ing the hypothesis that Ap deposition in the human brain repre-
sents one pathobiological process that begins with the very first
AB plaques in the neocortex of non-demented individuals and
ends in symAD. Other arguments are the hierarchical pattern of
Ap deposition and propagation in the human brain® that is reflected

by the progression of Ap PET tracer retention with increasing Ap
phase over time®?™* and by the sequence of Ap deposition in the
brains of APP transgenic mice.” Altogether, these arguments
strongly support the idea that AB plaque deposition, whenever pre-
sent in the human brain, represents Alzheimer’s disease-related
B-amyloidosis even when the concentration of Ap was not signifi-
cantly increased as in Ap phase 1.

Moreover, we found that the speed of propagation of seeded Ap
correlates with Ap phase, Ap plaque load and AP concentration of
the donor brain and the progression speed of maturation with the
B-Ap stage of Ap aggregate maturation. This finding indicates that
these two aspects of Ap pathology, propagation and maturation,
both influence the speed of disease progression. Thus, biomarkers
for modified forms of Ap may help to provide a better prognosis for
non-demented individuals with positive amyloid biomarkers be-
cause they would add information about a second aspect, i.e. the
status of AB maturation in the brain.

This study has limitations that need to be mentioned: (i) the
number of human autopsy cases used for determining the propaga-
tion patterns of Ap aggregates in the human brain is not very high
(n =45); (ii) the number of cases used for the preparation of brain

Table 3 Percentages of mice with seeded A lesions exhibiting all three types of Ap

Ap AP+ ABnspe AP + APnspe + APpsers APBn3pe + APpsers ABpsers APBN3pE
Soluble fraction 50% (n=4) 25% (n=2) 25% (n=2) 0% (n=0) 0% (n=0) 0% (n=0)
Dispersible fraction 20.8% (n=5) 29.2% (n=7) 50% (n=12) 0% (n=0) 0% (n=0) 0% (n=0)
Total fraction 62.5% (n=5) 12.5% (n=1) 25% (n=2) 0% (n=0) 0% (n=0) 0% (n=0)

Values with a positive percentage between 50 and 74% are highlighted in bold. The table indicates the percentages of mice with seeded Ap lesions exhibiting all three types of A
(AB, Apnspe and ABpsers), Ap lesions lacking Apyspe and ABpsers, and Ap lesions showing only Ap and ABnspe but no ABpsers. We did not observe Apspe and ABpsers in the absence of
non-modified Ap and ABpsers Without coexisting Ap and Apwspe. It is interesting to note that injection of the dispersible fraction induced more frequently the induction of all types
of AP species whereas injection of the soluble and total fraction led mainly to the induction Ap lacking ABnspe and Apsers.
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Figure 5 Schematic representation of Ap protein deposition, propagation, maturation and its acceleration by seeds. Although Ap propagation and mat-
uration correlate with one another® acceleration of these two aspects in the pathogenesis of Alzheimer’s disease is modified in a differential manner:
propagation of Ap deposition is accelerated by any kind of Ap seeds whereas maturation increase depends on the presence of ABnape and ABpsers in the
seeds in a biochemically detectable concentration. Note that ABpsers-positive plaques are mainly cored plaques.

lysates for the induction of seeding in mice is low (n=6); (iii) the
antibodies raised against non-modified AP, APnspe and APpsers
may vary slightly in their affinity for the respective Ap variants;
and (iv) the seeding effect in the mice can only be measured by mor-
phological methods since a biochemical distinction between in-
jected human AP and the transgenically produced human A in
APP23 mice is not possible.’” Regarding these limitations, we
wish to clarify that the number of human cases investigated here
is in the range of similar studies and sufficient from a statistical
point of view."”>>°¢ Moreover, the cases have been investigated im-
munohistochemically and biochemically to confirm the results ob-
tained with one method by a second one. The animal experiments
confirm on top of it the finding of a pivotal role of presumably non-
modified AB in A propagation. Statistical analysis confirmed the
validity of our findings. The sensitivity of the anti-ABi7_s4,
anti-APnspe and anti-APpsers antibodies range between 5 and
25 ng/ml but was optimized by the respective antibody concentra-
tions used for staining (Supplementary Table 5). ELISAs can provide
high quality quantitative data; however, the amount of ABynspe and
especially ABpsers in our extracts was close to the detection thresh-
old with a high signal to noise ratio (Supplementary Fig. 1C).
Accordingly, these ELISA results could only complement the west-
ern blots and the immunohistochemical results. Moreover, other
authors published similar results regarding the subsequent stain-
ing with the antibodies against differently modified forms of
AB.#3454957 In addition, we used a biosensor cell model to deter-
mine AP seeding activity of extracts from cases of different AB
phases in vitro. By doing so, we minimized the impact of the limita-
tions in this study as much as possible.

Given the impact of both, Ap pathology propagation and matur-
ation, for the progression of Ap pathology from p-preAD to symAD,

there are several suggestions for optimizing Ap targeting treatment
strategies. Currently, active and passive vaccination strategies
mainly target distinct forms of A or its aggregates, such as pyroglu-
tamate modified Apyspe (donanemab®) or soluble oligomeric and
insoluble fibrillar AB aggregates (aducanumab®®). Accordingly,
other forms are not targeted. Given our finding that different forms
of Ap aggregates may be able to induce/influence seeding, propaga-
tion and/or maturation of Ap, targeting only one species may be not
enough to stop the complex process of A pathology in the brain.
However, an option could be focusing on blocking Ap maturation
rather than stopping its propagation, e.g. by targeting Ap species
that are restricted to mature AB aggregates. For example, donane-
mab, an antibody targeting APnspe, could be such a maturation
blocker.”® A combination of a potential propagation stopper and a
maturation blocker could offer synergy effects on counteracting
Ap pathology by interfering, for example, with soluble, diffusible
aggregates®® and modified ABnspe”® at the same time. However,
this would mean that propagation of A pathology determined by
amyloid PET or pan-Ap biomarkers would probably not be optimally
suited to monitor the success of such a treatment rather than using
additional ABnspe- and/or ABpsers-specific biomarkers and the clin-
ical outcome. It will also be important to keep in mind that residual
Ap aggregates that escaped, for example, peripherally administered
antibodies can still accelerate propagation and/or maturation of A
aggregates to a certain extent as shown here by the seeding effect of
an Ap phase 1 p-preAD case. Thus, a potentially general problem of
all passive immunization strategies is the survival of seeds that can
continue or restart the process of Ap propagation and maturation.
Active vaccination strategies targeting multiple forms of Af started
in the preclinical phase could be an alternative for future Alzheimer’s
disease treatment as well as combination therapies with secretase
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inhibitors. Thus, re-evaluation of clinical trials using passive and ac-
tive vaccination against AB considering the aspects of Af maturation
and propagation separately could help to understand why vaccin-
ation strategies did not work as good as primarily expected and
whether polyvaccination against multiple forms of A could be an
option for future trials. In doing so, our findings on the different Ap
forms involved in A propagation provide novel insights for identify-
ing critical aspects in targeting Ap sufficiently by showing potential
‘escape routes’ for AB to allow a re-entering into the vicious cycle of
ApB aggregation, propagation and maturation (Fig. 5).
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