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ARTICLE INFO ABSTRACT

Keywords: Alzheimer’s disease (AD) is a neurodegenerative disorder that develops over decades. Glial cells, including as-
Alzheimer’s disease trocytes are tightly connected to the AD pathogenesis, but their impact on disease progression is still unclear. Our
Amyloid { previous data show that astrocytes take up large amounts of aggregated amyloid-beta (Ap) but are unable to
:;:fg;te: successfully degrade the material, which is instead stored intracellularly. The aim of the present study was to

analyze the astrocytic Ap deposits composition in detail in order to understand their role in AD propagation. For
this purpose, human induced pluripotent cell (hiPSC)-derived astrocytes were exposed to sonicated Afy; fibrils
and magnetic beads. Live cell imaging and immunocytochemistry confirmed that the ingested Ap aggregates and
beads were transported to the same lysosomal compartments in the perinuclear region, which allowed us to
successfully isolate the Ap deposits from the astrocytes. Using a battery of experimental techniques, including
mass spectrometry, western blot, ELISA and electron microscopy we demonstrate that human astrocytes truncate
and pack the Ap aggregates in a way that makes them highly resistant. Moreover, the astrocytes release spe-
cifically truncated forms of Ap via different routes and thereby expose neighboring cells to pathogenic proteins.
Taken together, our study establishes a role for astrocytes in mediating Ap pathology, which could be of rele-
vance for identifying novel treatment targets for AD.

1. Introduction

Alzheimer’s disease (AD) is characterized by the presence of amyloid
plaques, neurofibrillary tangles, and chronic inflammation (Heneka
et al., 2015; Serrano-Pozo et al., 2011). Although, these features were
described already a century ago, the molecular and cellular mechanisms
behind the pathology is still largely unknown. According to the amyloid
cascade hypothesis, misfolding and aggregation of amyloid f (Ap) is the
driving force in AD progression (J. A. Hardy and Higgins, 1992; Hardy
and Selkoe, 2002). A major concern with the amyloid cascade hypoth-
esis is that the number of plaques does not correlate with the severity of
dementia. However, emerging data, indicate that smaller, soluble Ap
aggregates, are more toxic than the insoluble fibrils and show better
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correlation with the severity of the symptoms (McLean et al., 1999;
Naslund et al., 2000).

Astrocytes are the most abundant glial cell type in the brain and are
crucial for maintaining brain homeostasis by supporting neurons and
their synapses, as well as contributing to the blood brain barrier and the
glymphatic system (Abbott et al., 2006; Allen, 2014; Hablitz et al., 2020;
MacVicar and Newman, 2015; Mulica et al., 2021; Vasile et al., 2017). In
the diseased brain, astrocytes acquire an inflammatory, reactive
phenotype, but exactly how the AD pathology affects the astrocytes and
their functions, and vice versa, it still not well understood (Olabarria
et al., 2010; Pike et al., 1994). Reactive astrocytes are commonly found
around Ap plaques and have been shown to phagocytose both aggre-
gated proteins and cellular debris (Koistinaho et al., 2004; Thal et al.,
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2000). Our previous data demonstrate that astrocytes effectively take up
large amounts of soluble Ap aggregates. However, they are unable to
successfully degrade the ingested material, which is instead accumu-
lated as intracellular deposits (Konstantinidis et al., 2023a; Rostami
et al., 2021; Sollvander et al., 2016). The AB-containing astrocytes are
clearly stressed and show altered neuronal support and impaired mito-
chondrial dynamics. In addition, the Ap-accumulation causes lysosomal
dysfunction, resulting in enlarged endosomes and the release of extra-
cellular vesicles (EVs) with extremely neurotoxic Ap-content, which
could be of relevance for AD progression (Beretta et al., 2020; Kon-
stantinidis et al., 2023b; Zysk et al., 2023). More specifically, EVs iso-
lated from astrocytes treated with soluble AP aggregates induced
synaptic loss, axonal swelling and vacuolization of the neuronal cell
bodies, which consequently led to apoptosis of primary murine cortical
neurons (Beretta et al., 2020). However, the exact properties of the
astrocytic Ap deposits and the reason why the secreted Af is extra
harmful remain unclear. Hence, the aim of the present study was to
uncover in which way astrocytes process and modify the ingested Af to
make it more toxic.

2. Methods
2.1. Production of amyloid p fibrils

Amyloid-p preformed fibrils were generated using human Afg4;
monomers (Innovagen, SP-BA42-1) and HiLyte™ Fluor 555-labeled
AB42 monomers (AnaSpec, 60480-01). The A monomers were dis-
solved in a 10 mM NaOH/PBS solution to a concentration of 2 mg/ml.
The Ap samples were then left to aggregate on a shaker at 1500 rpm,
37 °C for 4 days. Prior to experiment, the Ay, fibrils were diluted using
peptide PBS to a concentration of 0.5 mg/ml and sonicated at 20 %
amplitude, 1 s off and 1 s on, for 60 s using a Sonics Vibra Cell sonicator.
For transmission electron microscopy (TEM), unsonicated or sonicated
A4y fibrils were diluted 1:10 in Milli-Q water and dropped onto carbon
coated 200-mesh copper grids, negatively stained with 2 % Uranyl ac-
etate for 5 min and air dried. The samples were analyzed using a Tecnai
G2 transmission electron microscope (FEI Company).

2.2. Culture of human iPSC derived astrocytes

Human astrocytes were generated from neuroepithelial-like stem
(NES) cells, produced from human induced pluripotent stem cells
(iPSCs, Cntrl9 cell line) (Falk et al., 2012; Lundin et al., 2018). The NES
cells were plated at 60000 cells/cm® on 100 pg/ml poly-L-ornithine
hydrobromide (#P3655, Merck, Darmstadt, Germany) and 4 pg/ml
Laminin2020 (#1.2020, Merck) double-coated culture vessels in Astro-
cyte differentiation medium; Advanced DMEM/F12 (ThermoFisher,
12634-010) supplemented with 1 % Penicillin Streptomycin (Thermo-
Fisher, 15140-122), 1 % B27 supplement (ThermoFisher, 17504-044),
1 % non-essential amino acids (Merc Millipore) and 1 % r-Glutamine
(ThermoFisher, 25030-024). The following factors were added fresh to
the medium directly before use: 10 ng/ml basic fibroblast growth factor
(bFGF) (ThermoFisher, 13256029), 10 ng/ml heregulin p-1 (Sigma-
Aldrich, SRP3055), 10 ng/ml activin A (Peprotech, 120-14E) and 200
ng/ml insulin-like growth factor 1 (IGF-1) (Sigma-Aldrich, SRP3069).
Additionally, 20 ng/ml ciliary neurotrophic factor (CNTF; Thermo-
Fisher, PHC7015) was added to the medium during the last two weeks of
differentiation. The medium was changed every other day and cells were
passaged using Trypsin 0.05 % EDTA 0.2 g/1 (Life Technologies) once
the cells reached 80 % confluency. Directly after the 4 week differenti-
ation period, the astrocytes were seeded for experiments at a concen-
tration of 5000 cells/cm?.

2.3. Ap42 and magnetic beads exposure

Astrocytes were exposed to 0.2 pM sonicated A4 fibrils and 10 pg/
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ml Dynabeads® MyOne™ Tosylactivated (Invitrogen, 65501) in astro-
cyte complete medium for 4 days. The concentration of A was chosen
based on our previous studies on human iPSC-derived astrocytes (Kon-
stantinidis et al., 2023a; Konstantinidis et al., 2023b; Rostami et al.,
2021; Zysk et al., 2023). Control cultures received medium with 10 pg/
ml magnetic beads alone. At day 4 the cells were washed two times with
medium and were then cultured in Af4o-free medium. The cells were
fixed or lysed at day O, 7 or 14 following A4 fibril removal, i.e. 4d 4 0d,
4d + 7d, and 4d + 14d. Conditioned medium was collected from the
cultures at respective end point and stored at —80 °C.

2.4. Time-lapse microscopy

Time-lapse experiments were performed at 37 °C in 95 % O2/5 %
CO- using a Nikon Biostation IM Live Cell Recorder. Images were ac-
quired at 20x, 40x and 80 x magnifications every 10 min. The duration
of the live imaging experiments were 72 h during the Af4s
fibril+magnetic bead exposure and 24 h for the later time points starting
at day 0, 2, 7 and 14 post-treatment.

2.5. Immunocytochemistry

Cells were fixed with 4 % paraformaldehyde (PFA) (Sigma-Aldrich,
P6148) in PBS for 15 min at RT and were then washed 3 times in PBS.
Prior to antibody incubation, the cells were permeabilized and blocked
in 0.1 % Triton X-100 in PBS with 5 % normal goat serum (NGS) (Bio-
nordika, S-1000) for 30 min at RT. Primary antibodies (listed in Table 1)
were diluted in 0.1 % Triton X-100 in PBS with 0.5 % NGS and added to
the cells for 3 h at RT. The coverslips were then washed 3 times in PBS
and incubated with secondary antibodies, diluted in 0.1 % Triton X-100
in PBS with 0.5 % NGS, for 45 min at 37 °C. The secondary antibodies
used were AlexaFluor 488, 555 or 647 against mouse, rabbit or chicken
(1:200, Molecular Probes). The coverslips were washed 3 times in PBS
and mounted on microscope slides using EverBrite hard-set medium
with DAPI (230032, Biotium). Images were captured using a fluores-
cence microscope Observer and Z1 Zeiss.

2.6. Cell lysis and magnetic precipitation of A

The cells were lysed in ice-cold lysis buffer (20 mM Tris pH 7.5, 0.5 %
Triton X-100, 0.5 % deoxycholic acid, 150 mM NaCl, 10 mM EDTA, 30
mM NaPyro), supplemented with a protease inhibitor cocktail (Ther-
moScientific). The lysates were transferred to protein LoBind tubes
(Eppendorf) and incubated for 30 min on ice prior to centrifugation at
10000 xg for 10 min at 4 °C. A Dynabeads Magnetic Particle Concen-
trator (MPC-S; Applied Biosystems, A13346) was used to isolate the AB4a
and magnetic bead inclusions from the cell lysates. After isolation the
beads were washed 3 times in PBS and incubated in 70 % formic acid +5
mM EDTA for one hour at 24°, vortexing every 15 min, to denature Ap
and separate it from the beads. After the formic acid treatment the
samples were placed on the Dynabeads Magnetic Particle Concentrator
for 2 min and the supernatant, containing the isolated Ap, was collected
and stored at —70 °C until analysis.

2.7. APy ELISA

96-well EIA plates (Bio-Rad, 2240096) were coated with the C-ter-
minus specific antibody anti-Af4o (1 pg/ml; Table 1) in PBS overnight at
4 °C. Thereafter, the plates were blocked with 1 % bovine serum albu-
min (BSA) in PBS for 2 h at RT. Standard Af42 monomers (American
Peptide) were diluted in a 3.16x dilution series in ELISA incubation
buffer (0.05 % Tween, 0.1 % BSA, 0.15 % Kathon in PBS at pH 7.4).
Standard AB4s (1 pg/ml) and samples were neutralised to pH 7 in 3 M
Tris and diluted in a 10x dilution series in ELISA incubation buffer, to
avoid impaired detection caused by aggregated A and beads. Bio-
tinylated mAb4G8 and 3D6 (Table 1), were used as secondary antibody
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Table 1
Primary antibodies used.
Antibody Host Dilution Target Technique Company Cat #
Vimentin Chicken 1:500 Astrocytes ICC Sigma Aldrich AB5733
GLAST-1 Rabbit 1:400 Astrocytes ICC Novus Biologicals NB100-1869
AQP4 Rabbit 1:200 Astrocytes ICC Novus Biologicals NBP1-87679
GFAP Chicken 1:400 Astrocytes ICC Abcam ab4674
LAMP-1 Mouse 1:100 Lysosomes ICC Abcam ab25630
S1008 Mouse 1:1000 Astrocytes ICC Sigma Aldrich $2532
mAb4G8 Mouse 1:2000 Ap BioLegend 800705
3D6 Mouse 1:3000 AP N-terminal WB, ELISA custom production
Anti-AP4n Rabbit 1:1000 AP C-terminal WB, ELISA Agrisera custom production

and incubated for 1 h at RT, followed by incubation in streptavidin
coupled horseradish peroxidase (ST-HRP; 1:2000; Mabtech, 3310-9-
1000) for 1 h at RT. Thereafter, K-blue advanced (Neogen, 3119177)
was used as HRP substrate with incubation for 15 min at RT, the reaction
was stopped with 1 M H,SO4. Plates were measured at 450 nm in Tecan
Infinity M200 PRO spectrophotometer (Tecan Group) and analyzed with
Magellan v7.0 software (Tecan Group). Washing was performed be-
tween each step of the ELISA with 3 repetitions in washing buffer
(phosphate buffered NaCl with 0.1 % Tween 20 and 0.15 % Kathon).

2.8. Isolation of extracellular vesicles

Conditioned culture medium from the different time points was
pooled prior to ultracentrifugation. Then pooled medium samples for
each treatment and cell culture batch were centrifuged at 300 xg for 5
min to remove any free-floating cells, followed by another centrifuga-
tion at 2000 xg for 10 min to remove any remaining cell debris. The
supernatants were then collected and transferred to ultracentrifuge
tubes and centrifuged at 135,000 xg at 4 °C for 1.5 h to isolate EVs,
including larger microvesicles and exosomes. The vesicle pellets were
resuspended in 1 x PBS for TEM analysis or in ice-cold lysis buffer (20
mM Tris pH 7.5, 0.5 % Triton X-100, 0.5 % deoxycholic acid, 150 mM
NaCl, 10 mM EDTA, 30 mM NaPyro), supplemented with a protease
inhibitor cocktail (ThermoScientific, 78430) for analysis with Mass
spectrometry.

2.9. Transmission electron microscopy of EVs and cells

2.9.1. EVs

EV samples were mixed with an equal volume of 4 % para-
formaldehyde, added onto a formvar and carbon coated 200-mesh grid
(Oxford 11 Instruments) and incubated for 20 min. After incubation, the
grid was dried and washed first 3 times in PBS, followed by 8 washes in
Milli-Q water. The samples were stained in a drop of Uranyl-oxalate, pH
=7, for 5 min, after which they were stained with a drop Uranyl-acetate
4 % pH = 4 with 2 % Methylcellulose on ice for 10 min. The dried grids
were imaged in a Tecnai G2 transmission electron microscope (TEM, FEI
company) with an ORIUS SC200 CCD camera and Gatan Digital
Micrograph software (both from Gatan Inc.).

2.9.2. Cells

The cultures were fixed in 2.5 % glutaraldehyde and 1 % para-
formaldehyde. The cells were then rinsed with 0.15 M sodium cacody-
late (pH 7.2-7.4) for 10 min and incubated in fresh 1 % osmium
tetraoxide in 0.1 M sodium cacodylate for 1 h at RT. After incubation,
the sodium cacodylate was rinsed away to dehydrate the dishes with 70
% ethanol for 30 min, 95 % ethanol for 30 min and > 99 % ethanol for 1
h. A thin plastic layer (Agar 100 resin kit, Agar Scientific Ltd) was added
to the dishes for 1 h. The plastic was then poured off and a new plastic
layer was added onto the dishes for incubation overnight in a desiccator.
Next, the plastic was heated to enable its removal after which a new
thicker plastic layer was added before another incubation for 1 h in a
desiccator. Cells were covered with 3 mm plastic and polymerized in the

oven at 60 °C for 48 h. Embedded cells were sectioned by using a Leica
ultracut UTC ultrotome (Rowaco AB) and visualized with a Tecnai G2
transmission electron microscope (FEI company) with an ORIUS SC200
CCD camera and Gatan Digital Micrograph software (both from Gatan
Inc.).

2.10. Liquid chromatography mass spectrometry

N-terminally truncated AP peptides in the astrocyte cultures was
verified through LC-MS/MS analysis as previously described, with few
modifications (Michno et al., 2021). Briefly, the analysis with an alka-
line mobile phase was carried out using a Q Exactive quad-
rupole-Orbitrap hybrid mass spectrometer equipped with a heated
electrospray ionization source (HESI-II) (Thermo Scientific) and Ulti-
Mate 3000 binary pump, column oven, and autosampler (Thermo Sci-
entific). The Q Exactive was operated in data-dependent mode. The
resolution settings were 70.000 and target values were 1 x 106 both for
MS and MS/MS acquisitions. Acquisitions were performed with 1 pscan/
acquisition (Gkanatsiou et al., 2021; Michno et al., 2021). Precursor
isolation width was 3 m/z units, and ions were fragmented using higher-
energy collision-induced dissociation at a normalized collision energy of
25. Acquired LC-MS/MS data was processed using Xcalibur 2.2 Quan-
browser (Thermo Scientific). Spectra were deconvoluted using Mascot
Distiller before submission to database search using the Mascot search
engine (both Matrix Science) as described previously (Pannee et al.,
2016). The MS/MS spectra were searched toward the SwissProt data-
base containing the mutant human APP sequences using the following
search parameters: taxonomy; Homo sapiens, precursor mass + 15ppm;
fragment mass + 0.05Da; no enzyme; no fixed modifications; variable
modifications including deamidated (NQ), Glu- > pyro-Glu (N-term E),
oxidation (M); disulfide bonds (C—C) instrument default. Only peptides
with ion score of around 100 were considered.

2.11. Western blot

Protein concentration was measured using BCA protein assay kit
(Thermo Fisher Scientific, 23225) according to the manufacturer’s
protocol and a DeNovix DS-11 spectrophotometer using the A280 pro-
tein application for 4 kDa proteins. A total of 20 pg protein was mixed
with Bolt LDS Sample buffer and Sample Reducing agent (Invitrogen,
B0007) and incubated at 70 °C for 10 min. The samples were then loaded
to a Bolt 4-12 % Bis-Tris gel (Invitrogen, NW04125BOX) together with a
Chameleon Duo Pre-stained Protein Ladder (Li-Cor, 928-600000). The
gel was run for 22 min at 200 V in Bolt MES SDS running buffer (Invi-
trogen, B0002) followed by transfer for 1 h at 10 V in Bolt transfer buffer
(Invitrogen, BT00061) to a nitrocellulose membrane (Sigma-Aldrich,
GE10600019) or PVDF membrane. The membrane was blocked in Od-
yssey blocking buffer (TBS) (Li-Cor, 927-50000) 1 h at RT and then
incubated with the primary antibodies (Table 1) diluted in Odyssey
blocking buffer (TBS) with 0.1 % Tween-20 (TBS-T) (1:1) overnight at
4 °C. Following 5 x 5 min washes in TBS-T, the membrane was incu-
bated with the HRP-conjugated secondary antibodies goat anti-rabbit
(1:10000; Sigma-Aldrich, A0545) and goat anti-mouse (1:10000;
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Thermo Fisher Scientific, A16072) in Odyssey blocking buffer (TBS)
with TBS-T (1:1) for 1 h at RT. Finally, the membrane was washed 5 x 5
min TBS-T, developed in enhanced chemiluminescence (ECL; GE
Healthcare, RPN2232) and analyzed using the ChemiDoc XRS machine
(Bio-Rad).

2.12. Statistical analysis

The Shapiro-Wilk normality test excluded normal distribution.
Hence, the data was analyzed by one-way ANOVA with Kruskal-Wallis
multiple comparison test, or nonparametric Mann Whitney test, using
GraphPad Prism (version 5.03). For immunocytochemistry quantifica-
tions, 30 images per time point and treatment were captured at 40x
magnification for each culture system. The IntDen fluorescence intensity
signal and area was measured using ImageJ software. The ELISA and
spectrophotometer graphs were based on n = 3, with an exception for
Supplementary Fig. 3c. The results are shown as mean + SD and the
level of significance for all the graphs are: * = P < 0.05, ** = P < 0.01,
¥*% — P < 0.001 and **** = P < 0.0001.

3. Results

3.1. Ap and magnetic beads are stored in human astrocytes over a long
time

Mature human iPSC-derived astrocytes, expressing the markers
GLAST-1, vimentin, S100p, AQP4, GFAP (Supplementary Fig. la-e),
were exposed to sonicated A4 fibrils and magnetic beads for 4 days,
after which the cultures were thoroughly washed and cultured further in
AB- and magnetic beads-free medium. The cells were then analyzed at
4d + 0d, 4d + 7d, 4d + 14d (Fig. 1a). Transmission electron microscopy
(TEM) was performed as a quality check of the fibrils before and after

a
d-4 do

I 1
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sonication (Fig. 1b and c). In line with our previous data (Beretta et al.,
2020; Konstantinidis et al., 2023a; Rostami et al., 2021; Sollvander
etal., 2016), sonicated Ap-fibrils were effectively engulfed by the human
astrocytes and then stored intracellularly (Fig. 1d). Although, this Ap
accumulation could be stressful for the cells, there was no change in the
number of live astrocytes during the experiment (Supplementary
Fig. 1f).

To investigate if the Ap and magnetic beads are simultaneously taken
up by the astrocytes and stored together in the same cellular compart-
ments, we followed the phagocytic process using time-lapse microscopy.
By the end of the 4 days exposure period, the astrocytes had ingested
large amounts of both Ap and magnetic beads and over time, the
internalized material was transported closer to the perinuclear region
(Fig. 2a-b).

Live cell imaging of the phagocytic astrocytes for 14 days, confirmed
that the ingested Ap aggregates were not degraded, but rather stored and
packed together, as we have previously shown (Rostami et al., 2021).
This resulted in the formation of dense Ap-bead inclusions around the
nucleus (Fig. 2b). Taken together, these results verify that the Ap and
beads follow the same phagocytic route and accumulate together in the
same organelles.

3.2. Stored Ap and magnetic beads are situated in lysosomes

To further elucidate where the Ap and magnetic beads are trans-
ported inside the astrocytes, we performed immunocytochemistry using
the lysosomal marker LAMP-1 at 4d + 0d, 4d + 7d and 4d + 14d. At all
three time points the engulfed Ap and magnetic beads were found close
to LAMP-1+ areas (Fig. 3a), indicating that at least part of the material
enters the lysosomes. Over time, the size of LAMP-1+ lysosomes
increased (Fig. 3b), suggesting an activation of the lysosomal degrada-
tion pathway. Confocal imaging revealed that both A and magnetic

d7 d14

| |
AB42 exposure

Cells were analyzed 0, 7,
or 14 days after ABs,
exposure.

‘ ’ sonicated AB.; fibrils

@ "
© ® ) magnetic beads
) @

Fig. 1. Model to study Ap-pathology in human astrocytes. Human iPSC-derived astrocytes were exposed to sonicated A, fibrils and magnetic beads for 4 days after
which the cultures were washed and maintained in Ap-free medium for 0, 4 and 14 days prior to analysis, i.e. 4d + 0d, 4d + 7d, and 4d + 14d (a). Representative
transmission electron microscopy images of Ap fibrils before (b) and after sonication (c). 3D rendering of an astrocyte with intracellular Ap-inclusions from two

different angles (d). Scale bar (d): 40 pm.
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Merge

Fig. 2. Ingested Ap4o-aggregates accumulate together with magnetic beads in human astrocytes. Live cell imaging of astrocytes after the 4 days exposure,
demonstrated a continuous accumulation and trafficking of Ap4-fibrils and magnetic beads (white arrowheads), resulting in formation of dense inclusions at 16 h
(white asterisk, a). Time-lapse images from 4d + 2d, 4d + 7d, and 4d + 14d showed an increased intracellular aggregation and concentration of Ap and magnetic

beads around the nuclei over time (b). Scale bars: 10 pm.

beads were surrounded by LAMP-1 at 4d + 14d (Fig. 3c—c). Interest-
ingly, the co-localization between LAMP-1 and Ap were increased at
both 4d + 7d and 4d + 14d, compared to 4d + 0d, suggesting an
accumulation of Af in the lysosomes over time (Fig. 3d). Moreover,
electron microscopy confirmed the presence of the magnetic beads in-
side lysosomal vesicles in the astrocytes (Fig. 3e, Supplementary Fig. 2).

3.3. Phagocytic astrocytes produce truncated Ap species

To investigate how the intracellular storage affected the Ap-aggre-
gates, we next sought to isolate the astrocytic 555-Af and beads-
inclusions (Supplementary Fig. 3a). To optimize the extraction
method, we first compared cell homogenization using lysis buffer and

mechanical homogenization through scraping and pipetting. Micro-
scopy images showed that the beads were surrounded by Af-555 fibrils
in both cases (Supplementary Fig. 3b). However, ELISA analysis of the
extracted AP indicated a higher yield of Ap following isolation through
homogenization with lysis buffer (Supplementary Fig. 3c). Hence, we
choose to use this method throughout the study. Next, we treated the
beads/Ap-isolates with formic acid to denature A and removed the
beads using a Dynabeads Magnetic Particle Concentrator.

To study the composition of the intracellularly stored aggregates
over time, Ap isolated from astrocytes at day 0, 7 and 14 post-exposure,
was analyzed with sandwich ELISA. Two different primary antibodies
were used; 4G8 and 3D6. The 4G8 antibody is specific for the mid-region
of the AP42 peptide, therefore capturing both full-length and truncated
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Fig. 3. Intracellular stored Ap and magnetic beads are found in LAMP-1+ compartments. Inmunocytochemistry of astrocytes indicated that Ap-555 and magnetic
beads were located in LAMP-1+ organelles, that increased in size over time (a). Quantification of the LAMP1 signal, confirmed an increased intensity at the latest
time point (b). Confocal microscopy verified the presence of magnetic beads and Ap in LAMP-1 + organelles at 4d + 14d (c—c). The area of co-localization between
LAMP1 and AB-555 showed a significant increase at the two latest time points, compared to 4d + 0d (d).Electron microscopy displayed the presence of magnetic
beads inside degradation organelles (e). Scale bars: 10 pm.
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AP species, while 3D6 binds to the N-terminal of Ap and therefore give
no signal if the Af is N-truncated. The ratio between 3D6 and 4G8
indicated an increase in N-truncation over time in Af isolated from the
astrocytes, compared to control A fibrils (Fig. 4a), implying an
incomplete lysosomal degradation, which is in line with our previous
results (Sollvander et al., 2016). No Ap was detected in the isolates from
the control astrocytes. To further investigate how astrocytes modify the
stored Ap, we performed liquid chromatography mass spectrometry (LC-
MS/MS) analysis of the conditioned media, cell lysates, and extracellular
vesicles (EVs) secreted from the astrocytes (Fig. 4b-c). While the
conditioned medium was analyzed directly, the EVs were isolated by
ultracentrifugation from a larger volume of conditioned medium, fol-
lowed by treatment with lysis buffer to expose the EV content. Hence,
analysis of the conditioned medium reveals the forms of Af that is free-
floating in the medium, while the EV analysis reveals the forms of Ap
that are localized inside the EVs. Using this approach, we were able to
identify multiple C-terminally truncated peptides in the conditioned
medium, including AB1-40, AB1-39, AB1-38, as well as a few N-
terminally truncated forms of the ApPx-40 peptide. Interestingly, a
different peptide pattern was present in the extract from cells and from
the extracellular vesicles. In the cell lysates we detected N-terminally
truncated forms of the Apx-42 peptide. These were specifically truncated
before serine at position 26 in the AP sequence (AB26-42), and
phenylalanine at position 19 (Ap19-42). Extracellular vesicles con-
tained the same peptides, with a few additional truncation of the Afx-42
peptide at either glutamic acid 3 (Ap3-42), glycine 25 (Ap25-42), or
lysine (Ap28-42). Here we also observed the AB1-40 species. Overall,
this supports the ELISA data indicating that astrocyte do indeed process
A internally at the N-terminus. Additionally the data suggests the
presence of at least two different pools of Ap that comes from astrocytes,
including N-terminally truncated peptides, likely actively secreted
through vesicular transport, and C-terminally peptides that are passively
released into the media.

3.4. Highly resistant Af proteoforms increases over time in phagocytic
astrocytes

To further evaluate the concentration of the isolated Ap, we took
advantage of the Fluor 555 tag on the A fibrils and quantified the
fluorescent signal using a DeNovix DS-11 spectrophotometer. This
showed a significant increase in the concentration of Ay in the isolated
intracellular inclusions over time (Fig. 5a), which could be explained by
the fact that Ap and magnetic beads are brought closer together over
time. Following ingestion, protein aggregates are relocated inside the
cell to end up in “storage dumps” (in this case together with the beads), a
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phenomenon that we have previously documented using different
astrocytic culture systems after astrocytic engulfment of Ap, a-syn or tau
aggregates (Konstantinidis et al., 2023a; Konstantinidis et al., 2023b;
Lindstrom et al., 2017; Mothes et al., 2023; Rostami et al., 2017, 2021;
Sollvander et al., 2016; Streubel-Gallasch et al., 2021; Zysk et al., 2023).
Moreover, western blot analysis using the C-terminal specific Anti-Af42
antibody (Fig. 5b, Supplementary Fig. 4a—c), and the N-terminal specific
3D6 antibody (Fig. 5c, Supplementary Fig. 4b) verified that the intra-
cellular Af was partially truncated. Interestingly the isolated Af
appeared at a molecular weight around 55 kDa and the concentration of
this proteoform increased over time, confirming our DeNovix DS-11
spectrophotometer data. This suggests that the astrocytes process the
accumulated AB to form stable protein proteoforms. These aggregates
are not denatured after formic acid treatment, meaning that they are
highly resistant to even harsh denaturing steps, while smaller oligomers
is most likely broken down during the process. To further investigate
how the astrocytes modify the intracellularly stored Ap, we performed
electron microscopy on the isolated Af following sonication (Fig. 5d).
Interestingly, the astrocyte-isolated Af was more resistant to sonication
and had a very different appearance compared to control fibrils
(Fig. 5d—e). This data indicates that astrocytes pack the stored Ap in a
way that makes it more stable and changes its morphology.

4. Discussion

Growing evidence indicates that glial cells, including astrocytes are
tightly connected to AD pathogenesis (Ding et al., 2021). Astrocytes are
highly phagocytic and have been shown to engulf both dead cells and
various amyloid proteins, including Af (Damisah et al., 2020; Domi-
nguez-Prieto et al., 2018; Loov et al., 2015; Morizawa et al., 2017).
While astrocytes effectively degrade monomeric Af-peptides(Basak
et al., 2012; Koistinaho et al., 2004; Sollvander et al., 2016), aggregated
Ap forms are not processed in the same manner. Although, the astrocytes
take up very large amounts of the A aggregates, they seem to be
overwhelmed by the difficulties they face and are unable to fully
degrade the protein. Instead, of being digested, the Ap aggregates are
shuffled around intracellularly and end up as large inclusions that are
not easily cleared (Nielsen et al., 2010; Sollvander et al., 2016). In a
recent study we demonstrated that after 10 weeks of culturing (in Ap-
free medium), hiPSC-derived astrocytes retain the ingested Ap-deposits,
indicating that astrocytes store AP aggregates for a very long time
(Konstantinidis et al., 2023a). Importantly, astrocytic inclusions of Ap
have been reported to be present in the cortex of post mortem human AD
brains and their size correlates with the pathology in the respective re-
gion (Nagele et al., 2003; Thal et al., 2000). We hypothesized that the

a b c
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Fig. 4. Increased N-truncation of Ap in human astrocytes over time. The ratio of Ap detected with the N-terminal specific antibody 3D6 and the mid-region binding
antibody 4G8 shows an increase of N-truncation over time from 0 to 14 days after the Ap exposure (a). LC-MS analysis identified C-truncated A in the astrocytic
conditioned media, while the Ap found in the cell lysates and EV fraction was mainly N-truncated (b). TEM confirmed the presence of EVs secreted from the as-

trocytes (c).



C. Beretta et al.

2. 5= *%
= -
= 2.0
E 70 kDa
& 1.5- 50 kDa
©
=
g 1.0 25 kDa
C
3 15 kDa
0.5
0.0
$
3
w
mm Control

= AB,,treated

Molecular and Cellular Neuroscience 128 (2024) 103916

Anti-AB,, c 3D6

LN >
FESOY @
K
TEwWEE &
<4
S
O
2
w
v%z

Fig. 5. Ap concentration in isolated samples from astrocytes increase over time. DeNovix DS-11 spectrophotometer measurements of A concentration demonstrated
a significant increase of intracellular Ap over time (4d + 0d: 0.40 + 0.28, 4d + 14d) (a). Western blot analysis of isolated Ap inclusions confirmed an increased
concentration over time. Ap was detected with both the C-terminal specific antibody anti-Ap42 (Agrisera) (b) and the N-terminal specific antibody 3D6 (c). Control
samples were obtained from cells exposed to magnetic beads only (4 + 0 days). Sonicated control APy, fibrils were also included in the analysis. TEM imaging of
sonicated Ap aggregates isolated from human astrocytes showed a denser morphology (d) compared to sonicated control Ay, fibrils (e).

long-term storage by astrocytes may affect the Af} properties. Hence, the
aim of this study was to investigate how hiPSC-derived astrocytes pro-
cess and modify the intracellular Ap.

To isolate the astrocytic AB deposits we used superparamagnetic
dynabeads, which bind to the Af42 primary amine groups via their p-
toluene-sulfonyl groups. Our immunocytochemistry data clearly showed
that both the Ap aggregates and the beads were effectively internalized
by the human astrocytes. Over time, the ingested material was trans-
ported toward the centre of the cell and packed together in dense in-
clusions in the perinuclear region. We and others have reported that
astrocytic Ap-inclusions co-localize with LAMP-1-positive organelles,
suggesting a direct impact of lysosomes in the storage and degradation
of Ap-aggregates (Basak et al., 2012; Konstantinidis et al., 2023a;
Sollvander et al., 2016). Consistent with those reports, we found that the
bead+Ap inclusions were situated in LAMP-14+ compartments. More-
over, electron microscopy analysis confirmed the presence of the mag-
netic beads within lysosomal/endosomal vesicles in the astrocytes.

Mutations in APP are known to result in familial AD by increasing the
Ap levels (Andrade-Guerrero et al., 2023). However, patients with spo-
radic AD, which accounts for over 95 % of the cases, do not have an
increased AP production. Instead, the main cause of this form of the
disease is believed to be insufficient A clearance by the lysosomal
machinery (Nixon, 2020). The ELISA based ratio between 3D6 and 4G8

signal in this study indicates that a large proportion of the Af in the
astrocytic deposits is N-truncated. As we exposed the astrocytes to full-
length Ap4o aggregates, we could conclude that the truncation of Af
occurs in the lysosomes/endosomes. Importantly, truncated Ap has been
shown to be more resistant to degradation, more prone to aggregate,
have a higher seeding capacity and more toxic than full length Ap (De
Kimpe et al., 2013). We have previously reported that Ap-containing
murine astrocytes release EVs with neurotoxic Ap-content (Sollvander
et al., 2016). Interestingly, we detected a significant increase in
apoptotic, TUNEL+ neurons in cultures treated with EVs from Af42
protofibril exposed astrocytes. However, parallel neuronal cultures,
exposed to intact AB42 protofibrils, directly added to the medium,
showed no difference in the percentage of apoptotic cells, compared to
untreated cultures (Sollvander et al., 2016). Hence, our data indicate
that the truncated Ap-aggregates that have been modified by astrocytes
are more toxic than full-length aggregates.

Astrocytes are considered to be the major secretory cells in the brain,
responsible for the release of neurotransmitters, growth factors, in-
flammatory mediators, and toxic proteins (Verkhratsky et al., 2016).
Our previous investigations show that incomplete degradation of Ap by
astrocytes causes secretion of EVs, containing truncated, neurotoxic Ap
species and increased levels of apoE (Beretta et al., 2020; Nikitidou
etal., 2017; Rostami et al., 2021; Sollvander et al., 2016). Here, we used
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LC-MS/MS analysis to fully characterize the truncation pattern of Ap
peptides secreted into the medium via passive release or via EVs.
Interestingly we noticed that the A was secreted differently depending
on the type of truncation. Ap found in the conditioned medium (passive
release) was C-terminal truncated, while the Ap in the EV-fraction
(active release) was mainly N-truncated. More specifically, we found
multiple C-terminally truncated peptides in the conditioned medium,
including Ap1-40, Ap1-39, AB1-38, as well as few N-terminally trun-
cated forms of the APx-40 peptide. In the EV-fraction, the pattern was
completely different, consisting mainly of N-terminally truncated forms
of the Apx-42 peptide, such as Ap26-42Ap19-42, Ap3-42, Ap25-42 and
AP28-42. We also performed LC-MS/MS analysis of cell lysates. The
intracellular AB-deposits contained N-terminally truncated forms of the
Apx-42 peptide, which highly overlapped with the EV-fraction. These
findings suggest that there are at least two different pools of Ap,
including N-terminally truncated peptides that are actively secreted
through vesicular transport, and C-terminally peptides that are passively
released directly into the media. Due to the different secretion routes, we
speculated that the C-terminally truncated AP might arise from an
endogenous AP production by the stressed astrocytes, while the N-
truncated Ap most likely are generated from the externally added Ap
aggregates that are ingested by the astrocytes and accumulated in the
lysosomes. In line with our findings, both N- and C-terminal truncated
Ap has been found in the human AD brain (Wildburger et al., 2017).

Western blot analysis revealed a distinct 55 kDa Af proteoform in the
astrocyte-deposits that increased in concentration with time. The 55 kDa
Ap aggregates were highly SDS resistant and could not be denatured by
formic acid treatment. Moreover, electron microscopy of the astrocytic
AB deposits displayed a very different morphology compared to in vitro-
aggregated fibres. Notably, the astrocytic Ap aggregates did not show a
typical fibrillary structure. In addition, the astrocytic Ap deposits were
remarkably resistant to sonication. Taken together, these results indicate
that astrocytes process intracellularly stored Ap so it becomes much
more stable. This finding is supported by Bouter et al. who observed that
N-terminal truncated Af (Ap4-40 and ABpE3-42) are more aggregation-
prone than full length Ap1-42 and form stable aggregates over time that
do not show a typical fibrillary structure (similar to our EM images)
(Bouter et al., 2013). However, in contract to the distinct 55 kDa A
aggregate isolated from the astrocytes in our study, Bouter et al. reports
a range of aggregates of higher molecular weight. However, it is
important to note that these samples were not formic acid-treated.

Interestingly, we have noticed that protein aggregates in the human
astrocytes can be difficult to detect with commercially available anti-
bodies. Presumably, because the astrocytes have modified the proteins
in a way so that the antibodies do not recognize them any longer. Most of
the N-terminal truncations we found are extensive and it is possible that
the cells have modified the aggregates also in other ways. By staining
human brain sections with antibodies that bind to astrocyte-modified
AP, we might get a completely new view of the pathology.

Although AD is the leading cause of dementia there are no treatment
available that effectively limits the neurodegeneration and slows down
the disease progression. Hence, a better understanding of the cellular
and molecular mechanisms of the disease is highly desirable. Here we
show that astrocytes may serve as an intermediator, promoting
spreading of AP species with enhanced pathological properties.
Following ingestion, the astrocytes process, pack and truncate the Ap
aggregates in a way that makes them highly resistant. Moreover, the
astrocytes release modified Ap species via direct secretion and via EVs
and thereby expose neighboring cells to pathogenic proteins. In
conclusion, our data highlight the importance of astrocytes in Ap-
mediated pathology, suggesting that this cell type may be a potent
treatment target.
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