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Abstract

INTRODUCTION: Alzheimer’s disease (AD) is characterized by amyloid beta (AB) pep-
tide plaques and intracellular neurofibrillary tangles formed by hyperphosphorylated
tau. Many attempts have been made to clarify the link between AB and tau in the
pathogenesis, but conclusive data describing a pathway for this connection are still
lacking.

METHODS: We developed a neuronal model of AB-induced toxicity and studied down-
stream effects of intraneuronal AB42 accumulation on tau hyperphosphorylation using
confocal microscopy and live cell imaging.

RESULTS: AB42 added to the medium was endocytosed into neurons, inducing the
formation of endolysosomal protofibrils and endolysosomal leakage, which in turn
promoted tau hyperphosphorylation. Asparaginyl endopeptidase (AEP) was released
from the disrupted lysosomes, and inhibition of this peptidase activity reduced tau
hyperphosphorylation.

DISCUSSION: The data suggest a mechanism of AD in which AB42 accumulates and
aggregates gradually in neurons over time, leading to endolysosomal leakage and
release of AEP, which subsequently triggers tau hyperphosphorylation.

KEYWORDS
Alzheimer’s disease, amyloid beta peptide, asparaginyl endopeptidase, endolysosomal leakage,
tau hyperphosphorylation

Highlights

* Ap42 endocytosis leads to its endolysosomal accumulation in neurons over time.

* Ap42 polymerizes into protofibrils and causes endolysosomal leakage.

* Tau hyperphosphorylation is induced by endolysosomal asparagine endopeptidase
leakage.

* Tau hyperphosphorylation is inhibited by an asparagine endopeptidase inhibitor.
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1 | BACKGROUND

Alzheimer’s disease (AD) is a progressive neurodegenerative disease,
pathologically characterized by neurofibrillary tangles and amyloid
plaques in the brain parenchyma. Amyloid plaques consist of fibrils
formed by the amyloid beta (Ag) peptide - especially the 42 residues
long variant (AB42). The neurofibrillary tangles, on the other hand, are
formed by hyperphosphorylated forms of the microtubule-associated
protein tau. The amyloid cascade hypothesis’? suggests that AD starts
with AB oligomerization, leading to plaque formation, neurofibrillary
tangles, inflammation, oxidative stress, and eventually synaptic loss
and death of neurons. This hypothesis has been challenged,®7 but
the success of anti-Ag immunotherapy lends further support to the
notion that Ag is a crucial player in AD pathogenesis.2 Nevertheless,
fundamental questions persist.

Post mortem examination of brain tissue has shown that A342 accu-
mulates in neurons at early stages of AD and before tangles are
observed.”"1* Studies in living neurons have shown that they effi-
ciently endocytose A, suggesting that the extracellular pool may be
an important source of A42 accumulation in neurons.’>1¢ Previously
we found that AB42 reaches high concentrations in endolysosomes
(referring to late endosomes and lysosomes), where it oligomerizes.1¢
Such AB aggregates are known to disrupt lipid membranes,'”-18 poten-
tially compromising membrane integrity and leading to endolysosomal
leakage.

Tau phosphorylation status depends largely on protein phosphatase
2A (PP2A) activity, which is regulated by inhibitor 2 of phosphatase
protein 2A (I,PP2A). The inhibitory effect of |,PP2A is activated
upon proteolytic processing mediated by asparaginyl endopeptidase
(AEP), which is activated in lysosomes.'? Thus, one question is how
AEP translocates to the cytosol. To this end, we hypothesized that
the accumulation and aggregation of AB42 would disrupt endolyso-
somes and release AEP to the cytoplasm. This results in increased
processing of I,PP2A, generating fragments that inhibit PP2A and,
thus, eventually lead to increased tau hyperphosphorylation. To test
this hypothesis, we used a galectin-based system to visualize Ag42-
induced endolysosomal leakage in neurons and demonstrated the
release of endolysosomal AEP from damaged endolysosomes. We
found that endolysosomal leakage induced tau hyperphosphorylation,
which was diminished by AEP inhibition. Thus, we propose a poten-
tial mechanism for how intraneuronal A342 accumulation causes tau
hyperphosphorylation in AD.

2 | METHODS

2.1 | Synthetic human Ag peptide

AB42 with or without a fluorescence label (AS-64161, AS-60479-
01, AS-20276) and fluorescently labeled AB40 (AS-60493) were from
AnaSpec (BioNordika, Solna, Sweden). AB peptides were first dissolved
in 1% NH4OH and diluted with PBS to a concentration of 200 uM, then
aliquoted and stored at —20°C.

RESEARCH IN CONTEXT

1. Systematic review: The authors reviewed the literature
using traditional sources like PubMed. Although exten-
sive research has been conducted on the role of Agin AD,
the connection between Af and tau in AD pathogenesis
remains unclear.

2. Interpretation: Our findings led to an integrated hypoth-
esis explaining Ap-triggered tau hyperphosphorylation
in AD. This hypothesis is consistent with current neu-
ropathological findings in AD patients and mouse models.

3. Future directions: Future studies should investigate the
relationship between lysosomal A3 aggregation and lyso-
somal leakage. Revealing the underlying mechanisms of
lysosomal Ag toxicity could help in developing novel ther-
apeutic strategies to reduce tau hyperphosphorylation
in AD.

2.2 | Primary neuron cultures

This study was approved by the Linkdping ethics committee (ID 1241,
16334-2022). Primary hippocampal neurons were prepared from
embryonic brains of E16.5 C57/BL6 mice or E17.5 Sprague Dawley
rats, as described previously.2%21 After dissection and trituration of
the cells from the hippocampal and cortical regions, 7500 hippocam-
pal neurons were plated on the glass bottoms of poly-D-lysine-coated
dishes (P35G-1.5-10-C, MatTek Corporation), and 150,000 cortical
neurons were seeded at the pre-coated edges of the dishes as a support
layer. Neurons were fed with neurobasal medium (Invitrogen) contain-
ing 2% B27 (Invitrogen) and 1% L-glutamine (Invitrogen) and put in a
humidified cell incubator (37°C, 5% CO,).

For immunoblotting, primary neurons were prepared from the
embryonic brains of E16.5 C57/BL6 mice. After dissection and tritura-
tion of the cells from the cortical region, 8 x 10° cells per well were
plated on the poly-D-lysine-coated six-well plate. For fractionation
of lysosomes, 5 x 10° cells were plated on the poly-D-lysine-coated

150-mm dishes. Neurons were cultured as described earlier.

2.3 | Light microscopy
For different purposes, we employed three light microscopy plat-
forms as described in what follows. The detailed information of image
acquisition is shown in Table S1.

Platform 1 involved lattice light-sheet microscopy. For live cell
imaging to monitor the uptake of fluorescently labeled AB42 into neu-
rons co-stained with cytoskeletal markers, time-lapse images were
acquired with a ZEISS Lattice Light-sheet 7 microscope (Advanced
Light Microscopy facility, SciLifeLab) with an integrated cell incuba-

tor. Platform 2 involved single-point scanning confocal microscopy. For
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time-lapse images of fluorescently labeled AB42 and lysosomes, images
were acquired with a Nikon A1 Plus confocal microscope (Live Cell
Imaging core facility, Karolinska Institutet) equipped with a stage incu-
bator. Platform 3 employed confocal laser scanning microscopy with
Airyscan. Live cell imaging at high resolution was performed with a
Zeiss LSM 980-Airy confocal microscope (Biomedicum Imaging Core,
Karolinska Institutet) equipped with a stage incubator.

24 | Live cell labeling

SiR-Lysosome (SC012, Spirochrome AG) was used to label endolyso-
somes in live cell imaging at a concentration of 1 uM for 0.5 h, unless
otherwise specified. For time-lapse imaging, neurons were treated
with 100 nM SiR-Lysosome for 6 h. SiR-Tubulin (SC002, Spirochrome
AG) was used to label the cytoskeleton in time-lapse imaging (100 nM,
12h).

2.5 | Volume measurement of neuronal vesicles

To measure the volume of neuronal soma and AB42-containing vesicles,
neurons were treated with 1 nM HF647-AB42 for 3 weeks. Alexa Fluor
555-dextran was added just before live cell imaging. Z-stack images of
neuronal soma were acquired by platform 3 and analyzed in ImageJ

with macro code from Dr. Thomas Villani.22

2.6 | Transfection and transduction
Primary neurons were transfected using Lipofectamine 2000 (Invitro-
gen) at DIV 7-14. Transfection solutions were prepared according to
the manufacturer’s instructions. To save transfection reagents, excess
medium in the neuronal culture dishes was removed and stored in a
37°C incubator; 500 pL of medium was left in the outside layer and
100 pL in the center microwell. Fresh neurobasal medium with 25 to
100 ng DNA, and 0.4 pL transfection reagent was added to the microw-
ell for 4 h, then stored medium was added back and incubated for 24 to
48 h before use.

Primary neurons were transduced with CellLight Late Endosome-
GFP (C10588, Invitrogen) or Premo Autophagy Sensor LC3B-GFP
(P36235, Invitrogen) at a final concentration of 7.5 particles per cell.

The neurons were incubated for 24 to 48 h before use.

2.7 | Model of endolysosomal leakage

Endolysosomal leakage in primary neurons was induced using L-leucyl-
L-leucine methyl ester (LLOMe) (16008, Cayman Chemical) or AB42 at
different conditions, as indicated. For the treatment of AB42-induced
endolysosomal leakage, AB42 was applied through two separate ses-

sions to keep the neurons viable. For example, a 10-h treatment was
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split into two 5-h sessions on two consecutive days. For the galectin
puncta assay analyzed using live cell imaging, neurons were trans-
fected with pEGFP-hGal3, which was a gift from Tamotsu Yoshimori
(Addgene plasmid no. 73080).2° For the galectin puncta assay and the
ESCRT puncta assay analyzed using immunocytochemistry, neurons
were stained with galectin-3 (GAL3) and CHMPS5 antibodies (Table S2).
For the fluorescent dextran release assay, neurons were treated with
30 pg/mL Alexa Fluor 555-dextran, 10 kDa (D34679, Invitrogen) 24 h

before experiments.

2.8 | Immunocytochemistry

Immunocytochemistry procedures were described previously.2* Pri-
mary neurons were fixed with preheated 4% formaldehyde in neu-
robasal medium (10 min). Fixed neurons were permeabilized using
0.4% CHAPSO at room temperature for 10 min. Neurons were blocked
with 10% normal goat serum, or 10% donkey serum if primary antibod-
ies were raised in goat (room temperature, 15min), and then incubated
with primary antibodies in 3% normal goat or donkey serum in PBS,
overnight at 4°C. After washing with PBS, neurons were incubated
with secondary antibodies in 3% normal goat or donkey serum in PBS
for 1 h at room temperature. For AT8 staining, the incubation time with
secondary antibodies was shortened to 20 min. Samples were rinsed
three times in PBS prior to imaging. Antibodies used here are listed in
Table S2.

2.9 | Immunoblotting

DIV15 neurons were incubated with or without AENK (40 pg/mL)
for 48 h following a 4-day treatment of 2 uM AB42. At DIV21, neu-
rons were lysed in RIPA buffer (20-188, Millipore) supplemented with
2% SDS and protease and phosphatase inhibitor cocktail (PPC1010,
Sigma). After centrifugation (20,000 x g, 4°C, 20 min), supernatants
were collected and analyzed by Western blot. Protein concentrations
were determined using the BCA protein assay kit (23235, Thermo
Fisher Scientific). Protein samples were separated on the NuPAGE 4%
to 12% Bis-Tris gel (NP0321, Invitrogen) and transferred to nitrocel-
lulose membranes (88018, Thermo Fisher Scientific). The membranes
were then blocked with 5% milk for 1 h at room temperature and
probed with the following antibodies: anti-phospho-tau (AT8, Ser202,
and Thr205, 1:1000 dilution, MN 1020, Invitrogen), anti-phospho-tau
(Thr217, 1:1000 dilution, 44-744, Invitrogen), anti-tau (clone tau5,
1:1000 dilution, MAB361, Merk), and anti-g-actin (1:3000 dilution,
A2103, Sigma) primary antibodies overnight at 4°C. After washing
three times with TBST (1x), membranes were incubated with IRDye
donkey anti-mouse or anti-rabbit secondary antibody (1:10,000 dilu-
tion, LI-COR) for 1 h at room temperature protected from light. After
washing with TBST (1x), the protein bands were visualized by the
Odyssey CLx imaging system (LI-COR) and quantified using Image)
version 1.53.
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2.10 | Measurements of fluorophore concentration
Confocal microscopy was used to estimate the intravesicular AB42
concentration in neuronal culture.?> To make a standard curve
between the fluorescence intensity and the fluorescence concen-
tration, the intensity of known concentrations of fluorophore HilLyte
Fluor 647 was measured. HiLyte Fluor 647 amine (AS-81257, AnaSpec)
was dissolved in double-distilled water to prepare evenly distributed
solutions, and to the microwell of culture dishes (described earlier) was
added 60-pL samples at different concentrations. Confocal microscopy
(platform 3) was used to measure the fluorescence intensity of the
samples. Images were taken from each sample at 2 pm above the bot-
tom. Bottom levels were determined under confocal live mode (bright
field, 0.2% 488 nm laser power, 300 V detector gain) by adjusting
focus until the marks on the glass become sharp and clear. Intensities
were measured by Zeiss Software Zen 3.0 (Carl Zeiss). A standard
curve of fluorescence intensities against concentrations of HilLyte
Fluor 647 was plotted using GraphPad Prism 8.3.0. For the estimation
of the concentrations of HiLyte Fluor 647 AB42 in live neurons, the
parameters of image acquisition were the same as the measurement
for HiLyte Fluor 647.

2.11 | Image analysis

To measure the intensity of fluorescently labeled AB42, images
acquired from platform 1 were processed using maximal intensity Z
projection. Soma regions of neurons were outlined, and the intensity
was measured in Zen 3.0. For images from platform 2, regions of neu-
ronal soma were outlined, and the intensity was measured in ImageJ
1.53. For high-resolution images from platform 3, the fluorescence
intensity in vesicles was measured in Zen 3.0.

For the galectin puncta assay, neurons were stained for GAL3
and RAB7 and imaged by platform 3. Soma regions of neurons were
outlined, and the intensity was measured in Zen 3.0. To determine
GAL3-positive endolysosomes, the colocalization analysis of GAL3 and
RAB7 was performed to generate images containing only vesicles with
colocalized signals. The vesicles with GAL3 were further detected
using the ImageJ plugin TrackMate.2%

To analyze the contents of AEP in neuronal lysosomes, neu-
rons were stained with AEP and MAP2. Z-stack images of the
entire soma region of neurons in five fields of view from each
group were acquired by confocal microscope (platform 3) and pro-
cessed to generate orthogonal projection images by Zen 3.0 using
maximume-intensity Z projection. The ImagelJ plugin TrackMate was
used to detect the vesicles containing AEP with intensities above
threshold.

To evaluate tau hyperphosphorylation, neurons were stained with
AT8 antibody and imaged by confocal microscopy. Tau hyperphospho-
rylation was defined as excessive AT8 signal in the soma compared with
that in controls. Abnormal AT8 signal was determined using the “Ana-
lyze Particles” plugin in ImageJ. The threshold was set to the highest
values of AT8 intensities in the neuronal soma of controls. Neuron sur-

vival was determined by the number of MAP2-stained neurons in the

views of images.

2.12 | Lysosome isolation

DIV14 neurons were incubated with or without treatment of 1 uM
ApB42 for 7 days. At DIV21, neurons were used for lysosome isolation.
According to the procedures from the manufacturer, lysosome enrich-
ment was performed using a lysosome enrichment kit for cultured
cells (Catalog No. 89839, Pierce). In brief, TrypLE Express (12604021,
Gibco) was used to detach the cells from dishes. Cells (1 x 107) were
harvested by a centrifugation (300 x g, 5 min), and cell pellets were
homogenized on ice using a Dounce grinder (15 to 30 strokes). Then
a density gradient centrifugation (145,000 x g, 2 h, 4°C) was per-
formed, and the obtained lysosome band was further purified through
centrifugation.

Three microliter of purified lysosome solution was applied to the EM
gold grid (N1-C14nAu20-01, QUANTIFOIL) and blotted using a Vit-
robot Mark IV cryo fixation system (Thermo Fisher Scientific) at 4°C
and 100% humidity (blot time 8 s, blot force —18, drain time 1.5 s).
Frozen grids were clipped into autogrids and stored in liquid nitrogen
until use.

2.13 | Cryo-ET and image processing

Cryogenic electron tomography (cryo-ET) was performed using a
300-kV Krios G3i transmission-electron microscope (Thermo Fisher
Scientific) at the 3D-EM facility of Karolinska Institutet. Cryo-ET
images were acquired using Tomography software on a Gatan K3 cam-
era operated in electron-counted/super resolution mode. Features of
interest were identified in the images that were taken at magnifi-
cations 580x and 6500x and were selected for high-magnification
imaging. Image series were collected with a tilt span of 60° (+ 30°
from the tilt angle; dose-symmetric scheme) with 2° increments at a
magnification of 53,000 (with a corresponding pixel size of 1.7 A) and
a defocus target of —8 um. The raw tomographic images were pre-
processed for Contrast Transfer Function estimation in Warp 1.0,27
aligned and reconstructed with SART reconstruction in AreTomo.%8
Measurements of protofibrils were made in IMOD 4.11.27 Image
denoising was performed using the DenoisEM plugin (Tikhonov denois-

ing) for ImageJ,°

t.31

and segmentations were made with the Image)
plugin Labki

2.14 | Statistics

GraphPad Prism 10.0 software was used to perform statistical tests
and plot data. Figures were assembled using Adobe lllustrator (San
Jose, California, USA). The statistical tests used are indicated in the
figure legends. When the p value was greater than 0.05, it was stated as
“ns” or its original value. P values of *p <.05,**p <.01, and ***p < .001

were considered significant.
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FIGURE 1 Ap42 accumulation in primary neurons. (A and B) Hippocampal neurons treated with 1 uM HilLyte Fluor 488 AB42 (HF488-AB42,
green) were imaged by live cell imaging using lattice light-sheet microscopy for 24 h. SiR-tubulin (violet) was used to label microtubules in neurons.
Scale bar, 20 um. The intensity of AB42 in the soma at different time points is plotted in (B). (C) Hippocampal neurons were treated with 1 uM
HiLyte Fluor 647 AB42 for 1, 3, or 6 days and imaged using confocal microscopy. The intensity of AB42 in the neuronal vesicles (30, 39, and 27
vesicles from three experiments) were measured and plotted. Note that the intensity unit is arbitrary units and not comparable between the
graphs. (D and E) Hippocampal neurons transduced with LC3B-GFP (red) were incubated without (D) or with (E) 1 uM Hilyte Fluor 647 Aj342
(HF647-AB42, green) for 24 h and subjected to live cell imaging by confocal microscopy. Scale bar, 5 um. (F-1) Hippocampal neurons were treated
with 1 nM Hilyte Fluor 647 AB42 (HF647-AB42) for 3 weeks. (F) Confocal image merged with brightfield image showed accumulated HF647-Ap42
(green) in the soma of neurons. Scale bar, 10 um. (G) Magnification of the confocal channel for the boxed area in (F). Scale bar, 2 um. (H) The
fluorescence intensities of HiLyte Fluor 647 of different concentrations were measured by confocal microscopy and plotted to generate a standard
curve (n=5).(l) The fluorescence intensities of HF647-AB42 in neuronal vesicles (27 vesicles in each group from three experiments) were
measured at weeks 1, 2, and 3. The concentrations of intravesicular A342 were estimated based on the standard curve in (H). Data represent

mean + SD (C, H, and I). AB, amyloid 3.

3 | RESULTS the time-lapse imaging, internalized AB42 was trafficked in vesicles -
partially through neurites - and accumulated gradually in the soma
3.1 | Endocytosed AB42 accumulates in (Figure 1A and Video S1). The concentration of intracellular A42

rapidly rose in the first 12 h, followed by a slower increase in the subse-
quent days (Figure 1B, C). After 2 h of treatment, around 50% of A342
was colocalized with the marker of early endosomes (Figure S1). After

endolysosomes of neurons

To study the endocytosis and accumulation of Ag in neurons, we used
24 h of treatment, around 90% of Aj342 was present in endolysosomes
(Video S2). These data suggest that endocytosed AB42 was initially

lattice light-sheet microscopy and confocal microscopy to visualize

the uptake of fluorescently labeled AB42 in primary neurons. During
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FIGURE 2 Galectin assay detects LLOMe-induced endolysosomal leakage in neurons. (A and B) Primary hippocampal neurons were
transfected with pEGFP-hGal3 (Gal3, green) and then treated without (A) or with (B) 2 mM LLOMe for 2 h before live cell imaging. The arrow in (B)
points to a leaky endolysosome. (C) 3D views of ruptured endolysosome in rat hippocampal neurons treated with LLOMe. (D) Primary rat
hippocampal neurons were transfected with pEGFP-hGal3 and incubated with SiR-lysosome (lyso, red) for 1 h, followed by incubation with 2 mM
LLOMe for 2 h. The arrow points to a leaky endolysosome, which is characterized by strong pEGFP-hGal3 staining but weak signal of SiR-lysosome.
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present in the early endosomes and then gradually accumulated in
the endolysosomes. Moreover, AB42 treatment increased the amount
of LC3B-positive autophagosomes. However, only a limited amount of
ApB42 was present in these vesicles (Figure 1D, E).

The concentration of AB42 in human cerebrospinal fluid is in the
nanomolar range.32-34 To determine whether extracellular Ag42 could
be endocytosed at such low concentrations, neurons were treated
with 1 nM fluorescently labeled AB42 for 3 weeks. Indeed, AB42 was
internalized into endolysosomes with high efficiency even at such low
concentrations (Figure 1F-G, Figure S2). Fluorescence intensity anal-
ysis, based on a standard curve generated from known concentrations
of HilLyte Fluor 647 (Figure 1H), suggested that the concentration of
intravesicular AB42 increased at an average rate of ~300 nM/day and
reached micromolar levels in 1 week (Figure 1l). In comparison, the
accumulation of AB40 in neurons was significantly lower than that of
AB42 (Figure S3). In addition, volume measurements from confocal
image stacks showed that AB42-containing vesicles occupied about 4%

of the volume of neuronal soma (Figure S4).

3.2 | Detection of endolysosomal leakage in
primary neurons

Since AB42 accumulated to concentrations well above the thresh-
old for AB42 aggregation,®® we investigated whether the high load
of AB would damage the endolysosomes. LLOMe rapidly accumulates
in the lumen of acidified organelles and permeabilizes membranes
within 10 min,3¢ making it an ideal tool to study endolysosomal dam-
age. As a positive control for endosomal leakage, we treated the cells
with fluorescent dextran - which accumulates in endolysosomes - and
added LLOMe to the medium. A significant LLOMe-induced leakage of
dextran from endolysosomes was observed (Figure S5A).

Next, we used the galectin puncta assay to detect endolysosomal
leakage in neurons.3’” GAL3 is a sugar-binding protein that quickly
accumulates at the inner leaflet of ruptured vesicles, making it a
sensitive tool to detect endolysosomal leakage. Primary neurons trans-
fected with GAL3 with an EGFP tag (pEGFP-hGal3) were treated
with LLOMe to induce endolysosomal leakage. Instead of the diffuse
cytosolic signal in untreated neurons, vesicle-shaped galectin signal
appeared in LLOMe-treated neurons, indicating a rupture of endolyso-
somes (Figure 2A-D). Live cell imaging captured the rupture of an
intact lysosome (Figure 2E and Video S3). Interestingly, a few GAL3-
positive vesicles were colocalized with the autophagy marker LC3B, in

line with previous studies on lysosomal leakage,3”-38

indicating that a
group of leaky endolysosomes were subjected to autophagy/lysophagy
(Figure 2F). To verify that the transfection did not affect the results,

neurons were treated with LLOMe and stained with GAL3 antibody.

THE JOURNAL OF THE ALZHEIMER’'S ASSOCIATION

LLOMe treatment induced endolysosomal leakage in non-transfected
cells (Figure S5B).

3.3 |
leakage

ApB42 accumulation induces endolysosomal

Using the galectin puncta assay, we studied whether accumulation
of AB42 damaged the integrity of neuronal endolysosomes. The
transfection-based galectin system was applied in neurons at 7 to 14
days in vitro (DIV7-14). In neurons transfected with GFP-GAL3, we
observed AB42-induced endolysosomal leakage (Figures 3A and 3B).
The concentration of AB42 in intact vesicles can reach around 100 uM
or higher before endolysosomal leakage is induced (Figure S6A). AB42-
induced endolysosomal leakage was further confirmed in mature
neurons (DIV21) using a GAL3 antibody (Figures 3C and 3D). The num-
ber of disrupted endolysosomes increased when neurons were treated
with a higher concentration of AB42 for a longer time (Figures 3E
and 3F). AB42 treatment also increased the number of GAL3-positive
endolysosomes in LLOMe-treated neurons (Figure S6B). Similarly to
the results from LLOMe treatment, a group of leaky endolysosomes
was co-stained with LC3B, indicating that AB42-induced endolysoso-
mal leakage could induce autophagy (Figure S6C). Furthermore, the
dextran release assay also demonstrated ApB42-induced endolyso-
somal leakage (Figure S7). Interestingly, AB42 could be released
from ruptured vesicles before the release of lysosomal enzymes
(Figure S8).

Next, we used the ESCRT puncta assay, which efficiently detects
small endolysosomal ruptures.3? Unlike galectins that enter disrupted
vesicles, ESCRT-III proteins (CHMP1-7) can accumulate on the cyto-
plasmic surface of ruptured vesicles. Consistent with previous findings
in the AD brain,*® ESCRT-III proteins formed puncta in AB42-treated
neurons (Figures 3G and 3H).

3.4 | AB42 induces tau hyperphosphorylation
through endolysosomal AEP leakage

AEP is a lysosomal enzyme that has been shown to translocate from
lysosomes to the cytoplasm in AD brains and to be associated with
tau hyperphosphorylation.’? To investigate whether AB42 induces
translocation of AEP from lysosome, neurons were treated with
AB42 to induce intracellular AB42 accumulation. Endolysosomal AEP
alterations were evaluated using immunocytochemistry. High concen-
trations of AB42, as well as LLOMe treatment, significantly decreased
the number of AEP-containing endolysosomes (Figures 4A-D). In

line with these results, AEP was not present in AB42-induced leaky

(E) Time-lapse images show the process of endolysosomal leakage in rat hippocampal neurons under the same condition as in (D). The arrow points
to a leaky endolysosome, where the pEGFP-hGal3 enters and accumulates rapidly, while the signal of SiR-lysosome decreases over time. (F)
Primary rat hippocampal neurons treated with LLOMe and stained for LC3B (red) and galectin-3 (Gal3, green). Scale bar, 5 um (A, B, D, and F) and

1 pm (C and E). GALS3, galectin-3; LLOMe, L-leucyl-L-leucine methyl ester.
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FIGURE 3 Accumulated AB42 induces endolysosomal leakage in neurons. (A) Primary neurons transfected with GFP-GALS3 (green) were
treated with 1 uM Hilyte Fluor 647 AB42 (HF647-AB42, red) for 24 h. Vesicles with strong GFP-GAL3 signal indicate ruptured lysosomes. The
intensities of HF647-ApB42 versus GFP-GALS3 of the vesicles are plotted in (B). A non-linear curve was generated to fit the intensity data of the
vesicles. (C-F) Primary neurons without treatment (C), treated with 1 uM AB42 for 24 h (Low AB42), with 5 uM AB42 for 48 h (High AB42) (D) were
stained for MAP2, GAL3, and endolysosomes (RAB7). GAL3-positive lysosomes were defined as GAL3 puncta colocalized with RAB7 staining. The
numbers of GAL3-positive lysosomes (in 19, 17, and 25 neurons from three experiments) are shown in (E). The intensities of GAL3 in the soma of
those neurons are plotted in (F). The intensity of each cell is represented by a small dot, and values from three independent experiments are shown
in different colors. Large dots represent global fractions per experiment. Statistical test, one-way ANOVA; data represent mean + SD. (G and H)
Primary neurons were treated with (H) or without (G) 5 uM AB42 for 24 h and stained with MAP2 (white) and ESCRT-III protein CHMP5 (green).

Scale bar, 5 pm (1 pm in inset). AB, amyloid beta; GAL3, galectin-3.

endolysosomes (Figure 4D). These data together suggest that AB42
induces translocation of AEP from lysosomal lumen to the cytosol.

Since the cleavage of I,PP2A by AEP inhibits PP2A and upregu-
lates tau phosphorylation,'? we examined whether AEP leakage could
cause tau hyperphosphorylation. Neurons were treated with A342 or
LLOMe to induce AEP leakage, and tau phosphorylation was quanti-
fied by immunocytochemistry and Western blot (Figure 4E). AB42 and
LLOMe treatment resulted in tau hyperphosphorylation, which was
alleviated by an AEP inhibitor (AENK), indicating that tau hyperphos-
phorylation was dependent on AEP activity (Figure 4F-K, Figures S9
and 510). As expected, endolysosomal leakage was shown to be present
in neurons with tau hyperphosphorylation (Figure S11). Neuronal sur-
vival was not affected by AB42 treatment, while LLOMe treatment
slightly reduced survival rates (Figures 4H and 4K). Further analysis
revealed that longer durations of LLOMe treatment led to an increased
number of neurons with hyperphosphorylated tau (Figure 4L). In sum-
mary, these data suggest that AB42-induced AEP leakage can cause tau
hyperphosphorylation.

3.5 | Ap42 protofibril structure in neuronal
lysosomes

Confocal images showed that the amount of AB42 in lysosomes
increased with incubation time (Figure S12), and it is known that
AB42 can form oligomers in neuronal endolysosomes.'® To reveal the

morphology of these oligomers and their potential involvement in
lysosomal leakage, we isolated lysosomes from neurons by ultracen-
trifugation and performed cryo-ET. Under cryo-electron microscope,
lysosomes from AB42-treated neurons displayed higher density than
controls, with some exhibiting increased size and deformations (Figure
S13). Cryo-ET images further revealed distinct morphological fea-
tures of AB42 aggregates in AB42-treated lysosomes (Figure 5A-D).
Notably, no protofibrils were observed in lysosomes from untreated
cells (Figure S13). The most notable features are the protofibrils,142
which appear as short fibrils less than 200 nm in length and approx-
imately 8 to 13 nm in width, located near the membrane in some
lysosomes (Figure 5E and 5F). In many cases, it appears that protofib-
rils arise from high-density granules, which could be oligomers or
fragmented fibrils (Figure 5G-J). A few protofibrils tended to pro-
trude outside the membrane, indicating that they might rupture the

membrane (Figure 5K-N).

4 | DISCUSSION

The connection between AS and tau in AD pathogenesis has not been
fully characterized. Here we show that AB42 is endocytosed by neu-
rons and accumulates over time in endolysosomes. The endocytosed
AB42 could be monomeric, oligomeric, or aggregated. Importantly,
the accumulation and aggregation of AB42 induce the rupture of the
endolysosomal membrane, resulting in leakage of the endolysosomal
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FIGURE 4 Endolysosomal AEP leakage induces tau hyperphosphorylation. (A) Primary neurons were treated with 1 mM LLOMe for 30 min or
25 pM AB42 for 10 h and stained for AEP and MAP2. Confocal images of representative neurons with or without endolysosomal AEP leakage are
shown. Scale bar, 5 pm. The numbers of AEP-positive vesicles (in 102, 94, and 90 neurons from three independent experiments) are plotted in (B).
The percentages of neurons without AEP-positive vesicles are shown in (C). (D) Confocal images of AB42-treated neurons treated with 25 uM
Ap42 for 10 h and stained with GAL3 and AEP. GAL3-positive vesicles (arrows) indicate ruptured endolysosomes where AEP staining is absent.
Scale bar, 5 um. (E) Schematic illustration of setup for studying endolysosomal leakage-induced tau hyperphosphorylation in neurons treated with
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AEP inhibitor AENK (40 pg/mL), AB42 (25 uM), or LLOMe (1 mM). Neurons were treated with AB42 or LLOMe to induce endolysosomal AEP
leakage. After treatment, neurons were incubated with only medium for 5 days, stained for AT8 and MAP2, and evaluated for tau phosphorylation.
(F-H) Primary neurons were incubated with AENK for 48 h and then incubated with 25 pM AB42 for a further 10 h (as described in E). The
representative confocal images are shown in (F). Scale bar, 20 um. The percentages of neurons with tau hyperphosphorylation (G) and neuron
survival (H) of three groups were plotted (from three independent experiments). (1) Primary neurons were incubated with or without AENK

(40 pg/mL) for 48 h following a 4-day treatment of 2 uM AB42. Phosphorylated tau (AT8) and total tau (tau5) in cell lysate were detected by
Western blot, and the p-tau/tau ratio was quantified. (J and K) Primary neurons were incubated with AENK for 48 h following the treatment of
LLOMe for 15 min (as described in E). The percentage of neurons with tau hyperphosphorylation (J) and neuron survival (K) (from three
independent experiments). (L) Primary neurons were incubated with LLOMe at indicated conditions and evaluated for tau phosphorylation.
Statistical test, one-way ANOVA; data represent mean + SD. AS, amyloid beta; AEP, asparaginyl endopeptidase; GAL3, galectin-3; LLOMe,

L-leucyl-L-leucine methyl ester.

content, including AEP, to the cytosol. Thus, AEP mislocalized to the
cytosol generates |1,PP2A fragments, which inhibit PP2A and thereby
promote tau hyperphosphorylation.

In neuronal culture, we replicate the pathological features observed
in neurons of the AD brain (Figure 6). The neurons are exposed to
external AB42 to induce pathological AB42 accumulation and aggrega-
tion, further resulting in endolysosomal leakage. Crucially, the neuron

model reproduces the translocation of AEP and tau hyperphospho-

rylation, as seen in AD. The accumulation of AB42 in endolysosomes
that we observed in primary mouse hippocampal neurons is similar
to the situation in the human brain. The AB42 concentration in hip-
pocampal neurons in the AD brain is five times higher, around 3 uM,
than in the control brain and correlates with AD neuropathology.”1°
Importantly, AB42 has been suggested to predominantly accumulate
in the endolysosomal system also in AD brains.*3#* Assuming that all

AB42 is located in the endolysosomes, which occupy approximately

FIGURE 5 Ap42 protofibrils in lysosomes of AB42-treated neurons. Isolated lysosomes of AB42-treated neurons were examined with cryo-ET.
(A and C) Tomographic slices show the protofibrils (arrowheads) and granular aggregates (stars) present in lysosomes. (B and D) Segmentation
views of tomogram in (A) and (C). (E-H) Protofibrils (arrowheads) and granular aggregates (stars). (I and J) Protofibrils (arrowheads) extend from
the high-density granules (K-N). Protofibrils (arrowheads) tend to protrude outside the membrane. Scale bar, 100 nm (A-D), 20 nm (E-N). A,
amyloid beta; cryo-ET, cryo-electron tomography.
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FIGURE 6 Potential mechanism for how AB342 induces tau hyperphosphorylation via lysosomal leakage. AB42 accumulates over time in
neuronal endolysosomes and eventually damages the endolysosomal system. Ruptured endolysosomes release AEP, which cleaves |,PP2A.
Cleavage products from |,PP2A inhibit PP2A, resulting in tau hyperphosphorylation and neurofibrillary tangles. Created with BioRender.com. AB,
amyloid beta; AEP, asparaginyl endopeptidase; I, PP2A, inhibitor-2 of phosphatase protein 2A.

4% of the soma volume, the average intravesicular AB42 concentra-
tion would be around 75 uM. Moreover, our observations suggest that
AB42 is unevenly distributed among endolysosomes, potentially lead-
ing to concentrations of endolysosomal AB42 in AD brains reaching
over 100 pM in some lysosomes. Such a high amount of AB42 leads
to aggregation and endolysosomal leakage, and this might explain the
findings of lysosomal leakage in AD brains.*0:45-48

Determining the structures formed upon AB42 polymerization
within the lysosome might help clarify the mechanisms behind Ap42-
induced lysosomal leakage. We previously used live cell Forster res-
onance energy transfer (FRET) imaging to demonstrate that AB42
polymerizes into aggregates in neuronal lysosomes.'® Here we used
cryo-ET and revealed that those lysosomal AB42 aggregates were,
at least partially, protofibrils. Ag protofibrils are known to disrupt
lipid membranes.'”-18 Based on these results, we suggest that interac-
tions between AB42 protofibrils and membranes rupture the lysosomal
membrane. Thus, inhibiting A342 aggregation in the lysosomes could
be a treatment strategy for AD.

The endolysosomal integrity is crucial for the cell, and polymeriza-
tion of compounds within the endolysosomal lumen - as exemplified by
LLOMe?? - may have detrimental effects. Thus, luminal/extracellular
proteins or peptides present at high concentrations and with a strong
tendency to polymerize may induce such leakage. To this end, AB42 is

one of the most aggregation-prone peptides known, and it is expressed

at relatively high levels in the human brain.1° Thus, a minor increase
in AB42 levels over time results in endolysosomal accumulation, poly-
merization, and endolysosomal leakage. This may in turn induce tau
hyperphosphorylation due to inhibition of PP2A, eventually resulting
in neuronal death.? Potentially, similar mechanisms may be involved
in other neurodegenerative diseases,’®* but other mechanisms could
cause similar effects.>?

As will be discussed in what follows, reducing the polymerization of
tau has been a therapeutic goal for decades.”® Tau polymerization is
highly dependent on its degree of phosphorylation - highly phospho-
rylated tau polymerizes into neurofibrillary tangles - and so kinases
such as glycogen synthase kinase-3 (GSK3) have been targeted.>*
These attempts have not been fruitful, and more specific targeting of
hyperphosphorylated tau is necessary. To this end, several antibodies
directed to tau are undergoing clinical trials.>2 This strategy also seems
problematic since tau is a cytosolic protein and not easily accessible to
extracellular antibodies. It has been suggested that tau oligomers could
propagate from neuron to neuron via exosomes and that the spread
of tau pathology could be reduced by targeting such exosomes.>® In
neither case would tau be readily accessible to antibodies since it
is contained within vesicles. Therefore, exploring approaches beyond
direct tau targeting may be preferable.

Alternatively, targeting the processes that lead to tau phosphory-
lation could be effective for early pharmaceutical intervention. In AD,
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certain neurons - such as the pyramidal cells in the hippocampus -
contain high levels of AB42 and are more vulnerable than others.?1°
According to this study, such high AB42 levels cause lysosomal leak-
age, which in turn results in tau phosphorylation. Thus, reducing Ag42
uptake in these neurons would reduce tau hyperphosphorylation and
concomitant tau pathology. However, there is a multitude of different
receptors suggested to be involved in A endocytosis.>® Thus, targeting
receptor-mediated AB42 uptake may be a complicated task. We have
observed that AB42 is taken up by neurons more quickly than Ag40
and that AB42 can oligomerize at the cell surface of neurons.'® Hence,
it is possible that both the C-terminus and degree of oligomerization
affect the uptake, further complicating the possibility of reducing Ag42
uptake.

Another approach to reducing tau hyperphosphorylation caused
by lysosomal leakage is to inhibit lysosomal AB42 aggregation. This
can be achieved by employing molecules that are delivered to lyso-
somes. The feasibility of this approach is supported by studies on the
Bri2 protein, which has been shown to cross the blood-brain barrier
and ameliorate the AD-like symptoms in mouse models.?” Importantly,
Bri2 is endocytosed by neurons and ends up in lysosomes, where
it inhibits AB aggregation (unpublished data). From a pharmaceuti-
cal perspective, small organic molecules are an attractive alternative
to proteins, and many low-molecular-weight compounds have shown
anti-amyloidogenic properties.”® Thus, delivering these compounds
specifically to endolysosomes could provide organelle-specific target-
ing of AB polymerization. This targeted delivery could be achieved, for
instance, by nanoparticles.”?

In addition, AEP indirectly inhibits PP2A, thereby inducing hyper-
phosphorylated tau.’” Thus, reducing AEP activity, as shown in this
study using AENK, could be a pharmacological strategy aimed at reduc-
ing toxic forms of tau. Recent studies have shown that AEP inhibitors
could reduce the toxic tau fragment both in vitro and in vivo, suggest-
ing AEP inhibition may be afeasible and promising therapeutic strategy
for AD.69-¢2 To reduce potential side effects, a cytosolic inhibitor may
be preferable since AEP plays a crucial role in lysosomal degradation.®3
Besides AEP, endolysosomal leakage might release other proteases
(e.g., cathepsins), which may also affect tau phosphorylation and need
further exploration.

In conclusion, we propose a potential mechanism for Ag-triggered
tau hyperphosphorylation in AD. In AD brains, AB42 accumulates
pathologically in neuronal endolysosomes for decades, ultimately lead-
ing to endolysosomal damage. Leaked substances from endolysosomes
like AEP would cause downstream events such as tau hyperphosphory-
lation in specific neuron populations. This mechanism not only aligns
with current neuropathological findings in AD patients but also sug-
gests novel pharmaceutical targets, thereby laying the groundwork for

the development of innovative and effective AD therapies.
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