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Abstract
The accumulation of amyloidogenic protein aggregates in neurons is a pathogenic 
hallmark of a large number of neurodegenerative diseases including Alzheimer's dis-
ease (AD). Small molecules targeting such structures and promoting their degradation 
may have therapeutic potential for the treatment of AD. Here, we searched for natural 
chemical compounds that decrease the abundance of stable, proteotoxic β-sheet-rich 
amyloid-β (Aβ) aggregates in cells. We found that the polyphenol (−)-epigallocatechin 
gallate (EGCG) functions as a potent chemical aggregate degrader in SH-EP cells. 
We further demonstrate that a novel, fluorescently labeled EGCG derivative (EGC-
dihydroxybenzoate (DHB)-Rhodamine) also shows cellular activity. It directly targets 
intracellular Aβ42 aggregates and competes with EGCG for Aβ42 aggregate binding 
in vitro. Mechanistic investigations indicated a lysosomal accumulation of Aβ42 ag-
gregates in SH-EP cells and showed that lysosomal cathepsin activity is critical for 
efficient EGCG-mediated aggregate clearance. In fact, EGCG treatment leads to an 
increased abundance of active cathepsin B isoforms and increased enzymatic activ-
ity in our SH-EP cell model. Our findings suggest that intracellular Aβ42 aggregates 
are cleared through the endo-lysosomal system. We show that EGCG directly targets 
intracellular Aβ42 aggregates and facilitates their lysosomal degradation. Small mol-
ecules, which bind to protein aggregates and increase their lysosomal degradation 
could have therapeutic potential for the treatment of amyloid diseases.
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1  |  INTRODUC TION

The accumulation of amyloidogenic protein aggregates in pa-
tient brains is a pathological hallmark of a large number of neu-
rodegenerative disorders, including very common diseases like 
Alzheimer's disease (AD) or Parkinson's disease (PD), but also rela-
tively rare genetic diseases like Huntington's disease (HD; Chiti & 
Dobson,  2017). Amyloid aggregates with a typical cross-β struc-
ture (Kollmer et al., 2019) are very stable, ordered protein assem-
blies, which are deposited both inside and outside of neuronal cells 
(Oddo et al.,  2006). They generally consist of proteins that are 
specific to each disease, such as amyloid-β (Aβ) in AD, α-synuclein 
in PD, or huntingtin in HD (Pieri et al., 2012; Tipping et al., 2015) 
and may drive pathogenesis by a toxic gain of function mechanism 
(Engel et al., 2008; Kim et al., 2016; Nicoll et al., 2013; Volpicelli-
Daley et al., 2011).

AD is characterized by the deposition of Aβ peptides in large 
extracellular amyloid plaques (Thal et al.,  2015). These extracel-
lular structures are found in patients with familial, early-onset 
AD as well as in sporadic cases (Castellani et al.,  2006), suggest-
ing that their formation and growth over time play a critical role 
in pathogenesis. However, various studies indicate that stable, β-
sheet-rich Aβ aggregates are also formed in neurons and glia cells 
in AD brains, indicating that besides extracellular also intracellular 
structures are involved in disease development (Foley et al., 2020; 
Huang et al., 2020; LaFerla et al., 2007; Ripoli et al., 2014; Takahashi 
et al., 2017). This is also supported by observations in AD model 
systems, demonstrating that the formation of intracellular Aβ 
aggregates precedes the accumulation of extracellular deposits 
(Gyure et al., 2001; Wirths et al., 2001) and that these structures 
can promote tau aggregation (Götz et al.,  2001; He et al.,  2018; 
Zempel et al., 2010), which is associated with neuronal dysfunction 
and progression of disease (Zhou et al., 2017). Additionally, recent 
studies indicate that preformed, fibrillar Aβ structures are very ef-
ficiently taken up into mammalian cells (Yeh et al., 2016) supporting 
the view that self-propagating protein templates, often termed as 
“seeds” can enter cells and thereby have the potency to convert 
intracellular Aβ molecules from a soluble into an aggregated state 
(Sowade & Jahn, 2017).

Several lines of experimental evidence indicate that small toxic 
oligomeric Aβ assemblies play a critical role in neurodegeneration 
in AD (Benilova et al., 2012). These structures are efficiently taken 
up into hippocampal neurons and were recently shown to induce 
toxicity more efficiently than mature amyloid fibrils (Vadukul 
et al.,  2020), suggesting that they have unique properties that 
make them neurotoxic. Currently, the molecular mechanisms by 
which prefibrillar and/or fibrillar (Stroud et al.,  2012) oligomeric 
Aβ42 species cause cognitive impairment or neurodegeneration 

are largely unclear. However, it may well be that insufficient cel-
lular clearance of amyloid structures in the endosomal-lysosomal 
network (Knopman et al., 2021; Marshall et al., 2020) may play a 
critical role in disease. This is also supported by recent investiga-
tions in different AD transgenic mouse models, indicating that the 
formation of abnormal lysosomal structures that contain fibril-
lar Aβ aggregates in neurons likely is an important early event in 
pathogenesis (Lee et al., 2022).

Using cell-free assays, various types of chemical compounds 
have been previously identified that target Aβ peptides and inter-
fere with their self-assembly into β-sheet-rich, fibrillar aggregates 
(Velander et al., 2017). Furthermore, compounds that directly bind 
to fibrillar amyloid aggregates and remodel or stabilize these struc-
tures in vitro have been described (Ehrnhoefer et al., 2008; Haney 
et al.,  2017; Ladiwala et al.,  2010; Sharoar et al.,  2012). Whether 
small molecules can be identified, however, that function as chem-
ical aggregate degraders (CADs) in cells and promote the clearance 
of preformed β-sheet-rich aggregate assemblies is currently unclear. 
Chemical compounds (also known as proteolysis-targeting chime-
ras, “PROTACs”) that promote the degradation of soluble proteins 
by linking the target protein to the ubiquitin-proteasome system 
(UPS) have been reported (Bondeson et al.,  2015; Schneekloth 
et al., 2008). However, high molecular weight amyloidogenic protein 
aggregates in cells are normally not degraded by the UPS but rather 
are digested by autophagic pathways, which involves their seques-
tration into autophagosomes and lysosomes (Leeman et al.,  2018; 
Lu, den Brave, et al., 2017).

Here, we present the establishment of a cell-based assay that can 
be applied to search for CADs that promote the degradation of sta-
ble, fluorescently labeled Aβ42 aggregates in neuroblastoma cells. 
We screened a focused library of potential amyloid-binding polyphe-
nolic compounds (Ehrnhoefer et al., 2006; Gazova et al., 2013; Ono 
et al., 2003) and identified the compound (−)-epigallocatechin gal-
late (EGCG) as a potent CAD. We found that EGCG directly targets 
stable, β-sheet-rich Aβ42 aggregates, which are rapidly internalized 
from the extracellular space into mammalian cells, and promotes 
their degradation in lysosomes. This result is also supported by 
mechanistic investigations in cells, indicating that EGCG increases 
the processing of preformed β-sheet-rich fibrillar Aβ42 aggregates 
by lysosomal cathepsins. The potential implications of our results for 
the development of CADs are discussed.

2  |  METHODS

Institutional ethical approval was not required for this study. The 
study was not pre-registered. Custom-made materials used in this 
study can be shared upon reasonable request if available.

K E Y W O R D S
Alzheimer's disease, amyloid-β, cathepsin, epigallocatechin gallate, EGCG derivatives, 
lysosome
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2.1  |  Aβ  (1–42) peptide stock solutions

Synthetic Aβ (1–42) (Aβ42) peptides produced via solid-state peptide 
synthesis (BACHEM, RRID:SCR_013558) were dissolved in 1,1,1,3,3, 
3-hexafluoro-2-propanol (HFIP, Sigma-Aldrich, RRID:SCR_008988) 
for 72 h, sonicated three times for 30 min, aliquoted and lyophilized 
with a SpeedVac Plus (Savant). Monomeric Aβ solutions (200 μM) 
were prepared from HFIP-treated peptides by dissolution in 10 mM 
NaOH, sonication for 5 min, and were diluted in low salt buffer 
(2 mM KH2PO4, 8 mM K2HPO4, 10 mM NaCl) to desired concentra-
tions. Lyophilization and handling of Aβ42 solutions were performed 
in 1.5 mL Protein LoBind tubes (Eppendorf) to minimize the binding 
of peptides to plastic surfaces.

2.2  |  Generation and fluorescent labeling of 
Aβ 42 aggregates

Aβ42 aggregates were prepared from 20 μM peptide stock solu-
tions by incubation in low salt buffer (2 mM KH2PO4, 8 mM K2HPO4, 
10 mM NaCl) at 37°C for 18 h under constant agitation (300 rpm) in 
a Thermomixer (Eppendorf). For fluorescent labeling of Aβ42 aggre-
gates, 20 μM Aβ42 peptide stock solutions diluted in low salt buffer 
(2 mM KH2PO4, 8 mM K2HPO4, 10 mM NaCl) were mixed with 5% 
Aβ42 peptides, which have been N-terminally labeled with the fluo-
rophore 5-carboxytetra-methylrhodamine (TAMRA; AS-60476, 
AnaSpec, RRID:SCR_002114) or HiLyte 488 Fluor (AS-60479, 
AnaSpec, RRID:SCR_002114) in solid-state peptide synthesis. Then, 
mixed Aβ42 peptide solutions were aggregated at 37°C for 18 h 
under constant agitation (300 rpm). For cellular uptake experiments, 
fluorescently labeled co-aggregates (TAMRAAβ42/Aβ42, HiLyteAβ42/
Aβ42) or unlabeled Aβ42 aggregation products were additionally tip 
sonicated (Ultrasonicator 450, Branson) at the lowest intensity for 
1 min.

2.3  |  19F-nuclear magnetic  
resonance-spectroscopy

The first two samples for nuclear magnetic resonance (NMR)-
spectroscopy were prepared by dissolving HFIP in 600 μL of a 
buffer consisting of 90% H2O and 10% D2O to yield concentra-
tions of 10 or 1 mM (samples 1 and 2, Figure S1). A third sample 
was prepared by using a solution of 50 μM Aβ42 in a buffer con-
sisting of 90% H2O and 10% D2O, no HFIP was added (sample 3, 
Figure S1). The samples were transferred into 5 mm NMR sample 
tubes. NMR spectra were recorded at 300 K at 600 MHz (1H fre-
quency) on a Bruker AV-III spectrometer (Bruker Biospin) using 
a 5 mm broadband probe (“BBFO”) equipped with one-axis self-
shielded gradients. The software used to control the spectrometer 
was topspin 3.5 pl6. The temperature had been calibrated using 
d4-methanol and the formula of Findeisen. One-dimensional 19F-
spectra were recorded using inverse gated decoupling, a spectral 

width of 50 kHz, and an acquisition time of 1.31 s. A relaxation 
delay of 20 s was used to allow for full relaxation. Data were pro-
cessed using topspin3.5pl6, and an exponential line-broadening of 
5 Hz was used. The spectra were referenced externally according 
to the International Union of Pure and Applied Chemistry relative 
to trifluoroacetic acid.

2.4  |  Atomic force microscopy

Sheet mica (Nanoworld) was glued to conventional microscope slides 
and 20 μL sample solution was adsorbed for 15 min onto the freshly 
cleaved mica, washed with filtered, deionized water (5 × 40 μL), and 
dried overnight. As a control, aggregation buffer was added to the 
mica slide. Sample images were recorded with a digital multimode 
NanoWizard II atomic force microscope (jpk instruments) using a 
cantilever with a resonance frequency f0 of 75 kHz (Bruker AFM 
Probes) in intermittent contact mode.

2.5  |  Thioflavin T-based 
quantification of aggregates

Aβ42 aggregates or TAMRAAβ42/Aβ42 co-aggregates were trans-
ferred to black 384-well microtiter plates (353 952, BD Falcon) 
and incubated for 20 min with equimolar thioflavin T (ThT, Sigma-
Aldrich, RRID:SCR_008988) diluted in aggregation buffer. ThT fluo-
rescence (Ex/Em 420/485 nm) was quantified using a fluorescence 
microplate reader (Tecan M200 Multi-mode Microplate Reader, 
RRID:SCR_020543).

2.6  |  Quantification of SDS- and NP40-stable 
Aβ 42 aggregates with filter retardation assays

For analysis of insoluble aggregates in denaturing filter retardation 
assays (dFRAs, detection of sodium dodecyl sulfate (SDS)-stable 
aggregates), samples were monitored by adding them to an equal 
volume of SDS (final concentration: 2%) and 100 mM dithiothreitol 
(DTT) and boiling at 98 °C for 5 min. For analysis of Aβ42 aggregates 
under non-denaturing conditions with a native filter retardation 
assay (nFRA, detection of native aggregates), samples were mixed 
with an equal volume of nonyl phenoxypolyethoxylethanol (NP40) 
solution (final concentration: 0.1%). Then, nFRA or dFRA samples 
were filtered through a cellulose acetate membrane with 0.2 μm 
pores (OE66, Schleicher and Schuell). Membranes were blocked 
in TBS containing 3% skim milk. Aggregates retained on the filter 
membrane were either detected using the Aβ-specific antibodies 
6E10 (1 : 2000, BioLegend, RRID:SCR_001134) or 4G8 (1 : 2000, 
BioLegend, RRID:SCR_001134) and an anti-mouse secondary anti-
body conjugated to HRP for detection of chemiluminescence after 
addition of horseradish peroxidase (HRP) substrate or, in case of 
TAMRAAβ42/Aβ42 co-aggregates, via detection of the rhodamine 
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fluorescence signal intensities on the filter membrane by excit-
ing with a green light source (520 nm) and detecting with a long-
pass emission filter (>575 nm) with a LAS-3000 Imaging System 
(Fujifilm). Signal intensities were quantified from technical triplicates 
after background subtraction using Aida Image Analyzer Software 
(Elysia-raytest).

2.7  |  Fluorescence polarization-based Aβ 42 
aggregation assay

N-terminally 5-carboxyfluorescein (FAM)-labeled Aβ42 peptides 
(AS-23525-05, AnaSpec, RRID:SCR_002114) were dissolved in 
1 mM NaOH to 50 μM and stored as a stock solution at −20 °C 
(Aβ42-FAM tracer). In Aβ42 aggregate reactions 0.05 μM Aβ42-FAM 
tracer was combined with 10 μM unlabeled Aβ42 peptides in low salt 
buffer (2 mM KH2PO4, 8 mM K2HPO4, 10 mM NaCl). For seeded ag-
gregation reactions, tip sonicated (5 s, Ultrasonicator 450, Branson; 
at lowest intensity) 80 nM (monomer equivalent) preformed Aβ42 
aggregates were added as seeds. The aggregation mixtures were 
replenished with low salt buffer to a total volume of 40 μL/well. 
Fluorescence polarization (FP) was measured every 15 min at 37 
°C in a fluorescence microplate reader with a polarization module 
(Tecan M1000/M1000 PRO Multi-mode Microplate Reader) at an 
excitation wavelength of 470 ± 5 nm and an emission wavelength of 
528 ± 20 nm in 384 well plates (781 906, Greiner Bio-One) with 5 s 
shaking before each read. Mean values are from four technical rep-
licates. Polarization values are calculated as dimensionless millipo-
larization units (mP) using the plate reader software i-control (Tecan 
Life Sciences, RRID:SCR_016771).

2.8  |  Neuroblastoma cell culture and cell treatment 
with TAMRAAβ 42/Aβ 42 co-aggregates

Human neuroblastoma SH-EP cells (RRID:CVCL_0524) were cul-
tured in DMEM (Gibco) containing 10% fetal bovine serum (FBS), 
5% glucose, 100 units/mL penicillin and streptomycin, respectively. 
Incubation was carried out at 37 °C with 5% (v/v) CO2 and cells were 
used until passage number 20. For aggregate internalization, cells 
were treated with 600 nM or 1 μM TAMRAAβ42/Aβ42 co-aggregates 
for 2, 4, 6, or 8 h via direct infusion into the cell culture medium. 
Aggregate incubation was stopped by washing cells with PBS, ex-
change of culture medium, and trypsinization.

2.9  |  Automated fluorescence microscopy and 
determination of cellular Aβ 42 aggregate loads

Cells were treated with TAMRAAβ42/Aβ42 co-aggregates or 
HiLyteAβ42/Aβ42 co-aggregates as described above for the indicated 
timeframes. To ensure the removal of surface-bound aggregates, 
the medium was aspirated, cells were washed with PBS, trypsinized, 

centrifuged at 150 × g for 3 min, and collected in fresh medium. 
Then, cells were seeded into 96-well cell culture plates (353 219, BD 
Falcon). After adhesion, cells were fixed in 2% paraformaldehyde 
(PFA) for 20 min at room temperature (RT), followed by nuclei stain-
ing with Hoechst 33342 (1 : 2500), and then washed twice with PBS. 
Fluorescence microscopy was performed in a Cellomics ArrayScan 
High-Content System (Thermo Fisher Scientific, RRID:SCR_008452) 
using an objective with 20-fold magnification. Of each well, a mini-
mum of five to a maximum of nine images were recorded and analyzed; 
each image contained ~20 individual cells. After image acquisition, 
automated data analysis was performed using the ArrayScan VTI 
software (Thermo Fisher Scientific, RRID:SCR_008452). For quan-
tification, individual cells were identified from Hoechst signals (Ex/
Em 350/461 nm) and mean circular TAMRA (Ex/Em 555/580 nm) 
or HiLyte 488 (502/527 nm) spot count or total TAMRA spot area 
per cell was measured and calculated from technical triplicates. 
Aggregate load per cell was quantified by dividing the total TAMRA 
fluorescent area per image by the cell count per image.

2.10  |  Enrichment of lysosomes from SH-EP cells

For the preparation of samples, SH-EP cells (~36 × 106 cells) were 
treated with 1 μM preformed Aβ42 aggregates or buffer as control. 
Cells were washed, trypsinized, and harvested. Then, lysosomes 
were enriched using the Minute Lysosome Isolation Kit (Cat. No. 
LY-034, Invent Biotechnologies) according to the manufacturer's 
protocol. In brief, cells were washed with cold PBS, resuspended 
in buffer A (undisclosed components), and incubated on ice for 
5–10 min. The cell suspension was then vortexed for 30 s and 50 μL 
of the lysate was saved as total protein. The remaining lysate is 
transferred to the filter cartridge, inverted a few times, and cen-
trifuged with 16 000 × g for 30 s. The pellet was resuspended by 
vortexing for 10 s and was centrifuged with 2000 × g for 3 min. The 
supernatant was transferred to a fresh tube and centrifuged at 4 
°C with 11 000 × g for 15 min. 400 μL of the supernatant was trans-
ferred to a fresh tube and centrifuged at 4 °C with 16 000 × g for 
30 min. The supernatant was discarded and the pellet was resus-
pended in 100 μL of buffer A and centrifuged with 2 000 × g for 
4 min. The supernatant was carefully transferred to a fresh tube 
and 50 μL buffer B (undisclosed components) was added, mixed, 
and incubated for 30 min on ice. The supernatant was removed 
completely and the pellet was resuspended in 30 μL PBS (lysosomal 
fraction). Protein concentration of total and lysosomal fractions was 
determined using a bicinchoninic acid protein assay kit (Pierce BCA 
Protein Assay Kit, Thermo Fisher Scientific, RRID:SCR_008452), 
and 10 μg of each sample was analyzed by polyacrylamide gel elec-
trophoresis and western blotting as described above. Anti-LAMP1 
(1 : 1000, ab62562, abcam, RRID:AB_2134489), anti-flotilin-1 
(1 : 1000, #3253, Cell Signaling, RRID:AB_210673) and 6E10 
anti-Aβ (1 : 1000, 803 002, BioLegend, RRID:AB_2564654) primary 
antibodies and anti-rabbit or anti-mouse HRP-coupled secondary 
antibodies were used for detection.
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2.11  |  Screening of polyphenol compound library

A compound library containing 20 polyphenol molecules was uti-
lized for the focused screen. Compounds were purchased from 
Sigma-Aldrich (RRID:SCR_008988). All compounds were at analyti-
cal grade (>95% purity or higher) and dissolved in DMSO at 20 mM 
and stored at −20 °C. To test their cellular Aβ42 degradation pro-
moting effect, cells previously treated for 6 h with TAMRAAβ42/
Aβ42 co-aggregates as described above were washed with PBS, 
trypsinized, and collected accordingly. Then, TAMRAAβ42/Aβ42 co-
aggregates harboring cells were seeded onto 10 μM compound dilu-
tions or DMSO only as control and incubated for an additional 20 h. 
Automated fluorescence microscopy and data analysis to determine 
cellular Aβ42 aggregate load was performed as described above. To 
check for false-positive hits, compounds with significant reduction 
of TAMRA spot counts per cell were tested for their effect on the 
TAMRA fluorophore alone. Therefore, 1 μM TAMRA (5-TAMRA, 
C6121, Invitrogen) and 1 μM compound were incubated together in 
40 μL PBS for 15 min at RT in a 384-well plate (781 906, Greiner Bio-
One). PBS only or DMSO were used as buffer controls. TAMRA fluo-
rescence intensity was quantified in a TECAN M1000 Microplate 
Reader (Ex/Em 550/580 nm).

2.12  |  Immunocytochemistry

SH-EP cells were washed with PBS before fixation with 2% PFA for 
15 min at RT, Hoechst 33342 staining (1 : 2500) followed by permea-
bilization with 0.1% Triton in PBS and blocking with 1% bovine serum 
albumin (BSA) in PBS containing 0.05% Triton-X100 (PBS-T). For im-
munofluorescence staining, cells were incubated with primary anti-
bodies (1 : 1000 anti-Aβ/APP, 6E10, BioLegend, RRID:SCR_001134; 
1 : 500 anti-LAMP2, H4B4, Invitrogen, RRID:AB_2662613; 1 : 500 
anti-α-tubulin, T6199, RRID:AB_477583) overnight at 4 °C or 2 h 
at 37 °C, subsequently with secondary antibodies for 1 h at RT and 
washed with PBS before visualization. For staining of β-sheet-rich 
intracellular aggregates, cells were treated with 10 μg/mL of the 
amyloid-binding compound Thioflavin S (ThS) for 10 min at RT and 
then washed with PBS.

2.13  |  Confocal microscopy

For confocal microscopy, 9.0 × 104 SH-EP cells per well were seeded 
on fibronectin and poly-D-lysine-coated (1 : 100) coverslips in 24-
well cell culture plates (662 160, Greiner Bio-One). Fixation and im-
munocytochemistry were performed as described above. Coverslips 
were then transferred to conventional microscope slides using a 
fluorescence mounting medium (Dako S3032, Agilent Technologies) 
before image acquisition with a Leica TCS SP5 confocal micro-
scope was performed (at Advanced Light Microscopy Facility, 
MDC). Cells were identified from Hoechst fluorescence signals (Ex/
Em 353/483 nm); TAMRA, FITC, HiLyte 488, and ThS fluorescent 

images were acquired at excitation wavelengths of Ex/Em 555/580, 
490/525, 497/526, and 384/429 nm, respectively. Co-localization 
analysis of TAMRA with FITC, TAMRA with HiLyte 488, or TAMRA 
with ThS fluorescent puncta was performed using the Fiji Software 
(https://imagej.net/Fiji).

2.14  |  Preparation of cell lysates for biochemical 
analysis and compound validation

Cell lysates for biochemical analysis were prepared as follows: 
2.2 × 106 SH-EP cells were seeded into T25 cell culture flasks. After 
adhesion overnight, cells were treated with TAMRAAβ42/Aβ42 co-
aggregates directly infused into the cell culture medium as described 
above for indicated timeframes. Then, cells were washed with PBS, 
trypsinized, and collected in a fresh medium. For compound valida-
tion experiments, cells were incubated with aggregates for 6 h, washed 
and trypsinized, and then seeded onto wells pre-filled with EGCG or 
DMSO as control. After incubation of 20 h with DMSO, 10, 20, or 
30 μM EGCG, cells were collected in fresh medium and centrifuged 
for 3 min at 150 × g in an Allegra X-12 centrifuge (Beckman Coulter). 
After an additional washing step in PBS, cell pellets were lysed with 
150 μL cell lysis buffer (50 mM Tris pH 8, 1 mM EDTA, 100 mM NaCl, 
5 mM MgCl2, 1% NP40, 1 mM PMSF, 1× protease inhibitor cocktail 
(cOmplete, Roche), 1 : 1000 Benzonase [Merck Millipore]) for 30 min 
at 4°C. Protein concentrations of cell lysates were determined using 
a bicinchoninic acid protein assay kit (Pierce BCA Protein Assay Kit, 
Thermo Fisher Scientific, RRID:SCR_008452) and were subsequently 
stored at −80 °C in Protein LoBind tubes (Eppendorf).

2.15  |  Polyacrylamide gel electrophoresis and 
western blotting

For analysis of samples by polyacrylamide gel electrophoresis 
(PAGE), 20 μg cell lysates were added to 1× sample buffer (SB, 
NuPAGE LDS Sample Buffer +100 mM DTT, Thermo Fisher Scientific, 
RRID:SCR_008452) before being boiled for 5 min at 95 °C in Protein 
LoBind tubes in a Thermomixer (Eppendorf). Then, samples were 
loaded into gel pockets of 1 mm Bis-Tris 4%–12% polyacrylamide 
gels (NuPAGE, Invitrogen) along with a pre-stained protein standard 
(SeeBlue Plus2, Thermo Fisher Scientific, RRID:SCR_008452). After 
electrophoresis for 35 min at 200 V with 1× MES SDS running buffer 
(NuPAGE, Invitrogen), separated protein from cell lysates was wetly 
blotted onto a nitrocellulose membrane (Protran BA85 0.45 μm, 
Amersham) with transfer buffer (25 mM Tris, 192 mM glycine, 10% 
methanol). Membranes were blocked with 3% milk powder (Carl 
Roth) in PBS-T for 1 h at RT. Then, membranes were incubated over-
night at 4 °C in blocking solution with primary antibodies (Aβ anti-
bodies: 6E10, 1 : 1000; 4G8, 1 : 1000, BioLegend, RRID:SCR_001134; 
cathepsin B: ab58802, 0.25 μg/mL, Abcam, RRID:SCR_012931; 
tubulin: ab6046, 1 : 1000, Abcam, RRID:SCR_012931), followed by 
washing in PBS-T and subsequent incubation with HRP conjugated 
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secondary antibodies for an additional hour at RT. For detection, 
HRP substrate (Pierce ECL Western Blotting Substrate, Thermo 
Fisher Scientific, RRID:SCR_008452) was added and chemilumines-
cence was measured with a LAS-3000 Imaging System (Fujifilm).

2.16  |  Live/dead toxicity assay

SH-EP cells were seeded on day 0 in 6-well cell culture plates (657 160, 
Greiner Bio-One) at an initial density of 5 × 105 cells per well. The next 
day (day 1), cells were treated with 1 μM Aβ42 aggregates (prepared 
as described above) or buffer as control. At the same timepoint, cells 
were treated with 10, 20, 50, or 100 μM EGCG. After incubation for 
20 h (day 2), cells were washed, harvested in PBS, and stained with 
propidium iodide and calcein-AM according to the manufacturer's 
protocol (Live/Dead™ Viability/Cytotoxicity Kit, Invitrogen). For the 
generation of dead cells as a positive control, an untreated well was 
incubated in the presence of 0.05% Triton-X100 for 15 min prior to 
staining. For a control cell population containing live and dead cells, 
untreated and Triton-X100-treated cells were mixed at a ratio of 1:1. 
Cells were analyzed on an Aria III cell sorter (BD Biosciences) by first 
gating for both live and dead cells using forward and sideward scat-
ters. Propidium iodide-permeable cells were identified by excitation 
with a yellow/green laser and a 610/620 nm bandpass filter, and 
calcein-positive cells were identified by excitation with a blue laser 
and a 530/530 nm bandpass filter. The gate for quantification of dead 
cells was selected using the Triton-X100 and a mixed sample contain-
ing both untreated and Triton-X100-treated cells.

2.17  |  MTT assay

For analysis of Aβ42-induced toxicity on neuroblastoma cells, SH-EP 
cells were cultured as described above and seeded at an initial den-
sity of 2.0 × 104 cells per well into 96-well cell culture plates (650 180, 
Greiner Bio-One). Neuroblastoma cells were then treated with 1 μM 
preformed TAMRAAβ42/Aβ42 co-aggregates or aggregation buffer as 
control. Cells were treated with indicated EGCG concentrations and 
further incubated for 20 h. To evaluate Aβ42-induced toxicity, MTT (3
-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) reagent 
(M6494, Thermo Fisher Scientific, RRID:SCR_008452) was added to 
the cell culture medium and cells were incubated for additional 4 h at 
37 °C. Finally, a stop solution was applied, cells were incubated for 1 h 
and absorbance was measured at 570 nm in a microplate reader (Tecan 
M200 Multi-mode Microplate Reader, RRID:SCR_020543).

2.18  |  Cathepsin B activity in cellular lysates

SH-EP cells were treated with TAMRAAβ42/Aβ42 co-aggregates as de-
scribed above. Cells were then washed, trypsinized and 9 × 105 cells were 
replated onto 6-well cell culture plates (657 160, Greiner Bio-One). After 
20 h of incubation with DMSO, 10 nM bafilomycin A1 (328 120 001, 

Thermo Fisher Scientific, RRID:SCR_008452) or 5 μM CA074me 
(205 531, Sigma-Aldrich, RRID:SCR_008988) cells were washed with 
PBS, mechanically harvested and lysed using M2 lysis buffer (50 mM 
Tris, 150 mM NaCl, 50 mM NaF, 5 mM Na3PO4, 0.1 mM Na3VO4, 40 mM 
β-glycerol PO4, 1 mM EDTA, 1 mM AEBSF, 0.1 mM PMSF) at 4°C for 
1 h in Protein LoBind tubes (Eppendorf). The protein concentration 
of SH-EP cell lysates was determined using a bicinchoninic acid pro-
tein assay kit (Pierce BCA Protein Assay Kit, Thermo Fisher Scientific, 
RRID:SCR_008452). SH-EP cell lysates were diluted to 1 μg/μl in cell-
free system buffer (10 mM HEPES-NaOH, 2.5 mM KH2PO4, 2 mM 
NaCl, 2 mM MgCl2, 0.5 mM EGTA, 5 mM pyruvate, 68 mM D-sucrose, 
220 mM D-mannitol, 1 mM AEBFS, 0.1 mM PMSF, 1 mM DTT). Finally, 
25 μg cell lysate was added to prediluted fluorescence quenching cath-
epsin B substrate Z-Arg-Arg 7-amido-4-methylcoumarin (Z-R-R-AMC, 
C5429, Sigma-Aldrich, RRID:SCR_008988) at a final concentration of 
50 μM. After 1 h, substrate turnover was quantified by measuring AMC 
fluorescence intensity (Ex/Em 348/440 nm) in a 96-well quartz plate 
(730.009B-QG, Hellma Analytics) in a Tecan M1000 PRO Multi-mode 
Microplate Reader.

2.19  |  Synthesis of rhodamine-labeled 
EGCG derivative

A detailed synthesis pathway is outlined in the scheme in Figure S5. 
The PEG-linker (#2) was prepared from triethylene glycol (#1) by dito-
sylation and stepwise nucleophilic substitution of the tosylate groups 
with sodium azide. The synthesis of azido-functionalized gallic acid 
started with orthoester protection of methyl gallate (#3) and alkyla-
tion of the remaining hydroxy group on orthoester-protected methyl 
gallate (#4) with tosylate (#2). Subsequent acidic orthoester cleav-
age led to the 1,2-diol, which upon dibenzylation and saponification 
furnished the desired PEG-linker (#5). cis-Chromanol was previously 
prepared according to the literature following a procedure by Krohn 
et al. (2009). Protected cis-chromanol (#6) was substituted by Steglich 
esterification with the azido-functionalized linker (#5) resulting in (#7) 
in 75% yield. The azido functionality of (#7) served as a handle for 
the click reaction with alkynyl-functionalized rhodamine (#8) giving 
the benzyl-protected coupling product. Final hydrogenolytic cleavage 
of the benzyl-protecting groups using Pearlman's catalyst afforded 
compound (#9) in 57% yield. For the generation of the rhodamine 
B-labeled control compound, the azido-functionalized, orthoester-
protected methyl gallate (#4) was coupled with alkynyl-functionalized 
rhodamine (#8). The following deprotection by the use of pyridinium 
p-toluenesulfonate (PPTS) yielded compound (#10) missing the  cis-
chroman-3-ol moiety in 77% yield.

2.20  |  Co-localization experiments with 
rhodamine-labeled EGCG derivative

SH-EP cells were treated with preformed HiLyteAβ42/Aβ42 co-
aggregates for ~6 h, washed, trypsinized, and re-plated on 
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coverslips as described above. After cell adhesion, wells were 
treated with 20 μM EGC-DHB-Rhodamine or DHMB-Rhodamine 
as a control for 3 h. Then, cells were fixed, stained with Hoechst, 
mounted, and subjected to confocal microscopy as described 
above. Hoechst signals (Ex/Em 350/461 nm), HiLyte 488 
(502/527 nm) and Rhodamine B (Ex/Em) signals were recorded at 
their respective wavelength spectrum. Co-localization analysis of 
each selected region of interest (ROI) was performed using the 
RGB_Profiler plugin for ImageJ (https://imagej.nih.gov/ij/plugi​
ns/rgb-profi​ler.html). The correlation of HiLyte and rhodamine 
fluorescence intensities was analyzed using GraphPad Prism 
(RRID:SCR_002798) version 9.3.1.

2.21  |  Competitive compound binding to 
Aβ 42 aggregates

For compound binding assays, we first generated Aβ42 aggregates 
as described above (20 μM Aβ42 peptides in low salt buffer (2 mM 
KH2PO4, 8 mM K2HPO4, 10 mM NaCl) incubated at 37°C for 18 h 
under constant agitation at 300 rpm). Then, we used an in-house 
generated dot blotting device to immobilize preformed Aβ42 aggre-
gates. We first equilibrated the nitrocellulose membrane (Whatman 
Protran BA85, 0.2 μm) with 100 μL low salt buffer, then applied 
250 ng of preformed aggregates, and washed the immobilized ag-
gregates again with 100 μL low salt buffer. Next, dotted aggregates 
were incubated for 15 min at RT with DMSO, 10 μM DHMB-RhB, 
or 10 μM EGC-DHB-RhB in the absence or presence of 10 or 20 μM 
EGCG or GC, respectively. Finally, the rhodamine B fluorescence of 
dots was measured from rhodamine B fluorescence intensity using 
an iBright Imaging System (Invitrogen). The intensity of each dot was 
quantified using the Fiji Software (https://imagej.net/Fiji).

2.22  |  Statistical analyses and information on 
data reporting

Statistical analyses were performed as indicated in the respective 
figure legends. For the in vitro experiments conducted in this study, 
no normality assessment or blinding was performed. To estimate 
the sample size and to verify experimental planning for sufficient 
power, we conducted power analyses using the R package “pwr2” 
(Lu, Liu, et al., 2017) aiming for a medium (d = 0.5) or large (d ≥ 0.8) 
effect size (Carson,  2012; Sullivan & Feinn,  2012), no sample cal-
culation or blinding was performed. No test for outliers or outlier 
elimination was performed. For the comparison of data from three 
or more unmatched groups defined by one factor, one-way ANOVA 
with Dunnett's or Tukey's post hoc testing was performed. For the 
comparison of data from three or more unmatched groups defined 
by two factors, two-way ANOVA with Bonferroni's or Dunnett's 
post hoc testing was performed. All statistical analyses were per-
formed using GraphPad Prism (RRID:SCR_002798) version 9.3.1. 
An overview of all statistical tests is provided in Table 1. No formal 

randomization procedures were applied to allocate treatments to 
the differential experimental groups of cultured cells. The human 
neuroblastoma cell line used in this study (SH-EP, RRID:CVCL_0524) 
is not listed as a commonly misidentified cell line by the International 
Cell Line Authentication Committee. No further authentication of 
the cell line was performed in the laboratory.

3  |  RESULTS

3.1  |  Generation and biochemical characterization 
of fluorescently labeled fibrillar TAMRAAβ42/Aβ42  
co-aggregates

We first established a procedure for the reproducible preparation 
of fluorescently labeled fibrillar Aβ42 aggregates for degradation 
studies in mammalian cells. We generated co-aggregates, which 
contain Aβ42 peptides labeled with the pH-insensitive fluorescent 
dye TAMRA (Shiba et al.,  2017). Therefore, we incubated HFIP-
monomerized Aβ42 peptides (20 μM) with TAMRAAβ42 tracer pep-
tides (5%) for 18 h at 37°C and analyzed the spontaneously formed 
TAMRAAβ42/Aβ42 co-aggregates by atomic force microscopy (AFM). 
In control reactions, high molecular weight aggregates were also 
produced from Aβ42 monomers (20 μM) in the absence of tracer 
molecules. Aβ42 peptide solutions were also analyzed for their re-
maining HFIP content by NMR-spectroscopy. Residual HFIP was still 
detectable, however at a concentration of ~0.002% (v/v; Figure S1), 
which is ~1000-fold lower than the concentrations at which sub-
stantial effects on Aβ aggregation were previously reported (Nichols 
et al., 2005). Importantly, comparing unlabeled Aβ42 to TAMRAAβ42/
Aβ42 co-aggregates, we found that in both reactions amyloidogenic 
aggregates with a typical fibrillar morphology (Gremer et al., 2017; 
Schmidt et al., 2009) were produced (Figure S2A), indicating that the 
addition of low amounts of TAMRAAβ42 tracer molecules does not 
significantly alter the fibril formation process.

To assess whether the generated fibrillar TAMRAAβ42/Aβ42 co-
aggregates are β-sheet-rich structures, we next incubated unstruc-
tured monomers and high molecular weight aggregates with the 
fluorescent dye Thioflavin T (ThT) and measured their fluorescent 
emission at 485 nm. The small molecule ThT changes its fluorescence 
spectrum upon binding to amyloidogenic β-sheet-rich fibrillar struc-
tures. However, it is important to note that ThT fluorescence gets 
also influenced by binding to non-amyloid structures such as DNA 
quadruplexes, sulfated polysaccharides, and various other polymers 
(Groenning, 2009). Nevertheless, it is commonly used as a reporter to 
monitor aggregation kinetics of Aβ42 and other amyloids (Biancalana 
& Koide, 2010; Naiki et al., 1989) and can be used to assess β-sheet 
content when analyzing synthesized peptides in vitro. We observed 
significant ThT binding to TAMRAAβ42/Aβ42 co-aggregates but not 
monomers (Figure S2B), indicating that indeed β-sheet-rich structures 
are formed from the TAMRAAβ42/Aβ42 peptide mixtures in vitro. A sim-
ilar result was observed when Aβ42 aggregates formed in the absence 
of tracer molecules were analyzed with the assays.
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Next, we investigated the stability of TAMRAAβ42/Aβ42 co-
aggregates using a denaturing filter retardation assay (dFRA). With 
this method large SDS-stable fibrillar Aβ42 aggregates, which are 
retained on the surface of a cellulose acetate membrane after a 
filtration step, can be readily quantified using Aβ-specific antibod-
ies (Wanker et al.,  1999). We found that spontaneously formed 
TAMRAAβ42/Aβ42 co-aggregates are detected by dFRAs using the 
monoclonal anti-Aβ antibody 6E10 (Figure  S2C). A similar result 
was obtained when the fluorescence emission of the TAMRA dye 
at 579 nm after excitation at 546 nm was quantified, confirming 
that the tracer peptides are stably incorporated into fibrillar, β-
sheet-rich TAMRAAβ42/Aβ42 co-aggregates. A comparable result 
was obtained when unlabeled fibrillar Aβ42 aggregates were an-
alyzed by dFRAs (Figure S2C). As expected, preformed unlabeled 
Aβ42 aggregates did not emit TAMRA-specific fluorescence at 
579 nm.

Finally, we assessed whether preformed fibrillar TAMRAAβ42/
Aβ42 co-aggregates are seeding-competent structures using a 
FP-based aggregation assay. We have previously demonstrated 
that this assay is highly sensitive for the detection of template-
mediated Aβ42 aggregation. Also, its performance was compared 
and validated against state-of-the-art ThT assays (Boeddrich 
et al.,  2019). In this assay, FP is utilized to monitor the time-
dependent co-aggregation of Aβ42 monomers (10 μM) in the pres-
ence of FAMAβ42 (0.05 μM) tracer molecules in 384-well plates. 
We added 80 nM (monomer equivalent) of preformed fibrillar 
TAMRAAβ42/Aβ42 co-aggregates as well as unlabeled Aβ42 fi-
brils as sonicated seeds to aggregation reactions and monitored 
their impact on FAMAβ42/Aβ42 co-polymerization. We found that 
through the addition of both types of fibrillar Aβ42 aggregates 
(TAMRA-labeled and unlabeled), the lag phase was significantly 
shortened (Figure S2D), indicating that the incorporation of trace 
amounts of TAMRA-labeled Aβ42 peptides into Aβ42 fibrils does 
not prevent their seeding activity. Importantly, the shortening of 
the lag phase observed for 80 nM of sonicated seeds was similar to 
the reported results, confirming our previous studies (Boeddrich 
et al., 2019). Together these investigations indicate that preformed 
fibrillar TAMRAAβ42/Aβ42 co-aggregates have similar biochemical 
properties than homogenous, fibrillar Aβ42 aggregates, which are 
formed in the absence of tracer peptides.

3.2  |  Fibrillar TAMRAAβ 42/Aβ 42 co-aggregates are 
efficiently taken up into neuroblastoma cells

We next investigated whether preformed fibrillar TAMRAAβ42/Aβ42 
co-aggregates are taken up into neuroblastoma cells when they are 
added to the culture medium. We incubated SH-EP cells for 2, 4, 6, 
and 8 h with TAMRAAβ42/Aβ42 co-aggregates (600 nM). After wash-
ing and trypsinization to remove extracellular membrane-bound co-
aggregates, cells were analyzed by fluorescence microscopy (FM). 
We observed a time-dependent increase of TAMRA-positive foci, 
when SH-EP cells were treated with TAMRAAβ42/Aβ42 co-aggregates 

(magenta spots, Figure 1a), indicating that fluorescently labeled fi-
brillar Aβ42 structures are readily taken up into mammalian cells. 
Very similar results were obtained when cells were stained with the 
anti-Aβ antibody 6E10 (green spots, Figure 1a), confirming the re-
sults by immunocytochemistry. We detected smaller as well as larger 
TAMRA-positive and antibody signals in cells, suggesting that aggre-
gates with different sizes are incorporated into SH-EP cells and are 
detected by both readouts (Figure  1b). When TAMRA- and 6E10-
positive signals were compared, we found that both signals correlate 
well and increase over time in SH-EP cells (Figure 1c).

Next, SH-EP cells harboring TAMRAAβ42/Aβ42 co-aggregates 
were stained with the fluorescent dye ThS, which similar to ThT binds 
to β-sheet-rich amyloid fibrils and other polymers, but not to Aβ 
monomers (Kelényi, 1967). We observed significant co-localization 
of ThS and TAMRA fluorescence in cytoplasmic inclusion bodies 
in SH-EP cells (Figure 1d), indicating that the intracellular TAMRA-
labeled Aβ42 aggregates are ThS-positive, similar to previously re-
ported in vivo Aβ aggregates (Kelényi, 1967).

To biochemically confirm the presence of cellular Aβ42 aggre-
gates, SH-EP cells were lysed after 2, 4, 6, and 8 h of treatment 
with TAMRAAβ42/Aβ42 co-aggregates and protein extracts were 
analyzed using a native (nFRA, 0.1% NP40) and a denaturing fil-
ter assay (dFRA, 2% SDS), which exclusively detects large SDS- 
and heat-stable amyloid aggregates retained on filter membranes 
(Wanker et al.,  1999). Quantified from the TAMRA fluorescence 
intensities of retained aggregates on filter membranes, we mea-
sured a time-dependent increase of Aβ42 aggregates with nFRAs 
(NP40, Figure 1e) and dFRAs (SDS, Figure 1e), confirming our hy-
pothesis that highly stable, β-sheet-rich amyloid aggregates are 
taken up and accumulate in SH-EP cells. The accumulation of high-
molecular-weight SDS-stable structures upon treatment of cells 
with preformed fibrillar Aβ42 aggregates was also confirmed by 
SDS-PAGE and immunoblotting. In Aβ42 aggregate-treated cells 
both high molecular weight aggregates (migrating in the stacking 
gel) and monomers (migrating at ~4 kDa) were detectable (+Aβ42 
aggregates, Figure  1f), indicating that at least a fraction of the 
incorporated, intracellular Aβ42 aggregates are sensitive to SDS 
and heat and can be dissociated into monomers. In contrast, such 
structures were non-detectable in SH-EP cells that were treated 
with soluble Aβ42 peptides, suggesting that unstructured Aβ42 
monomers (Baumketner et al., 2006) in contrast to preformed β-
sheet-rich aggregates are either efficiently degraded or not inter-
nalized by SH-EP cells (+Aβ42 monomer, Figure 1f).

3.3  |  Fibrillar TAMRAAβ42/Aβ42 co-aggregates are 
internalized by macropinocytosis and accumulate in 
lysosomes in SH-EP cells

To distinguish a potential intracellular from an extracellular accumu-
lation of TAMRAAβ42/Aβ42 co-aggregates, we first co-stained TAMRA 
signals with a tubulin marker protein, which stains a complex net-
work of microtubules in the cytoplasm of SH-EP cells (Figure  2a). 
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    |  303SECKER et al.

By performing a segmentation analysis to determine the amount of 
TAMRAAβ42/Aβ42 co-aggregates co-localizing with the cell body de-
fined by tubulin staining, we found that >80% of the Aβ42-TAMRA 
signal is within the tubulin-positive area (Figure  2b), supporting our 
hypothesis that TAMRAAβ42/Aβ42 co-aggregates accumulate intracel-
lularly in SH-EP cells. To further validate that TAMRAAβ42/Aβ42 co-
aggregates are internalized and do not primarily stick to the outer 
membrane, we also performed z-stack analyses. A representative z-
stack image of 0.9 μm through the cell body is shown in Figure  2c. 
We found that the vast majority of detected TAMRAAβ42/Aβ42 co-
aggregates are indeed adjacent to the microtubule network, indicating 
their intracellular localization at cytoplasmic cytoskeletal structures.

Previous investigations have shown that aggregation-prone Aβ 
peptides are internalized by actin-dependent endocytotic processes 

(Lai & McLaurin,  2010). We, therefore, investigated whether the 
uptake of TAMRAAβ42/Aβ42 co-aggregates into SH-EP cells is de-
pendent on actin polymerization. We treated SH-EP cells with the 
actin polymerization inhibitor cytochalasin D (May et al., 1998) and 
analyzed cellular lysates after 6 h of treatment with TAMRAAβ42/
Aβ42 co-aggregates using a dFRA. We found that cytochalasin D 
treatment leads to a concentration-dependent reduction of the cel-
lular Aβ42 aggregate content, indicating that the uptake process in 
SH-EP cells is dependent on actin polymerization (Figure  2d). An 
actin-dependent, fluid-phase uptake process termed macropinocy-
tosis was previously described to mediate Aβ42 internalization. Also, 
this process was implicated in the propagation of protein aggregates 
(Zeineddine & Yerbury, 2015). To investigate whether SH-EP cells in-
ternalize TAMRAAβ42/Aβ42 co-aggregates via this pathway, we next 

F I G U R E  1  TAMRAAβ42/Aβ42 co-aggregates are internalized by SH-EP cells. (a) Images from automated microscopy of SH-EP cells treated 
with 600 nM TAMRAAβ42/Aβ42 co-aggregates for indicated times. Cells were fixed and nuclei stained with Hoechst 33342 (blue); TAMRAAβ42/
Aβ42 co-aggregates are indicated by magenta-colored spots (upper panel). Cells with TAMRAAβ42/Aβ42 co-aggregates were additionally 
immunostained with the Aβ-specific antibody 6E10 and a fluorescently labeled secondary antibody. Antibody-detected TAMRAAβ42/Aβ42 
co-aggregates are indicated by green-colored fluorescent spots (lower panel). Scale bars: 15 μm. (b) Direct comparison of TAMRA signals 
of intracellular TAMRAAβ42/Aβ42 co-aggregates and immunostainings of SH-EP cells with the 6E10 antibody (Ab6E10). Aggregates identified 
by TAMRA signals are also detected with 6E10 immunostainings. Both small (left images) and large TAMRA-positive TAMRAAβ42/Aβ42 co-
aggregates (right images) are detectable. (c) Quantification of TAMRA (magenta rectangles) and 6E10-positive spots per cell (black triangles) 
at indicated time points using automated microscopy and spot detection. Data points represent mean values ± SD from three independent 
cell culture preparations (n = 3) analyzed in technical triplicates. (d) Confocal microscopy of cellular TAMRAAβ42/Aβ42 co-aggregates stained 
with thioflavin S (ThS, green). Cell nuclei are stained with Hoechst33342 (blue). Line plot profile displays the fluorescence intensity of ThS 
(green) and TAMRA (magenta) along the white arrow. Pearson's correlation coefficient (r) is used to determine co-localization of TAMRA and 
ThS fluorescence intensity. Scale bar: 10 μm. Representative region of interest (ROI) and co-localization analysis are shown. In total, 10 ROIs 
(n = 10) from 10 individual cells were analyzed resulting in mean Pearson's r of 0.91. (e) Denaturing (SDS) and non-denaturing (NP40) filter 
retardation assays (dFRA, nFRA) of SH-EP cell lysates determining aggregate content after incubation with TAMRAAβ42/Aβ42 co-aggregates 
for indicated times. Retained aggregates were quantified from TAMRA fluorescence intensities normalized to content maximum after 6 h. 
Data points represent mean values ± SD from three independent filter assays (n = 3). (f) Western blot of SH-EP cell lysates after incubation 
with TAMRAAβ42/Aβ42 co-aggregates for 6 h. Aggregate-treated cells show SDS-stable 6E10-positive aggregates in gel pockets and a 
monomeric Aβ peptide band. Monomer-treated cell lysate or untreated cell lysate do not show aggregates in gel pockets or a monomeric Aβ 
peptide band. 6E10 antibody also detects endogenous APP in SH-EP cells.
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F I G U R E  2  TAMRAAβ42/Aβ42 co-aggregates are internalized by actin-dependent macropinocytosis and accumulate in lysosomes. (a) 
SH-EP cells were treated with TAMRAAβ42/Aβ42 co-aggregates for 6 h, washed, trypsinized, re-plated, and stained with Hoechst and an 
anti-tubulin antibody. Scale bar: 10 μm. (b) SH-EP cell bodies were segmented from tubulin signals to discriminate between extracellular 
(non-colocalized) and intracellular aggregates (colocalized). Bar plot shows co-localization analysis of multiple image sections (n = 6). Co-
localization was quantified according to Costes et al. (2004) in % TAMRA intensity co-localized with tubulin segmented area. Unpaired t-test, 
***p < 0.001. (c) Scheme and representative image of z-stack analysis performed to validate intracellular localization of TAMRAAβ42/Aβ42 
co-aggregates. Optical section thickness was ~0.9 μm. Scale bars: 10 μm. (d) SH-EP cells were treated with TAMRAAβ42/Aβ42 co-aggregates 
for 6 h and increasing concentrations of actin polymerization inhibitor cytochalasin D (CytD). Cell lysates were analyzed by dFRAs and 
aggregate content was quantified from TAMRA fluorescence intensities. Bars represent mean values ± SD from two cell culture preparations 
(n = 2). One-way ANOVA with Dunnett's post hoc test, ***p < 0.001. (e) Intracellular TAMRAAβ42/Aβ42 co-aggregates after pretreatment of 
SH-EP cells with macropinocytosis inhibitor ethyl-isopropyl amiloride (EIPA). Internalized Aβ42 aggregate load was quantified from total 
TAMRA spot area per cell. Bars represent mean values ± SD from three independent cell culture preparations (n = 3). One-way ANOVA 
with Dunnett's post hoc test, ***p < 0.001. (f) Confocal microscopy of SH-EP cells with TAMRAAβ42/Aβ42 co-aggregates co-localizing with 
lysosomal-associated membrane protein 2 (LAMP2). Line plot profile displays the fluorescence intensity of LAMP2 antibody signals (green) 
and TAMRA (magenta) along white arrow. Pearson's correlation coefficient (r) is used to determine co-localization of TAMRA and LAMP2 
signal intensities. Cell nuclei are stained with Hoechst 33342 (blue). Scale bar: 10 μm. Representative ROI and co-localization analysis are 
shown. In total, 10 ROIs (n = 10) from 4 individual cells were analyzed resulting in mean Pearson's r of 0.73. Bar plot shows co-localization 
analysis of multiple image sections (n = 14). Co-localization was quantified according to Costes et al. (2004) in % TAMRA intensity co-
localized with LAMP2 signal intensity. Bars represent mean values ± SD, unpaired t-test, ***p < 0.001. (g) Confocal microscopy of cellular 
TAMRAAβ42/Aβ42 co-aggregates with Lysotracker staining. Cell nuclei are stained with Hoechst 33342 (blue). Line plot profile displays 
the fluorescence intensity of Lysotracker (green) and TAMRA (magenta) along white arrow. Pearson's correlation coefficient (r) is used to 
determine co-localization of TAMRA and Lysotracker fluorescence intensity. Scale bar: 5 μm. Representative region of interest (ROI) and co-
localization analysis are shown. In total, 10 ROIs (n = 10) from 5 individual cells were analyzed resulting in mean Pearson's r of 0.81. Bar plot 
shows co-localization analysis of multiple image sections (n = 7). Co-localization was quantified according to Costes et al. (2004) in % TAMRA 
intensity co-localized with Lysotracker signal intensity.
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    |  305SECKER et al.

F I G U R E  3  The polyphenolic compound EGCG reduces the abundance of preformed TAMRAAβ42/Aβ42 co-aggregates and decreases 
toxicity in SH-EP cells. (a) Scheme of cell-based screening assay. SH-EP cells are treated with preformed TAMRAAβ42/Aβ42 co-aggregates, 
extracellular aggregates are removed by extensive washing and trypsinization, and cells are seeded onto 96-wells with polyphenolic 
compounds (10 μM) in technical triplicates. After 20 h, cells are fixed, Hoechst 33342 stained, and automated microscopy and aggregate 
quantification is performed. (b) SH-EP cells with TAMRAAβ42/Aβ42 co-aggregates were treated with 10 μM polyphenolic compounds. 
Aggregates were quantified after 20 h of incubation from total TAMRA spot counts per cell and normalized to solvent (DMSO) control. 
Bars represent mean values ± SD compared to DMSO control from three individual cell culture preparations (n = 3) analyzed in technical 
triplicates. One-way ANOVA with Dunnett's post hoc test, *p < 0.05, ***p < 0.001. (c) Chemical structure of most potent TAMRAAβ42/Aβ42 
co-aggregates reducing compound (EGCG). (d) Concentration-dependent reduction of intracellular Aβ42 aggregates after 20 h of EGCG 
treatment. EGCG reduced cellular Aβ42 aggregate load per cell with an IC50 of 6.3 μM. Data points represent mean values ± SD compared 
to DMSO control from independent cell culture preparations (n = 3) analyzed in technical triplicates. One-way ANOVA with Dunnett's post 
hoc test, ***p < 0.001. (e) Validation of EGCG-mediated intracellular aggregate reduction with native filter retardation assays. SH-EP cells 
with TAMRAAβ42/Aβ42 co-aggregates were lysed and analyzed 20 h after incubation with EGCG or solvent control. Aggregate load of cell 
lysates was quantified from TAMRA signals or by immunostaining using two Aβ-specific antibodies (Ab-6E10, Ab-4G8). Bars represent mean 
values ± SD compared to DMSO control from three filter assays (n = 3). One-way ANOVA with Dunnett's post hoc test, *p < 0.05, **p < 0.01, 
***p < 0.001. (f) Treatment of SH-EP cells with 1 μM preformed Aβ42 aggregates increases the relative proportion of dead cells (Live/Dead 
toxicity) indicating Aβ-induced toxicity (untreated vs. +Aβ42). The addition of increasing concentrations of EGCG reduces the proportion 
of dead cells (+Aβ42 + 50 or 100 μM EGCG). Bars represent mean values ± SD from one representative experiment performed in triplicate. 
One-way ANOVA with Sidak's post hoc test, ***p < 0.001. (g) SH-EP cells treated with 1 μM Aβ42 aggregates show increased toxicity as 
measured by reduced MTT reduction (untreated vs. +Aβ42). EGCG treatment rescues Aβ42 aggregate-induced toxicity. Bars represent 
mean values ± SD from three independent cell culture preparations (n = 3). One-way ANOVA with Tukey's post hoc test, *p < 0.05, **p < 0.01, 
***p < 0.001.
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applied the macropinocytosis inhibitor ethyl-isopropyl amiloride 
(EIPA) and monitored Aβ42 aggregate uptake by determining the 
Aβ42-TAMRA spot area per cell. With 100 μM EIPA, the regions of 
TAMRA-positive spots per cell were reduced to ~50%, while treat-
ment with 200 μM EIPA almost completely abolished the detection 
of TAMRAAβ42/Aβ42 co-aggregates in SH-EP cells (Figure 2e).

After uptake, Aβ42 aggregates were previously reported to accu-
mulate in acidic vesicles such as late endosomes or lysosomes (Knauer 
et al., 1992; Marshall et al., 2020). Therefore, we next wanted to as-
sess, whether TAMRA-labeled Aβ42 aggregates may also be concen-
trated in such intracellular compartments in SH-EP cells. To address 
this, we incubated SH-EP cells for 6 h with preformed TAMRAAβ42/Aβ42 
co-aggregates and after washing, trypsinization, and re-plating, we co-
stained the cells with an antibody against the lysosome-associated 
membrane protein 2 (LAMP2), a protein previously used as a marker for 
lysosomes in mammalian cells (Chen et al., 1985; Eskelinen et al., 2002). 
We observed significant co-localization between TAMRAAβ42/Aβ42 co-
aggregates and LAMP2-positive membrane vesicles and found that 
~80% of the TAMRAAβ42/Aβ42 co-aggregates co-localize with LAMP2-
positive subcellular compartments (Figure 2f), suggesting that they ac-
cumulate in lysosomes and/or late endosomes in SH-EP cells. Similar 
results were obtained when cells with TAMRAAβ42/Aβ42 co-aggregates 
were co-stained with Lysotracker probes, which consist of a fluoro-
phore linked to a weak base that is protonated and retained in the lu-
mina of acidic vesicles (Wood, 1994). Here, we found that >75% of the 
detected TAMRAAβ42/Aβ42 co-aggregates co-localize with Lysotracker 
spots, suggesting that the internalized Aβ42 aggregates are present 
in lysosomes (Figure 2g). To investigate whether the TAMRAAβ42/Aβ42 
co-aggregates are also detectable in lysosomes biochemically, we ad-
ditionally enriched lysosomes from crude protein extracts of SH-EP 
cells. Successful enrichment of lysosomes was confirmed by an in-
crease of the lysosome-associated membrane protein 1 (LAMP1) in 
the lysosomal fraction compared to total protein content (Figure S3A). 
In contrast, flotilin-1, a membrane protein not specifically enriched in 
lysosomes (Bickel et al., 1997), showed reduced levels in the prepared 
lysosomal fraction (Figure S3B). Using the 6E10 antibody, we could de-
tect SDS-stable Aβ42 co-aggregates (in the stacking gel) as well as mo-
nomeric Aβ42, likely released from non-SDS-stable aggregates, in the 
lysosomal fraction of TAMRAAβ42/Aβ42 co-aggregate-treated samples, 
while no such signals were observed in untreated cells (Figure S3C). 
Additionally, we found Aβ42 aggregates to sporadically localize to the 
nucleus (Figure 2f,g), which is in agreement with previously reported 
studies where Aβ42 peptides were expressed in the endoplasmic re-
ticulum (Bückig et al., 2002).

3.4  |  The polyphenolic compound EGCG 
reduces the abundance of preformed TAMRAAβ 42/
Aβ 42 co-aggregates and ameliorates their toxicity in 
SH-EP cells

To identify small molecules that target amyloid aggregates and pro-
mote their degradation in cells, we next established a compound 

screening assay in 96-well microtiter plates (Figure 3a) and system-
atically tested 20 polyphenolic compounds for their effects on pre-
formed TAMRAAβ42/Aβ42 co-aggregates in SH-EP cells. We focused 
our efforts on polyphenolic compounds because previous in vitro 
studies have demonstrated that such structures directly associate 
with amyloidogenic peptides and are able to modulate their biochem-
ical properties (Ehrnhoefer et al., 2006; Gazova et al., 2013; Matos 
et al., 2017; Ono et al., 2003). Furthermore, effects of polyhydroxy-
phenoles on protein degradation pathways have been described 
(Liberal et al., 2014; Modernelli et al., 2015; Regitz et al., 2014), sug-
gesting that they might stimulate the clearance of amyloid aggre-
gates in cells via protein degradation pathways. We found that of 20 
tested chemical compounds 5 (robinetin, myricetin, oxytetracycline, 
6-hydroxy-DL-DOPA, and EGCG) significantly decreased the abun-
dance of TAMRAAβ42/Aβ42 co-aggregates in SH-EP cells. Strikingly, 
the strongest effect was observed with EGCG ((−)-epigallocatechin 
gallate; Figure 3b,c), which at a concentration of 10 μM caused a re-
duction of intracellular Aβ42 aggregate load by >50%. This effect 
was also confirmed when the compound was assessed in cell-based 
assays in a concentration-dependent manner. As shown in Figure 3d, 
EGCG treatment decreased the abundance of TAMRAAβ42/Aβ42 co-
aggregates with an IC50 of ~6 μM. Importantly, none of the identified 
hit compounds showed an effect on the fluorescence intensity of 
the TAMRA fluorophore alone (Figure S4A).

Next, we validated the EGCG-mediated reduction of amyloi-
dogenic Aβ42 aggregates in SH-EP cells using filter retardation as-
says. We incubated cells for 6 h with preformed TAMRAAβ42/Aβ42 
co-aggregates (1 μM monomer equivalent) to promote aggregate up-
take. Subsequently, cells were trypsinized, replated, and incubated 
with 10, 20, and 30 μM EGCG for 20 h to stimulate aggregate degra-
dation. Finally, cells were lysed and protein extracts were analyzed 
by filter retardation assays. Compared to untreated controls, we ob-
served a concentration-dependent decrease of TAMRA fluorescent 
protein aggregates in EGCG-treated samples (Figure 3e), indicating 
that compound treatment reduces intracellular Aβ42 aggregate 
load. A similar result was obtained when the cellular aggregates 
were immunodetected using the monoclonal anti-Aβ antibodies 
6E10, which binds to Aβ's N-terminus (Sloane et al., 1997), and 4G8, 
which specifically recognizes amino acids 17–22 in the Aβ peptide 
(Hatami et al.,  2014) and has an amyloid-specific epitope (Hatami 
et al.,  2016). Together, these studies indicate that EGCG potently 
decreases the abundance of intracellular SDS-stable, β-sheet-rich 
Aβ42 aggregates in neuroblastoma cells.

We additionally investigated whether EGCG treatment can re-
duce Aβ42 aggregate-induced toxicity in cells. Therefore, we first 
performed a Live/Dead cytotoxicity assay, which was previously 
used to investigate Aβ-induced toxicity (Konar et al., 2022; Vadukul 
et al., 2020). It detects dead cells by quantifying the hydrolysis of 
calcein-AM to calcein and through quantification of cell permea-
bility by propidium iodide staining. SH-EP cells were treated with 
1 μM preformed Aβ42 aggregates for 6 h and subsequently with 
increasing concentrations of EGCG for 20 h. As a control, we also 
treated SH-EP cells without Aβ with increasing concentrations of 
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EGCG or with 0.05% Triton-X100. A 1:1 mixture of untreated and 
Triton-X100-treated cells was used to determine the gate for quan-
tifying the proportion of dead cells (Figure S4B). We found that the 
addition of preformed Aβ42 aggregates to SH-EP cells increases 
the proportion of dead SH-EP cells, while the co-treatment with 
50 or 100 μM EGCG significantly reduces this Aβ-induced toxicity 
(Figure 3f). As an additional toxicity assay, we used a standardized 
colorimetric 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium 
bromide (MTT) reduction assay to examine whether EGCG treat-
ment influences the mitochondria-associated toxicity of preformed 
Aβ42 aggregates in SH-EP cells. We incubated cells in 96-well plates 
with 1 μM preformed fibrillar β-sheet-rich Aβ42 aggregates for 6 h 
in order to facilitate efficient aggregate uptake. Subsequently, cells 
were incubated for 20 h with EGCG to stimulate aggregate degra-
dation. Finally, MTT reduction was quantified to monitor mitochon-
drial toxicity. We found that β-sheet-rich fibrillar Aβ42 aggregates 
(+Aβ42) cause a pronounced and significant inhibition of MTT re-
duction (~50%, Figure 3g), while this mitochondrial dysfunction was 
diminished in a concentration-dependent manner when cells were 
treated with increasing concentrations of EGCG. Thus, our toxicity 
data indicate that EGCG reduces the Aβ42-induced mitochondrial 
dysfunction as well as impairment of cell integrity, which is detected 
with the Live/Dead toxicity assay. In summary, this indicates that an 
EGCG-stimulated reduction of β-sheet-rich fibrillar Aβ42 aggregates 
in mammalian cells is associated with reduced cellular toxicity.

3.5  |  Effects of EGCG derivatives on the 
abundance of preformed Aβ 42 aggregates

EGCG is the ester of epigallocatechin and gallic acid (Kada 
et al., 1985), which has three hydroxy groups that might be required 
for the interaction with preformed Aβ42 aggregates in cells. We 
synthesized 5 EGCG-related small molecules with reduced numbers 
of hydroxy groups (EGC-3,4-DHB, EGC-3,5-DHB, EGC-3-HB, EGC-
3-FB, and EGC-4-FB, Figure 4a–e) and a trans-configured epimer of 
EGCG ((+)-GCG, Figure 4f) and subsequently assessed their impact 
on preformed TAMRAAβ42/Aβ42 co-aggregates in SH-EP cells. In ad-
dition, the impact of the previously described green tea compounds 
(−)-epigallocatechin (EGC), (−)-gallocatechin (GC), epicatechin (EC), 
and (−)-catechin (C), which lack the gallate group; epicatechin gallate 
(ECG) and its epimer catechin gallate (CG), which lack the C5 hydroxy 
group in the chroman moiety; and the epimer of EGCG, (−)-GCG, 
were investigated (Table S1). While the compounds EGC-3,5-DHB 
and EGC-3,4-DHB with a dihydroxybenzoate group still showed a 
strong Aβ42 aggregate-clearing effect, it was diminished with the 
compound EGC-4-HB, which contains only a single hydroxy group 
on the benzoate moiety. A reduced Aβ42 aggregate-clearing potency 
was also observed for the compounds EGC-3-FB and EGC-4-FB, 
which both contain a single fluorobenzoate moiety, as well as with 
the compounds EGC, GC, and C, which completely lack the gallate 
moiety (Figure 4g). Thus, our data suggest that the number of free 
hydroxy groups in the gallate moiety is critical for the effect of EGCG 

on TAMRAAβ42/Aβ42 co-aggregates in cells. Additionally, we found 
that the hydroxy group on C5 in the chroman moiety is important for 
intracellular Aβ42 aggregate reduction (Figure 4g; EGCG, ECG) and 
that the trans-configured epimers in comparison to EGCG show a re-
duced activity (Figure 4g; EGCG, (−)-GCG, (+)-GCG). Taken together, 
our structure–activity relationship (SAR) analysis indicates that the 
free hydroxy groups in the gallate and chroman moieties, and the 
cis/trans configuration influence EGCG's Aβ42 aggregate-reducing 
activity in SH-EP cells. An overview of the substructures that influ-
ence EGCG activity in cell-based assays is given in Figure 4h.

Since it was previously described that EGCG might be hydro-
lytically and oxidatively instable at neutral pH wherefore degra-
dation products could be the actual effective substances (Palhano 
et al., 2013; Sternke-Hoffmann et al., 2020), we analyzed whether 
EGCG is stable during the time course of the assay. The stability of 
catechins, including EGCG, in acidic solutions, has been investigated 
earlier (Chen et al.,  1998; Proniuk et al.,  2002; Zhu et al.,  1997). 
These studies revealed that catechins generally show a good sta-
bility at or below pH 5.5. Therefore, it seems feasible to speculate 
that EGCG in lysosomes should be rather stable. However, in the 
cytoplasm or in the culture medium where the pH is neutral, it might 
undergo hydrolysis or oxidation. In order to evaluate the stability of 
EGCG and CG at pH 6.0 and pH 7.4 measurements were performed 
with NMR and ultraviolet–visible (UV–Vis) spectroscopy over a pe-
riod of 24 h at 37 °C (see stability studies of gallocatechin and cate-
chin derivatives, Supporting Information). We found that hydrolysis 
of the gallate moiety in both EGCG and CG under these conditions 
was not detectable. In the NMR spectrum of EGCG new signals ap-
peared after 24 h which were mostly attributed to the epimer GCG 
(Hayashi & Ujihara, 2017; Ishizu et al., 2009), but the amount was 
below 1%. The NMR spectrum of CG showed no formation of deg-
radation products. Additionally, the exposure to air and concomitant 
irradiation with blue light allowed us to check for photochemically-
induced oxidation of the electron-rich aromatic moiety. Prolonged 
irradiation of an air-saturated solution of EGCG by blue LED light of 
high intensity (for 19 h in a photoreactor) led to a light peach color-
ation of the solution and slightly increased absorption in the UV–Vis 
spectra (UV–Vis-Studies, Supporting Information). However, also in 
this case the corresponding NMR spectra showed no substantial 
change by formation of degradation products for both catechins 
(NMR-Studies, Supporting Information). These analyses indicate 
that the investigated catechin derivatives are stable for the duration 
of the assay studies and that the results are representative of the 
compounds indicated.

3.6  |  EGCG treatment increases the 
maturation and the enzymatic activity of cathepsin B 
in SH-EP cells

Our study indicates that preformed fibrillar Aβ42 aggregates accu-
mulate in lysosomes (Figure 2f,g), suggesting that lysosome function 
might be critical for EGCG-mediated aggregate degradation in cells. 
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Lysosomes have a specific composition, of both their membrane and 
luminal proteins, and it was shown that a luminal pH of ~5 is opti-
mal for enzymes involved in protein hydrolysis. Evidence was pre-
sented that the activity of the vacuolar-type H+ ATPase (V-ATPase) 
is critical for lysosome function and its acidification (Mindell, 2012), 
suggesting that its inhibition through the compound bafilomycin A1 

(Mauvezin & Neufeld, 2015) may influence EGCG-mediated degra-
dation of Aβ42 aggregates in cells. To address this question, we in-
cubated SH-EP cells, which contain preformed fibrillar TAMRAAβ42/
Aβ42 co-aggregates, with EGCG and 10 nM bafilomycin A1 for 20 h 
and subsequently measured the aggregate load by quantifying 
TAMRA fluorescence using automated fluorescence microscopy. 

(a) (b) (c)

(d)

(g) (h)

(e) (f)
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As observed previously, we found that EGCG treatment in the ab-
sence of bafilomycin A1 significantly decreased the abundance of 
TAMRAAβ42/Aβ42 co-aggregates (− bafilomycin A1, Figure  5a). In 

strong contrast, in the presence of the V-ATPase inhibitor, the effect 
of EGCG on TAMRAAβ42/Aβ42 co-aggregates was dramatically di-
minished (+ bafilomycin A1, Figure 5a). This indicates that lysosomal 

F I G U R E  5  EGCG increases cathepsin B maturation and enzymatic activity in SH-EP cells. (a) SH-EP cells with intracellular Aβ42 
aggregates treated with 10, 20, and 30 μM EGCG in presence (+) and absence (−) of 10 nM bafilomycin A1. Aggregates were quantified 
from total TAMRA spot counts per cell. Bars represent mean values ± SD compared to DMSO (0) control from three independent cell 
culture preparations (n = 3) analyzed in technical triplicates. Two-way ANOVA with Bonferroni's post-test, ***p < 0.001, ns, not significant. 
(b) Western blot of cellular extracts of SH-EP cells treated with 10 nM bafilomycin A1 only and 10 nM bafilomycin A1 + 20 μM EGCG. 
Cathepsin B pro-enzyme (pro-CatB) and its maturated form (CatB) are detected. Tubulin was used as a loading control. Bafilomycin-treated 
SH-EP cells show no substantial cathepsin B maturation. EGCG does not rescue CatB maturation. Note: The contrast of the images was 
adjusted and an average background value was subtracted. All image areas were processed similarly. (c) Cathepsin B activity in SH-EP 
cell extracts after treatment with bafilomycin A1 (10 nM) or DMSO as control. CatB activity was measured in SH-EP cell lysate after the 
addition of fluorescence quenching CatB substrate Z-Arg-Arg 7-amido-4-methylcoumarin (Z-R-R-AMC). Bars represent mean values from 
three independent lysate preparations (n = 3). One-way ANOVA with Dunnett's post hoc test, ***p < 0.001. (d) Western blot of cellular 
extracts of SH-EP cells treated with increasing concentrations of EGCG. Cathepsin B pro-enzyme (pro-CatB) and its maturated form (CatB) 
are detected. Tubulin was used as a loading control. Note: The contrast of the images was adjusted and an average background value 
was subtracted. All image areas were processed similarly. (e) CatB activity in SH-EP cell lysates after treatment with EGCG for 20 h. CatB 
activity was quantified using a fluorescence-quenched substrate (Z-R-R-AMC) assay. Bars represent means from three independent cell 
lysate preparations (n = 3). One-way ANOVA with Dunnett's post hoc test, ***p < 0.001. (f) Treatment of cells with cathepsin B inhibitor 
CA074me counteracts cellular degradation of TAMRAAβ42/Aβ42. SH-EP cells with intracellular Aβ42 aggregates treated with EGCG (20 μM) 
and increasing concentrations of CA074me. After 20 h aggregates were quantified from total TAMRA spot counts per cell. Bars represent 
means ± SD from three independent cell culture preparations (n = 3) analyzed in technical triplicates. Two-way ANOVA with Dunnett's post-
test, *p < 0.05, **p < 0.01, ***p < 0.001. CA04me treated samples were compared to untreated control (0 μM).

(a) (b) (c)

(d) (e) (f)

F I G U R E  4  Structures of newly synthesized EGCG derivatives and structure–activity relationship (SAR) analysis. (a) Structure of 
(−)-epigallocatechin 3,4-dihydroxybenzoate, an EGCG derivative lacking the C5 hydroxy group of the gallate moiety. (b) Structure of 
(−)-epigallocatechin 3,5-dihydroxybenzoate, an EGCG derivative lacking the C4 hydroxy group of the gallate moiety. (c) Structure of 
(−)-epigallocatechin 4-hydroxybenzoate, an EGCG derivative lacking the C3 and C5 hydroxy groups of the gallate moiety. (d) Structure of 
(−)-epigallocatechin 4-fluorobenzoate, an EGCG derivative lacking the C3 and C5 hydroxy groups, with substitution of the C4 hydroxy group 
by fluorine on the gallate moiety. (e) Structure of (−)-epigallocatechin 3-fluorobenzoate, an EGCG derivative lacking the C4 and C5 hydroxy 
groups with substitution of the C3 by fluorine on the gallate moiety. (f) Structure of (+)-gallocatechin gallate, a trans-configured epimer 
of EGCG. (g) SAR using newly synthesized and previously published EGCG derivatives. SH-EP cells with TAMRAAβ42/Aβ42 co-aggregates 
were treated with 10 μM EGCG or respective EGCG derivatives. Aggregates were quantified after 20 h of incubation from total TAMRA 
spot intensity per cell and normalized to solvent (DMSO) control. Bars represent mean values ± SD compared to DMSO control from three 
independent cell culture preparations (n = 3) analyzed in technical triplicates. One-way ANOVA with Dunnett's post hoc test, *p < 0.05, 
**p < 0.01, ***p < 0.001. (h) Structure of EGCG. Structural elements relevant for cellular Aβ reducing potency are marked in red.

 14714159, 2023, 2, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/jnc.15842 by W

olf Schroeder-B
arkhausen - M

ax-D
elbrueck-C

entrum
 , W

iley O
nline L

ibrary on [19/07/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



310  |    SECKER et al.

acidification is critical for EGCG-mediated clearance of Aβ42 aggre-
gates in SH-EP cells.

Previous investigations have demonstrated that lysosomal acidi-
fication is a prerequisite for the maturation and activation of specific 
lysosomal proteases (Mauvezin & Neufeld, 2015). Members of the 
lysosomal cysteine protease family of cathepsins were previously 

reported to proteolytically cleave Aβ42 (Mueller-Steiner et al., 2006; 
Suire et al., 2020) and might be involved in the EGCG-induced clear-
ance of intracellular Aβ42 aggregates in SH-EP cells. Therefore, we 
next analyzed whether inhibition of lysosomal acidification with ba-
filomycin A1 prevents the maturation of cathepsin B in SH-EP cells. 
Western blots of SH-EP cell lysates treated with DMSO showed the 

F I G U R E  6  The fluorescently labeled EGCG derivative EGC-DHB-Rhodamine directly targets Aβ42 aggregates in cells and in vitro. (a) 
Chemical synthesis pathway leading to EGC-DHB-Rhodamine: (a) HC(OMe)3, IR-120 plus, toluene, 150 °C, 76%; (b) (2) Cs2CO3, DMF, 78%; 
(c) p-TsOH, MeOH, 31%; (d) BnCl, K2CO3, DMF, 80 °C, 88%; (e) KOH (40 w%), EtOH, 80 °C, 90%; (f) (4) EDC.HCl, DMAP, CH2Cl2, 84%; 
(g) CuSO4 (5 mol%), sodium ascorbate (10 mol%), DMSO, 65 °C, 78%; (h) Pd(OH)2, THF/MeOH (1:1), H2 (1 atm), 89% (detailed information, 
Figure S5). (b,c) SH-EP cells were treated with 1 μM preformed HiLyteAβ42/Aβ42 co-aggregates (green puncta) for 4 h. Then, cells were 
washed, trypsinized, and plated onto glass coverslips. Adherent cells were treated with 20 μM of (B) EGC-DHB-Rhodamine (8) or the 
rhodamine-labeled control compound (c) DHMB-Rhodamine lacking the catechin moiety (9). After 5 h, cells were fixed, cell nuclei were 
stained with Hoechst33342 (blue), and confocal imaging was performed. HiLyte (green) and rhodamine B (magenta) fluorescence intensities 
along white arrows were plotted and Pearson's correlation coefficient (r) was determined for co-localization analysis. Representative 
regions of interest (ROIs) and co-localization analysis are shown. In total, 16 (b) and 14 (c) ROIs from 12 individual cells for both EGC-DHB-
Rhodamine and DHMB-Rhodamine were analyzed resulting in mean Pearson's r of 0.63 and 0.16, respectively. (d) Effects of the compounds 
EGC-DHB-Rhodamine (EGC-DHB-RhB), EGCG, GC, and DHMB-Rhodamine (DHMB-RhB) on the abundance of preformed HiLyteAβ42/Aβ42 
co-aggregates in SH-EP cells. EGC-DHB-RhB shows similar activity as EGCG. (e) Binding of EGC-DHB-RhB to preformed Aβ42 aggregates 
in the presence and absence of EGCG. Aβ42 aggregates (250 ng) were dotted onto nitrocellulose membrane and subsequently incubated 
with indicated compound concentrations. DMSO or DHMB-RhB show no or weak binding to Aβ42 aggregates. EGC-DHB-RhB shows strong 
binding to Aβ42 aggregates, which is reduced in the presence of 10 and 20 μM EGCG but not in the presence of GC.

(a)

(b)

(d) (e)

(c)
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cathepsin B proenzyme at ~43 kDa (pro-CatB, Figure  5b) as well 
as the maturated cathepsin B isoforms at ~27 and ~24 kDa (CatB, 
Figure  5b). In contrast, samples treated with bafilomycin A1 still 
showed detectable proenzyme, but almost none of the maturated 
cathepsin B isoforms (BafA1 pro-CatB & CatB, Figure 5b). Also, the 
co-treatment of SH-EP cells with bafilomycin A1 and EGCG did not 
result in effective cathepsin B maturation under these conditions 
(BafA1 + EGCG, Figure 5b). Next, we analyzed the enzymatic activity 
of cathepsin B in SH-EP lysates after treatment with bafilomycin A1 
alone or with bafilomycin A1 and EGCG. In line with our findings that 
cathepsin B maturation is decreased upon bafilomycin A1 treatment, 
we measured a significantly reduced enzymatic activity in bafilomy-
cin A1 treated cells (BafA1 vs. DMSO, Figure 5c). Also, we did not 
find any change in cathepsin B activity when cells were additionally 
incubated with EGCG (BafA1 vs. BafA1 + EGCG, Figure 5c), suggest-
ing that both lysosomal acidification and maturation of cathepsin B 
are critical for EGCG-mediated clearance of preformed intracellular 
Aβ42 aggregates (− bafilomycin A1, Figure 5a).

We next investigated whether EGCG positively influences 
cathepsin B maturation in SH-EP cells. Interestingly, we found that 
the abundance of maturated cathepsin B isoforms was increased in 
EGCG-treated SH-EP cells (Figure 5d). Furthermore, a concentration-
dependent increase in cathepsin B activity was observed (Figure 5e), 
suggesting that EGCG treatment promotes Aβ42 aggregate degra-
dation in cells because it increases the abundance of active cathep-
sin B molecules in lysosomes.

Finally, we investigated whether the EGCG-mediated reduction 
of intracellular Aβ42 aggregates in SH-EP cells is directly linked to 
the enzymatic activity of lysosomal cathepsins. Since both cathepsin 
B and L were previously implicated in amyloid degradation and tox-
icity (Islam et al., 2022; Mueller-Steiner et al., 2006), we assessed the 
activity of the small molecule inhibitor CA074me (Buttle et al., 1992) 
in cell-based assays. This compound was previously shown to inhibit 
both cathepsin B and L in mammalian cells (Montaser et al., 2002). We 
incubated SH-EP cells containing TAMRAAβ42/Aβ42 co-aggregates 
with 20 μM EGCG and 1, 2.5, 5, and 10 μM CA074me for 20 h and 
quantified the abundance of TAMRA-labeled Aβ42 co-aggregates by 
automated microscopy. Interestingly, we observed that inhibition of 
cathepsin B and L activity with CA074me significantly diminished 
the EGCG effect on Aβ42 aggregates in a concentration-dependent 
manner (Figure 5f). This supports our hypothesis that the activity of 
cathepsin B and/or L is critical for the EGCG-mediated clearance of 
preformed TAMRAAβ42/Aβ42 co-aggregates in SH-EP cells.

3.7  |  The fluorescently labeled EGCG derivative 
EGC-DHB-rhodamine directly targets Aβ 42 
aggregates in cells and in vitro

EGCG was previously reported to bind preformed Aβ42 aggre-
gates in vitro and to induce their structural remodeling (Bieschke 
et al.,  2010). In addition to the effect of EGCG on the abundance 
of active cathepsin B isoforms and its enzymatic activity in SH-EP 

cells (Figure 5d,e), it might also bind intracellular Aβ42 aggregates 
and potentially render them more susceptible to cellular degrada-
tion. To investigate the association of EGCG with Aβ42 aggregates 
in SH-EP cells, we synthesized a fluorescently labeled, EGCG-related 
compound (EGC-DHB-Rhodamine; #8; Figure 6a) that, according to 
our SAR experiments (Figure  4g), still contains the structural fea-
tures, which are required for promoting Aβ42 aggregate degradation 
in cells (Figure 4h). In this compound, the fluorescent tracer dye rho-
damine B (#7; Figure 6a), which emits light at 568 nm, is attached via 
a polyethylene glycol (PEG)-linker to the C3 atom on the 4,5-DHB 
moiety of EGC-4,5-DHB. In addition, the control compound DHMB-
Rhodamine was synthesized (#9; Figure 6a), which lacks the epigal-
locatechin (EGC) moiety and, therefore, should bind less efficiently 
to preformed Aβ42 aggregates. Due to the fact that the fluorescent 
dyes TAMRA and rhodamine B have overlapping emission spectra 
(Blommel et al.,  2004; Sauer et al.,  1995), they cannot be applied 
to monitor the co-localization of TAMRAAβ42/Aβ42 co-aggregates 
and EGC-DHB-Rhodamine in cells. We, therefore, produced ad-
ditional fibrillar, β-sheet-rich Aβ42 co-aggregates that are labeled 
with the green fluorescent dye HiLyte Fluor 488 (HiLyteAβ42/Aβ42 
co-aggregates). These structures, similar to TAMRAAβ42/Aβ42 co-
aggregates, are readily taken up into SH-EP cells (data not shown). 
However, they appear as green fluorescent puncta in the cytoplasm, 
when cells are analyzed by fluorescent microscopy (Figure 6b,c). We 
then treated SH-EP cells harboring HiLyteAβ42/Aβ42 co-aggregates 
for 4 h with the chemical compounds EGC-DHB-Rhodamine and 
DHMB-Rhodamine, respectively, and analyzed their association with 
the fluorescently labeled aggregates by FM. Strikingly, we found a 
significant co-localization of EGC-DHB-Rhodamine with HiLyteAβ42/
Aβ42 co-aggregates (Figure 6b), while co-localization between Aβ42 
aggregates and the control compound DHMB-Rhodamine was weak 
(Figure 6c). This indicates that EGC-DHB-Rhodamine directly inter-
acts with the fluorescently labeled Aβ42 co-aggregates in cells.

To investigate whether EGC-DHB-Rhodamine has a similar ac-
tivity compared to EGCG in promoting the degradation of Aβ42 ag-
gregates in cells, we treated SH-EP cells, which contain HiLyteAβ42/
Aβ42 co-aggregates, with this compound. We found that EGC-DHB-
Rhodamine, similarly to EGCG, also significantly reduced the amount 
of HiLyteAβ42/Aβ42 co-aggregates in SH-EP cells. In contrast, the 
non-binding control compound DHMB-Rhodamine, similarly to 
non-active GC, did not reduce the Aβ42 aggregate load (Figure 6d). 
Finally, we performed competition experiments to evaluate whether 
EGC-DHB-Rhodamine and EGCG compete for binding to preformed 
Aβ42 aggregates in vitro. Aβ42 aggregate preparations (250 ng) dot-
ted onto nitrocellulose membranes were incubated with EGC-DHB-
Rhodamine in the absence or presence of different concentrations 
of EGCG or GC. As a control, Aβ42 aggregates were incubated with 
DMSO or the control compound DHMB-Rhodamine. Interestingly, in 
the presence of 10 and 20 μM EGCG, we found significantly reduced 
binding of EGC-DHB-Rhodamine to preformed Aβ42 aggregates. In 
comparison, no such effect was observed with the compound GC 
(Figure  6e). These results indicate that EGC-DHB-Rhodamine and 
EGCG bind overlapping regions on the surface of Aβ42 aggregates. 

 14714159, 2023, 2, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/jnc.15842 by W

olf Schroeder-B
arkhausen - M

ax-D
elbrueck-C

entrum
 , W

iley O
nline L

ibrary on [19/07/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



312  |    SECKER et al.

Also, they suggest that EGCG similar to EGC-DHB-Rhodamine might 
directly target preformed Aβ42 aggregates in mammalian cells.

4  |  DISCUSSION

The stimulation of protein degradation is an important therapeutic 
approach, especially in proteinopathies such as AD. Whereas a re-
duction of the extracellular Aβ plaque load using different Aβ specific 
antibodies was previously achieved (Panza et al., 2019), this approach 
has failed to exert profound clinical benefits for AD patients to date 
(Mullard, 2019). As extracellular Aβ plaque clearance could not effi-
caciously modulate the disease state, the intracellularly accumulating 
tau protein and resulting neurofibrillary tangles (NFTs) have gained 
increasing interest as therapeutic targets in AD. However, especially 
since it was reported that intracellular Aβ42 aggregates can precede 
the formation of NFTs and can even stimulate the accumulation of 
tau proteins (Götz et al., 2001; He et al., 2018; Zempel et al., 2010), 
intracellular Aβ42 aggregates are also considered to be a promis-
ing target. Degradation of specific intracellular proteins, including 
amyloids, can be achieved using different approaches. PROTACs, 
hybrid compounds directing target proteins to E3 ligases and the 
proteasome, can efficiently stimulate protein degradation (Schapira 
et al., 2019). However, given the poor ability of the proteasome to 
degrade amyloids, alternative strategies to boost other cellular pro-
tein degradation pathways such as autophagy (Siddiqi et al., 2019; 
Silva et al., 2020), are investigated for amyloid degradation.

To systematically enable the identification of small molecules 
promoting the degradation of intracellular Aβ42 aggregates, we 
established a cell-based screening assay. In a focused proof-of-
concept screen of a small polyphenol compound library, we iden-
tified five small molecules significantly reducing the intracellular 
Aβ42 aggregate load in SH-EP cells. EGCG, which was previously 
described to reduce Aβ42 aggregates in cells (Bieschke et al., 2010), 
most potently stimulated the degradation of intracellular Aβ42 ag-
gregates in a concentration-dependent manner and reduced Aβ42-
induced toxicity in SH-EP cells. Interestingly, mechanistic studies 
revealed that the Aβ42 aggregate degradation-promoting effect 
is dependent on lysosomal enzyme activity and that cellular inhi-
bition of cathepsins with chemical compounds strongly reduces 
EGCG-induced Aβ42 aggregate degradation. Cathepsins were 
previously described to cleave Aβ peptides and were implicated in 
AD pathogenesis (Sundelöf et al.,  2010). However, since cathep-
sins were shown to cleave APP and thereby might increase Aβ42 
production, it was hypothesized that increased cathepsin activity 
could contribute to disease progression (Hook et al., 2005; Lowry 
& Klegeris, 2018). This has also led to the evaluation of cathepsin 
inhibitors in several preclinical AD studies (Hook et al., 2010, 2011). 
A recent study showed that insufficient lysosomal clearance caused 
by the knockout of cathepsins can cause neurodegeneration and ac-
cumulation of lysosomal bodies in mice (Felbor et al., 2002), which 
is why a rather protective role of cathepsins in amyloid diseases is 
implicated (Lambeth et al., 2019). Along this line, it was found that 

cathepsin B gene transfer in mice is able to reduce AD-associated 
phenotypes (Embury et al., 2017; Mueller-Steiner et al., 2006) and 
that small molecule-mediated upregulation of cathepsin B expres-
sion can enhance Aβ42 degradation (Tiribuzi et al.,  2017). While 
enhancing insufficient lysosomal clearance by cathepsin B gene 
augmentation could be a promising therapeutic approach, small 
molecules, which increase the abundance of active lysosomal en-
zymes and thereby increase lysosomal clearance could also be an 
effective strategy to enhance aggregate clearance. EGCG was pre-
viously administered to AD mouse models, where it was shown to 
reduce extracellular amyloid plaque load (Rezai-Zadeh et al., 2005) 
and to alleviate cognitive deficits (Bao et al., 2020; Mori et al., 2019). 
The underlying mechanism for the EGCG-induced reduction of ex-
tracellular Aβ plaques, however, is still unclear. It seems feasible to 
speculate that the increased abundance of active cathepsin B iso-
forms and their increased enzymatic activity, which we observed 
upon EGCG treatment in SH-EP cells, could also lead to an enhanced 
degradation of intracellular Aβ42 aggregates in vivo.

Another potential mechanism that might lead to EGCG-
mediated Aβ42 aggregate degradation in cells, could involve its 
previously described activity to remodel fibrillar Aβ aggregates 
into amorphous substructures (Ehrnhoefer et al., 2008). Such Aβ42 
and α-synuclein oligomers that are generated in the presence of 
EGCG in vitro have been shown to be less toxic for cells than fibril-
lar Aβ42 aggregates (Bieschke et al., 2010). Whether these EGCG-
induced oligomers show differential uptake and/or processing 
within microglia, astrocytes, or macrophages compared to fibrillar 
Aβ aggregates, is unknown. Interestingly, EGCG was recently re-
ported to induce conformational changes in amyloid fibrils consist-
ing of the transforming growth factor-β-induced protein (TGFBIp) 
in lattice corneal dystrophy. These structural changes facilitated 
the proteolytic cleavage of TGFBIp by proteinase K (Stenvang 
et al., 2016). EGCG could act in a similar way on intracellular Aβ42 
aggregates. Previous studies showed that internalized Aβ42 aggre-
gates accumulating in late endosomes and lysosomes are largely 
resistant to degradation (Burdick et al., 1997; Knauer et al., 1992; 
Morelli et al.,  1999; Morishima-Kawashima & Ihara,  1998). Thus, 
direct binding of EGCG to intracellular Aβ42 aggregates could ren-
der them more susceptible to lysosomal degradation. To evaluate 
whether EGCG is in fact able to directly bind to intracellular Aβ42 
aggregates, we synthesized a novel fluorescently labeled EGCG de-
rivative, which still contains the structural moieties that are rele-
vant for the Aβ42 aggregate reducing effect in cells (Figure 4g). We 
found this EGCG derivative to co-localize with Aβ42 aggregates in 
cells, whereas a fluorescently labeled control compound lacking 
the catechin moiety, showed no co-localization with Aβ42 aggre-
gates. Importantly, this novel EGCG derivative also stimulates the 
degradation of Aβ42 aggregates in cells and binds competitively 
with EGCG to preformed Aβ42 aggregates in vitro. While this is no 
direct evidence for the intracellular remodeling of Aβ42 aggregates 
into specific degradable subspecies, binding of EGCG to intracellu-
lar Aβ42 aggregates could indicate that it potentially renders them 
more susceptible to degradation.
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Previously, it was demonstrated that EGCG directly interacts 
with multiple human proteins (Lorenz, 2013; Negri et al., 2018; Zhao 
et al., 2021), suggesting that its cellular activity results from activat-
ing and/or repressing a wide range of complex biological processes 
and pathways. Our study suggests that EGCG promotes the degra-
dation of preformed, fibrillar Aβ42 aggregates in neuroblastoma cells 
by increasing the lysosomal activities of cathepsins. In addition, our 
results indicate that it directly targets amyloidogenic protein aggre-
gates in cells and potentially facilitates their structural remodeling in 
vivo. Since EGCG is reported to have polypharmacological activities 
in cells, additional mechanisms leading to the observed effects are 
certainly possible. Thus, further investigations will be needed to com-
prehensively understand the mechanism of action of EGCG in cells.
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