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SUMMARY
The elimination of amyloid beta (Ab) oligomers is a promising strategy for therapeutic drug development of
Alzheimer’s disease (AD). AD mouse models that develop Ab pathology have been used to demonstrate
in vivo efficacy of compounds that later failed in clinical development. Here, we analyze the concentration
and size distribution of Ab oligomers in different transgenicmousemodels of AD and in human brain samples
by surface-based fluorescence intensity distribution analysis (sFIDA), a highly sensitive method for detecting
and quantitating protein aggregates.We demonstrate dose- and time-dependent oligomer elimination by the
compound RD2 in mouse and human AD brain homogenates as sources of native Ab oligomers. Such ex vivo
target engagement analyses with mouse- and human-brain-derived oligomers have the potential to enhance
the translational value from pre-clinical proof-of-concept studies to clinical trials.
INTRODUCTION

For 2020, the number of worldwide dementia cases was esti-

mated to exceed 50million,1 with Alzheimer’s disease (AD) being

responsible for 60%–80% of all cases of dementia.2 The dis-

ease’s pathology is characterized by plaques consisting of am-

yloid beta (Ab) fibrils in the extracellular space, neurofibrillary

tangles composed of hyperphosphorylated tau protein fibrils in-

side neurons, and neurodegeneration. Still, no curative treat-

ment of AD is available. There is agreement that by the time first

cognitive symptoms become noticeable, the disease process

has already been going on for decades.3,4 Soluble oligomeric

forms of Ab are thought to be the most toxic species and have

been described to be especially synapto- and neurotoxic.5,6

Ab oligomers are, therefore, a very attractive target for curative

therapy approaches as well as for early diagnosis.

During the last years, we have developed compounds that are

designed to stabilize Ab monomers in their native, intrinsically

disordered conformation. Thereby, the drug candidates destabi-

lize Ab oligomers and other Ab assemblies and ultimately disas-

semble them directly into native Ab monomers. In order to

achieve this mode of action, we use all-D-enantiomeric peptides,

which are known to be protease-resistant7 and non-immuno-

genic.8,9 The lead compound, D3, was selected by mirror-image

phage display10 and was shown to reduce Ab aggregation and

neuroinflammation and to improve cognition in a mouse model

of AD even when applied orally.11,12 Since then, numerous deriv-

atives of D3 have been developed in order to optimize its binding
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properties and pharmacokinetic properties.13–15 The most

promising and clinically most advanced candidate is RD2. It is

well characterized in terms of binding mode, target engagement,

efficiency,16–18 and pharmacokinetics.19 Oral treatment with

RD2 improved cognition in different mouse models of AD,18,20

even in old-aged mice with full-blown pathology.21 In the latter

study21, we demonstrated that RD2 treatment significantly

reduced the concentration of Ab oligomers, as measured by sur-

face-based fluorescence intensity distribution analysis (sFIDA) in

brain homogenates.

sFIDA realizes absolute specificity for Ab aggregates over Ab

monomers. It achieves single aggregate particle sensitivity by

combining the biochemical principle of a sandwich-ELISA with

the readout of fluorescence intensity per pixel as obtained

from fluorescence microscopy. Originally developed for the

detection of prion protein aggregates,22 sFIDA has been adapt-

ed for the quantitation of Ab oligomers in cerebrospinal fluid

(CSF)23 and blood24 and is in further development as a general

tool for quantitating all possible protein aggregates.25 sFIDA is

specific for aggregates by using capture and detection anti-

bodies that recognize overlapping or identical epitopes of the

aggregated protein of interest. Mostly, two different fluores-

cence-labeled detection antibodies are used, and total internal

reflection fluorescence (TIRF) microscopy images are recorded

in both channels directly at the glass surface, providing superior

single particle sensitivity compared with the ensemble signal

used in ELISA-type assays. Only pixels above a certain intensity

threshold that are co-localized in both channels are counted
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(indicated as sFIDA readout), thereby ruling out possible unspe-

cific signal of any of the used antibodies. Based on the sFIDA

readout, concentrations can be calculated using a calibration

standard, such as silica nanoparticles (SiNaPs) of a defined

size, covalently coated with the capture and detection anti-

body-relevant epitopes.26,27

Here, we set out to characterize the amounts and the size dis-

tributions of Ab oligomers in various amyloid-based animal

models to compare them with each other and with human-

brain-derived Ab oligomers. Also, we demonstrate the useful-

ness of sFIDA to measure Ab oligomer target engagement of

the oligomer-eliminating compound RD2 in human brain homog-

enates. Such ex vivo target engagement based on patient-

derived brain tissue (ex vivo) may well be suitable to enhance

the translational value of pre-clinical in vivo experiments toward

clinical trials.

RESULTS

Comparison of the concentrations of Ab oligomers in
density gradient centrifugation (DGC) fractions and in
unfractionated brain homogenates from different
mouse models of AD
Recently, sFIDA assay was adapted for quantitative detection of

Ab aggregates in complex matrices, such as brain homogenate,

to demonstrate in vivo target engagement and validate the

mechanism of action for RD2.21 Brain homogenates were

fractionated by density gradient centrifugation (DGC) prior to

analysis by the sFIDA assay. In the current study, we analyzed

specimens of three mouse models expressing different human

APP variants based on human familial mutations in comparison

with wild-typemice. Ab oligomer concentrations were calculated

based on SiNaP calibration standards and are displayed in Fig-

ure 1A as concentrations in undiluted brain homogenate or

DGC-obtained fractions, resulting in an apparent concentration

of 1 pM in unfractionated wild-type brain homogenate. The

average sFIDA readout observed in wild-type DGC fractions

barely exceeded that of the buffer control. The antibodies IC16

and Nab228 used in this assay are specific for human Ab, which

is absent in wild-type mice. This outcome matched the expecta-

tions for wild-type mice as a negative control. Wild types were,

therefore, not included in the calculation of relative oligomer con-

centrations, shown in Figure 1B. Western blot analysis per-

formed with antibody 6E10, which is also specific for human

Ab, also did not yield specific bands in wild-type DGC fractions,

as displayed in Figure 1C.

In transgenic mouse samples, the highest Ab oligomer titers

were found in fractions 9 (APPSwDI) or 10 (APP/PS1 and

APPLon), with mean concentrations of up to 16.0 ± 9.7 pM in

APPSwDI, 790 ± 190 pM in APP/PS1, and 300 ± 150 pM in

APPLon samples. Samples showed high inter-individual hetero-

geneity, and the respective peak fractions made up 26.6% ±

16.2% (APPSwDI), 41.8% ± 9.9% (APP/PS1), or 30.3% ± 14.5%

(APPLon) of all oligomers measured in DGC fractions of the

respective mousemodels Figure 1B. A local maximumwas iden-

tified in all transgenic mouse models, covering fractions 4 and 5.

The amounts of oligomers found in these two fractions together

made up 13% (APPSwDI), 2.8% (APP/PS1), and 6.9% (APPLon) of
2 Cell Reports Medicine 3, 100630, May 17, 2022
the total oligomer concentration. In this type of density gradient,

calibrated with globular proteins, fractions 4 and 5 would corre-

spond to a size of 66–150 kDa, and fractions 9 and 10 to a size of

at least 400 kDa, respectively.28 The overall distribution of total

Ab detected via western blot with antibody 6E10, shown in Fig-

ure 1C, was similar to the sFIDA results of the different mouse

models. However, APPSwDI Ab bands were of equal or higher in-

tensity than those of the other two mouse models, although the

Ab oligomer concentration measured by sFIDA in this mouse

model was substantially lower. All three antibodies worked

equally well in western blot (Figure S1), so major differences in

the general detectability of denatured DI-Ab by IC16 and

Nab228 in comparison with 6E10 were ruled out as a possible

reason for this observed difference. Recovery was calculated

as the ratio of the total amount of oligomers measured by sFIDA

assay in all fractions to the total amount of oligomers in the cor-

responding unfractionated homogenates. The respective recov-

ery rates were 0.986 for APPSwDI, 1.634 for APP/PS1, and 0.975

for APPLon samples. Overall, this shows that the chosen dilutions

of 1:10 for DGC fractions and 1:100 for 10% brain homogenates

were well suited for quantitation of oligomers in APPSwDI,

APP/PS1, and APPLon mice, while applying less diluted wild-

type samples did not cause any artifacts. Small amounts of

sample would therefore be sufficient to investigate in vivo target

engagement of oligomer-eliminating compounds in several

different mouse models, in a similar fashion to Schemmert

et al.21

Notable differences of the concentration of Ab
oligomers between human AD samples and non-
demented controls
The previously analyzed transgenic mouse models of AD play an

important role in the development of therapeutic compounds

that would ultimately be used in human patients. In order to

mimic the clinical situation more accurately, we investigated

the concentrations and size distributions of Ab oligomers in

post mortem brain homogenates of human AD patients as well

as in age-matched, non-demented control subjects (NCs). De-

tails of human brain donors can be found in Table 1. While the

four NCs had similar oligomer concentrations, the AD samples

showed large differences between each other, as indicated in

Figures 2A and 2B. In general, the Ab oligomer concentration

in the NC group was more than 10-fold lower than the lowest

oligomer concentration in the AD group but clearly exceeding

the limit of detection (LOD) of 7.6 fM and lower limit of quantita-

tion (LLOQ) of 9.7 fM With the exception of sample AD3, DGC

fraction 10 contained the highest Ab oligomer concentrations,

ranging from 19.9 ± 3.8 pM (AD1) to 1820 ± 191 pM (AD6) and

0.9 ± 0.7 pM in NC samples. These oligomer particles, corre-

sponding to a calibrated size of more than 450 kDa,28 made up

33.9% ± 6.5% to 54.5% ± 5.7% in all AD samples, except for

AD3, and 23.4%± 1.8% inNC samples, as depicted in Figure 2C.

In sample AD3, the highest oligomer concentration (50.3 ± 9.1

pM) was found in fraction 11 and a concentration of 42.7 ± 1.1

pM in fraction 10, which corresponded to 33.8% ± 6.1% and

28.6% ± 0.3%of all oligomers, respectively. Similar to the obser-

vations in transgenic mouse samples, local maxima were identi-

fied. A local maximum was found in fraction 5 in almost all



Figure 1. Comparison of the concentrations of Ab oligomers in DGC-obtained fractions and in unfractionated brain homogenates of different

mouse models of AD

(A) Overall distribution of different Ab oligomers separated by DGC in different mouse models measured by sFIDA. Concentrations are displayed as they were

present in DGC fractions or 10% brain homogenate (Hom.), respectively, before any dilution steps during the sFIDA experiments. Please note the logarithmic

scale of the y axis.

(B) Relative concentration in percent of the total concentration of all fractions of oligomers in transgenic mouse samples. See Figure S1F for individual data points,

referring to Figure 1B. Data in (A) and (B) are presented as mean ± SD of the indicated number (N) of animals.

(C) Western blot analysis of undiluted DGC fractions (12 mL per lane) of one representative animal per group in comparison with a synthetic Ab1-42 standard

showing Ab bands detected by monoclonal antibody 6E10. See also Figure S1 for full blots.

(D) Representative sections of TIRF images of brain homogenate samples from transgenic mice and from wild-type mice as well as from a buffer control. Final

dilution factors of APP/PS1, APPLon, and APPSwDI mouse brain homogenates were 1:200; wild-type mouse brain homogenates are shown at a final dilution of

1:20. Red and green fluorescence channels were merged, depicting co-localized (yellow) pixels used for calculating the oligomer concentration. The scale

bar represents 10 mm.
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Figure 2. Notable differences of the concentration of Ab oligomers between human AD samples and non-demented controls

(A) Representative sections of TIRF images of unfractionated human brain homogenates at a final dilution of 1:10. A merged image of red and green fluorescence

channels is shown, depicting co-localized (yellow) pixels used for calculating the oligomer concentration. The scale bar represents 10 mm.

(B) Overall distribution of different Ab oligomers separated by DGC measured by sFIDA. Concentrations are displayed as they were present in undiluted DGC

fractions or 10% brain homogenate, respectively, before any dilution steps during the sFIDA experiments. Please note the logarithmic scale of the y axis.

(legend continued on next page)
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samples, AD1 being the only exception, with a local maximum in

fraction 4. The size of these oligomers agrees well with the size of

artificially prepared Ab oligomers that have not yet elongated and

do not contain other components besides Ab.28 The percentage

of total oligomers found in the respective local maximum fraction

was in the range of 0.6% ± 0.1% to 2.3% ± 0.1% for AD samples

and 5.5% ± 0.6% for NC samples. In a corresponding western

blot of total Ab, no bands were detectable in the NC2 sample,

with the distribution of total Ab across the density gradient

matching the sFIDA results for the AD4 sample (Figure 2D; un-

cropped western blot images can be found in Figure S2). Recov-

ery rates were 1.15, 2.02, 1.61, 2.40, 0.86, and 4.06 for AD1 to

AD6, respectively. Here, the sFIDA assay has demonstrated its

usefulness to determine concentrations of Ab oligomers, even

in complex samples like brain homogenates with a wide range

of oligomer particle sizes.While the diversity of oligomer concen-

trations found in human samples was much larger compared

with transgenicmice, the overall size distributionwas very similar

to that of aged APP/PS1 mice. Recovery rates exceeding 1 by a

larger margin could be due to underestimation of the oligomer

concentration in unfractionated brain homogenates. This effect

occurred mostly in the three AD samples with the highest olig-

omer concentration. As a consequence, greater dilution factors

of unfractionated homogenate have been used in the following

experiments to reduce the possible influence of other proteins

and to avoid saturation effects, while still staying in the quantifi-

able, linear range of the assay.

Ex vivo treatment with RD2 results in a dose- and
incubation-time-dependent reduction of Ab oligomers
derived from APP/PS1 mouse or human brain homoge-
nate with RD2
The all-D-enantiomeric compound RD2 has been developed to

stabilize Ab monomers in their native conformation, thus desta-

bilizing Ab assemblies and ultimately disassembling them into

Ab monomers. RD2 has been shown to improve cognition in

several AD mouse models,18,20,21 and its oligomer-eliminating

effect has been well characterized using synthetic Ab.17,18 RD2

did not display any toxic effects in mice or in cell cultures, indi-

cating that the possible disruption of HMW oligomer species

by RD2 did not produce smaller, toxic oligomer species but

non-toxic monomers.18,21 In a study conducted in APP/PS1

mice, a reduction of Ab oligomer concentration was measured

by the sFIDA assay in brain homogenates of RD2-treated mice,

demonstrating in vivo target engagement and suggesting

elimination of these oligomers by RD2.21 That study showed

that oligomers were significantly reduced in brain homogenates

of APP/PS1 mice after oral treatment with RD2 in comparison

with placebo. DGC fraction 10 contained the highest concentra-

tion of Ab oligomers. We therefore first investigated the effect of

RD2 on this isolated fraction 10 in an ex vivo approach. RD2 or

buffer was added to 1:2 diluted fraction 10 of APP/PS1 mouse

brain homogenate, and samples were drawn after the indicated
(C) Relative concentration in percent of the total concentration of all fractions of o

are presented as mean ± SD AD samples (N = 6, separately shown for each AD s

(D) Exemplary western blot analysis of undiluted DGC fractions (12 mL per lane) i

monoclonal antibody 6E10. Marker bands indicate 10 kDa. See also Figure S2 fo
incubation times. In cases of ‘‘0 min’’ incubation time, samples

were mixed and immediately flash-frozen. As shown in Figure 3,

RD2 was able to reduce the concentration of oligomers in a

dose- and time-dependent manner. After the maximum incuba-

tion time of 20 h, an 81% reduction of oligomers was achieved

with 50 mM, and 67% reduction was observed with 20 mM. The

incubation time dependence clearly indicates that the RD2

dose dependence of oligomer reduction is not due to competi-

tion with the detection antibodies. A slight effect could also be

seen with 10 mM RD2, yielding a reduction of about 8% after

20 h, but this change was not statistically significant. It must

be noted that samples incubated with 20 and 50 mM RD2

showed a remarkably reduced oligomer concentration even

without additional incubation time (Figure 3B, 0 min): the base-

line oligomer concentration of the sample incubated with buffer

was 88 ± 6 pM, whereas samples with the addition of 20 or

50 mM RD2 had Ab oligomer concentrations of 48 ± 3 pM and

36 ± 2 pM, respectively. A possible explanation could be an

ongoing reaction of RD2 with oligomers during sample incuba-

tion on the capture surface, thereby prolonging the effective re-

action time by about 2 h. Another possible explanation would be

that the initial elimination of oligomers is a fast process and that

the delay of several minutes during the sample preparation steps

due to freezing and thawing the samples before analysis would

make observation of a true baseline value difficult. To address

these questions and in order to rule out any delays during sample

preparation, freeze-thaw cycles were omitted in further experi-

ments involving short incubation times and 0 min marks. The

dose-dependent reduction of Ab oligomers from APP/PS1

mouse brain strongly suggests successful ex vivo target engage-

ment of RD2.

Next, we wanted to investigate whether RD2 shows similar

ex vivo target engagement onAboligomers in brain homogenates

derived from AD patients. Based on the aforementioned sFIDA

analysis of several human brain homogenates (Figure 2), homog-

enate sample AD2 was chosen for further analysis, because this

sample had one of the largest quantities of Ab aggregates, allow-

ing robust detection of signal across a range of dilutions, even

considering the possible drastic reduction of sFIDA signal by

the addition of RD2. The 10% homogenate sample was serially

diluted before being incubated with different concentrations of

RD2, ranging from 0.31 to 20 mM. In addition to buffer as a nega-

tive control, we chose another all-D-enantiomeric compound of

similar size, D1, as a negative control peptide. D1 was originally

selected for binding Ab fibrils, but not for specific elimination of

oligomers,29 and was further developed as a positron emission

tomography (PET) tracer rather than a therapeutic com-

pound.30–32 After an incubation time of 24 h, samples were sub-

jected to sFIDA assay, and concentrations were calculated with

SiNaP standards. Refer to Figure S3A for representative TIRF im-

ages. The 1:10dilutedbrain homogenate thatwas incubated only

with buffer, shown in Figure 4A, had a concentration of 47.1 ±

20.0 pM Ab oligomers. Samples incubated with D1 showed an
ligomers in human brain homogenates fractionated by DGC. Data in (B) and (C)

ample): N = 3 (technical replicates); NC samples: N = 4 (biological replicates).

n comparison with a synthetic Ab1-42 standard showing Ab bands detected by

r full blots.

Cell Reports Medicine 3, 100630, May 17, 2022 5



Figure 3. Dose- and incubation-time-dependent effect of RD2 on fractionated APP/PS1 mouse brain homogenate

DGC fraction 10 of APP/PS1 mouse brain homogenate, representing the peak of sFIDA signal, was diluted 1:2 and was incubated with 0, 5, 10, 20, or 50 mMRD2.

Before analysis, samples were further diluted 1:5, resulting in a total dilution of 1:10, and the Ab oligomer concentration was immediately analyzed by sFIDA

assay. The final dilution factor during image acquisition was 1:20.

(A) Sections of representative TIRF images after 20 h of incubation. Red and green fluorescence channels were merged. The scale bar represents 10 mm.

(B) Ab oligomer concentrations present in the original 1:2 diluted sample. Concentrations given here reflect the actual concentrations in the prepared sample after

dilution and are not directly related to the concentrations in undiluted samples, shown in Figure 1.

Data are presented as mean ± SD *between groups, p < 0.05 (Kruskal-Wallis one-way ANOVA on ranks with Student-Newman-Keuls post hoc analysis). N = 3

(technical replicates).
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overall reduced concentration of 30.2 ± 4.1 pM to 37.1 ± 3.7 pM,

but no dose-dependent effect was observed. The same could be

observed for the three lowest concentrations of RD2. The addi-

tion of 20 mM RD2 resulted in a drastic, significant reduction of

the Ab oligomer concentration down to 3.3 ± 0.4 pM,

corresponding to a reduction by 93% compared with the buffer

control. The Ab oligomer concentration in 1:20 diluted homoge-

nate was 12.8 ± 1.8 pM in the sample incubated with buffer (Fig-

ure 4B). Addition of D1 of any concentration or of 0.31 and

1.25 mM RD2 resulted in a similar reduction as observed in the

1:10 diluted homogenate sample, with no significant dose-

dependent effect. Effects of 5 and 20 mM RD2 were distinct,

with a reduction of oligomers to 4.9 ± 1.0 pM (61%) and 0.6 ±

0.1 pM (95%), respectively. The results for 1:40 diluted brain ho-

mogenate are shown inFigure 4C: after 24h incubationwith 5 and

20mMRD2, theconcentration ofAboligomerswas reduced to0.7

± 0.1 pM (84%) and 0.2 ± 0.04 pM (96%) from4.1 ± 1.1 pM. A ten-
6 Cell Reports Medicine 3, 100630, May 17, 2022
dency of oligomer reduction was also observed with 0.31 and

1.25 mM RD2, with a reduction to 2.7 ± 0.1 pM (36%) and 2.1 ±

0.1 pM (50%), respectively, of which only 1.25 mM RD2 caused

an oligomer reduction that was significantly different from that

observed with all concentrations of the control peptide D1.

Different degrees of signal reductionwere observedwith the con-

trol peptide D1, ranging from 4% to 27% with no evidence of a

dose-effect. Despite a certain reduction of Ab oligomers in D1-

treated samples, this effect was not dose-dependent, leading

to the conclusion that only RD2 showed a specific reduction ef-

fect on Ab oligomers in human AD brain homogenate.

Time- and dose-dependent elimination of oligomers in
human brain homogenate by RD2 but not by control D-
peptides D1 and QB37
To gain more insight into the dynamics of the ex vivo target

engagement of RD2 in human AD brain homogenate, we



Figure 4. Dose-dependent reduction of Ab

oligomer concentration in human brain ho-

mogenate incubated with RD2

Human AD brain homogenate (sample AD2) was

diluted 1:10, 1:20, or 1:40 and was incubated

with 0.31, 1.25, 5, or 20 mM (factor of four

dilution scheme) of D-peptides RD2 or D1 for one

day (24 h).

(A–C) D1 was used as a control peptide. Samples

were measured by (aggregate-specific) sFIDA

assay, and the concentration of Ab oligomers

was calculated based on SiNaP standards. Re-

sults for dilutions of 1:10, 1:20, and 1:40 are

displayed in (A), (B), and (C), respectively. Con-

centrations given here reflect the actual con-

centrations in the prepared sample after dilution

and are not directly related to the concentrations

in undiluted samples, shown in Figure 2. Data are

presented as mean ± SD N = 3 (technical repli-

cates) *between groups, p < 0.05; #versus buffer, p < 0.05; xversus all concentrations of D1, p < 0.05 (one-way ANOVA with Student-Newman-Keuls post hoc

analysis). The corresponding representative TIRF images are found in Figure S3.
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monitored the Ab oligomer concentration in diluted homoge-

nates from four different AD patients with incubation times

ranging from 0 to 23 h. These samples were chosen because

of their high concentration of Ab oligomers, as determined previ-

ously, to allowmonitoring of changes over a wide signal range. In

addition to the previously tested peptide D1, QB37was added as

an additional control D-peptide of similar size to RD2 and D1. The

homogenate was used at a dilution of 1:20; both control peptides

were used at a concentration of 20 mM; and RD2 concentrations

were 1.25, 5, and 20 mM. Figures 5A, 5C, 5E, and 5G show base-

line concentrationsmeasured by sFIDA assay after 0min incuba-

tion time and endpoint concentrations after 1,365 min (AD2);

1,3,57 min (AD4 and AD5); or 1,425 min (AD6) of incubation; for

representative TIRF images of samples AD2 and AD6 at their

endpoints, see Figure S3B. At baseline, none of the peptides,

including RD2, caused a reduction of Ab oligomers in compari-

son with the buffer controls. The design of sFIDA assay includes

an incubation time of at least 1.5 h after the indicated pre-incu-

bation times. Without any pre-incubation time (0 min), no sFIDA

signal reduction was observed. This indicates that the signal

reduction observed after longer incubation times was attributed

to the reaction of the Ab oligomers with RD2 but that no addi-

tional reaction took place once the oligomers were captured

on the sFIDA plate. After approximately 23 h of incubation, sam-

ples incubated with 5 and 20 mM RD2 showed a significant

decrease in oligomer concentration to 1.0 ± 0.3 pM (57%

decrease) and 0.1 ± 0.1 pM (93%) for AD2, 0.41 ± 0.03 pM

(81%) and 0.19 ± 0.03 pM (91%) for AD4, 0.44 ± 0.05 pM

(73%) and 0.18 ± 0.02 pM (89%) for AD5, or 3.6 ± 0.4

pM (64%) and 1.0 ± 0.2 pM (90%) for AD6 compared with the

buffer control. Results for additional incubation times of these

two RD2 concentrations are shown in Figures 5B, 5D, 5E, and

5H, demonstrating a rapid decrease of oligomer concentration

within the first 40 to 50 min of the reaction with 20 mM RD2, fol-

lowed by a considerably slower further reduction of the oligomer

concentration in the following hours. In order to describe our ob-

servations using a global kinetic fit based on a pseudo-first-order

reaction, a double exponential decay function was used, essen-
tially reflecting a combination of two reactions taking place at

different rates. Importantly, a threshold concentration of RD2

was assumed for these calculations, because an effect was

observed only with a dose of 5 mM but not with 1.25 mM RD2

or lower. Due to possible binding of RD2 to various other compo-

nents of brain homogenate, the effective RD2 concentrations

were expected to be considerably smaller than the total concen-

tration. The global fits shown in Figures 5B, 5D, 5F, and 5H are

therefore based on a threshold concentration of 4 mM, meaning

that the remaining effective RD2 concentrations were 1 and

16 mM instead of 5 and 20 mM, respectively. Reaction rate con-

stants k1,fast of 2,329; 2,928; 2,374; and 1,275 L*mol�1*min�1

were calculated for AD2, AD4, AD5, and AD6, respectively. The

reaction rate constants k1,slow were 76, 37, 50, and 48

L*mol�1*min�1 for AD2, AD4, AD5, and AD6. Similar to our pre-

vious observation, shown in Figure 4, with samples from AD2,

three of the samples showed a reduction of Ab oligomers with

20 mM D1 as well. The effect was much weaker than with 5 mM

RD2 and is most likely not specific, due to the absence of a

dose-dependent effect, as stated before (Figure 4).

Effect of RD2 on different DGC fractions of human brain
homogenate
Fractions 5 and 10 of AD brain homogenate were identified as

local and total Ab oligomer concentration peak fractions, indi-

cating distinct sizes and possibly different types of aggregates.

To investigate the effect of RD2 on these fractions while staying

in the quantifiable concentration range of the assay, fraction 10

was diluted 1:10, and fractions 4 to 6 were pooled with no further

dilution. While fractions 4 to 6 would possibly represent oligo-

mers with sizes similar to that of synthetic Ab oligomers in

absence of other proteins, in fraction 10, larger Ab assembly spe-

cies are present that possibly also consist of additional proteins

and form co-aggregates. Fraction 10 was of particular interest

because the reduction of oligomers found in this fraction corre-

lated with improved cognition in transgenic mice treated with

RD2.21 For incubation with fraction 10, RD2 was used at 5 and

20 mM, and pooled fractions 4 to 6 were incubated with 20 mM
Cell Reports Medicine 3, 100630, May 17, 2022 7



Figure 5. Time- and dose-dependent elimination of oligomers in human brain homogenate by RD2 but not by D-peptides D1 and QB37

Human AD brain homogenate (AD cases 2, 4, 5, and 6) was diluted 1:20 and was incubated with different concentrations of RD2 or 20 mM D1 or QB37. After

incubating for the indicated amounts of time, samples were analyzed by sFIDA assay.

(A–H) Ab oligomer concentrations at baseline and after overnight incubation are displayed for AD2 (A), AD4 (C), AD5 (E), and AD6 (G). Concentrations given here

reflect the actual concentrations in the prepared sample after dilution and are not directly related to the concentrations in undiluted samples, shown in Figure 2.

(legend continued on next page)
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RD2. sFIDA results for fraction 10 are shown in Figures 6A and

6B for samples AD2 and AD6; representative TIRF images are

shown in Figure S4A. After 0min of pre-incubation, baseline con-

centration of fractions without peptides was around 11 pM for

AD2 and 8 pM for AD6. A slight decrease in concentration of

these samples was observed after 327 and 1,380 min to around

9 pM (AD2) and 6 pM (AD6). In contrast to the previous findings

on unfractionated homogenates, fraction 10 of both samples

showed a reduction of oligomer concentration by approximately

50% already at 0 min pre-incubation time with 5 mM RD2 and

over 60% with 20 mM RD2. The concentration of Ab oligomers

in RD2-treated samples decreased further over the course of

1,380 min, down to 1.7 ± 0.1 pM (5 mM RD2, 81%) and 0.7 ±

0.1 pM (20 mM RD2, 92%) in AD2 and 1.4 ± 0.1 pM (5 mM,

77%) and 0.7 ± 0.1 pM (20 mM, 88%) in AD6. With 20 mM RD2,

the endpoint valueswere comparable with those found in unfrac-

tionated homogenate, whereas 5 mM RD2 had an overall slightly

larger effect on fraction 10 than on homogenate. The time- and

dose-dependent response observed here with DGC-derived

fraction 10 of human AD brain homogenate as well as the seem-

ingly instant reduction of oligomers without additional pre-incu-

bation time is very similar to the one observed in fraction 10 of

APP/PS1mouse brain homogenate before (Figure 3). The pooled

fractions 4 to 6 showed low baseline values of 0.35 ± 0.03 pM

(AD2) and 0.51 ± 0.04 pM (AD6), as presented in Figures 6C

and 6D (Figure S4B: representative TIRF images). Baseline con-

centrations were identical for the samples incubated with buffer

and samples with 20 mM RD2. After 1,380 min, the concentra-

tions of the samples incubated with 20 mM RD2 were notably

reduced to 0.12 ± 0.01 pM (AD2, 64%) and 0.14 ± 0.01 pM

(AD6, 62%).

DISCUSSION

Size distribution of Ab aggregates in relevant ADmouse
models and patient-derived samples
Transgenic mouse models of AD are commonly used for under-

standing disease development and testing potential disease-

modifying drugs. However, there is no single mouse model of

choice that displays the complete and holistic pathology of AD,

including Ab plaques, tangles, neurodegeneration, and cognitive

decline. Therefore, several different mouse models are used to

investigate the efficacy of potential drug candidates. We

analyzed the Ab oligomer size distributions in brain homoge-

nates of aged specimens of three different mouse models of

AD and human AD cases, using the aggregate-specific sFIDA

assay in combination with DGC. Our choice of extraction and

analysis methods was intended to keep all aggregates as native

as possible. In general, amajority of Ab aggregates were found in

fractions 9 or 10, corresponding to a calibrated size of more than
Data are presented as mean ± SD N = 3 (technical replicates). *between groups, p

p < 0.05 (Kruskal-Wallis one-way ANOVA on ranks with Student-Newman-Keu

constants k1,fast and k1,slow by a global double exponential fit of AD2 (B), AD4 (D), A

that were significantly different from each other (0 [buffer], 5, and 20 mM)were used

16 mM for the 20 mM data. Concentrations given here reflect the actual concentr

concentrations in undiluted samples, shown in Figure 2. Data are presented as m

images and to Figure S6 for the proposed mechanism of oligomer elimination by
400 kDa in all transgenic mice and in human AD as well as NC

samples. Ab aggregates of similar size have been reported in

transgenic mice and human AD cases before, using methods,

such as size-exclusion chromatography (SEC), blue native blots,

or density gradients. They have been found to have oligomeric or

protofibrillar conformation33–35 and have been postulated to

serve as a reservoir for smaller, more diffusible toxic oligomers

rather than being toxic themselves.36,37 Fractions 4 to 6 were

of special interest because they contained especially neurotoxic

oligomers between 66 and 150 kDa in experiments with synthetic

Ab28 and presented a local maximum in all transgenic mice and

human samples. Oligomers in this size range might therefore

have particular biological significance despite their lower relative

concentration in the samples.

It is also likely that different co-aggregates of Ab are found in

different fractions. Oligomer binding proteins, such as apolipo-

protein E (ApoE), influence the apparent aggregate size of Ab as-

semblies consisting of otherwise similar numbers of Ab units.38

The investigation of the composition and function of potential

co-aggregates in these fractions is a subject of further research.

In comparison with the strong bands observed in the western

blot using the antibody 6E10, the concentrations of Ab oligomers

from APPSwDI mouse brains measured by sFIDA assay using the

antibodies Nab228 and IC16 were lower than expected, albeit

still within the dynamic range of the assay. A control of the west-

ern blot using antibodies Nab228 and IC16 also yielded strong

bands (Figure S1). These findings suggest that Ab oligomers

from APPSwDI brain homogenate samples have less

accessible epitopes for the antibodies used in the sFIDA but

that these epitopes were released by the denaturing conditions

of the SDS-PAGE. In contrast to APPLon and APP/PS1 mice,

the Ab variant expressed in APPSwDI mice contains two amino

acid residue replacements (E22Q/D23N). This highly artificial

APP variant, which does not exist in humans, possibly results

in Ab monomers that form oligomers with conformations that

are different from those obtained from other transgenic models

and humans. Such different conformations possibly result in

reduced accessibility of the epitopes for the respective anti-

bodies in non-denaturing conditions, even though the epitopes

as such are not affected by the APP mutations. Still, we were

able to clearly discriminate APPSwDI samples from wild-type

samples in all fractions at a 1:10 dilution. All transgenic

mice tested here showed full-blown pathology, which would be

relevant for curative studies like the one conducted by Schem-

mert et al.,21 in which sFIDA assay was used for the first time

to monitor in vivo target engagement. The development and

possible changes in aggregate size can be monitored in mice

of different ages to further characterize existing or novel mouse

models of AD.
< 0.05; #versus buffer, p < 0.05; xversus both control peptides D1 and QB37,

ls post hoc analysis). (B), (D), (F), and (H) Determination of the reaction rate

D5 (F), or AD6 (H). Only the data corresponding to the three RD2 concentrations

. Effective RD2 concentrations were assumed to be 1 mM for the 5 mMdata and

ations in the prepared sample after dilution and are not directly related to the

ean ± SD N = 3 (technical replicates). Refer to Figure S3 for representative TIRF

RD2.
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Figure 6. Effect of RD2 on different DGC

fractions of human brain homogenate

(A and B) DGC fraction 10 of human AD brain ho-

mogenate (ADcases2and6), representing thepeak

of sFIDA signal,wasdiluted1:10andwas incubated

with 0, 5, or 20 mM RD2. After incubating for the

indicatedduration, theAboligomerconcentrationof

the samples was analyzed by sFIDA assay.

Concentrations given here reflect the actual con-

centrations in thepreparedsampleafter dilutionand

are not directly related to the concentrations in un-

diluted samples, shown in Figure 2. Data are pre-

sented asmean concentration ±SDN = 3 (technical

replicates). *between groups, p < 0.05; #versus

buffer, p < 0.05 (Kruskal-Wallis one-way ANOVA on

ranks with Student-Newman-Keuls post hoc anal-

ysis).

(CandD)DGCfractions4 to6ofhumanADbrainho-

mogenate (AD cases 2 and 6), representing a local

maximum in the size distribution of Ab oligomers,

were pooled and were incubated with 0 or 20 mM

RD2 overnight. Samples were analyzed by sFIDA

assay. Concentrations given here reflect the actual

concentrations in the prepared sample after dilution

and are not directly related to the concentrations in

undiluted samples, shown in Figure 2. Data are pre-

sented as mean ± SD N = 3 (technical replicates).

*between groups, p < 0.05 (two-tailed t test); TIRF

images are displayed in Figure S4.
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Human AD brain homogenates showed much larger inter-indi-

vidual variability of their total Ab oligomer concentrations

compared with those of transgenic mice, which was expectable

due to the generally larger variation among human patients

compared with inbred mouse strains. It is also possible that the

location from which the samples were taken for homogenization

affected the total amount of aggregates later found in the sample:

All human samples used in the present study were from the supe-

riorparietal lobule, but inhomogeneityof the local distributionofAb

might still occur, which would not be noticeable in mice of which

thewholebrainswereused.Althoughmostly lackingAbpathology,

NC samples also showed low amounts of oligomers with a

maximum in fraction 10 aswell. The occurrence of theseminiscule

amounts of oligomers is in linewith the fact that sporadic accumu-

lation of Ab can generally be found long before cognitive symp-
10 Cell Reports Medicine 3, 100630, May 17, 2022
toms would occur, if the afflicted person

were to develop AD at all.39 Regardless

of the differences in absolute concentra-

tions and in amyloid plaque pathology,

the relative distribution of Ab oligomer in

AD samples was mostly comparable with

that of APP/PS1 mice, possibly indicating

similar types of aggregates.

Ex vivo target engagement of the
oligomer-eliminating compound
RD2
There is an urgent need to assess the

value of pre-clinical animal experiments

for their predictability in clinical studies,
especially in the field of AD. Previously, we described that oral

treatment with RD2 in aged APP/PS1 mice with full-blown pa-

thology yielded improvement of cognition, memory, and

behavior. We rationalized that this outcomewas based on the ef-

ficacy of the compound to directly eliminate toxic Ab oligomers,

a mode of action that RD2 was designed and developed for.

Indeed, a significant reduction of Ab oligomer concentration in

fraction 10 of fractionated brain homogenate was found.21

To further substantiate the rationale that RD2 will show the

same efficacy also in AD patients, we demonstrated that the

Ab oligomers obtained from brains of the APP/PS1mousemodel

and from human patients do have very similar size distributions,

suggesting that the target Ab oligomer has similar properties in

both sources. The range of Ab oligomer concentrations found

in AD-affected human brain samples overlapped with that of



Table 1. Details of human brain donors

Gender Age Braak Amyloid Post mortem Interval

AD1 M 77 5 C 4:30 h

AD2 M 91 4 4:15 h

AD3 F 85 6 C 4:00 h

AD4 F 96 5 3:30 h

AD5 F 83 6 C 4:55 h

AD6 M 84 6 C 4:35 h

NC1 M 84 1 O 7:05 h

NC2 M 93 1 O 5:05 h

NC3 F 78 2 7:30 h

NC4 F 78 1 A 7:10 h
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the APP/PS1 mouse model. This similarity in Ab oligomers in the

animal experiment and in human patients may already give some

degree of confidence to the translation of the pre-clinical efficacy

data for clinical trials.

Even more confidence is obtained from the direct observation

of RD2-eliminating Ab oligomers from APP/PS1 mouse brain ho-

mogenate ex vivo (Figure 3) and from AD patient-derived brain

homogenate (Figures 4 and 5). During the ex vivo target engage-

ment of RD2 in unfractionated brain homogenates of AD

patients, we found a dose- and time-dependent reduction of

Ab aggregates. Two further D-peptides of similar size as RD2

were chosen as controls, D1 and QB37. None of these two pep-

tides showed any dose-dependent effect, indicating that the

observed reduction of Ab oligomer concentration was indeed

specific for RD2. A closer look at earlier time points of homoge-

nate at a 1:20 dilution with 20 mMRD2 (Figure 5) revealed that the

majority of the reaction took place in the first 40 min of pre-incu-

bation time. Importantly, no reaction was observed without pre-

incubation time, which means that no further reaction took place

during the incubation with capture antibody on the sFIDA assay

plate. It also shows that the observed effect is not attributed to

any interaction of RD2 with the assay setup as such. The brain

homogenates that we used here present a very complex matrix

due to the abundance of different proteins that become released

during the homogenization procedure. A considerable portion of

RD2 is possibly bound to proteins other than Ab, while its posi-

tive net charge makes it also likely to interact with nucleic acids,

glycoproteins, and membrane constituents, such as phospho-

lipids.40 In order to describe the time and dose dependency of

the reduction of Ab oligomers by RD2 by global kinetic parame-

ters, a concentration of 4 mM of RD2 considered as bound

(‘‘threshold dose’’) was subtracted from the respective total

RD2 concentrations. The best fit was achieved with a double

exponential decay model, suggesting a fast and a slow reaction.

This could be indicative of different types of Ab aggregates pre-

sent in the sample that have different susceptibility to RD2. The

calculated reaction rate constants, while generally in the same

range, were global only within each sample but could potentially

be used to compare different compounds. We observed ex vivo

target engagement of RD2 in pooled DGC fractions 4 to 6 and in

a 1:10 dilution of fraction 10 in human samples as well. Unlike

fractions 4 to 6 and unfractionated homogenate, fraction 10
showed a notable decrease of Ab oligomer concentration

without pre-incubating with RD2, indicating that the majority of

the reaction either happened within less than a minute or during

the interval of about 120 min, in which the capture and first

washing steps were completed. The latter, however, seems

less likely due to the aforementioned observations in unfractio-

nated brain homogenate. On the one hand, this might be due

to high susceptibility to RD2 of the particular oligomers in fraction

10. On the other hand, possible matrix effects should be taken

into account. While the overall oligomer concentration was

almost equally high in a 1:10 dilution of fraction 10 and a 1:20

dilution of homogenate, DGC fractionation generally results in

a reduction of complexity and in a dilution of the total protein

concentration.

Thedoseand timedependenceofRD2activity resembles thatof

an enzyme. This is well in agreement with the proposed mode of

action of RD2. RD2 is designed to stabilize Ab monomers in their

native intrinsically disordered conformation. Ab oligomers, there-

fore, are destabilized by RD2, which is ultimately disassembling

Ab oligomers into monomers. Complexes of RD2 with Ab mono-

mers are transient, but of high affinity in the nanomolar KD range,
17

and may be called fuzzy complexes.41 The observed dose- and

time-dependent Ab oligomer elimination by RD2 agrees well with

thehypothesis thatRD2 isactingsimilar toachaperone42 that folds

Ab oligomers back into natively folded Abmonomers (Figure S6).

CONCLUSION

sFIDA reliably allowed the reproducible measurement of Ab

oligomer concentrations in postmortem brain tissues from trans-

genic ADmouse models and from human AD patients. The com-

bination of sFIDA with particle-size-dependent fractionation of

the respective brain tissue homogenates by DGC allowed the

quantitative analysis of the particle size distribution of Ab oligo-

mers. Although the absolute oligomer concentrations varied

between individual AD patients and between the different mouse

models by about two orders of magnitude, oligomer size

distributions were very similar among human AD samples as

well as between human AD samples and transgenic mice. The

similarity of size distributions of Ab oligomers in AD mouse

models and humans supports a translational value of beneficial

effects for cognition observed in the respective animal model,

at least for drug candidates that eliminate Ab oligomers, espe-

cially when animal models have been used that express human

wild-type Ab.

Also, animal and human brain tissue can be used to assay for

ex vivo target engagement of drug candidates designed for

direct Ab oligomer elimination. Our results on ex vivo target

engagement of RD2 support the findings of earlier in vitro and

in vivo studies demonstrating the Ab oligomer elimination activity

of RD2.18,21 After ex vivo treatment with RD2, the concentrations

of Ab oligomers in brain homogenates, as measured by sFIDA

assay, were reduced. Due to the specificity of sFIDA assay for

multimeric Ab assemblies, reduction of sFIDA-obtained oligomer

concentrations suggests monomerization of existing, native Ab

oligomers in the samples. The combination of DGC fractionation

and sFIDA provides a general and sensitive tool for characteriza-

tion and identification of different Ab (co-)aggregates and further
Cell Reports Medicine 3, 100630, May 17, 2022 11
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monitoring of ex vivo and in vivo target engagement. This allows

testing of the efficacy of oligomer-eliminating compounds devel-

oped for therapy of AD with a fully physiological composition of

Ab aggregates in addition to conventional target engagement

studies with pure, synthetic, or recombinant Ab oligomers.

Here, effective target engagement of the compound RD2 with

human samples could be a promising indication of its efficacy

in human patients. Safety in humans has been demonstrated

already.43 The principle of using ex vivo-obtained oligomers to

test efficacy of oligomer-eliminating compounds using sFIDA

can be translated to other disease-relevant oligomers, such as

a-synuclein or tau oligomers.
Limitations of the study
Our analysis of a limited number of human brain samples

revealed variability concerning the individual Ab oligomer

concentrations. Yet, we reliably observed ex vivo target

engagement of RD2 in samples derived from different donors,

supporting the mode of action and the general concept of

RD2’s ex vivo target engagement. The reduction of effective

peptide concentrations by potential matrix effects in native hu-

man brain homogenates is also a point of concern. In future

studies, further attempts may be undertaken to reduce this ef-

fect, for example, by using isolated DGC-obtained fractions

with reduced matrix content.
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EXPERIMENTAL MODEL AND SUBJECT DETAILS

Animal models
Three different transgenic Alzheimer’s disease (AD) mouse models were used:

APPswe/PS1DE9 (APP/PS1, RRID:MMRRC_034832-JAX): This well-characterized double-transgenic model was created by Jan-

kowsky et al.45,46 by co-expressing two previously described transgenes. The mice express chimeric mouse/human APPswe (mouse

APP695 with human Ab domain and ‘‘Swedish’’ mutation K595M/N596L, first created by Borchelt et al.47) and human PSEN1 lacking

exon 948 under control of mouse prion protein promoters. The mutant PSEN1 shifts the ratio of Ab40/Ab42 in favor of the more amy-

loidogenic Ab42. The mice start developing plaques at about 4 months,49 synaptic loss in the hippocampus at 4 months,50 astroglio-

sis51 and deficits in contextual memory starting at six months of age.52 Spatial memory, as assessed by the Morris water maze

(MWM), has been found to be impaired in 12-month-old mice.53 APP/PS1 mice do not develop tau tangle pathology, and show

only moderate neuronal loss in the vicinity of plaques.54 Successful in vivo target engagement of the oligomer eliminating D-peptide

RD2was demonstrated in a study fromSchemmert et al.,21 with RD2-treatedmice showing significant cognitive improvement as well

as a reduction of Ab oligomers. The mice were purchased from Jackson and were bred in-house on a C57BL/6J background. In the

current study, threemale 18month-old heterozygous APP/PS1mice on aC57BL/6J backgroundwere used, since they showdistinc-

tive cognitive deficits in the Morris water maze (MWM) and full-blown plaque pathology at this age.49,55

APPSwDI (RRID:MMRRC_034843-JAX): This mouse model was created by Davis et al.56 by expressing human APP (isoform 770)

containing ‘‘Swedish’’ (K670N/M671L), ‘‘Dutch’’ (E693Q), and ‘‘Iowa’’ (D694N) mutations under the control of the mouse Thy1.2 pro-

moter on a C57Bl/6J background. ‘‘Dutch’’ and ‘‘Iowa’’ mutations are located within the Ab domain, creating a vasculotropic Ab

variant (E22Q/D23N); single ‘‘Dutch’’ or ‘‘Iowa’’ mutations are associated with severe familial cerebral amyloid angiopathy.57,58 Het-

erozygous APPSwDI mice accumulate extensive microvascular fibrillar Ab deposits starting at six months of age, and diffuse Ab de-

posits starting at three months of age, covering most of the forebrain by twelve months of age.56 In addition, they develop gliosis

especially in the thalamus and subiculum, increasing over the course of 24 months. Homozygous APPSwDI mice develop pathology

faster and to a greater extent, and cognitive deficits were reported using the Barnesmaze.59 Themice were purchased from Jackson

and were bred in-house on a C57BL/6J background. In the current study, three female 25.5-month-old homozygous APPSwDI mice

were used.

APPLon (RRID:MGI:3717578): Transgenic mice overexpressing human APP695 with the APPV717I (‘‘London’’) mutation under con-

trol of themouse Thy-1 promotor were first introduced byMoechars et al.60 In addition to amyloid plaques starting at about 10months

of age, these mice develop cerebral amyloid angiopathy (CAA) bearing similarity to a subset of human AD cases as they age.61

APPLon mice show cognitive impairment starting at six months of age, before plaques become evident.60,62 The mice were originally

obtained from Fred van Leuven, and were bred in-house on a C57BL/6J background. For analysis in the current study, two male and

two female heterozygous APPLon mice of more than 24 months of age were used.

Wildtype C57BL/6J mice (RRID:IMSR_JAX:000664) were used as negative controls. All mice were housed under controlled con-

ditions, with a light/dark cycle of 12/12 h, a temperature of 22�C and 54% humidity. Food and water were available ad libitum.

Upon reaching a certain age, as described above, mice were sacrificed, brains were removed, and immediately snap-frozen in

isopentane. Brain hemispheres were stored at �80�C until further use.

All procedures involving animals were done in accordance with the German Law on the protection of animals (TierSchG). All animal

experiments were performed in accordance with the German Law on the protection of animals (TierSchG xx 7–9) and were approved

by a local ethics committee (LANUV, North-Rhine-Westphalia, Germany, reference number: Az: 84-02.04.2014.362 or Az:

84-02.04.2019.A304).

Human samples
Human brain samples were obtained from The Netherlands Brain Bank, Netherlands Institute for Neuroscience, Amsterdam (NBB,

open access: www.brainbank.nl), project number 1116. All Material has been collected from donors for or from whom a written

informed consent for a brain autopsy and the use of the material and clinical information for research purposes had been obtained

by the NBB. The part of the study involving human tissue samples was approved by the ethics committee of themedical faculty of the

Heinrich-Heine-University, D€usseldorf (study number: 6215).

Superior parietal lobule samples of six Alzheimer’s disease subjects (AD, 77 to 96 years of age at death, Braak staging 4 to 6) and

four non-demented control subjects (NC, 78 to 93 years of age at death, Braak stage 1 to 2) were used for analysis. Details, including

Braak staging for neurofibrillary tangles (NFT) and amyloid staging as far as provided by the NBB, are listed in Table 1. Two additional

NC samples were provided by NBB, but were excluded from further analyses due to extensive amyloid plaque pathology corre-

sponding to stage ‘‘B’’ on a scale from ‘‘O’’ to ‘‘C.’’

METHOD DETAILS

Preparation of brain homogenates
All homogenates were prepared using a Precellys24 homogenizer (Bertin Instruments, Montigny-le-Bretonneux, France) with

CK14 lysing kits (Bertin Instruments) for 2 3 30 s, 6000 rpm under constant cooling by Cryolys cooling unit (Bertin Instruments).
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All homogenates were centrifuged at 1200 g for 10 min, and the supernatant was used for analysis. The protein concentration of the

homogenate supernatants was assessed by BCA assay. Homogenates were stored at �80�C.
Mouse brain samples

One hemisphere of each animal, excluding the cerebellum, was homogenized at a concentration of 10% w/v in Tris buffer (20 mM

Tris, 250 mM NaCl, pH 8.3) containing cOmplete EDTA-free protease inhibitor and PhosSTOP phosphatase inhibitor (Roche, Basel,

Switzerland).

Human brain samples

Pieces of around 250mgwere homogenized at a concentration of 10%w/v in TBS (24.7 mM Tris, 136mMNaCl, 2.7 mMKCl, pH 7.4)

containing c Omplete EDTA-free protease inhibitor and PhosSTOP phosphatase inhibitor (Roche, Basel, Switzerland).

Density gradient centrifugation
Discontinuous density gradients of 5% to 50% (w/v) iodixanol (OptiPrep, Sigma-Aldrich, St. Louis, MO, USA) buffered to pH 7.4 with

10 mM sodium phosphate buffer (NaPi), were prepared as described by Brener et al.,28 Rzepecki et al.:63 Layers of 260 mL of 50%,

260 mL of 40%, 260 mL of 30%, 780 mL of 20%, 260 mL of 10% and 100 mL of 5% iodixanol were formed in 113 34mm polypropylene

open-top ultracentrifuge tubes (Beckman-Coulter, USA). 100 mL of homogenate supernatant, adjusted to the same amount of total

protein within each group (mouse or human), was overlaid on top of each gradient. After centrifugation at 259,000 g, 4�C for 3 h using

an Optima MAX-XP ultracentrifuge with TLS-55 rotor (both Beckman Coulter, USA), 14 fractions of 140 mL each were collected from

top to bottom.

Incubation of brain homogenates and DGC fractions with D-peptides
RD2 was purchased from CBL Patras (Olenia, Greece). RD2 is a rationally designed derivative of the D-peptide D3 - a compound

which was originally identified by mirror-image phage display against monomeric Ab1-42.
10 RD2 has first been characterized by Olu-

biyi, Frenzel (16). As described earlier, RD2 is effective at eliminating Ab oligomers in vitro18 and has proven its in vivo efficiency in

different AD mouse models.20,21,64 The sequence of RD2 is H-ptlhthnrrrrr-NH2.

D1 was purchased from JPT Peptide Technologies (Berlin, Germany). It was identified by a mirror-image phage display selection

targeting Ab1-42 fibrils
29 and has been shown to bind amyloid plaques in human AD brain tissue sections29 as well as in transgenic

APP/PS1 mouse brain samples.65 The sequence of D1 is H-qshyrhispaqv-NH2.

QB37 was purchased from peptides&elephants (Henningsdorf, Germany). Its sequence is H-sytldlsgfrgh-NH2.

All peptide solutions were freshly prepared in 10 mM NaPi, pH 7.4, from lyophilized powder for each experiment.

DGC derived fraction 10 from APP/PS1 mouse brain homogenate was incubated with an equal volume of RD2 solutions or 10 mM

NaPi, resulting in a dilution factor of 1:2 during incubation. Incubation was performed at 4 �C at 125 rpm. Samples were drawn from

the mixtures after the incubation times indicated in Figure 3, and were flash-frozen and were stored at �80�C until analysis.

For ex vivo target engagement experiments involving dilutions of 10% human brain homogenates or DGC derived fractions 10 as

substrate, the homogenates/fraction 10 were diluted with 10 mM NaPi, pH 7.4. To avoid further dilution of DGC fractions 4 to 6, they

were pooled and were mixed with a volume of RD2 stock solution making up no more than 10% of the total reaction mixture. Incu-

bation was performed at 4�C, 125 rpm. Freezing and thawing was avoided by separately preparing the reaction mixtures at the indi-

cated times before analysis. Even though freeze-thaw cycleswere avoidedwithin a single experiment, samples used for ex vivo target

engagement experiments generally received additional incubation times at 4�C and additional handling, involving e.g. surfaces of

pipette tips and Eppendorf tubes, as compared to the samples displayed in Figures 1 and 2. Therefore, total concentrations of recov-

erable Ab oligomers were expected to be lower in ex vivo target engagement samples.

Surface-based fluorescence intensity distribution analysis (sFIDA) assay
Preparation

sFIDA assays were performed using 384-well glass-bottom microtiter plates (Sensoplate Plus, Greiner Bio-One GmbH, Frickenhau-

sen, Germany). The well bottom was coated with monoclonal antibody Nab228 (RRID:AB_476770, Sigma-Aldrich, St. Louis, MO,

USA) using a multi-step protocol for covalent coupling. The principle of the coupling reactions is described in detail by Kulawik

et al.25 First, the glass surface of the plate was functionalized with APTES ((3-aminopropyl)triethoxysilane; Sigma-Aldrich, St. Louis,

MO, USA): A 5% (v/v) solution of APTES in anhydrous toluene (Sigma-Aldrich, St. Louis, MO, USA) was placed in a desiccator, the

plate was placed above the solution, and incubated in an argon atmosphere for 1 h. After removing the APTES solution, the plate was

dried for 2 h under vacuum.

Next, 20 mL of phosphate buffered saline, pH 7.4 (PBS, Sigma-Aldrich, St. Louis, MO, USA) was added to each well, followed by

20 mL of 4 mM succinimidyl carbonate-poly-(ethylene glycol)-carboxymethyl (PEG, MW 3400, Laysan Bio, Arab, USA) in ddH2O. The

plate was incubated for 1 h at room temperature. After washing five times with ddH2O, the carboxylic acid groups now present on the

glass surface were activated by adding a mixture of 200 mM N-(3-dimethylaminopropyl)-N0-ethylcarbodiimide hydrochloride (EDC;

Sigma-Aldrich, St. Louis, MO, USA) and 50 mMN-hydroxysuccinimide (NHS; Sigma-Aldrich, St. Louis, MO, USA) in 0.1 M 2-(N-mor-

pholino)ethanesulfonic acid (MES; Carl Roth, Karlsruhe, Germany) and incubating for 30 min. After five washes with ddH2O, 20 mL of

5 mg/mL Nab228 in 0.1 M sodium hydrogen carbonate (Carl Roth, Karlsruhe, Germany) was added to each well and incubated over-

night at 4�C. The wells were washed five times each with Tris buffered saline (TBS; SERVA, Heidelberg, Germany) containing 0.05%
e3 Cell Reports Medicine 3, 100630, May 17, 2022
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Tween20 (AppliChem, Darmstadt, Germany) (TBS-T) and TBS without Tween20. The plate was blocked with 1% bovine serum al-

bumin (BSA; AppliChem, Darmstadt, Germany) in TBS containing 0.03% ProClin 300 (Sigma-Aldrich, St. Louis, MO, USA) for 1 h

at room temperature.

Samples and silica nanoparticle standards (SiNaPs, prepared according to H€ulsemann et al.26) were added after washing the plate

five times with TBS-T and TBS and were incubated for 75 min. Depending on the type of sample and the expected concentration of

Ab oligomers, samples were diluted in TBS beforehand to ensure equal distribution and proper separation of aggregates from each

other on the well surface for accurate quantitation: Mouse brain homogenate samples of APPSwDI, APP/PS1 and APPLon were diluted

1:100, their DGC fractions 1:10; wildtype samples were diluted 1:10, their DGC fractions were not diluted. Human brain homogenates

were diluted 1:5, human DGC fractions 1:2. These lower dilutions factors were chosen because of the expected lower total concen-

tration of Ab oligomers and higher variability in human samples in contrast to transgenic mice. Target engagement samples were

used at different dilutions, as indicated in the respective experiments. Drying of the wells would cause artifacts; therefore, a volume

of 20 mL was present in the wells before addition of 20 mL sample, standard, or antibody, resulting in a total volume of 40 mL during

incubation. Due to the aforementioned assay design, an additional dilution factor of 1:2 of the samples’ original concentrations was

included to yield the final dilution. SiNaPs of 20 nm diameter, coated with about 30 Ab1-15 peptides per particle, were used at final

concentrations ranging from 1 fM to 10 pM as calibration standards for Ab oligomers. Samples and standards were measured in

triplicate.

After sample incubation, the plate was washed three times with TBS. Monoclonal detection antibodies Nab228 ( RRI-

D:AB_476770, Sigma-Aldrich, St. Louis, MO, USA) and IC1644 (kindly provided by Prof. Dr. Carsten Korth, Heinrich Heine

University D€usseldorf, D€usseldorf, Germany) were labeled with fluorescent dyes CF633 or CF488A (both), respectively.

Nab228-CF633 (epitope: Ab1-11) and IC16-CF488A (epitope: Ab2-8) were diluted to a concentration of 0.625 mg/mL each

in TBS containing 0.1% BSA and 0.05% Tween20. The solution was centrifuged at 100,000 g for 1 h at 4�C, and 20 mL

of the supernatant was added to each well. After 1 h, the plate was washed twice with TBS. 60 mL TBS containing

0.03% ProClin was added to each well to prevent bacterial growth, and the plate was sealed with plastic foil (SealPlate

film, Sigma-Aldrich, St. Louis, MO, USA).

Image data acquisition

14-bit grayscale images of the glass surface were acquired with a multi-color laser of a total internal reflection fluorescence (TIRF)

microscope (AM TIRF MC, Leica Microsystems, Wetzlar, Germany), using an oil immersion objective (HC PL APO 100x/1.47 OIL

CORR TIRF, Leica, Wetzlar, Germany). TIRF penetration depth was set to 200 nm, exposure time was between 400 and 1000 ms

with an EM gain of 800 to 1000. 25 positions in each well were imaged in both channels (Ch0: Ex/Em 635/705 nm; Ch1: Ex/Em

488/525 nm) with an image size of 1000 x 1000 pixels, corresponding to an area of 1143 114 mm per image. In total, approximately

3% of each well’s surface area was recorded. A complete set of 25 images of a representative well is presented in Figure S5. Repre-

sentative TIRF images shown here (except for Figure S5) are cropped to 25%of their original resolution, and their overall brightness is

slightly adjusted to ensure better visibility on computer screens or printouts. Analysis was carried out with full-size, raw image files, as

described below.

Western blot analysis
For Western blotting, samples were resolved via SDS-PAGE on 12% tris-tricine gels at a constant 45 mA per gel for 1:45 h using

the Mini-PROTEAN Tetra Cell (Bio-Rad, Hercules, USA). Proteins were transferred to a PVDF membrane with a pore size of

0.2 mm (Trans-Blot Turbo Mini PVDF Transfer Pack, Bio-Rad, Hercules, USA) at 25 V, 1.3 A for 7 min, using the Trans-Blot Turbo

Transfer System (Bio-Rad, Hercules, USA). Membranes were boiled in PBS for 5 min in a microwave oven after transfer. After

cooling down to room temperature, the membranes were incubated in fresh PBS for 5 min and in TBS-T (0.1% Tween20) for

5 min. Membranes were blocked with 2% nonfat dried milk powder in TBS-T for 1 h at room temperature. Anti-Ab antibodies

6E10 (RRID:AB_662798, Covance, Princeton, USA), Nab228 (RRID:AB_476770, Sigma-Aldrich, St. Louis, MO, USA) or IC16

(HHU D€usseldorf, Germany) were used at a concentration of 1 mg/mL in TBS-T over night at 4 �C. Following three 10 min

washes with TBS-T, the membranes were incubated with an HRP-coupled goat anti-mouse IgG (RRID:AB_228307, Thermo

Fisher Scientific, Waltham, MA, USA), diluted 1:10000 in TBS-T. After washing three times for 10 min with TBS-T, protein bands

were visualized with a ChemiDoc MP System (Bio-Rad, Hercules, USA) using ECL Select substrate (GE Healthcare, Boston,

USA).

QUANTIFICATION AND STATISTICAL ANALYSIS

Analysis of image data
Images were analyzed using sFIDAta, an in-house developed software. All images containing artifacts such as scratches or images

that were out of focuswere excluded from analysis. Cutoff valueswere calculated for each channel, based on the 0.01%most intense

pixels of the negative control (TBS). Pixels whose intensity exceeded this background intensity threshold in both channels at the

same location (co-localized pixels) were counted to calculate the sFIDA readout. Means and standard deviations of the triplicates

were calculated in sFIDAta.
Cell Reports Medicine 3, 100630, May 17, 2022 e4
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Calculation of Ab oligomer concentration
The sFIDA readout of the SiNaP standards was used to perform a linear regression analysis. Concentrations were calculated based

on this linear regression, reflecting the concentration of oligomer particles of a certain defined size and number of epitopes. Excel

2010 (Microsoft, USA) and OriginPro 9.4 (OriginLab, USA) were used for calculations and graphs.

Statistical analysis
All data are presented as mean ± standard deviation over triplicate wells in single sFIDA measurements (technical replicates), or

mean ± standard deviation over the indicated number (N) of biological replicates. In caseswhere only few different biological samples

were analyzed, or variation between samples was high, technical replicates are shown for each sample separately. The limit of detec-

tion (LOD) and lower limit of quantification (LLOQ) were defined as the concentration exceeding that of the blank sample by 3 or 10

standard deviations, respectively. Further statistical analyses were carried out in SigmaPlot 11.0 (Systat Software, Germany) and are

summed up in Table S1.

The reaction rate constant k1 was fitted in SigmaPlot 11.0 based on the assumption that RD2 was present in large excess

compared to the Ab oligomer concentration [O], so that the principles of a pseudo-first order reaction apply:

½O�t = ½O�0$e� kt

with

k = k1½RD2�
To calculate k1 directly and globally, a modified formula for a double exponential decay was used:

½O�t = ½O�fast � e� k1; fast�½RD2free ��t + ½O�slow � e� k1; slow�½RD2free ��t

Taking into account the observation that a certain threshold concentration of RD2 had to be exceeded to show any effect on olig-

omers in brain homogenate, the assumed free RD2 concentration [RD2]free was used for kinetic fits instead of the original concen-

trations. [RD2]free was calculated by subtracting 4 mM from each of the used concentrations, yielding effective concentrations of 1

and 16 mM. Fits were calculated using the mean concentrations of three technical replicates.
e5 Cell Reports Medicine 3, 100630, May 17, 2022
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Wildtype APPSwDI

APP/PS1 APPLon

Figure S1: Full Western blots of mouse samples and sFIDA data from all individual animals, related to Fig 1.
(A) to (D): Western Blot analysis of undiluted DGC fractions (12 µl per lane) of one representative animal per group in
comparison to a synthetic Aβ1-42 standard. Blots were probed with monoclonal antibody 6E10. (A) wildtype, (B) APPSwDI

hom., (C) APP/PS1 het., (D) APPLon het.
(E): Brain homogenates of one wildtype or APPSwDI mouse (30 µg protein per lane) were probed with monoclonal antibodies
6E10, IC16 or Nab228, each at a concentration of 1 µg/ml. (F): Relative Aβ oligomer concentrations of DGC fractions of
different mouse models, displaying individual data points for each individual animal.
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Figure S2: Full Western blots of human samples, related to Fig 2.
Western Blot analysis of undiluted DGC fractions (12 µl per lane) of one representative human brain sample per
group in comparison to a synthetic Aβ1-42 standard. (A) Non-demented control, (B) Alzheimer’s disease. Blots were
probed with monoclonal antibody 6E10 at a concentration of 1 µg/ml.
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Figure S3: Representative TIRF image sections of human brain homogenate after one day of incubation with D-peptides, related
to Fig 4 and Fig 5. Panel (A), corresponding to Fig 4: Homogenates were diluted 1:10, 1:20 or 1:40 during incubation with D-
peptides. Final dilution factors during image acquisition were 1:20, 1:40, and 1:80, respectively. Red and green fluorescence
channels were merged. The scale bar represents 10 µm. Panel (B): Representative TIRF image sections of human brain
homogenate after one day of incubation with D-peptides, corresponding to the data presented in Fig 5. Homogenates were diluted
1:20 during incubation with D-peptides. The final dilution factor during image acquisition was 1:40. Red and green fluorescence
channels were merged. The scale bar represents 10 µm.

A
D

2 
ho

m
og

., 
1:

20

buffer 1.25 µM RD2 5 µM RD2 20 µM RD2 20 µM D1

A
D

6 
ho

m
og

., 
1:

20

20 µM QB37

RD2 conc.

A

B



Figure S4, related to Fig 6: Representative TIRF image sections of DGC-obtained fractions of human brain homogenate after one
day of incubation with RD2. Red and green fluorescence channels were merged. The scale bar represents 10 µm. (A) Images
corresponding to the analysis of ex vivo target engagement in fraction 10 of human AD brain homogenates. Fraction 10 was
diluted 1:10 during incubation with D-peptides. The final dilution factor during image acquisition was 1:20 (B) Images
corresponding to the analysis of ex vivo target engagement in pooled fractions 4 to 6 of human AD brain homogenates. The final
dilution factor during image acquisition was 1:2.
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Figure S5, related to STAR methods: Acquisition of sFIDA image data and calculation of concentrations using silica
nanoparticle (SiNaP) standards. (A) 25 TIRF images per well are taken in the red and green channel in the order indicated by
the numbers 1 to 25. Each sample is measured in triplicate, resulting in a total of 75 images used for analysis. Overlays of red
and green channels are shown. The sample depicted here is human AD brain homogenate, diluted 1:20 – corresponding to a
final dilution during image acquisition of 1:40. The scale bar represents 20 µm. (B) Co-localized pixels exceeding the
background intensity threshold based on the 0.01% pixels with the highest intensity in the buffer control (0 pM SiNaP) are
counted to calculate the sFIDA readout. Results in (B) and (C) are displayed as mean ± SD, N = 3 (technical replicates). Please
note the logarithmic scale in (B). (C) A serial dilution of SiNaPs coated with a defined number of Aβ1-15 epitopes is used to
calculate the concentration of biological samples by linear regression. (D) The limit of detection (LOD) and lower limit of
quantitation (LLOQ) are calculated using the slope m and Y-axis intercept b of the linear regression line.
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Figure S6, related to Fig 5: Proposed mode of action for RD2. (A) RD2 was designed to stabilize Aβ monomers in
their native, intrinsically disordered conformation – symbolized by circles. This conformation is distinct from the
yet unknown, but certainly highly defined beta-sheet-rich conformation of Aβ building blocks in Aβ oligomers1 –
symbolized by hexagons. Explanation from top to bottom: RD2 molecules – symbolized by circle segments –
approach Aβ oligomers. Due to their affinity to Aβ monomers, each RD2 molecule will interact with one of the Aβ
building blocks within the Aβ oligomer assembly and thereby pushes its conformation towards the intrinsically
disordered monomer conformation. This is incompatible with the oligomer assembly and therefore destabilizing the
oligomer assembly. Further destabilization by interaction of additional RD2 molecules with other monomer
building blocks, ultimately leads to the complete disassembly of the oligomer into Aβ monomers in their native
intrinsically disordered conformation. The affinity between RD2 and Aβ monomers is in the nanomolar KD range
although both molecules remain disordered in this transient complex2, which may therefore be called “fuzzy
complex”3. The mode of action as shown above, predicts three important properties of RD2. First, because less
RD2 molecules are needed than Aβ monomer building blocks are present, RD2 acts at sub-stoichiometric
concentrations. We have shown previously, that even at 1:10 sub-stoichiometric ratios, RD2 is efficiently
disassembling Aβ oligomers. Second, such destabilization of oligomers by RD2 can be expected to be cooperative.
Indeed, we found a Hill coefficient of 32. Third, because RD2 is practically folding Aβ building blocks from
oligomers back to their monomeric conformation, RD2 is acting similar to chaperone. Whether this may be called a
truly catalytic activity remains to be demonstrated. We called this mode of action “anti-prionic”, because it is
ultimately disrupting prion-like behaving aggregates4. (B) Qualitative and schematic free energy landscape for the
anti-prionic mode of action. The black line represents the energy landscape in absence of RD2. Aβ oligomers are
more stable than monomers. This allows the formation of oligomers from monomers thermodynamically, although
there is a kinetic barrier, which is called primary nucleation and currently under intensive investigation5,6.
Stabilization of the Aβ monomer by RD2 is lowering the free energy of the Aβ monomer (red line), when in
complex with RD2 by the free binding energy (blue arrow) of the complex. Thus, in the presence of RD2, the
monomer has a lower free energy as compared to the oligomer, oligomers are disassembled with a reaction rate
that is RD2 and Aβ oligomer concentration dependent, exactly as is demonstrated here in this work (Figure 5).
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Figure ANOVA Post hoc analysis
Degrees of 

freedom

3B
Kruskal-Wallis One-

way ANOVA on ranks
Student-Newman-Keuls 4 H: 12.233, P = 0.016

4A One-way ANOVA Student-Newman-Keuls 8 F: 7.513, P = <0.001

4B One-way ANOVA Student-Newman-Keuls 8 F: 15.667, P = <0.001

4C One-way ANOVA Student-Newman-Keuls 8 F: 30.803, P = <0.001

5A
Kruskal-Wallis One-

way ANOVA on ranks
Student-Newman-Keuls 5 H: 13.865, P = 0.016

5C
Kruskal-Wallis One-

way ANOVA on ranks
Student-Newman-Keuls 5 H: 15.339, P = 0.009

5E
Kruskal-Wallis One-

way ANOVA on ranks
Student-Newman-Keuls 5 H: 12.977, P = 0.024

5G
Kruskal-Wallis One-

way ANOVA on ranks
Student-Newman-Keuls 5 H: 15.129, P = 0.010

6A
Kruskal-Wallis One-

way ANOVA on ranks
Student-Newman-Keuls 2 H: 7.200, P= 0.004

6B
Kruskal-Wallis One-

way ANOVA on ranks
Student-Newman-Keuls 2 H: 7.200, P= 0.004

6C - t-test, two-tailed 4 t: 16.876, P = <0.001

6D - t-test, two-tailed 4 t: 5.880, P = 0.004

Table S1: Summary of statistical analyses, related to STAR methods, Fig. 3, Fig. 4, Fig. 5, Fig. 6 
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