'-) Check for updates

Received: 19 December 2023 Revised: 11 March 2024 Accepted: 15 March 2024

DOI: 10.1002/dad2.12589

Diagnosis, Assessment

RESEARCH ARTICLE Disease Monitoring

Apoligomers peak in early stages of Alzheimer’s disease
preceding tau pathology

LaraBlémeke'?® | FabianRehn?® | Victoria Kraemer-Schulien® | Janine Kutzsche® |
Marlene Pils*>® | Tuyen Bujnicki® | Piotr Lewczuk? | Johannes Kornhuber* |

Silka D. Freiesleben>® | Luisa-Sophie Schneider® | LukasPreis® | Josef Priller>%78 |
Eike J. Spruth>® | Slawek Altenstein®>® | Andrealohse® | AnjaSchneider®° |

Klaus Fliessbach®!® | Jens Wiltfang>'%>'3 | Niels Hansen'? | AydaRostamzadeh!* |
Emrah Diizel*>'® | Wenzel Glanz'®> | Enisel.Incesoy’>!¢ | MichaelaButryn® |
Katharina Buerger'®'® | Daniel Janowitz'® | Michael Ewers'®'? |

Robert Perneczky'®2%21.22 | Boris-Stephan Rauchmann?®2324 | Stefan Teipel®>?¢ |
Ingo Kilimann?>?¢ | Doreen Goerss®>?® | Christoph Laske?”%® |

Matthias H. Munk?”?° | Carolin Sanzenbacher?” | Annika Spottke®3° |

Nina Roy-Kluth® | Michael T.Heneka®' | Frederic Brosseron’® | Michael Wagner®° |
Steffen Wolfsgruber”'® | LucaKleineidam?® | MelinaStark'® | Matthias Schmid”3? |
Frank Jessen”'#33 | Oliver Bannach®? | Dieter Willbold“>* | Oliver Peters>®

LInstitute of Biological Information Processing (Structural Biochemistry: IBI-7), Forschungszentrum Jiilich GmbH, Jiilich, Germany

2attyloid GmbH, Diisseldorf, Germany

3Institut fir Physikalische Biologie, Heinrich-Heine-Universitit Diisseldorf, Diisseldorf, Germany

4Department of Psychiatry and Psychotherapy, Universitatsklinikum Erlangen and Friedrich-Alexander-Universitat Erlangen-Niirnberg, Erlangen, Germany
5Department of Psychiatry and Psychotherapy, Charité, Berlin, Germany

6German Center for Neurodegenerative Diseases (DZNE), Berlin, Germany

7School of Medicine, Department of Psychiatry and Psychotherapy, Technical University of Munich, Munich, Germany

8University of Edinburgh and UK DRI, Edinburgh, UK

?German Center for Neurodegenerative Diseases (DZNE), Bonn, Germany

19Department of Neurodegenerative Disease and Geriatric Psychiatry/Psychiatry, University of Bonn Medical Center, Bonn, Germany
11German Center for Neurodegenerative Diseases (DZNE), Gottingen, Germany

12Department of Psychiatry and Psychotherapy, University Medical Center Goéttingen, University of Géttingen, Gottingen, Germany
13Department of Medical Sciences, Neurosciences and Signaling Group, Institute of Biomedicine (iBiIMED), University of Aveiro, Aveiro, Portugal
14Department of Psychiatry, Medical Faculty, University of Cologne, Cologne, Germany

15German Center for Neurodegenerative Diseases (DZNE), Magdeburg, Germany

16|nstitute of Cognitive Neurology and Dementia Research (IKND), Otto-von-Guericke University, Magdeburg, Germany

17Department for Psychiatry and Psychotherapy, University Clinic Magdeburg, Magdeburg, Germany

18German Center for Neurodegenerative Diseases (DZNE, Munich), Munich, Germany

Lara Blémeke, Fabian Rehn, and Victoria Kraemer-Schulien contributed equally to this study.

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial License, which permits use, distribution and reproduction in any
medium, provided the original work is properly cited and is not used for commercial purposes.
© 2024 The Authors. Alzheimer’s & Dementia: Diagnosis, Assessment & Disease Monitoring published by Wiley Periodicals LLC on behalf of Alzheimer’s Association.

Alzheimer’s Dement. 2024,16:€12589. wileyonlinelibrary.com/journal/dad2 | 1of12
https://doi.org/10.1002/dad2.12589


http://creativecommons.org/licenses/by-nc/4.0/
https://wileyonlinelibrary.com/journal/dad2
https://doi.org/10.1002/dad2.12589
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fdad2.12589&domain=pdf&date_stamp=2024-04-25

20f12 Diagnosis, Assessment

BLOMEKE ET AL.

Disease Monitoring

1%|nstitute for Stroke and Dementia Research (ISD), University Hospital, LMU Munich, Munich, Germany

20Department of Psychiatry and Psychotherapy, University Hospital, LMU Munich, Munich, Germany

21Munich Cluster for Systems Neurology (SyNergy) Munich, Munich, Germany

22 Ageing Epidemiology Research Unit (AGE), School of Public Health, Imperial College London, London, UK

23Sheffield Institute for Translational Neuroscience (SITraN), University of Sheffield, Sheffield, UK

24Department of Neuroradiology, University Hospital LMU, Munich, Germany

25German Center for Neurodegenerative Diseases (DZNE), Rostock, Germany

26Department of Psychosomatic Medicine, Rostock University Medical Center, Rostock, Germany

27German Center for Neurodegenerative Diseases (DZNE), Tiibingen, Germany

28Section for Dementia Research, Hertie Institute for Clinical Brain Research and Department of Psychiatry and Psychotherapy, University of Tiibingen, Tiibingen,

Germany

29Department of Psychiatry and Psychotherapy, University of Tiibingen, Tiibingen, Germany

30Department of Neurology, University of Bonn, Bonn, Germany

31Luxembourg Centre for Systems Biomedicine (LCSB), University of Luxembourg, Belvaux, Luxemburg

32|pstitute for Medical Biometry, University Hospital Bonn, Bonn, Germany

33Excellence Cluster on Cellular Stress Responses in Aging-Associated Diseases (CECAD), University of Cologne, KéIn, Germany

Correspondence

Oliver Peters, Charité - Universitatsmedizin
Berlin, Klinik fiir Psychiatrie und
Psychotherapie CBF, Hindenburgdamm 30,
12203 Berlin, Germany.

Email: oliver.peters@charite.de

Oliver Bannach, attyloid GmbH,
Merowingerplatz 1a, 40225 Dusseldorf,
Germany.

Email: o.bannach@attyloid.com

Dieter Willbold, Institute of Biological
Information Processing (1BI-7),
Forschungszentrum Julich,
Wilhelm-Johnen-Stral3e, 52428 Jilich,
Germany.

Email: d.willbold@fz-juelich.de

Funding information

“Biomarkers Across Neurodegenerative
Diseases | + 11" of The Alzheimer’s Association;
Alzheimer’s Research UK and the Weston
Brain Institute, Grant/Award Numbers: 11084,
BAND-19-614337; The Michael J. Fox
Foundation for Parkinson’s Research,
Grant/Award Numbers: 14977,009889; ALS
Association, Grant/Award Number: 19-S1-476;
Packard Center, Grant/Award Number:
19-S1-476; Deutsche Forschungsgemeinschaft,
Grant/Award Numbers: INST 208/616-1
FUGG, INST 208/794-1 FUGG; Helmholtz
Association, Grant/Award Number: HVFO079

Abstract

INTRODUCTION: Soluble amyloid beta (AB) oligomers have been suggested as initiat-
ing AB related neuropathologic change in Alzheimer’s disease (AD) but their quantita-
tive distribution and chronological sequence within the AD continuum remain unclear.
METHODS: A total of 526 participants in early clinical stages of AD and controls from
a longitudinal cohort were neurobiologically classified for amyloid and tau pathology
applying the AT(N) system. AB and tau oligomers in the quantified cerebrospinal fluid
(CSF) were measured using surface-based fluorescence intensity distribution analysis
(sFIDA) technology.

RESULTS: Across groups, highest AS oligomer levels were found in A+ with subjective
cognitive decline and mild cognitive impairment. A3 oligomers were significantly higher
in A+T— compared to A—T— and A+T+. APOE &4 allele carriers showed significantly
higher AS oligomer levels. No differences in tau oligomers were detected.
DISCUSSION: The accumulation of AS oligomers in the CSF peaks early within the
AD continuum, preceding tau pathology. Disease-modifying treatments targeting A8
oligomers might have the highest therapeutic effect in these disease stages.

KEYWORDS
Alzheimer’s disease, APOE, AT(N) classification, AB, cerebrospinal fluid, oligomers, preclinical,
prodromal, sFIDA, tau

Highlights

» Using surface-based fluorescence intensity distribution analysis (sFIDA) technol-
ogy, we quantified AB oligomers in cerebrospinal fluid (CSF) samples of the
DZNE-Longitudinal Cognitive Impairment and Dementia (DELCODE) cohort

» ABoligomers were significantly elevated in mild cognitive impairment (MCI)

» Amyloid-positive subjects in the subjective cognitive decline (SCD) group increased

compared to the amyloid-negative control group
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* Interestingly, levels of AB oligomers decrease at advanced stages of the disease

(A+T+), which might be explained by altered clearing mechanisms

1 | BACKGROUND

Alzheimer’s disease (AD) is a neuropathological disorder accompanied
by abnormal protein deposits such as amyloid plaques and neurofibril-
lary tangles (NFTs)! which may occur up to 20 years before the onset
of clinical symptoms.23

Soluble amyloid beta (AB) oligomers are neuro- and synaptotoxic A
aggregates implicated in triggering AD-related AgB pathology that are
derived from the sequential cleavage of the transmembrane amyloid
precursor protein (APP).*> A growing body of research indicates that
deficient clearing mechanisms prevent Af oligomer degradation and
facilitate the accumulation of AB species into insoluble plaques.*¢~?
Furthermore, the formation of toxic AB oligomers and fibrils in the
cerebrospinal fluid (CSF) has been associated with a decreased ratio of
AB42/AB40, and an increased amyloid plague burden as measured by
positron emission tomography (PET).1%11 Thus, increased AS oligomer
levels and increasing A plaque burden might act as a surrogate
marker for deficient A monomer clearance. Furthermore, in a series
of experiments that included human brain autopsy and rat models, tau
pathology measured by phosphorylated tau (pTau) in the CSF or by PET
was found to act downstream of synaptic AB oligomer accumulation.?
Consequently, examining potential differences in AS oligomer concen-
trations in different biomarker profiles across the AD spectrum might
help identify individuals in the earliest stages of AD, thereby allowing
to identify a unique window of opportunity for effective therapeutic
intervention.!3 Yet, little is known how the levels of ApBoligomersinthe
CSF correlate with the stages of AD, or whether they could serve as
reliable biomarkers for disease progression.'* In order to investigate
the role of AB oligomer concentrations, the National Institute on
Aging and the Alzheimer’s Association (NIA-AA) research framework
provide a unified biological definition of Alzheimer’s disease, capable
of identifying early pathological changes and biomarker interactions
related to the disease.>1°

According to the NIA-AA research framework, individuals can be
placed on the Alzheimer continuum once pathological Aj aggregation
(ie, A+) arises, regardless of their cognitive status.»?> In the revised
NIA-AA research framework, six symptom stages of AD are defined,'¢
with stages 1 and 2 characterizing individuals with preclinical AD that
are cognitively unimpaired (CU).1>1¢ |n stage 1, experiencing subjec-
tive cognitive decline (SCD) has to be absent, whereas individuals can
experience SCD or newly acquired neurobehavioral symptoms in stage
2.16 Stages 3, 4, 5, and 6 correspond to mild cognitive impairment
(MCI), and mild, moderate and severe AD dementia, respectively.
Although the revised research framework is closely linked to the AT(N)
(A, amyloid; T, tau; N, neurodegeneration) classification system for AD
biomarkers, the presence of pTau pathology (ie, T+) is not essential to

be placed on the AD continuum, as pTau pathology has been suggested
to be a downstream event of amyloid pathology, and may therefore
arise at later disease stages.! Consequently, individuals on the AD
continuum can have varying biomarker profiles (eg, A+T— or A+T+),
where A+T— indicates early pathologic change, whereas full-blown
AD pathology (ie, the presence of both pathological amyloid and pTau
deposition; A+T+) might occur at a later time®.

Accordingly, the present study aims to elucidate the role of CSF
AB and tau oligomers in individuals along the AD continuum stratified
for different biomarker profiles (ie, A—~T—, A=T+, A+T—, and A+T+),
assuming that these different cross-sectional profiles reflect the tem-
poral evolution of AD, with subjects being in one of these biological
disease stages. Using surface-based fluorescence intensity distribu-
tion analysis (sFIDA), a platform technology for the quantitation of

protein aggregates in biofluids,’-21

we specifically aimed to investi-
gate whether oligomer titers differ between biomarker profiles, and
whether there is an association between amyloid positivity (ie, A+),
oligomer concentrations, and diagnostic status. Lastly, as carrying the
¢4 allele of the apolipoprotein E (APOE) gene is the most important
genetic risk factor in sporadic AD,22 we examined whether the concen-

trations of A3 and tau oligomers are increased in APOE ¢4 carriers.

2 | METHODS
2.1 | Samples and design

In the present study, demographic and clinical information and CSF
baseline samples from 526 participants of the DZNE-Longitudinal Cog-
nitive Impairment and Dementia (DELCODE) study?® were included.
Details on the overall DELCODE study design, definition of patient
groups including criteria for patient enrollment, and execution of
cognitive, neuropsychological tests as well as biomaterial sampling,
APOE-genotyping, PET, magnetic resonance imaging (MRI) and CSF
biomarker assessment are described in Jessen et al.2% All participants
provided their written informed consent. Only participants with a
minimum of 18 points on the Mini-Mental State Examination (MMSE)
qualified for the AD group in the DELCODE study.?® In short, partic-
ipants were recruited from 10 memory clinics throughout Germany
and allocated to 5 participant groups, that is, the cognitively unim-
paired control (C) group, SCD, MCI, mild AD dementia, and healthy
first-degree relatives of AD patients (REL). To increase the number
of controls in the present study, the REL were integrated into the
control group. In order to classify participants according to the AT(N)
classification system, we used cutoffs established within the DELCODE
cohort, that is, AB42 < 638.7 pg/mL, total tau (tTau) > 510.9 pg/mL,
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and pTau > 73.65 pg/mL.2* CSF samples were stored at —80°C and did
not undergo a freeze-thaw cycle. All 526 samples were blinded at the
timepoint of sFIDA measurement.

2.2 | Oligomer measurement using sFIDA

We previously developed sFIDA to specifically and sensitively mea-
sure protein oligomers and aggregates in biofluids.t”~1? sFIDA uses a
sandwich-like biochemistry employing the same capture and detection
antibodies with linear epitopes to reliably measure the whole fraction
of AB or tau oligomers and larger, but still soluble, aggregates even
in the presence of excessive monomers. Due to the use of fluores-
cence microscopy and sophisticated image analysis, sFIDA yields single

particle sensitivity.

2.3 | Synthesis of protein conjugated silica
nanoparticles

For assay development and as assay control we used our previ-
ously developed silica nanoparticle (SiNaP) standard standard.?>26 Ag
SiNaPs were coated with amino acids 1—15 of the AB protein (pep-
tides and elephants, Henningsdorf, Germany) as described in Blomeke
et al.? Shortly, SiNaPs were synthetized using the Stober process and
afterwards aminated using (3-aminopropyl)triethoxysilane (APTES,
Sigma-Aldrich, St. Louis, MO, USA).2>26 |n the next step, activated
maleimidohexanoic acid (MIHA, abcr GmbH, Karlsruhe, Germany) was
allowed to react covalently with the amines. Finally, AB1—15 function-
alized with cysteamine at the C-terminus was added to react with the
maleimide groups of the particles.

Tau SiNaPs were coated with full-length tau protein (2N4R). Here,
we used a different approach which was previously described in Hilse-
mann et al.?> In this approach, synthesized and aminated SiNaPs
were further functionalized with succinic anhydride (Sigma-Aldrich). To
enable reaction, the pellet of aminated SiNaPs was redispersedin 0.1 M
succinic acid anhydride in N,N-dimethylformamide anhydrous (DMF)
and incubated for 2 hours at 70°C and afterwards for 2 days at room
temperature (RT) when stirring. The carboxylated SiNaPs were washed
three times with ddH,O by centrifugation (7 minutes at 10,000 x g)
and redispersion. For biofunctionalization, carboxylated SiNaPs were
activated with 20 mM 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide
(EDC; Sigma-Aldrich) and 5 mM N-hydroxysuccinimide (NHS; Sigma-
Aldrich) in a buffer of 0.1 M 2-(N-Morpholino)ethanesulfonic acid
(MES; Carl Roth, Karlsruhe, Germany) while shaking for 1 hour at RT.
After two washing steps (centrifugation at 18,200 x g for 10 min-
utes) and redispersion in phosphate-buffered saline (PBS), full-length
tau protein was added. The next day, biofunctionalized SiNaPs were
washed twice with ddH,O as described before.

SiNaPs were characterized based on particle size and shape as
previously described.1?2> Size and shape of the particles were deter-
mined using transmission electron microscopy while concentrations
were determined using inductively coupled plasma-mass spectrometry
(ICP-MS).

RESEARCH IN CONTEXT

1. Systematic review: AB oligomers are the most toxic AS
species. They disrupt synaptic communication and may
thereby initiate neurodegeneration in Alzheimer’s dis-
ease (AD). In order to elucidate the temporal order of
amyloid (A) and tau (T) pathology along the AD contin-
uum, we quantified cerebrospinal fluid (CSF) AB and tau
oligomers in different disease stages.

2. Interpretation: CSF Ap oligomers were significantly
higher in participants with subjective cognitive decline
(stage 2) and mild cognitive impairment (stage 3) clas-
sified as A+. Interestingly, A+T+ showed comparably
lower ABoligomer levels, which might be due to increased
binding to amyloid plaques over time.

3. Futuredirections: Further research examining the under-
lying mechanisms of the rise and fall of A oligomers along
the AD continuum is needed.

2.4 | Labeling of antibodies

To detect oligomers in samples, we labeled the antibodies Nab228
(Sigma-Aldrich) and Tau12 (BioLegend, San Diego, CA, USA) with the
fluorescent dyes CF633 (Sigma-Aldrich) and CF488A (Sigma-Aldrich)
according to manufacturer’s protocol. The principle of reaction, the
purification, and the determination of concentration and degree of

labeling were previously described.'?

2.5 | Assay protocol

The biochemical principle of sFIDA has been reported elsewhere 2”28
Inthe present study, we used Nunc MicroWell 384-well plates for each
experiment (Thermo Fisher Scientific, Waltham, MA, USA) functional-
ized with N-terminal monoclonal antibodies Nab228 (Sigma-Aldrich)
and Taul2 (BioLegend) at a concentration of 2.5 pg/mL in 0.1 M
NaHCOQOS3. After overnight incubation at 4°C, we washed the plates
five times with 80 pL tris-buffered saline (TBS)-T (1xTBS; Serva
Electrophoresis, Duisburg, Germany) containing 0.05% Tween20
(AppliChem, Darmstadt, Germany) and afterwards five times with
TBS (405 LS Microplate Washer, BioTek, VT, USA). To block remaining
binding sides of the glass surface, 1% bovine serum albumin (BSA;
AppliChem) in TBS with 0.03% ProClin (Sigma-Aldrich) were incu-
bated for 1.5 h at RT. After washing five times with TBS-T and TBS
as described above, we diluted a mix of AS and tau SiNaPs in PBS
(Sigma-Aldrich) containing 0.5% BSA and 0.05% Tween (dilution
factor 1:2) and applied 20 pL of each dilution and 20 pL of undiluted
samples to the plate. The plate was incubated for 2 hours at RT
and thereafter washed five times with TBS. Then 20 pL of fluorescent
detection antibodies Nab228 CF633 (0.156 pg/mL) and Tau12 CF488A
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(0.312 pg/mL) diluted in TBS were applied and incubated for 1 hour
at RT. Finally, the plate was washed five times with TBS and the buffer
was exchanged against TBS-ProClin. In order to obtain a sufficient
number of replicates, each dilution and all samples were applied in a
quadruple determination.

2.6 | Image data acquisition

For imaging of the assay surface, we used total internal reflec-
tion microscopy (TIRF-M; Leica, Wetzlar, Germany)?’ (excitation:
635 nm, emission filter: 705/22 nm; excitation: 488 nm, emission filter:
525/36 nm; exposure time: 1500 ms; gain: 800). In total, 25 images per

well were measured with 1000 x 1000 pixels each.

2.7 | Quantification and statistical analyses

Quantification and general statistical analyses were carried out using
Python 3.9.7 (Python software foundation, Wilmington, USA; pack-
ages: scipy version 1.7.3) and Origin 2020 (OriginLab Corporation,
Northampton, USA). Data were further analyzed for normal distribu-
tion and in the case of not normally distributed data, nonparametric
tests, for example, Spearman correlation or Mann-Whitney U-test,

were used for further analyses.

2.8 | Image data analysis

For analysis of the images, the in-house developed software tool
sFIDAta was used including the detection and elimination of artefact-
containing images.2%2” The analysis itself is based on the number of
pixels above a defined cutoff value, which is defined as the pixel count.
The cutoff is defined as the grayscale value at which the blank con-
trol exceeds a number of 100 pixels (0.01% of total pixels). The cutoff
value is determined for each experiment individually. Moreover, 10%
of images per well with the highest and lowest pixel counts were
excluded from analysis to ensure that no artificial images influence the
readouts.?82? Given pixel counts were calculated as the mean of the

four sample wells.

2.9 | Analytical validation

To assess intra-assay variability of SiNaPs and samples, the coeffi-
cient of variation (CV) percentage of the four test replicates within the
same run was calculated (Table S1). Furthermore, analytical selectivity
of the assay was investigated applying different assay control setups
as described previously.181%30 |n this study, we investigate if 2 pM
of AB or tau SiNaPs interfere with the assay surface in the absence
of capture antibodies (capture control), show false-positive signals
due to autofluorescence component of the used assay buffers (aut-

ofluorescence control, no detection probe), or show cross-reactivity

Disease Monitoring

with anti-a-synuclein detection antibodies. In addition, the selectivity
of the used assay antibodies was analyzed using equimolar concen-
trations of a-synuclein-coated SiNaPs. Since monomeric species of
AB and tau are present in excess compared to synthetic oligomers
and therefore can falsify the measurement signals, we have addi-
tionally compared equimolar concentrations of monomeric as well

30 and

as oligomeric species, that is, 1 nM of synthetic Ag oligomers
250 pM tau oligomers?? (Figure S1). Afterward, the signal reduction of
each assay control was calculated based on the normalized pixel counts

according to Equation (1).

Signal reduction [%]

_ < pixel Countassay control — pixel Countblank control

- : ) x 100% (1)
p'XeI Countreference - plxel Countblank control

2.10 | Data scaling

Since oligomer levels in samples were lower than suggested, not
enough data points of the SiNaPs concentration series were available
to create a suitable calibration curve. However, as it was not possible
to use the raw data directly without distorting the statistical results, a
scaling method was used to compensate for differences between the
experiments. This method was based on the samples of the control
group and was carried out separately for AS and tau oligomers. For
each oligomer type, a cross-plate median globalMedian of all control
group samples was calculated. Subsequently, a separate medium plate-
Median was formed for each plate p. Using these values, a scaling factor
(Table S2) was calculated for each plate p according to Equation (2).

globalMedian

—_— 2
plateMedian,, @

scaleFactor, =

Finally, all measurement results of a plate were multiplied by the
corresponding scaleFactor,. The scaled pixel counts for Ag and tau
oligomers, in the following referred to as Af and tau oligomer pixel
counts, were used for all analyses. Figure S2 and Figure S3 show the

data before and after scaling, respectively.

2.11 | Descriptive analysis

Using Spearman correlations and two-sided Mann-Whitney U-tests,
we examined the association of oligomer pixel counts with demo-
graphic variables and known risk factors for AD, including age, sex, and

APOE status,31:32 as well as associations with further CSF biomarkers.

2.12 | Differences in Ag and tau oligomer levels

To test for differences between participant groups, we performed a
two-sided Mann-Whitney U-test. For this purpose, we regrouped the
samples stepwise, based first on clinical diagnosis. However, symptoms

used for the clinical diagnosis of AD can also be caused by other
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forms of dementia, which leads to a clinical diagnosis not necessarily
being free of errors. Therefore, we subsequently subdivided the four
clinically defined groups based on the amyloid status using AB42
biomarker data. Afterward, the samples were analyzed independently
of their clinical diagnosis using the AT(N) classification. To this end,
cutoffs established within the study of Jessen et al.2* can be used to
classify the participants according to AT(N) system. In the present
study, the cut-offs for AB42 (< 638.7 pg/mL), pTau (> 73.65 pg/mL)
and tTau (> 510.9 pg/mL) positivity were applied to determine amyloid
positivity or tau positivity or neurodegeneration. In addition, we
also regrouped the samples based on APOE status with carrying at
least one APOE &4 allele defining APOE positivity (¢2/¢4, €3/e4, or
e4/e4) since the APOE ¢4 allele is an important genetic risk factor for
AD.22

2.13 | Modeling AB oligomer levels in the AD
continuum

In an effort to model levels of Aj oligomers in the course of AD, a
regression pipeline was designed to anticipate the AS oligomers utiliz-
ing AB42 and pTau monomers as features. The pipeline is made up of a
standard scaler and a bagging model, the latter comprising three sup-
port vector regression models with radial basis function (RBF) kernels
that are trained on various data subsets. Given the presumption that
the relationship between the features and target might vary depending
on the APOE ¢4 status, three different instances of this pipeline were
created using solely APOE &4 carrier data, APOE €4 noncarrier data, and
all-encompassing data.

To generate continuous oligomer curves describing the progression
of AD with these pipelines, it is necessary to establish a probable tra-
jectory of AB42 and pTau monomers throughout the AD stages. In
order to exclude bias arising from disproportionate representation of
AT groups, equal numbers of samples were randomly chosen from the
A-T—, A+T—, and A+T+ sets. Following this, data were scaled employ-
ing a min-max scaler, centered, and aligned to the antidiagonal. The
trajectory was finally ascertained by applying a second-degree polyno-
mial regression, and subsequently reverse transformed. The resulting
trajectory was utilized as input to predict oligomer curves for APOE ¢4
carrier, APOE ¢4 noncarrier, and all data by the three system instances,
which were later refined by a moving average. Given their relationship
to AB42 and pTau, these curves can be integrated into other models.
With this feature in mind, the curves were deliberately superimposed
on a biomarker model for AD progression.3?

All of the above was achieved using the scikit-learn Python package,

version 1.0.2.

3 | RESULTS

The aim of the present study was to investigate AB and tau oligomer
levels in human CSF samples of patients across the clinical and

neurobiological continuum of AD.

3.1 | Descriptive analysis of patient and control
groups

In the present study, 526 CSF samples from DELCODE, that is, 137
samples from controls, 211 samples from SCD participants, 112 sam-
ples from MCI patients, and 66 samples from AD patients, were
screened for AB and tau oligomer levels. Demographic and clinical
information for these four groups on age, gender, neuropsychological
tests, amyloid-, tau-, and APOE e4-status is available in Table 1.

To avoid misinterpretation of the statistical results due to demo-
graphic characteristics, we checked for correlations of age and gender
with oligomer levels. Since the Shapiro-Wilk test showed that neither
ABnor tau oligomer values were normally distributed (p = 9.22 x 1042
and 1.44 x 10734 respectively), nonparametric tests were used. No sig-
nificant Spearman correlation was found between age and oligomer
pixel counts (AB: r =.033, p = .446; tau: r =.016, p =.709). Results from
two-sided Mann-Whitney U-tests showed that A and tau oligomer
pixel counts did not significantly differ between genders, even if the
significance is nearly reached for AB oligomers (p = .063; tau p =.973).
Furthermore, as age and gender are equally distributed for all combina-
tions of groupings by AT(N) classification as well as APOE 4 genotpye,

it can be assumed that there is no respective bias for the analysis.

3.2 | Clinically diagnosed MCI patients showed
significantly higher levels of AS oligomers compared
to controls

First, we investigated if AS and tau oligomer levels differ between
clinical diagnosis groups, using two-tailed Mann-Whitney U-tests
(Figure 1). In the case of MClI patients, significantly higher AB oligomer
levels were found compared to the control group (p =.017, Figure 1A).
Although A and tau oligomer levels showed a highly significant corre-
lation (Spearman r =.541, p = 2.7 x 10~%1), no increase of tau oligomer
levels regarding the disease stage was observed (Figure 1B).

Next, we divided the four clinical groups based on presence of
amyloid pathology into amyloid negative (A—) and amyloid positive
(A+) cases to analyze if differences in AB oligomer levels are due to
underlying AD pathology. When comparing these refined groups with
the A— control group, it became apparent that SCD (p = .014) and
MCI (p = .003) participants with underlying amyloid pathology, but
not those without evidence for AD, showed significantly increased A
oligomer levels (Figure 1C). Furthermore, SCD participants with amy-
loid positive states showed elevated AS oligomer levels compared to
SCD individuals without diagnosed amyloid pathology (p = .048). How-
ever, even after the additional breakdown by A, there was no difference

in tau oligomer levels (Figure 1D).

3.3 | Differences in AB oligomer levels based on
AT(N) profiles and APOE ¢4 status

As the results of Section 3.2 indicate the importance of the underlying
pathologies for increases of Ag oligomers, we regrouped and analyzed
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TABLE 1 Demographicinformation and study characteristics of participants grouped by clinical diagnosis.

Control
Number 137
Age, years (SD) 68.2(4.9)
Female 54%
MMSE (SD) 29.3(0.9)
A+ 27.7%
T+ 7.3%
APOE £4° 27.6%

SCD MCI AD

211 112 66
71.4(5.8) 72.3(5.4) 75.5(6.3)
43% 43% 65%
29.1(1.1) 27.5(1.9) 23.2(3.1)
40.8% 72.3% 92.4%
15.2% 37.5% 68.2%
34.6% 50.5% 64.5%

Abbreviations: A+, amyloid pathology above cut-off; AD, Alzheimer’s disease; APOE &4, apolipoprotein E ¢4 allele; MCI, mild cognitive impairment; MMSE,
Mini-Mental State Examination; SCD, subjective cognitive decline; SD, standard deviation; T+, tau pathology above cut-off.

2No APOE data were available for 17 participants.
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FIGURE 1 Amyloid beta (AB) and tau oligomer pixel count based on amyloid pathology (A+/A—). (A) AB oligomer pixel counts in mild cognitive
impairment (MCI) are significantly increased compared to the controls (p =.017). (B) By contrast, no significant changes were detected for tau
oligomer pixel count. (C) After dividing groups along amyloid status, significantly higher levels in subjective cognitive decline (SCD) (A+) and MClI
(A+) compared to controls (A—) were observed (p =.014 and p = .0028, respectively). Furthermore, SCD (A+) is significantly elevated compared to
SCD (A-) (p =.048). (D) Tau oligomers in subgroups show no significant differences when divided in A+ and A—. Effect sizes for the significantly
differing groups are provided in Table S3, while receiver operating characteristic curves and area under the curve scores are presented in Figure S4
and Table S5. Horizontal lines indicate the median; y-axis scales are logarithmic. A two-sided Mann-Whitney U-test (confidence interval = .05) was
carried out to investigate differences between the groups. Abbreviation: AD, Alzheimer’s disease. *p < .05, **p <.01.

the results based on the AT classification proposed by the NIA-AA
research framework and the currently established cutoff values by
Jessen et al. for AB42 and pTau2* (Figure 2). Furthermore, demographic
information was regrouped based on AT classification (Table 2). Since
again no differences in tau oligomer levels between the sample groups
were observed, the subsequent analyses were only described with

respect to AB oligomer levels.

Applying this classification, samples of participants with amyloid
pathology without tau pathology (A+T—) had significantly increased
levels of AB oligomers compared to A+T+ participants with amyloid
and tau pathology (p = 5.8 x 10~°). This applied to participants with
(A+T—N+) and without (A+T—N-), a concomitant non-Alzheimer’s
pathologic change (A+T—N+: p = .032; A+T-N—: P = 1.8 x 107).
AB oligomer levels of participants classified as A+T+ did not differ
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FIGURE 2 Amyloid beta (Ap) oligomers in quantified
cerebrospinal fluid (CSF) samples after AT (amyloid/tau) classification.
AB oligomer pixel counts in CSF of A+T— patients are significantly
increased compared to the reference group A—T— (p = 5.8 x 10~>) and
to A+T+ (p =.0026). Effect sizes for the significantly differing groups
are provided in Table S3, while receiver operating characteristic
curves and area under the curve scores are presented in Figure S4 and
Table S5. Horizontal lines indicate the median; y-axis scale is
logarithmic. A two-sided Mann-Whitney U-test (confidence interval
=.05) was carried out to investigate differences between the groups.
**p <.01, **pvalue <.001.

significantly from control group participants but compared to A+T—
participants (p = .0026).

Because the APOE &4 allele is an important genetic risk factor for
AD,?2 we also investigated AS oligomer levels in APOE ¢4 carriers.

Here, significantly increased Aj oligomer levels were found compared
APOE ¢4 noncarriers independent of the disease stage (p =.02). For fur-
ther evaluation, receiver operating characteristic (ROC) curves, area
under the curve (AUC) scores, and effect sizes were presented in Figure
S4, Tables S3 and S4.

3.4 | ApBoligomer levels are elevated in early
disease stages

To investigate how Ag oligomers fit into the AD continuum, we estab-
lished a regression model that predicts Ag oligomer levels based on
monomeric AB42 and pTau concentrations. This model was validated
by normalized mean absolute error (Table S5) and by comparing
the binned raw data and the binned regression model predictions
(Figure S5). As displayed in Figure 3A, increased oligomer levels were
only found at low AB42 and pTau concentrations in early AD stages.
Furthermore, we also investigated if the observed increase and later
decrease of AJ oligomer levels depends on APOE ¢4 status. To this
end, we classified samples into APOE ¢4 carriers (Figure 3B) and
noncarriers (Figure 3C). The predicted AB oligomer levels in context of
different APOE &4 states indicated that the levels of Aj oligomers are
increased in APOE ¢4 carriers, and that the peak shifted to higher pTau
concentrations (red areas in Figure 3B,C). To provide a more specific
statement about the probable level of the AB oligomer in the AD
continuum, the prediction was reduced to the most likely trajectory
of AB42 and pTau monomer through the AD stages, as described in
2.3.6 and displayed in Figure 4A. The model of Jack et al.%® supple-
mented by the modeled Aj oligomer curves revealed that in APOE ¢4

TABLE 2 Demographicinformation of participants based on the AT classification.

Characteristic A-T—
number 234
Age, years (SD) 69.62(5.61)
Female 48.7%
MMSE (SD) 29.1(1.3)
AB42, pg/mL (SD) 960.9 (212.2)
AB42/40 ratio (SD) 0.108 (0.015)
pTau, pg/mL (SD) 47.7 (10.9)
tTau, pg/mL (SD) 333.0(120.2)
APOE ¢4 20.0%
Clinical diagnosis in percentage of subgroups
Control 39.7%
SCD 48.3%
MCI 10.7%
AD 1.3%

100%

A-T+ A+T— A+T+

26 163 103
73.08(5.15) 71.61(6.00) 74.08 (5.78)
53.8% 61.0% 51.5%
28.3(2.9) 28.2(2.4) 25.7 (3.4)
1218.9 (471.2) 445.3(122.9) 419.8(116.4)
0.094 (0.029) 0.071(0.023) 0.046 (0.009)
102.2 (45.3) 46.4(16.3) 108.3(35.8)
696.8(361.0) 353.0(153.3) 849.8(273.3)
23.1% 48.1% 73.0%

23.1% 20.9% 3.9%

46.2% 40.5% 19.4%

23.1% 27.6% 35.0%

7.7% 11.0% 41.7%

100% 100% 100%

Abbreviations: A+, amyloid pathology above cut-off; AB, amyloid beta; AD, Alzheimer’s disease; APOE ¢4, apolipoprotein E €4 allele; AT, amyloid/tau; MCI, mild
cognitive impairment; MMSE, Mini-Mental State Examination; SCD, subjective cognitive decline; SD, standard deviation; T+, tau pathology above cut-off.

2No APOE data were available for 17 participants.
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FIGURE 4 Hypothetical model of amyloid beta (AB) oligomers in cerebrospinal fluid (CSF) within the Alzheimer’s disease (AD) continuum. (A)
Along the trajectory of biomarkers during AD progression from high AB42 and low pTau (A—T—-) to lowered AB42 first (A+T—) followed by
elevated pTau (A+T+), AB oligomers start to rise until a turning point is reached. Soon after pTau starts to increase, AS oligomer concentrations
decrease. This panel is a zoomed-in portion of Figure 3B. Data are represented in a binned form. (B) Hypothetical changes of AB oligomers during
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after Jack et al.33

noncarriers the peak is reached during the SCD stage, whereas in neurobiological continuum of AD and thereby elucidate the temporal
APOE &4 carriers it is reached at the MCl stage (Figure 4B). Regardless sequence of AS oligomers in AD pathology. Our work provides novel
of the APOE &4 status, AS oligomer levels already decrease within the evidence for the importance of Aj oligomers in early biological and
MCl stage. symptomatic disease stages, as we found the highest levels of AS
oligomers in participants with the clinical diagnosis of MCI. However,
59.8% of SCD and 27.7% of MCl participants did not have evidence for
4 | DISCUSSION amyloid pathology and might therefore not suffer from AD. Stratifica-
tion for amyloid positivity (ie, A+ vs A—) alone yielded significant differ-
In the present study we measured AB oligomers in CSF aiming to ences within the SCD group and enhanced the discrimination of SCD

allocate the presence of these most neurotoxic AS species within the and MCI to controls. Strikingly, stratification of participants by A/T
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biomarker profiles, thereby also taking tau pathology as reflected by
CSF pTauinto account, yielded significantly elevated A oligomer levels
in individuals with an A+/T— biomarker profile compared to partici-
pants with nonpathological AD biomarkers (A—/T—) on the one hand,
and full-blown AD neuropathological changes (A+/T+ profile) on the
other. Consequently, AS oligomers in our cohort peak in early disease
stages, where tau pathology is still inconspicuous (A+T-). Intuitively,
one may assume that while AB aggregation is increasing in the brain
during early disease stages, the AB oligomer level is also rising in the
CSF. That is exactly what we observed in the present study when com-
paring A—T— with A+T— subjects. Rather surprisingly, we observed
reduced AB oligomer levels in the more advanced disease stage A+T+
compared to the earlier A+T— stage. Deposition of oligomer species
into plaques or breakdown of active clearance mechanisms from
brain to CSF are just two of many possible explanations (Figure 5). To
elucidate the relationship of Ag oligomers, AB42, and pTau (Figure 3),
we calculated a chronological sequence of Af oligomer levels based on
the regression model and superimposed it to key biomarkers of AD as
depicted in Figure 4. With respect to the limited range of disease stages
within our cohort, lacking very early and advanced disease stages, no
statements about oligomer levels over the whole spectrum of disease
stages can be made. A limitation of the study is the low number of
samples from stage 1 of AD to determine the age at which AS oligomer

levels start to rise. According to our model, AS oligomers start to rise

approximately at the beginning of stage 2 and reach their peak early in
stage 3 before the oligomer level decreases again, which is in line with
previous studies.3#3°> However, other studies, which did not include
early stages, reported increased ASB oligomer concentrations in CSF
samples of demented patients compared to the control group?1-343¢
or no differences between dementia or MCl and controls.®” In addition
to differences in patient preanalytical variables such as freeze-thaw
cycles, storage period, or centrifugation of the samples,® differ-
ent results may be caused by the choice of assay setups, especially
regarding the selection of antibodies,® targeting different epitopes
and oligomer structures. More recent publications focused on blood-
based detection reported increased AB oligomer levels in plasma
over the course of the disease or a correlation with amyloid-PET
positivity.37-41

We further investigated the effect of APOE 4 positivity on AS
oligomer levels. As can be seen in the regression model (Figure 3) and
the hypothetical model of AB oligomer changes (Figure 4), APOE 4 car-
riers showed higher oligomer levels. Notably, in APOE ¢4 carriers, the
AB oligomer level in CSF peaks further right of the peak in APOE ¢4
noncarriers. This is not later in time, but further down in disease pro-
gression strengthening the view that APOE ¢4 carriers start earlier into
the Alzheimer’s continuum.2242

Although AB and tau oligomers show a highly significant correla-

tion, no differences of tau oligomers with respect to the biomarker
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profile or the clinical syndrome were observed, which is in line with
previous findings from our lab.1? In the present study, we investigated
patients who were at mild disease stages when enrolled in the DEL-
CODE study.?® Presumably, tau oligomers in CSF might be increased
and detectable in late stages of dementia. Indeed, a previous study
from Sengupta et al. reported elevated tau oligomers only at moderate
to severe dementia.*?

Our results emphasize the relevance of the biologically based def-
inition of Alzheimer’s disease, as AS oligomers, which are thought to
be the major toxic species in the disease, are only increased in patients
with abnormal AB42. Moreover, we have previously demonstrated
that sFIDA is now a robust method to quantitate aggregates from
tau, a-synuclein, and A8 in body fluids.17-2930 To further understand
the differences between assay outcomes and investigate setups or
antibodies which are best suited for diagnosis, it will be of great
interest to measure a pool of samples with diverse AS oligomer assays.
Probably, the combination of different oligomer biomarkers improves
the understanding of the underlying pathology and the diagnostic
accuracy as calculated by the probability analysis of Lewczuk et al.** In
particular, longitudinal analysis of AS and tau oligomer concentrations
over a longer period of time may support our model of AS oligomer
concentration changes and add to our understanding about which
patients at a predementia stage will develop AD in the future. Besides
the diagnostic aspects, A oligomers measured by sFIDA are promising
biomarkers for clinical drug development to easily monitor their
effects.2C
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