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ARTICLE INFO ABSTRACT

The rare A673T variant was the first variant found within the amyloid precursor protein (APP) gene conferring
protection against Alzheimer’s disease (AD). Thereafter, different studies have discovered that the carriers of the
APP A673T variant show reduced levels of amyloid beta (Ap) in the plasma and better cognitive performance at
high age. Here, we analyzed cerebrospinal fluid (CSF) and plasma of APP A673T carriers and control individuals
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Protective mechanisms
2D/3D cell models
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using a mass spectrometry-based proteomics approach to identify differentially regulated targets in an unbiased
manner. Furthermore, the APP A673T variant was introduced into 2D and 3D neuronal cell culture models
together with the pathogenic APP Swedish and London mutations. Consequently, we now report for the first time
the protective effects of the APP A673T variant against AD-related alterations in the CSF, plasma, and brain
biopsy samples from the frontal cortex. The CSF levels of soluble APPP (sAPPP) and AP42 were significantly
decreased on average 9-26% among three APP A673T carriers as compared to three well-matched controls not
carrying the protective variant. Consistent with these CSF findings, immunohistochemical assessment of cortical
biopsy samples from the same APP A673T carriers did not reveal A, phospho-tau, or p62 pathologies. We
identified differentially regulated targets involved in protein phosphorylation, inflammation, and mitochondrial
function in the CSF and plasma samples of APP A673T carriers. Some of the identified targets showed inverse
levels in AD brain tissue with respect to increased AD-associated neurofibrillary pathology. In 2D and 3D
neuronal cell culture models expressing APP with the Swedish and London mutations, the introduction of the
APP A673T variant resulted in lower sAPP levels. Concomitantly, the levels of sAPPa were increased, while
decreased levels of CTFp and AB42 were detected in some of these models. Our findings emphasize the important
role of APP-derived peptides in the pathogenesis of AD and demonstrate the effectiveness of the protective APP
A673T variant to shift APP processing towards the non-amyloidogenic pathway in vitro even in the presence of

two pathogenic mutations.

1. Introduction

Alzheimer’s disease (AD) is a progressive neurodegenerative disor-
der and the most common cause of dementia. The disease is character-
ized by extracellular amyloid plaques, intracellular neurofibrillary
tangles (NFT), composed of hyperphosphorylated tau protein, and
neuronal loss (Shankar and Walsh, 2009; Hardy and Allsop, 1991;
Goedert et al., 1991). Amyloid plaques emerge from the accumulation of
B-amyloid (AB), which are derived from amyloid precursor protein
(APP) via amyloidogenic processing through sequential cleavage by the
f- and y-secretases (Selkoe, 1998). When APP is subjected to -secretase
cleavage, p-C-terminal fragment (CTFf) and soluble APPB (sAPPf) are
generated. Further processing of CTFp by y-secretase then leads to the
production of Af peptides of different lengths (Xu, 2009). While AB40 is
the predominant Ap isoform in the healthy brain, AB42 has been shown
to be more prone to form aggregates, which exhibit higher toxicity than
ApB40 aggregates (Bernstein et al., 2009). Ap42 is the earliest clinical
biomarker indicative of AD that changes in CSF and plasma samples,
followed by an increase in the level of phosphorylated tau (p-tau)
(Palmqvist et al., 2019). In the usually predominant non-amyloidogenic
pathway, APP is cleaved within the Af sequence by a-secretase into an
a-C-terminal fragment (CTFa) and soluble APPa (sAPPa) peptide.

AD is a multifactorial disorder with a high degree of heritability
(Gatz et al., 2006; Ridge et al.,, 2013). Only<1% of AD cases are
accounted for by autosomal dominant causative genetic variants iden-
tified within APP and y-secretase subunit presenilinl (PSEN1), or pre-
senilin2 (PSEN2) genes (Shastry and Giblin, 1999). These variants lead
to an early-onset AD by altering the processing of APP (Goate et al.,
1991; Sherrington et al., 1995; Levy-Lahad et al., 1995). It has been
shown that the Swedish double mutation in APP (K670N/M671L)
strongly enhances APP cleavage by f-secretase 1 (BACE1), the major
B-secretase involved in APP processing (Haass et al., 1995; Johnston
et al., 1994). In rodent models, the Swedish mutation increases the
production of Ap and sAPPp and decreases the levels of sAPPa (Hsiao
et al., 1996; Tambini et al., 2019). In human CSF of Swedish mutation
carriers, decreased levels of sAPPa and AB42 were observed (Lannfelt
etal., 1995; Thordardottir et al., 2017). The London APP variant (V7171)
has been shown to alter y-secretase cleavage of APP leading to increased
levels of AB42 with little effect on AB40 levels (Goate et al., 1991; Suzuki
et al., 1994). In human induced pluripotent stem cell (iPSC) derived
neurons carrying the London mutation, an additional decrease in the
levels of sAPPp was observed (Muratore et al., 2014). A mutation in
PSENT resulting in the deletion of exon 9 (AE9) has been shown to in-
crease the ratio of AB42/Ap40 (Steiner et al., 1999; Crook et al., 1998;
Prihar et al., 1999; Borchelt et al., 1996; Hiltunen et al., 2000). For the
majority of AD cases, especially for the late-onset sporadic form of AD,
no causal genetic mutations have been identified. The strongest genetic

risk factor identified for sporadic AD is the &4 allele of the APOE gene
(APOE4) (Corder et al., 1993; Strittmatter et al., 1993). Heterozygous
carriers of APOE4 have a 3-fold increased risk for AD compared to in-
dividuals with two copies of APOE3, while homozygous APOE4 carriers
have a 12-fold higher risk for AD (Corder et al., 1993). In contrast, the
APOE2 allele protects against AD (Corder et al., 1994). Genome-wide
association studies (GWAS) and recent applications of next-generation
sequencing (NGS) have enabled the identification of rare variants
associated with AD, and over 80 AD risk loci with genome-wide signif-
icance have so far been identified (Khani et al., 2022; Bellenguez et al.,
2022).

In 2012, a coding variant A673T (rs63750847) in APP was found to
protect against AD and age-related cognitive decline in the Icelandic
population (Jonsson et al., 2012). The APP A673T variation is adjacent
to the APP Swedish mutation near the f-secretase cleavage site of APP.
After a-secretase cleavage, APP A673T becomes part of sAPPq, while
after cleavage through f- and y-secretases, it becomes part of the Ap
peptide. The position of the APP A673T variation in relation to the
secretase cleavage sites is shown in the Fig. S 1. In vitro studies suggest
that the APP A673T variant protein is a less favorable substrate for
B-secretase cleavage and that the generated Ap peptides are less prone to
aggregate and have a reduced binding affinity to synaptic receptors
(Jonsson et al., 2012; Limegrover et al., 2021; Kimura et al., 2016;
Maloney et al., 2014; Benilova et al., 2014). Overexpression of the APP
A673T variant in human embryonic kidney (HEK) cells led to decreased
levels of AB40, AB42, sAPPp, and CTFp by 25-40% as compared to the
expression of wild-type (WT) APP (Jonsson et al., 2012; Maloney et al.,
2014). In primary mouse cortical neurons, overexpression of the human
APP A673T variant reduced levels of Ap40 and Ap42 as well as the ratio
of sAPPf relative to sAPPa as compared to WT APP-overexpressing
neurons. Similar changes were observed in isogenic iPSC-derived
human neurons carrying the APP A673T variant as compared to WT
APP (Maloney et al., 2014). A biochemical in vitro approach showed
that the introduction of the APP A673T variant reduces the catalytic
turnover rate of APP by BACE1. While the observed decrease in sAPPB
and CTFp levels, as well as enzyme activity assays, suggest reduced
p-secretase cleavage of APP A673T, a study overexpressing CTFf car-
rying the protective variation suggested reduced cleavage through
y-secretase (Kokawa et al., 2015). In this study, a reduction in Ap and
sAPPB but not CTFp levels was observed in T-REx CHO cells over-
expressing APP A673T as compared to WT APP, and expression of CTF(
carrying A673T led to a decrease in Ap production as compared to WT
CTFp (Kokawa et al., 2015).

In non-Nordic populations, the APP A673T variant is extremely rare
or undetected (Liu et al., 2014; Wang et al., 2015). In the Finnish pop-
ulation, allelic frequencies for APP A673T between 0.10% and 0.52%
have been found in different cohorts (Jonsson et al., 2012; Martiskainen
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et al., 2017; Kero et al., 2013). A population-based study of 515 Finnish
subjects found the APP A673T variant in one subject, who showed only
little Ap accumulation in neocortical tissue despite a very high age at
death (104.8 years) (Kero et al., 2013). Our previous analyses in a
population-based Metabolic Syndrome in Men (METSIM) cohort indi-
cated that the carriers of the protective variant exhibited about 28%
lower plasma levels of AB40 and Af42 (Martiskainen et al., 2017) as
compared to control individuals.

Here, we have searched for the APP A673T variant in a large Finnish
sample cohort consisting of AD patients and elderly control individuals,
but also other neurodegenerative disorders to determine whether the
variant shows a protective effect against AD and other neurological
disorders. We further identified three carriers of the APP A673T variant
among idiopathic normal pressure hydrocephalus (iNPH) patients. The
typical treatment of iNPH patients comprises of CSF shunting, during
which brain biopsies can be obtained from living patients (Torretta
et al., 2021). Importantly, approximately 50% of iNPH patients show
early (AB), or advanced AD-related brain pathologies (Ap and tau) and
thus, providing a unique opportunity to study the development and
progression of AD-related pathology (Seppala et al., 2012). Further-
more, given the extremely low frequency of the APP A673T variant in
most populations, the Finnish iNPH cohort made it possible to obtain
and study brain and CSF samples of variant carriers for the first time.
Here, we utilized these brain biopsies from iNPH patients together with
CSF and plasma samples of the APP A673T carriers and matched con-
trols to analyze them specifically for AD-related pathology. Addition-
ally, an unbiased proteomics approach was used for analyzing these
samples. The existing studies on APP A673T function have in common
that they focused on the protective variant in a WT APP background in
different cultured cells under basal conditions. We therefore investi-
gated whether the introduction of the protective APP A673T variant
alters the processing of APP in in vitro cell culture models of AD. Next to
2D cell cultures, we utilized a 3D human neural cell culture system that
has been shown to exhibit key events in AD pathogenesis through the
presence of both the Swedish and London mutations in APP (Kim et al.,
2015). Collectively, we confirmed the protective effect of the APP
A673T variant in the Finnish AD cohort and showed that the levels of
both sAPPp and Ap42 were decreased in the CSF of APP A673T carriers.
We further found that the protective APP A673T variant can shift APP
processing towards the non-amyloidogenic pathway in vitro even in the
presence of two pathogenic APP mutations. Finally, we identified
differentially expressed proteins in the CSF and plasma of APP A673T
carriers compared to controls. In general, a better understanding of the
protective mechanisms of the APP A673T variant in carriers may pro-
vide insight into the disease pathogenesis and help to identify novel
biomarkers as well as effective therapeutic strategies.

2. Methods
2.1. Study populations

AD patients and control individuals as well as patients with other
neurological disorders (iNPH, vascular dementia (VaD), and mild
cognitive impairment (MCI)) are part of the Finnish sample set of the
European Alzheimer’s Disease DNA BioBank (EADB). Demographics and
GWAS-based genetic analysis of this sample set have been described in
detail before (Bellenguez et al., 2022). Carriers of the APP A673T variant
and matching controls for plasma, CSF, and biopsy analysis were
selected from the Kuopio University Hospital (KUH) NPH Registry. The
sample set and recruitment process have been previously described
(Junkkari et al., 2019). RNA and protein expression data from Braak
stage-classified post-mortem temporal cortical samples were obtained
from a Finnish neuropathological cohort, which has been described in
detail previously (Marttinen et al., 2019).

Neurobiology of Disease 182 (2023) 106140

2.2. Plasma, CSF, and biopsy samples from APP A673T carriers and
controls

Plasma and CSF sample collection from individuals of the KUH NPH
Registry has been performed as described in detail before (Seppala et al.,
2012). The right frontal cortical biopsy procedure has been described
previously (Leinonen et al., 2010).

2.3. Sequencing

PCR-based APOE genotyping from blood samples was conducted as
described earlier (Tsukamoto et al., 1993). For APP A673T genotyping,
genomic DNA was extracted from blood samples and the region of in-
terest was amplified using two specific primers (5-CCACTT-
TAAGTCCCGAGTCA-3' and 5-TGGGAACACGGTAGAGAAGA-3).
Carrier status for the APP A673T variant was then confirmed by Sanger
sequencing with a single primer (5-GTAATCCTATAGGCAAGCATTG-
3N.

2.4. Immunohistochemistry of cortical biopsies

The cortical biopsies were assessed for AD-related Af and tau pa-
thology by immunostaining of paraffin sections with monoclonal anti-
bodies directed to AP (6F/3D, MO0872; Dako; dilution 1:100;
pretreatment 80% formic acid 1 h), hyperphosphorylated tau (p-tau)
(AT8, 3Br-3; Innogenetics; dilution 1:30) and sequestosome-1 (p62 lck
ligand; BD Bioscience; dilution 1:1000; pretreatment: autoclaved at
120 °C in 0.01 mol/I1 citrate buffer, pH 6) as previously described (Lei-
nonen et al., 2012; Rauramaa et al., 2013). Immunoreactivity of A, p-
tau, and p62 was then graded as present or absent in the sample by a
neuropathologist. For immunofluorescence staining, antigen retrieval
was performed by boiling the sections in 10 mM citrate buffer, pH 6.0
(for GFAP detection) or Tris-EDTA buffer, pH 9.0 (for IBA1 detection)
for 10 min, and autofluorescence was reduced by incubation with 1x
TrueBlack lipofuscin autofluorescence quencher (23007, Biotium) in
70% ethanol for 30 s. Samples were blocked in 3% bovine serum albu-
min (BSA) and incubated with the primary antibody GFAP (rabbit
polyclonal, Z0334; Dako; dilution 1:1000) or IBA1 (rabbit polyclonal,
019-19741; Wako; dilution 1:1500) at 4 °C overnight. The samples were
then incubated with the secondary antibody for 1 h at room temperature
(Anti-rabbit-Alexa-488 (from goat), A11008; Invitrogen, dilution 1:500
or Anti-rabbit Alexa-568 (from goat), A11036, Invitrogen, dilution
1:500) and DNA (nuclei) was stained with 1 pg/ml DAPI (D1306, Fisher
Scientific) for 5 min. Images were taken with a Zeiss Axio Observer
inverted microscope equipped with an LSM 800 confocal module (Carl
Zeiss Microimaging GmbH) using a 20 x (NA 0.5) objective.

2.5. CSF biomarker analysis

CSF levels of AB42, t-tau, and p-tau 181 were measured as described
previously (Seppala et al., 2012). The interassay coefficients of variation
(CV%) were 5.7% for Ap42, 4.7% for tau, and 6% for p-tau 181. The
intra-assay coefficients of variation were 2% for Ap42, 4.2% for t-tau,
and 4.8% for p-tau 181. AB40 levels in CSF were determined using
Human/Rat fAmyloid(40)ELISA Kit I (294-64701; Wako). CSF levels of
total soluble APP (sAPPtot = sAPPu + sAPPp), sAPPa, and sAPPf} were
measured using highly sensitive ELISA kits (27734, 27732, and 27731,
Immuno-Biological Laboratories) according to the manufacturer’s in-
structions. All samples were measured in duplicates and diluted before
the measurement (AB40 1:30; sAPPtot 1:150; sAPPa 1:100; and sAPPp
1:25). The intra-assay coefficients of variation were 2.8% for AB40, 2.7%
for sAPPtot, 5.2% for sAPPx and 1.6% for sAPPp.

2.6. Proteomics sample preparation

For proteomics analysis, we have used six plasma and six CSF
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samples from each of the three heterozygous carriers of APP A673T
mutation (two male and one female) and three age- and sex-matched
control individuals. We have applied a TMT®-based Calibrator
approach for multiplexed proteomics (Dayon et al., 2010) using brain
lysate as Calibrator tissue. The total protein concentration of plasma and
CSF was determined by a modified Bradford protein assay and each
sample was visualized by Coomassie-stained (Imperial Stain, Pierce)
SDS-PAGE 4-20% gradient gels (Criterion, Biorad; data not shown).

Three brain cortex tissues (Braak Stage 0) were lysed in 8 M urea, 75
mM NaCl, and 80 mM Tris; pH 8.2 containing phosphatase and protease
inhibitors. Tissue debris was removed by centrifugation at 12000g, 4 °C
for 2x10min. The protein concentration was determined by the Bradford
assay and the protein content was visualized by Coomassie-stained
(Imperial Stain, Pierce) SDS-PAGE 4-20% gradient gels (Criterion,
Biorad; data not shown). 1.98 mg of each brain lysate was used to
generate a pooled brain lysate that was used as a brain Calibrant sample.

A tandem IgY14/Super depletion method was used to deplete high
and medium abundant proteins from 6 plasma samples. Plasma volumes
corresponding to ~12.5 mg of protein were immuno-affinity-depleted of
the 14 most abundant plasma proteins followed by the next ~50
moderately abundant proteins (Keshishian et al., 2017) using mouse
Seppro® IgY14 (LC10) and Seppro® Supermix (LC5) columns (Sigma-
Aldrich, St. Louis, MO, USA). In an FPLC-assisted manner (Knauer)
plasma samples were loaded on the IgY14 column and the flow-through
was directed onto the Supermix column. Dilution, stripping, and
neutralization buffers were used, and the manufacturer’s instructions
were followed (Sigma-Aldrich). Flow-through that included protein
based on UV absorbance was collected and concentrated by spin filters
(Amicon 3 kDa MWCO; Millipore) to a volume of ~250-360 pl. The
protein concentrations of the samples post-depletion were determined
using a modified Bradford Assay and the protein content was visualized
by Coomassie-stained (Imperial Stain, Pierce) SDS-PAGE 4-20%
gradient gels (Criterion, Biorad).

Protein Digestion and TMT® Labeling:

Calibrant brain sample: The pooled brain lysate was reduced (at
56 °C for 25 min with 5 mM dithiothreitol (DTT)), alkylated (at room
temperature for 30 min in the dark with 14 mM iodoacetamide (IAA)),
quenched with DTT 5 mM for another 15 min and digested overnight
with trypsin (Promega, sequencing grade) after dilution to 1.6 M urea at
37 °C to generate peptides. The digests were combined to produce a pool
and desalted (SepPak tC18 cartridges). The pooled brain digest was split
into 4 aliquots in a protein mass ratio of 1:4:6:10 and dried in a speedvac
without heating. The four aliquots were solved in 50 mM KH,PO4 at pH
4.5 and labeled with TMT® 10plex reagents 129C, 130N, 130C, and 131,
respectively. Labeled samples were treated with hydroxylamine and
combined. The mixed Calibrant brain sample was stored at —80 °C until
used to be combined with the labeled and mixed plasma or CSF samples
(see below).

Depleted plasma samples: 40 pg per each of the six depleted plasma
samples was used per reaction. Depleted plasma samples were brought
to equal volumes using Seppro dilution buffer (Sigma-Aldrich) and used
for digestion and TMT® labeling. All samples were reduced using 5 mM
DTT for 25 min at 56 °C, alkylated using 14 mM IAA for 30 min at room
temperature, quenched with DTT 5 mM for another 15 min, and digested
with trypsin to generate peptides, desalted (SepPak tC18 cartridges) and
dried in a speedvac without heating.

Dry peptides were dissolved in 50 mM KH3PO4, pH 4.5. Peptides
were mixed with one TMT® 10plex reagent (126, 127N, 127C, 128N,
128C, and 129N for samples APP A673T 1, 2, 3 and control 1, 2, and 3,
respectively). Labeled samples were treated with hydroxylamine and the
appropriately labeled digests were pooled to generate the TMT® 10plex
samples (per TMT® 10plex: 6 plasma samples (6 x 40 pg) + brain
calibrator mix (~420 pg) in a protein mass ratio of 1:1.75). 50 ug of the
mixed 10plex was purified by solid-phase extractions for LC-MS analysis
to be used for assessment of labeling efficiency and reporter ion distri-
butions. The remaining 10plex mixtures were purified using SepPak
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tC18-cartridges and a portion of ~300 pg was used for basic reversed-
phase fractionation. Fractionation of the mixed 10plex was performed
using HPLC-assisted basic reversed-phase (bRP) chromatography (EC
250/4.6 Nucleodur C18 Gravity (Macherey-Nagel) on a Waters Alliance
2695 HPLC system. In total, 54 tubes were collected at regular time
points along the main elution profile for the separation. These were
combined to generate 30 fractions of the plasma TMT® 10plex sample.

CSF samples: 300 pg of protein from each of the 6 CSF samples was
used. CSF samples were brought to equal volumes with water and
diluted with a quarter of the volume of 8 M urea, 120 mM NaCl, 250 mM
Tris, pH 8.2 containing protease inhibitors (Complete Mini, Roche) and
phosphatase inhibitors (PhosStop, Roche). All samples were reduced
and alkylated as described above, diluted with 25 mM Tris, 1.6 M urea,
pH 8.2 and digested with trypsin to generate peptides, desalted (SepPak
tC18 cartridges), and dried in a speedvac without heating.

Dry peptides were dissolved in 50 mM KH3POy4, pH 4.5. Peptides
were mixed with their respective TMT® 10plex reagent (126, 127N,
127C, 128N, 128C, and 129N for samples APP A673T 1, 2, 3 and control
1, 2, and 3, respectively). Individual TMT® reactions were terminated
with hydroxylamine and the appropriate labeled digests were pooled to
generate the TMT® 10plex samples (6 CSF samples (~1800 pg) + brain
calibrator mixture (~3150 pg) in a protein mass ratio of 1:1.75). 50 pg of
the mixed 10plex was purified by solid-phase extractions for LC-MS
analysis to be used for assessment of labeling efficiency and reporter
ion distributions. The remaining 10plex mixture was purified using
SepPak tC18-cartridges and dried in portions of 4700 pg (for phospho-
peptide enrichment) and 2 x 100 pg (for basic reversed-phase of the
non-enriched samples and backup).

The CSF TMT® 10plex sample was enriched for phosphopeptides
using the High Select™ Fe-NTA Phosphopeptide Enrichment Kit
(Thermo Scientific) according to the manufacturer’s instructions in a
batch process split over two columns yielding one phosphopeptide
fraction.

Basic reversed-phase fractionation of the CSF 10plex sample was
conducted for A) 100 pg of non-enriched sample and B) enriched
phosphopeptides. Here, the Pierce™ High pH Reversed-Phase Peptide
Fractionation Kit (Thermo Scientific) was used according to the manu-
facturer’s instructions to produce 8 fractions. For the phosphopeptides,
fractions 1 to 6 were used for MS-analysis. For the non-enriched pep-
tides, fractions 1 and 2 and fractions 7 and 8 were combined to finally
produce 6 fractions for MS-analysis.

2.7. Liquid chromatography mass spectrometry analysis

2.7.1. Data acquisition

All samples were analyzed on an Easy-nLC 1000 nano liquid chro-
matography system coupled to an Orbitrap Fusion Tribrid mass spec-
trometer (both Thermo Scientific). Peptides were resuspended in 2%
acetonitrile (ACN) 0.1% formic acid (FA) and trapped on a nanoViper
C18 Acclaim PepMap 100 trap column (75 pm i.d. x 20 mm, Thermo
Scientific), then resolved over a 50 cm EasySpray RSLC analytical col-
umn (75 pm i.d. x 500 mm, Thermo Scientific). Mobile phases had the
following composition: A (aqueous phase): 0.1% FA in H20; B (organic
phase): 0.1% FA in ACN. All solvents used were HPLC grade (Biosolve).

For plasma samples, the employed linear gradient ranged from 6% B
to 35% B over a total duration of 104 min, followed by a 16 min washout
which included an increase to 90% B. For CSF samples, the linear
gradient ranged from 10% to 30% B over 160 min, followed by a 20 min
washout phase. In all cases, a pre-equilibration step to gradient starting
conditions was included before the loading of the sample.

All data was acquired in data dependent mode, with largely similar
settings for plasma and CSF. MS1 scans were acquired at 120 K resolu-
tion in 3 s intervals with automatic gain control (AGC) set to 5e5
(plasma) or 2e5 (CSF). Precursors were picked from an inclusion list of
previously identified APP-derived peptides and phosphopeptides, when
no pre-specified precursors were observed, the method defaulted to
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fragmenting precursors in order of decreasing intensity. Precursors were
isolated in 1.2 m/z isolation windows and fragmented by higher energy
collision induced dissociation (HCD) at a setting of 38. Resulting frag-
ments were acquired at a resolution of 30 K (plasma) or 60 K (CSF) with
AGC set to 1e5 in both cases. The intensity threshold for an MS2 scan
was set to 25,000. After being fragmented once a precursor was
excluded from repeated fragmentation for 20 s (plasma) or 30 s (CSF),
respectively.

2.7.2. Computational mass spectrometry

All mass spectrometry data files were processed in Proteome
Discoverer (PD) v2.1 (Thermo Scientific). Spectra were searched against
a human UniProtKB reviewed database (version from April 2019)
appended with mutant APP variants and a database of common labo-
ratory contaminants using the SEQUEST HT search engine. The enzyme
specificity was set to trypsin, with the search allowing for up to 2 missed
cleavages. The precursor mass tolerance was set to 10 ppm, while the
fragment tolerance was set to 0.02 Da. TMT modification of N-termini
and lysines, and carbamidomethylation of cysteines were set as static
modifications, while methionine oxidation was set as a variable modi-
fication. Phosphorylation of serine, threonine, and tyrosine was
considered as a variable modification and localization probabilities of
phosphorylation sites were determined using ptmRS (Taus et al., 2011).
After the first round of search with full tryptic specificity, all spectra
with no associated high confidence sequence assignments were searched
again allowing one non-tryptic peptide terminus. All TMT-reporter in-
tensity values were exported to tab-delimited text files for later pro-
cessing and filtering. Peptide spectrum match (PSM) results were
filtered at 1% (High confidence) false discovery rate (FDR) using
Percolator (Kall et al., 2007) and exported for biostatistical processing.

2.8. Bioinformatics analysis of mass spectrometry data

For CSF and Plasma samples: PSMs with isolation interference values
>50% were removed. TMT® reporter intensities were then corrected for
isotopic impurities and median scaling applied to the data matrix. Re-
porter ion intensities were then re-calculated relative to the median
across reference channels and logo-transformed. Peptide expression
values were computed as the median across all related PSMs. Peptides
with >35% missing values in at least one experimental group were
removed. Among the remaining peptides, missing values were imputed
using an iterative PCA method (Josse and Husson, 2016). Protein
expression was calculated as the trimmed mean (trim factor = 0.2)
across all unmodified peptides distinct to the protein group. To identify
peptides, phosphopeptides, or proteins significantly changing in abun-
dance between clinical groups, we applied moderated t-statistics
(Ritchie et al., 2015), which is very suited for small data sets. A linear
model with one clinical factor (mutation status) was applied: gRatio~-
Class. Factor Class has two levels: (APP and Control; reference level =
Control). The log fold change threshold was set to exceed the two times
features average standard deviation.

Significance of enrichment analyses were performed to highlight
biological functions overrepresented among differentially abundant
features. Two-sided p-values were generated and the Benjamini-
Hochberg method (Benjamini and Hochberg, 1995) was used for mul-
tiple test correction.

2.9. Neprilysin assay from human plasma

Plasma samples for measurement of neprilysin levels were part of the
population-based Metabolic Syndrome in Men (METSIM) study. The
study design as well as APP A673T carrier information and the selection
of the control group have been described previously (Martiskainen et al.,
2017; Stancakova et al., 2009). Neprilysin levels from plasma samples
were measured using Human Neprilysin DuoSet ELISA Kit (DY1182,
R&D Systems) together with DuoSet ELISA Ancillary Reagent Kit
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(DY008, R&D Systems) according to the manufacturer’s instructions.
Neprilysin concentration was below the limit of quantitation (<29 pg/
ml) in 18% of the samples (48/261).

2.10. Plasmid DNA and lentiviral vectors

Lentiviral polycistronic vectors (CSCW-IRES-GFP, CSCW-APPSL-
IRES-GFP (APP-SL), CSCW-IRES-mCherry, and CSCW-IRES-PSEN1
(AE9)-mCherry) were the same as used in Choi et al.,2014 (Choi et al.,
2014). CSCW-APPSL(A673T)-IRES-GFP (APP-SL-A673T) was con-
structed by site-directed mutagenesis (Quik-Change Lightning Multi
Site-Directed Mutagenesis Kit, Agilent, 210,515). Briefly, the CSCW-
APPSL-IRES-GFP vector DNA was mutagenized with a single primer
(5'-CTCTGAAGTGAATCTGGATACAGAATTCCGACATGACT-3). The
remaining original plasmid DNA was subjected to Dpnl restriction
digest, and the mutagenized plasmid DNA was then transformed into
XL10-Gold® ultracompetent cells (Agilent). The integrity of the
construct and introduction of the A673T variant were confirmed by
Sanger sequencing using the following primers: 5'-AGGATGAAGTT-
GATGAGCTG-3', 5-TTCTGCATCTGCTCAAAGAA-3', 5-TTCACTAAT-
CATGTTGGCCA-3',  5-TTCTGTGTCAAAGTTGTTCC-3' and 5'-
GAGAAGGGCATCACTTACAA-3'. The packaging of the constructs into
third-generation self-inactivating lentiviral particles was performed by
the National Virus Vector Laboratory (University of Eastern Finland,
Kuopio, Finland).

2.11. HEK cell culture and transfection

HEK293-AP-APP cells expressing alkaline phosphatase (AP)-conju-
gated APP695 (Lichtenthaler et al., 2003) were cultured in Dulbecco’s
Modified Eagle Medium (DMEM) with 4.5 g/l glucose (BE12-614F,
Lonza), 10% (v/v) fetal serum albumin (FBS, 10270-106, Gibco), 2 mM
L-glutamine (17-605E, Lonza), 50 pg/ml hygromycin B and 0.3 pg/ml
puromycin. For transfection, 4 x 10° cells/well were plated on poly-p-
lysine (P6407, Sigma-Aldrich) coated 6-well plates (140675, Nunc A/S)
and incubated with 2.5 pg/well DNA and Lipofectamine™ 2000
Transfection Reagent (11668019, Invitrogen) according to the manu-
facturer’s instructions. After 24 h, the cells were washed twice with
DPBS (17-512F, Lonza) and fresh culture medium was added. The cells
and the conditioned medium were collected after another 24 h.

2.12. ReN cell culture, transduction, and treatment

ReNcell® VM human neural progenitors (ReN cells) were maintained
in DMEM/F12 (Life Technologies) medium supplemented with 2 mg/ml
heparin (07980, StemCell Technologies), 2% (v/v) B27 neural supple-
ment (17504044, Fisher Scientific), 1% (v/v) penicillin/ streptomycin/
amphotericin-b solution (17-745E, Lonza), 20 mg/ml hEGF (E9644,
Sigma-Aldrich) and 20 mg/ml bFGF (03-0002, Stemgent). Culturing
and transduction of the cells were conducted as described in detail by
Kim et al. (Kim et al., 2015). In brief, for transduction, ReN cells were
dislodged from a confluent T25 flask (C6481, Greiner) and distributed
into six Matrigel (356230, Corning) coated wells of a 6-well plate. The
cells were left to settle overnight and when a confluence of ~80% was
reached, 6 x 10° transducing units (TU) of viral particles were added per
well to achieve a multiplicity of infection (MOI) of approximately 1. The
cells were cultured overnight, washed twice, and cultured for 2-3 more
days until GFP or mCherry signal could be observed by fluorescence
microscopy. For 2-dimensional cell culture experiments, the transduced
cells were split in a ratio of 1:4 to new Matrigel-coated 6-well plates.
When the cells reached a confluency of ~80%, a 15-day differentiation
process into neurons was started by depriving growth factors hEGF and
bFGF from the culture medium (differentiation medium) and
exchanging the medium every 2-3 days. On day 14 of differentiation,
y-secretase inhibitor treatment was started by adding 1 pM DAPT
(D5942, Sigma) in fresh differentiation medium 24 h prior to sample
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collection.
2.13. 3D ReN cell culture

ReN cells were transduced as described above and thick-layer 3D
cultures were established as described in detail before (Kim et al., 2015).
In brief, transduced ReN cells were sorted through fluorescence-
activated cell sorting (FACS) using a FACS Aria III sorter (Becton Dick-
inson) to select cells with the highest levels of GFP only or GFP and
mCherry expression. To expand the cells, the sorted cells were passaged
three times and stored in liquid nitrogen until plating. To prepare the 3D
cultures, 2 x 107 cells/ml were mixed 1:1 (v/v) with ice-cold Matrigel,
and 300 pl of the suspension was transferred to each tissue culture insert
(10421761, Falcon) of 24-well plates (142475, Nunc A/S). On the next
day, 500 pl differentiation medium was added to the insert and sur-
rounding well respectively. Half of the medium was exchanged every 3
days for 14 weeks. The culture quality was monitored through regular
LDH release assays and parallel plating of thin-layer 3D cultures and
fluorescence microscopy as described in detail by Kim et al. (Kim et al.,
2015).

2.14. Protein extraction and Western blot analysis

To prepare protein lysates for Western blot analysis from 2D cell
cultures, the cultured cells were washed twice with PBS and lysed in T-
PER Tissue Protein Extraction Reagent (78510, Thermo Fisher Scienti-
fic) supplemented with protease and phosphatase inhibitor (87785 and
78420, Thermo Fisher Scientific). After 30-min incubation of the sus-
pension on ice, cell debris was removed by centrifuging for 10 min at
10,000 xg. Protein extraction from 3D cell cultures was conducted as
described in detail before (Kim et al., 2015). Briefly, proteins were
extracted from the Matrigel pellet in three extraction steps: once with 2x
TBS extraction buffer and twice with 2x RIPA extraction buffer each
followed by sonication, homogenization with a rotor-driven homoge-
nizer, and centrifugation at 10,000 xg for 5 min at 4 °C. The protein
concentration of the lysates was measured with the Pierce BCA Protein
Assay Kit (23227, Thermo Fisher Scientific), and 20-35 pg total protein
per sample was incubated at 55 °C for 10 min with NuPAGE LDS Sample
Buffer (NP0007, Invitrogen). Proteins were separated on NuPAGE
4-12% BisTris Midi Protein Gels (WG1202BOX, Invitrogen) and SeeBlue
Plus2 Pre-stained Protein Standard (LC5925, Invitrogen, Carlsbad, CA,
USA) was used for size determination. The proteins were then trans-
ferred onto PVDF membranes (IB24001, Thermo Fisher Scientific) with
an iBlot 2 Gel Transfer Device (IB21001, Thermo Fisher Scientific) and
the blots were probed at 4 °C overnight with the following antibodies:
22C11 (1:1000, MAB348, Merck, anti-APP N-terminal, detection of
sAPPtot), 6E10 (1:1000 SIG-39320, Covance, for detection of sAPP),
SAPP beta wild type (JP18957, IBL international), p-actin (1:1000,
ab8226, Abcam), GAPDH (1:5000, ab8245, Abcam), Map2 (1:1000,
M9942, Sigma), p-GSK3p ser9 (1:1000 9336, Cell Signaling), GSK3p
(1:1000, 9315, Cell Signaling), and C66 (1:1000, anti-APP N-terminus,
CTF and APP full-length detection), which was a kind gift from Dr. Dora
M. Kovacs (Bhattacharyya et al., 2013). After incubation with mouse or
rabbit immunoglobulin G (IgG) horseradish peroxidase-linked second-
ary antibody (1:5000, GENA931 or NA934, GE Healthcare) for 1 h,
proteins were detected with ECL Select or Prime Western Blotting
Detection Reagent (12644055 or 12316992, GE Healthcare) and a
ChemiDoc Imaging System (Bio-Rad Laboratories). Image Lab Software
6.0.1 (Bio-Rad Laboratories) was used to quantify protein levels.

2.15. Soluble APP measurements from conditioned medium

For the detection of SAPP and A, conditioned medium was collected
from the 2D and 3D ReN cell cultures prior to cell collection and
centrifuged for 10 min at 10,000 xg. sAPPa, sAPPf, and sAPPtot levels
were measured using highly sensitive ELISA kits (27734, 27733, and
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27731, Immuno-Biological Laboratories) as instructed by the manufac-
turer. The chosen sAPPf ELISA kit is specialized on the detection of
sAPPp harboring the Swedish variant (sAPPB-sw). Ap40 and Ap42 levels
were measured using Human/Rat PAmyloid(40)ELISA Kit II and
Human/Rat § Amyloid (Torretta et al., 2021) ELISA Kit (294-64701 and
292-64501; Wako).

2.16. Statistical analyses

Apart from the mass spectrometry data analysis, all statistical ana-
lyses were conducted using Prism 9 (GraphPad Software). For odds ra-
tios, Gart adjusted logit confidence interval was calculated to correct for
zero values. P-values for the odds ratios were obtained from two-sided
Fisher’s Exact Test. For comparisons between groups, the Shapiro-
Wilk normality test was used to analyze data distribution. Indepen-
dent samples t-test or independent samples Mann-Whitney U test was
used to test for statistically significant differences between two groups
depending on the distribution of the data. One-way ANOVA and Tukey’s
multiple comparisons test or Kruskal-Wallis test and Dunn’s multiple
comparisons test were used to compare three or more groups. For cor-
relation analyses, Spearman’s rho and Pearson correlation test were
used. Statistical significance was set at p < 0.05 for all tests.

3. Results

3.1. The APP A673T variant protects against AD in a Finnish sample set
and decreases the levels of sSAPPf and Ap42 in the CSF samples

In the Finnish EADB (European Alzheimer’s Disease BioBank) sample
set (Bellenguez et al., 2022), comprising of 1070 AD cases (mean onset
age 70.9 + 8.8) and 2122 controls (mean age at the time of examination
71.8 + 7.1), we found 13 heterozygous APP A673T carriers in the
control group and none in the AD group (Table 1). This results in an
allelic frequency of 0.31% for the APP A673T variant in the control
sample set of elderly Finnish individuals. Thus, the minor allele (C > T)
resulting in the A673T substitution in APP was found to be significantly
more common in the elderly control group than in the AD group with an
odds ratio (OR) = 0.07, confirming the protective effect against AD
(Table 1). Subsequently, we examined the frequency of the APP A673T
in individuals with other neurodegenerative disorders and iNPH. While
we did not find the APP A673T variant in patients with VaD or AD-iNPH,
the frequency of the APP A673T variant was similar in iNPH, MCI and
AD-VaD individuals as compared to controls. In these groups, the OR did
not reach statistical significance, most likely due to the small sample
size.

As three carriers of the APP A673T variant were detected in a Finnish
cohort of patients with possible iNPH, three iNPH patients not carrying
the APP A673T variant from the same cohort were individually matched
according to age at the time of shunt operation (+3 years), sex, APOE
genotype as well as neuropathological findings to serve as controls for
the following analyses (Table 2). The controls were chosen from the
iNPH cohort because it has been previously shown, that levels of AD-
related peptides, such as sAPP and A differ significantly in the CSF of
iNPH patients as compared to healthy controls (Moriya et al., 2015).
Importantly, since the biopsy samples obtained from the frontal cortex
of three APP A673T carriers did not show A, phospho-tau (p-tau), or
p62 pathology according to preexisting IHC analysis data, iNPH patients
not showing the Ap, p-tau, or p62 pathologies in the biopsy samples were
selected as controls. The presence of the APP A673T variant was
confirmed using Sanger sequencing for the three studied individuals. To
further elucidate the status of the APP A673T and control tissue samples,
we performed IHC staining on frontal cortical brain biopsy samples. IHC
staining of the astrocytic marker GFAP and the microglial marker IBA1
did not show major differences in GFAP- or IBAl-positive cell
morphology or distribution between biopsies from APP A673T carriers
and controls (Fig. S 2).
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Table 1
Genotype frequencies of the APP A673T variant in different disease and control cohorts.
APP A673T Cohort
C>T¢ . . b b
Control AD AD-iNPH iNPH AD-VaD MCI VaD Total
CcC Count 2109 1070 14 482 16 184 67 3942
% 99.4 100.0 100.0 99.6 94.1 98.9 100.0 99.5
TC Count 13 0 0 2 1 2 0 18
% 0.6 0.0 0.0 0.4 5.9 1.1 0.0 0.5
Total Count 2122 1070 14 484 17 186 67 3960
OR - 0.07 5.49 0.67 9.86 1.76 1.17
95% CI - 0.004-1.2 0.3-94.7 0.2-3.0 0.9-55.6 0.4-6.6 0.07-19.7
p-value - 0.007 n.s. n.s. n.s. n.s. n.s.

Abbreviations: AD = Alzheimer’s disease; AD-iNPH = AD and idiopathic normal pressure hydrocephalus; iNPH = idiopathic normal pressure hydrocephalus; AD-VaD
= AD and vascular dementia (mixed form of dementia); MCI = mild cognitive impairment; VaD = vascular dementia; OR = odds ratio; compared to Control group.

@ dbSNP ID: rs63750847.

b Biopsies from frontal cortex of APP A673T carriers did not show Ap or tau pathology.

Table 2
Demographic and clinical characteristics of the studied APP A673T and control
individuals.

Individual APP A673T Age Sex APOE
C>T? genotype
APP A673T 1 TC 76 Male 33
Control 1 cC 74 Male 33
APP A673T 2 TC 71 Female 33
Control 2 CcC 74 Female 33
APP A673T 3 TC 79 Male 34
Control 3 CcC 79 Male 34

2 APP A673T carrier status was confirmed by Sanger sequencing.

So far, the effect of the protective variant on APP-derived metabolites
has only been investigated in plasma samples of APP A673T variant
carriers (Martiskainen et al., 2017). Since CSF is of particular impor-
tance for studying neurological disorders, we measured the levels of AD-
associated biomarkers in the CSF from APP A673T carriers and respec-
tive controls (Fig. 1). In the CSF samples from APP A673T carriers,
sAPPp levels were significantly decreased on average 9% as compared to
the age-, sex-, APOE, and brain pathology-matched controls. Similarly,
Ap42 levels were 26% lower in the CSF from APP A673T variant carriers
as compared to controls. Also, the levels of AB40 showed a trend towards
a reduction in APP A673T variant carriers, but this result did not reach
statistical significance (p = 0.086). No statistically significant differ-
ences were detected in the levels of sAPPtot, sAPPaq, p-tau, or total-tau (t-
tau). Collectively, these results indicate that the APP A673T variant

200

150

100

50

Levels % of control

0 -
¥ QO <&
QQ&O ¢,V8Q (,ngQQQQ\
‘)v. c,?"

exerts protection against AD and AD-associated pathologies in the brain
tissue, coinciding with the decreased levels of sAPPB and Ap42 in the
CSF of individuals carrying the protective APP variant.

3.2. Unbiased mass spectrometry-based proteomics analysis of plasma
and CSF samples obtained from APP A673T carriers detects differentially
regulated targets involved in protein phosphorylation, inflammation, and
mitochondrial function

To identify protein alterations in the CSF and plasma between the
APP A673T carriers and controls in an untargeted fashion, the samples
were analyzed using a mass spectrometry (MS)-based proteomics
approach. Additionally, an MS-based phosphoproteomics assay was
used to determine differences in phosphorylation levels of proteins in
the CSF of APP A673T carriers as compared to controls. Despite the small
sample size, sets of differentially regulated proteins, peptides, and
phosphopeptides were found between the samples (Fig. 2a). In the CSF
samples, more proteins were down-regulated than up-regulated in APP
A673T carriers as compared to controls (7 proteins upregulated and 19
proteins downregulated with an FC threshold of 1.6 and p < 0.01) from a
total of 3816 quantified proteins. In the plasma of APP A673T carriers, a
similar number of proteins were down- and up-regulated as compared to
controls (24 proteins upregulated and 26 proteins downregulated with
an FC threshold of 1.5 and p < 0.01) from a total of 7985 quantified
proteins.

Next, we looked at the biological processes found to be significantly
over-represented by the differentially represented peptides in the CSF
and plasma from APP A673T carriers compared to controls (Fig. 2b).
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Fig. 1. sAPPp and AP42 levels are significantly reduced in CSF samples of APP A673T variant carriers as compared to controls. Peptide levels were measured with
ELISA from CSF samples. Levels of sSAPPa and sAPPj were normalized to sAPPtot (total levels of soluble APP a + B). Data are shown as mean + SD of n = 3 in-

dividuals. Independent samples t-test; *p < 0.05.
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Overlapping processes found both in CSF and plasma were related to the
regulation of protein phosphorylation, inflammatory response, and

processes important for mitochondrial function.

Among the 20 most significantly differentially expressed proteins in
the CSF from APP A673T carriers (Table 3), there were several proteins
with a known relationship to AD pathology. The strongest decrease was

Log, Enrichment
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Fig. 2. Differentially expressed proteins in
CSF and plasma from APP A673T carriers as
compared to control individuals. a) Heatmap
of regulated features, protein levels, three
brain tissue (Braak Stage 0) lysates were
used as a calibrator. Left panel: CSF, features
displayed passing FC threshold 1.6 (logFC
~2-mean-(SD (proteins))) with p < 0.01.
Right panel: plasma, features displayed
passing FC threshold of 1.5 with p < 0.01. b)
Top 20 most significantly (based on p-value)
enriched GO biological processes in the CSF
and plasma. Volcano plots showing logs
enrichment against significance of enrich-
ment, highlighting the biological processes
found to be significantly overrepresented by
the differentially expressed peptides in the
data set. No underrepresented terms were
found. Filled red circles highlight significant
hits (FDR < 0.3, red dashed line on the plot)
with the size related to the corresponding
rank value. (For interpretation of the refer-
ences to colour in this figure legend, the
reader is referred to the web version of this
article.)

observed for S100A6, which was decreased by 2.7-fold in the APP A673T
carrier CSF as compared to control CSF. Levels of HAVCR2 and HTRA2

were decreased by 2- and 2.5-fold, respectively, in the CSF from APP

A673T carriers. Two protein phosphatase subunits showed an increase
in the CSF from APP A673T carriers as compared to controls: PPP1CA, a
catalytic subunit of protein phosphatase 1 (PP1) complex, and PPP2R5B,
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Table 3

Top 20 regulated features in the CSF and plasma of APP A673T carriers as compared to controls.
CSF Plasma
Proteins Phosphopeptides Proteins
Gene name log>FC p-value Gene name log>FC p-value Gene name log,FC p-value
S100A6 —1.456 4.72E-04 CALHM6 —3.247 8.31E-04 NEP —1.823 3.17E-04
PRR36 —1.436 3.41E-04 HERC1 —-2.116 4.07E-04 BUD31 —1.508 5.13E-04
HAVCR2 —1.342 1.91E-03 SRRM2 —1.477 5.81E-04 DCAF13 —1.338 3.96E-04
BAGH4 —1.334 2.07E-03 PCLO —1.476 8.93E-04 STAG3L1 —1.265 6.30E-04
RPS27 -1.29 3.49E-03 EIF3CL —1.072 1.32E-02 PHF6 -1.136 9.88E-04
DNAH9 —-1.217 1.63E-03 FXYD1 —0.936 9.98E-03 ARID1A —1.116 1.77E-03
IER3IP1 —1.055 1.74E-03 C2CD2L 0.977 1.20E-02 HCN3 —0.966 2.63E-03
CDS1 —1.049 1.09E-03 CACNB4 1.382 1.51E-02 OVCH1 —0.809 3.52E-03
KRT9 —1.009 2.57E-03 WDR20 1.425 7.56E-04 MTIL —0.806 2.05E-03
AFGI1L —1.008 5.52E-04 MAP2 1.514 6.94E-04 MDN1 —0.752 2.36E-03
HTRA2 —0.985 4.97E-03 ADD3 1.522 1.04E-03 CCDC120 —0.749 1.55E-03
UVRAG —-0.974 5.97E-03 STX1A 1.601 5.48E-04 RPAP1 —0.58 2.67E-03
TSC1 —-0.94 5.84E-04 PRKG2|C2CD4C 1.623 7.46E-04 RPS27L —0.538 3.78E-03
DAGLA —0.883 5.92E-03 GAS2L1 1.63 8.35E-04 GRAMDI1B 0.551 3.12E-03
HNRNPLL —0.86 2.32E-03 ANK2 1.793 1.41E-04 DIS3 0.747 2.22E-03
NUDT3 —0.706 4.34E-03 ARHGAP21 1.837 3.29E-04 CRIPT 0.778 3.63E-03
PPP2R5B 0.746 3.23E-03 ADTRP 1.99 1.17E-03 MED15 0.885 3.77E-03
IGHV2-70D 0.895 3.07E-03 MARCKS 2.345 5.21E-04 ATP5MF 0.965 1.80E-03
TIMM13 0.923 6.61E-04 MAP2 3.064 1.76E-05 ELOA3D 1.087 2.39E-03
PPPICA 1.879 2.28E-04 GBF1 3.616 8.90E-06 TTC28 1.357 7.45E-05

Relative expression is shown as log2FC (logz fold change) in APP A673T carriers with respect to controls. P-value of moderated t-statistics for given protein contrast
logoFC. Top 20 regulated features (based on p-value) are sorted from lowest to highest relative expression.

a regulatory subunit of protein phosphatase 2A (PP2A), were increased
by 3.6- and 1.7-fold, respectively, in the CSF from APP A673T carriers
with respect to controls. Phosphopeptide analysis of CSF samples
revealed two phosphorylated microtubule-associated protein 2 (MAP2)
peptides among the 20 most significantly differentially expressed
phosphopeptides (Fig. S 3). Levels of the MAP2 phosphopeptides were
increased by 8.4- and 2.9-fold in the CSF of APP A673T carriers as
compared to controls. In total, levels of ten MAP2 phosphopeptides
significantly differed (p < 0.05) between APP A673T carriers and con-
trols. In the plasma from APP A673T carriers, the most strongly
decreased protein was neprilysin (NEP), which is known as the main Af-
degrading enzyme in the brain (Iwata et al., 2000). NEP showed a 3.5-
fold decrease in APP A673T carrier plasma compared to controls. In
the CSF, NEP was not detected. A total of 3702 proteins were detected in
both CSF and plasma, but none of these were significantly differentially
expressed in both CSF and plasma. In summary, we found that differ-
entially regulated targets in the CSF and plasma samples of APP A673T
carriers were, among other processes, involved in protein phosphory-
lation, inflammation, and mitochondrial function. Particularly in the
CSF from the APP A673T variant carriers, we found levels of several
proteins with known or suspected roles in AD to be altered.

3.3. Calcium-binding protein S100A6 and phosphatase PPP2R5B are
differentially regulated in the CSF of APP A673T carriers and show inverse
levels in AD brain tissue with respect to AD-associated neurofibrillary
pathology

Microglial dysfunction has been shown to play an important role in
AD progression (Heneka et al., 2015). Proteins secreted from glial cells
are often detected in CSF (Suk, 2010). We therefore specifically assessed
the markers of microglial dysfunction in our set of differentially
expressed proteins in the CSF from APP A673T carriers as compared to
controls (Fig. 3a). The soluble cleavage product of TREM2, sSTREM2, has
been shown to be elevated in AD CSF and is considered a marker for glial
activation (Heslegrave et al., 2016). APOE expression has been shown to
be upregulated in plaque-associated microglia (Sobue et al., 2021).
Here, the CSF levels of TREM2 (reflecting most likely the CSF levels of
sTREM2) or ApoE were not significantly altered in the CSF from APP
A673T carriers. Progranulin (GRN) expression is increased in activated
microglia and higher progranulin levels in CSF have been associated

with advanced stages of AD (Suarez-Calvet et al., 2018; Mendsaikhan
et al., 2019). In our proteomics analysis, progranulin displayed a trend
towards decreased levels in APP A673T carrier CSF (p = 0.08). The
proinflammatory cytokine, macrophage migration inhibitory factor
(MIF), drivers of inflammation CD14 and FABP5, and lysosomal en-
zymes CTSB, CTSD, and LGALS3, which are associated with the
phagocytic capacity of microglia, were not significantly altered in the
CSF from APP A673T carriers as compared to controls (Grubman et al.,
2021; Nasiri et al., 2020; Beschorner et al., 2002). Also, the CSF levels of
CSF1R and its corresponding ligand CSF1, which play a central role in
microglial maintenance and neuronal survival (Chitu et al., 2016), were
not altered.

For further characterization and to gain insight into the general
health status of the brain, we also included markers of neuro-
degeneration and the reactive astrocyte marker GFAP in our targeted
analysis (Fig. 3b). Neurofilament subunits NEFL, NEFM, and NEFH are
sensitive to neurodegeneration and their levels have been shown to be
elevated in AD CSF (Hu et al., 2002; Yuan and Nixon, 2021). In the
proteomics analysis of CSF, levels of the neurofilament subunits did not
significantly differ between APP A673T carriers and controls but NEFH
showed a trend towards decreased expression (p = 0,21). The levels of
the neuronal marker MAP2 and astrocytic marker GFAP did not show
significant differences between the sample groups. In general, most of
the glial markers showed higher relative expression levels as compared
to neuronal markers. This was an expected outcome as all of the study
subjects were iNPH patients and microglial activation and astrogliosis
have previously been associated with iNPH pathology (Eleftheriou et al.,
2020; Eide and Hansson, 2018).

Fig. 3c shows relative levels of proteins with known involvement in
AD progression, which were among the top 20 regulated features in the
proteomics analysis of the CSF from APP A673T carriers. Given these
findings, we analyzed RNA and protein expression of these four targets
in our human post-mortem temporFal cortical sample set in relation to
the degree of AD-related neurofibrillary pathology (Braak stage 0-VI)
(Marttinen et al., 2019) (Fig. 3d). In the CSF from APP A673T carriers as
compared to controls, we found a significant increase in protein levels of
the phosphatase subunits PPP1CA and PPP2R5B. In the human post-
mortem brain samples, the RNA levels of PPP2R5B were significantly
decreased in Braak stage groups III + IV and V + VI as compared to
Braak stage 0. RNA and protein levels of PPP1CA showed a trend
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Fig. 3. Targeted analysis of protein levels in the CSF from APP A673T carriers and control individuals. a) Markers for microglial activation. b) Markers for neuronal
degeneration. c) Proteomics findings in the CSF of APP A673T carriers compared to controls of targets with a known relation to AD. Relative protein levels are shown
as logz[Sampleysm/Reference,]; PSM (peptide spectrum match). Data are shown as mean 4 SD of n = 3. Moderated t- statistics; **p < 0.01, ***p < 0.001. d)
Expression of selected targets in the human brain in relation to AD-related neurofibrillary pathology (Braak stage 0-VI). Boxplots show median, 25th and 75th
percentiles, whiskers show minimum and maximum of n = 59 (RNA) or n = 36 (protein) brain samples. Number of samples in each Braak stage 0 — V + VI group for
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One-way ANOVA and Tukey’s multiple comparisons test or Kruskal-Wallis and Dunn’s multiple comparisons test; *p < 0.05, ***p < 0.001.
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towards a decrease with respect to AD-related neurofibrillary pathology.
Levels of the calcium-binding protein S1I00A6 and the mitochondrial
serine protease HTRA2 were significantly decreased in the CSF from APP
A673T carriers as compared to controls. With respect to AD-related
neurofibrillary pathology in human brain samples, RNA and protein
levels of S100A6 significantly increased in Braak stage group V + VI as
compared to Braak stage group I + II. While the RNA levels of HTRA2
remained similar in all Braak stages, HTRA2 protein levels showed a
trend towards an increase in Braak stage groups III + IV (p = 0.2) and V
+ VI (p = 0.41) as compared to group I + II. Collectively, the four
analyzed proteins show the opposite direction of levels in post-mortem
AD brain vs. the CSF of APP A673T carriers in comparison to the
respective control groups.

In the plasma from APP A673T carriers, the most strongly decreased
protein as compared to controls was the Af-degrading enzyme NEP
(Table 3). To follow up on this finding, we measured NEP levels in the
plasma from 47 heterozygous APP A673T carriers and 214 control in-
dividuals belonging to the population-based METSIM study (Fig. S 4).
Plasma NEP levels in both groups showed a wide, lg-normal distribution
(<0.029 ng/ml - 1569 ng/ml). Here, NEP levels were not decreased in
the plasma from APP A673T carriers as compared to controls. As the
APOE4 allele is associated with an increased risk of developing AD and it
has been shown that NEP expression differs depending on the APOE
genotype upon neuroinflammation in a mouse model (Corder et al.,
1993; Strittmatter et al., 1993; Graykowski et al., 2020), we stratified
the data according to the presence (APOE4+) or absence (APOE4-) of
APOE4. No difference was found between plasma NEP concentration
from APP A673T carriers and controls in the APOE4+ or APOE4- group.
In a previous study, we measured Ap42 and Ap40 levels from the same
plasma samples (Martiskainen et al., 2017). Correlation analyses did not
show a significant correlation between plasma NEP levels and AB42 (R?
= 0.0007, n.s.) or AB40 (R? = 0.0002, n.s.), respectively. In summary,
expression of the microglial activation and neuronal degeneration
markers did not significantly differ in the CSF from APP A673T carriers
as compared to controls. Calcium-binding protein SI00A6 and phos-
phatase PPP1CA, which were differentially expressed between APP
A673T carriers and controls, were found to show the opposite direction
of expression in the post-mortem AD brain in relation to increasing
neurofibrillary pathology.

3.4. Protective APP A673T variant decreases the levels of CTFf and
SAPPS in the presence of two pathogenic AD mutations in vitro

After analyzing the effect of the protective APP A673T variant on
APP-derived metabolite levels in the CSF of variant carriers, we next
assessed APP A673T processing in cell culture models. We aimed
particularly to assess the strength of the protective effects conveyed by
the APP A673T variant in the presence of AD-related pathogenic
changes. As an acute model, we utilized human neural cells expressing
two AD causative mutations together with the APP A673T variant. To
monitor long term effects on mature neurons, a 3D AD model with
human neural cells cultured for 14 weeks was used (Kim et al., 2015). To
generate cells expressing different types of mutant APP, the APP A673T
variant was introduced in an internal ribosome entry site (IRES)-medi-
ated polycistronic plasmid carrying the human APP CDS with both
K670N/M671L (Swedish) and V7171 (London) mutations (APP-SL) and
GFP as a transfection reporter.

To evaluate the setup prior to transducing human neural cells, APP-
SL and APP-SL-A673T were first overexpressed in HEK293-AP-APP
(HEK) cells using transient transfection (Fig. S 5). Transfection effi-
ciency reached >90% based on GFP-positive cells observed by fluores-
cence microscopy prior to cell collection. Cells transfected with a
plasmid encoding GFP alone were used as a negative control for exog-
enous APP expression. In HEK cell lysates, the introduction of the A673T
variant led to decreased levels of p-secretase-cleaved APP C-terminal
fragment (CTFp) by 50% as compared to APP-SL and a statistically
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significant increase in levels of a-secretase-cut APP CTF (CTFa) by 20%
(Fig. S 5a). In the conditioned medium, the introduction of the APP
A673T variant led to decreased levels of the soluble p-secretase cleavage
product of APP (sAPPp) by about 30% and Ap42 by 10% (Fig. S 5b).
Levels of sSAPPa were 13% higher in cells expressing APP-SL-A673T than
in those expressing APP-SL. No significant differences were detected in
the levels of AB40 or the ratio of Ap42/40.

Next, we expressed the same constructs in neuronal cells using len-
tiviral transduction. ReNcell® VM human neural progenitor (ReN) cells
were transduced with APP-SL, APP-SL-A673T, or GFP alone and subse-
quently differentiated into neurons for 15 days. Prior to sample collec-
tion, a transduction efficiency >95% was confirmed through
fluorescence microscopy.

As detected in the Western blot images (Fig. 4a), APP overexpression
in ReN cells did not lead to detectable levels of APP CTFs. Therefore,
y-secretase inhibitor DAPT was used to accumulate APP CTFs in the
cells. In DAPT-treated APP-SL-A673T-expressing ReN cells, levels of
APPtot were slightly decreased as compared to APP-SL-expressing cells.
The differences in APPtot levels were taken into account by normalizing
the CTF levels to those of APPtot. In ReN cells, the introduction of the
A673T variant led to decreased levels of CTFf by 40% as compared to
APP-SL despite the inhibition of y-secretase. Consistent with the findings
in HEK cells, the expression of APP-SL-A673T decreased the levels of
SAPPp by 15% and increased the levels of sAPPa by 22% in the condi-
tioned medium of untreated ReN cells (Fig. 4b). No significant differ-
ences were seen in the medium Ap levels or AB42/40 ratio.

It has been shown that overexpression of sAPPa in mouse neurons
and treatment of SH-SY5Y cells with recombinant human sAPPa can
lead to increased levels of inhibitory phosphorylation of GSK3p at serine
9 in the cells (Deng et al., 2015). Therefore, we assessed if the observed
increase in sAPPa levels in ReN cells expressing APP-SL-A673T
compared to APP-SL affected GSK3p phosphorylation. Levels of GSK3f
phosphorylation did not differ between the two groups as shown by
Western blot analysis (Fig. 4c). In the CSF, levels of ten MAP2 phos-
phopeptides significantly differed (p < 0.05) between APP A673T car-
riers and controls (Table 3). In AD patients, expression of mature MAP2
isoforms MAP2A + B was reported to dramatically decrease in the
dentate gyrus, while expression of immature MAP2C was unaffected (Li
et al., 2008). In ReN cells, no differences in the levels of mature or
immature MAP2 isoforms were observed upon the introduction of APP
A673T (Fig. 4c).Collectively, the analysis of APP-derived metabolite
levels in 2D cell culture models expressing APP A673T together with two
causative AD mutations confirmed the effectiveness of the protective
APP A673T variant in shifting APP processing towards the non-
amyloidogenic pathway.

3.5. APP A673T variant decreases the levels of SAPPS and increases the
levels of sAPPa in a 3D model of AD

So far, the impact of APP A673T expression has only been studied in
2D, short-term cell cultures. To take the chronic nature of the neuro-
inflammation and key pathological changes in AD, such as Af plaque
formation and tau hyperphosphorylation into account, we introduced
the APP A673T variant in a 3D in vitro model of AD (Choi et al., 2014).
ReN cells were differentiated in a 3D Matrigel matrix (=~ 4 mm thickness)
and cultured for 14 weeks. It has been estimated that in this model
~68% of ReN cells differentiate into neurons and ~ 30% into astrocytes
(Kim et al., 2015). It has also been shown that the 3D cultures exhibit
extracellular Ap deposits and accumulate hyperphosphorylated tau after
the transduction of ReN cells with the same APP-SL constructs as used in
the previous experiments of this study (Fig. 4). To further elevate the
deposition of AP, PSEN1 with the AE9 mutation (PSEN1(AE9)) and
mCherry as a reporter for viral transduction were additionally expressed
in half of the cultures. To analyze the effects of the APP A673T variant,
3D cultures expressing APP-SL were compared with cultures expressing
APP-SL-A673T.
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Fig. 4. Expression of APP A673T in 2D ReN cell culture model together with two pathogenic AD mutations. ReN (human neural progenitor) cells were transduced
with lentivirus vectors encoding APP-SL (human APP Swedish/London pathogenic variant), APP-SL-A673T, or vector backbone. The plasmid backbone contained
cytomegalovirus (CMV) promoter and GFP coding sequence separated by an internal ribosome entry side. a) Introduction of APP A673T variant decreases CTFp levels
after y-secretase inhibition as compared to APP-SL in ReN cells. ReN cells were differentiated into neurons for 15 days prior to treatments and collection. A subset of
the cells was treated with 1 uM y-secretase inhibitor DAPT for 24 h to detect the APP CTFs. Levels of APP CTFs CTFp and CTFa were normalized to sAPPtot levels. b)
Introduction of APP A673T variant increases sAPPa levels and decreases sAPPp levels as compared to APP-SL in ReN cells. All levels were measured by ELISA and
normalized to sAPPtot levels. ¢) No changes in the phosphorylation of GSK3p at serine 9 or levels of the neuronal target MAP2 were observed in ReN cells over-
expressing APP-SL compared to APP-SL-A673T. Levels of the MAP2 high-molecular-mass isoforms MAP2A and MAP2B and the low-molecular-mass isoform MAP2C
were normalized to GAPDH. All Data are shown as mean + SD of n = 7-10 of two independent experiments. Independent samples t-test or independent samples Mann

Whitney U test; *p < 0.05, ** p < 0.01, *** p < 0.001, ****p < 0.0001.

The most prominent change in the 3D model of AD upon the intro-
duction of the APP A673T variant was an increase in sAPP« levels in the
conditioned medium by ~35% (Fig. 5a). This increase in the sAPPa
levels was observed both with and without co-expression of PSEN1
(AE9). At the same time, sAPPp levels were decreased by ~10% in the
3D cultures expressing APP-SL-A673T as compared to APP-SL. As ex-
pected, co-expression of PSENI1(AE9) strongly increased the ratio of
AB42/Ap40. In the 3D culture lysates, the levels of CTFp could not be
detected by Western blotting and the CTFa levels were unaltered upon
introduction of the protective APP variant (Fig. 5b). Similar to the re-
sults in 2D ReN cell cultures, the levels of GSK3f phosphorylation or
MAP2 isoforms did not significantly differ between APP-SL and APP-SL-
A673T-expressing 3D cultures. In summary, the introduction of the APP
A673T variant together with AD causative mutations in different cell
culture models emphasized the strength of the protective variant. Even
in the presence of the pathogenic APP mutations, the introduction of the
protective variant shifted APP processing towards the non-
amyloidogenic pathway. The most prominent and consistent change in
the 2D and 3D cell cultures expressing APP-SL-A673T compared to APP-
SL was a decrease in sAPPp levels and an increase in sAPPa levels.
Similar changes were detected when comparing the CSF samples from
APP A673T carriers with those from the controls.
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4. Discussion

Understanding the molecular basis by which the APP A673T variant
confers protection against AD to its carriers can contribute to both a
better understanding of AD pathogenesis and designing effective ther-
apeutic strategies (Harper et al., 2015). With the present study, we
provide the first insight into global protein expression changes in the
CSF of APP A673T variant carriers. Additionally, we confirmed the
strong protective effects of the APP A673T variant against the devel-
opment of AD-associated pathologies in the variant carriers and in vitro
models.

In the Finnish EADB sample set, we found the protective APP A673T
allele in 13 out of 2109 aged subjects. The resulting allele frequency of
0.3% lies in between the frequencies found in the previous studies in
Finnish cohorts, where allele frequencies of 0.1, 0.3, and 0.5% have been
found in two population-based and one schizophrenia cohort, respec-
tively (Muratore et al., 2014; Strittmatter et al., 1993; Corder et al.,
1994). In accordance with what was observed in the Icelandic popula-
tion (Jonsson et al., 2012), we found that the APP A673T variant was
significantly more common in the Finnish elderly control group than in
the AD group, confirming the protective effect of A673T variant.
Furthermore, AD-related pathological changes were absent in the three
frontal cortical biopsies from iNPH patients carrying APP A673T
variant. In the previous studies of iNPH patients, Ap pathology has been
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Fig. 5. Introduction of the APP A673T variant into a 3D model of AD. ReN cells were transduced with lentiviral vectors encoding APP-SL (human APP Swedish/
London pathogenic variant), APP-SL-A673T, or vector backbone. The plasmid backbone contained cytomegalovirus (CMV) promoter and GFP coding sequence
separated by an internal ribosome entry side. Part of the cells were co-transduced with vectors encoding PSEN1(AE9) (human presenilin 1 exon 9 deletion pathogenic
variant) along with mCherry, separated by an internal ribosome entry side. The cells were differentiated in a 3D Matrigel matrix (~4 mm thickness) and cultured for
14 weeks prior to collection. a) Introduction of APP A673T variant increases sAPPa levels and decreases sAPP levels in a 3D model of AD utilizing expression of APP-
SL or APP-SL together with PSENI(AE9). Levels of Ap were not altered upon the introduction of the protective APP A673T variant. All levels were measured by ELISA
and normalized to sAPPtot levels. b) No significant changes in APP C-terminal fragment CTFa, phosphorylation of GSK3p at serine 9, or levels of the neuronal target
MAP2 were observed in ReN cells overexpressing APP-SL compared to APP-SL-A673T. Levels of the MAP2 high-molecular-mass isoforms MAP2A and MAP2B and the
low-molecular-mass isoform MAP2C were normalized to p-actin. All data are shown as mean + SD of n = 7-10 of two independent experiments. Independent samples

t-test or independent samples Mann Whitney U test; *p < 0.05, *** p < 0.001.

reported to be present in 42% of the studied subjects in the Kuopio iNPH
sample set (Leinonen et al., 2012), while 68% showed evidence for at
least one AD pathological marker in another study (Hamilton et al.,
2010). Correspondingly, an increased occurrence of clinical AD has been
observed in iNPH patients as compared to the general population
(Luikku et al., 2019). The absence of Ap and p-tau in the biopsies of the
iNPH patients carrying APP A673T variant further supports the hy-
pothesis of a protective effect of this variant against AD-related
pathology.

In contrast to plasma, CSF is in direct contact with the brain and has
been shown to provide a more accurate estimate than plasma samples
for biochemical changes in the brain (Panyard et al., 2021; Mehta et al.,
2000). By analyzing the levels of AD pathology-related peptides in the
CSF of APP A673T variant carriers as compared to control samples, we
found that the protective variant associated with significantly lower
levels of sAPP§ and Ap42. Moreover, the CSF levels of AB40 were
reduced in the APP A673T variant carriers, although this result did not
reach statistical significance. Consequently, the ratio of Ap42/Ap40 was
not significantly altered alongside the unaltered CSF levels of sAPPtot,
sAPPa, p-tau and t-tau. In the CSF of AD patients, Ap42 is generally
found in lower levels than in cognitively normal individuals, probably
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reflecting deposition of AB in the brain (Blennow et al., 2010). As Ap
pathology was absent in the biopsies of the iNPH patients, it is unlikely
that low CSF AB42 levels are caused by brain Af deposition in APP
A673T variant carriers. A decrease in SAPPf levels was also observed in
the 3D model of AD upon the introduction of APP A673T variant,
indicating that the protective variant modulates BACE1 cleavage of APP.
Further supporting the idea that the APP A673T variant might affect
BACE1 cleavage of APP were the findings related to the significantly
decreased CTFp levels in APP-SL-A673T-expressing cells as compared to
APP-SL after inhibition of y-secretase. Previous studies related to the
expression of wild-type APP with respect to APP A673T variant in
different cell types and in vitro enzyme activity assays have proposed
different effects of the APP A673T variant on APP processing as the main
mechanism for its protection against AD. In accordance with our find-
ings, several studies found a reduction in BACE1 cleavage of APP due to
the A673T variant and suggested a modulation of the catalytic turnover
rate of APP by BACE1 (Jonsson et al., 2012; Maloney et al., 2014). Other
studies proposed a reduction in the y-secretase-mediated cleavage of
APP A673T based on the findings that CTFp levels were unaltered be-
tween cells expressing WT APP and APP A673T and that expression of
CTFp carrying A673T led to a decrease in Af production as compared to
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WT CTFp (Kimura et al., 2016; Kokawa et al., 2015). Studies focusing on
the properties of Ap carrying A2T (corresponding to A673T site in APP)
have proposed that N-terminal fragments of Ap A2T of various lengths
can retard or delay aggregation of WT Af (Benilova et al., 2014; Lin
et al.,, 2017). Furthermore, AB40 A2T peptides have been shown to
differentially affect mitochondrial trafficking in primary cortical mouse
neurons. Moreover, their plasma membrane binding and internalization
into neurons were reduced as compared to WT AB40 (Zhang et al.,
2018). In summary, these results suggest that the APP A673T variant
conveys protection against AD pathology through an interplay of mul-
tiple factors, such as modulating the generation of different APP-derived
peptides by the secretases as well as their molecular function by altering
the conformation of some of the generated peptides.

One possible way how altered levels or conformational states of APP
proteolytic products can contribute to the protective effect of APP
A673T variant is by evoking expressional changes of downstream tar-
gets. It has previously been shown that Af and APP intracellular frag-
ment (AICD) can directly alter gene expression by acting as transcription
factor (Multhaup et al., 2015; Stomnicki and Lesniak, 2008; Maloney
and Lahiri, 2011). Furthermore, also other APP-derived peptides, such
as CTFs and sAPP, indirectly regulate gene expression e.g. through
interaction with adapter proteins (Schettini et al., 2010; Ryan et al.,
2013; Li et al., 2010). Here, we looked at differential (phospho)peptide
expression in the CSF and plasma of APP A673T variant carriers as
compared to controls and found that processes related to protein phos-
phorylation were significantly over-represented in the differentially
expressed peptides in the CSF and plasma of the protective variant
carriers. Aberrant protein phosphorylation through dysregulation of
kinases and phosphatases has been identified as a critical step in AD
pathogenesis and progression (Perluigi et al., 2016). The most promi-
nent example of an imbalance between the activity of kinases and
phosphatases in AD is the hyperphosphorylation of tau (Goedert et al.,
1991; Gong et al., 1995). In AD brain, the activity and/or expression of
protein phosphatases-1 (PP1), —2A (PP2A), —5 (PP5), and PTEN have
shown to be decreased (Griffin et al., 2005; Gong et al., 1993; Gong
et al., 2004). A central role in the phosphorylation of tau has been
attributed to PP2A, which most efficiently released phosphate from
hyperphosphorylated tau in vitro. Supporting this notion, inhibition of
PP2A was shown to induce tau hyperphosphorylation in vivo in the rat
brain (Wang et al., 1996; Tian et al., 2004; Martin et al., 2013). Here,
protein levels of the PP2A regulatory subunit PPP2R5B were found to be
increased in the CSF from APP A673T carriers as compared to controls,
which is opposite to the finding on the expression of PPP2R5B RNA in
the post-mortem AD brain samples with advanced tau pathology. These
findings support the important role of PP2A in AD disease progression
and suggest that the protective APP A673T variant may positively in-
fluence PP2A function and subsequently, reduce the phosphorylation of
tau. Levels of PPP1CA, a subunit of PP1, which is also involved in tau
dephosphorylation, were increased in the CSF of the APP A673T variant
carriers by 3.6-fold, suggesting further positive regulatory effects of the
protective variant on the dephosphorylation of tau. In the AD brain,
PPP1CA levels are reduced and it has been suggested that this reduction
is mediated through microRNA (miR)-125b, which is elevated in AD
(Banzhaf-Strathmann et al., 2014). In primary hippocampal rat neurons,
overexpression of miR-125b caused tau hyperphosphorylation, while
overexpression of PPP1CA prevented miR-125b-induced tau phosphor-
ylation (Banzhaf-Strathmann et al., 2014). Thus, future studies should
be focused on assessing whether the miR-125b-mediated regulation is
involved in the observed increase of PPP1CA levels in the CSF of the APP
A673T variant carriers. PP5, the third phosphoprotein phosphatase
(PPP) dysregulated in AD, has been shown to interact with the calcium-
binding protein S100A6, which was strongly reduced in the CSF from
APP A673T carriers in this study. Interestingly, SI00A6 was identified as
one of the positively correlated proteins with AD disease phenotype, and
S100A6 accumulates in the center of Ap plaques and the surrounding
astrocytes (Wruck et al., 2016; Hagmeyer et al.,, 2019; Boom et al.,
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2004). Here, we confirmed the increase in SI00A6 levels in post-mortem
brain samples in relation to increased AD-related neurofibrillary pa-
thology. Counterintuitively to the observed expression pattern of
S100A6, it has been shown that SI00A6 enhances the phosphatase ac-
tivity of PPP5C towards phosphorylated tau protein and that SI00A6
delayed Ap42 aggregation in in vitro kinetic experiments, suggesting
that increased levels of S100A6 in the brain could exert protective ef-
fects in terms of AD-related pathology (Hagmeyer et al., 2019; Haldar
et al., 2020). Conceivably, the increase in S100A6 expression in AD
brains might be a compensatory protective effect. There are indications
for the involvement of APP in the regulation of SI00A6 expression. At
the transcriptional level, the SI00A6 gene promoter has been shown to
be activated by p-catenin, which again can physically bind to APP, as
shown in APP-overexpressing N2a cells, and thereby, excluded from the
nucleus (Kilanczyk et al., 2012; Zhang et al., 2018). An involvement of
APP in the regulation of SI00A6 expression is supported by our finding
that S100A6 expression appears to be altered in APP A673T variant
carriers.

Mitochondrial oxidative stress in microglia has previously been
linked to the development of AD (Agrawal and Jha, 2020), and the Ap40
A2T peptide has been shown to differentially affect mitochondrial
trafficking as compared to WT AB40 (Zhang et al., 2018). Here, pro-
cesses important for mitochondrial function were found to be over-
represented among the differentially expressed peptides in the CSF and
plasma samples. We found that HTRA2 protein levels were reduced in
the CSF from APP A673T variant carriers as compared to controls.
HTRAZ2 is a mitochondrial serine protease and in in vitro assays, HTRA2
significantly delayed the aggregation of AB42 peptides (Kooistra et al.,
2009). Functional analyses indicated a significant increase in HTRA
activity in the AD brain (Darreh-Shori et al., 2019; Westerlund et al.,
2011) and a HTRA2 inhibitor has been reported to exert neuroprotection
in rats (Su et al., 2009).

Some of the proteins that were found to be differentially expressed in
the CSF and plasma of APP A673T variant carriers were involved in
processes related to inflammatory cell response. One of these was
HAVCR2, which showed decreased levels in the CSF of protective
variant carriers. HAVCR2 (also named TIM-3) has been shown to regu-
late inflammatory mediators in microglia and mediate microglial
toxicity (Wang, and wei, Zhu X li, Qin L ming, Qian H jun, Wang Y.,
2015). Interestingly, HAVCR2 came up as one of the seven new AD risk
loci in a recent genome-wide association study (Wightman et al., 2021),
suggesting a role for the protein in AD pathogenesis. Targeted analysis of
the proteomics data from the CSF of APP A673T variant carriers
revealed a trend towards a decrease in proteins, which promote chronic
inflammation, but no significant expressional changes were found in
known markers of neuroinflammation, such as MIF, CD14, and FABP5.
Analysis of phosphopeptide expression in the CSF samples revealed
phospho site-specific changes in several AD-associated proteins, but the
impact of these protein modifications is for the most part difficult to
interpret.

Even though NEP levels were found to be strongly decreased in the
plasma from APP A673T variant carriers as compared to controls, we
were not able to confirm this decrease in APP A673T variant carriers
from the population-based METSIM cohort. We have previously shown
in the METSIM cohort on the average 28% lower plasma levels of AB40
and Ap42 in APP A673T variant carriers as compared to control in-
dividuals (Kimura et al., 2016) and thus, this cohort was used to assess
the levels of plasma NEP and the potential correlation of NEP levels with
AP by considering also the APOE status. Several studies have reported
that NEP gene expression is upregulated through the binding of AICD to
its promoter region, where AICD generated via the amyloidogenic
pathway appeared to be involved in the regulation of NEP expression
(Belyaev et al., 2009; Grimm et al., 2015). In the analysis of plasma
samples, there were remarkably great differences in the NEP concen-
tration between different individuals, which complicated the analysis of
the data. A large interindividual variation in plasma NEP concentration
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has been observed in another study as well (Prausmiiller et al., 2020).
There might be other factors affecting NEP levels in the plasma, masking
the potential effects of the APP A673T variant. When interpreting the
results of both CSF and plasma analysis, also the small number of cases
must be taken into account. Importantly, the small sample size most
likely also explains the relatively low number of targets that were
showing significantly different levels and consequently, it is probably
the reason for a missing overlap in the equally regulated targets between
CSF and plasma samples. However, given that APP A673T is a rare
variant and almost exclusively found in Northern European populations,
it is difficult to acquire larger sizes of CSF or brain biopsy samples from
variant carriers. Another factor to be considered is that the studied APP
A673T variant carriers have an underlying diagnosis of iNPH. The
impact of this factor on the comparison of APP A673T variant carriers
and non-carriers was minimized by choosing the control individuals also
from the iNPH patient group. Furthermore, as described previously, the
levels of sAPP and A differed significantly between iNPH patients and
healthy controls (Moriya et al., 2015). This was the main reason why
carefully matched CSF samples obtained from the iNPH patient cohort
were used as controls in the present study instead of healthy controls to
address the effects of the protective A673T variant without having the
confounding effects related to iNPH disease itself.

The results from our cell culture experiments were consistent with
previous studies, showing that the introduction of the APP A673T
variant decreased the levels of Ap42 in HEK cells (Jonsson et al., 2012;
Maloney et al., 2014). In the present study, this was detected even in the
presence of the causative Swedish and London mutations, indicating the
strong potency of the protective variant to modulate APP processing.
Mutant APP carrying the Swedish and/or London mutations has been
utilized to generate commonly used mouse models of AD (Jankowsky
and Zheng, 2017). In this study, we chose to introduce these mutations
together with the APP A673T variant due to their suitability to model
important features of AD as demonstrated in the different mouse and 3D
cell culture models (Kim et al., 2015; Jankowsky and Zheng, 2017). In
both 2D and 3D cultures of the ReN cells, we did not observe an effect of
the APP A673T variant on Ap levels, even though the levels of SAPPa and
sAPPp were altered. A recent study explored the effect of APP A673T
insertion in APP constructs harboring 29 different AD causative muta-
tions (Guyon et al., 2020). The study used AB42 and Ap40 in the SH-
SY5Y cell-conditioned medium as a measure of the protective effects
conveyed by the APP A673T variant and showed that Af levels were
decreased for some of the AD causative mutations upon introduction of
APP A673T (Guyon et al., 2020). Our results suggest that the levels of
sAPPa and sAPPf might serve as a more reliable measure of the pro-
tective effect conferred by the protective APP A673T variant.

So far, the reduced production of Af from the APP A673T variant has
received the most attention. Our results from both CSF and cell culture
analyses suggest focusing on the altered production of sAPPa and SAPP
as well. In the CSF of AD patients and patients with MCI due to AD,
increased levels of sAPPa and sAPPp have been found as compared to
controls (Araki et al., 2017; Araki et al., 2022). Other studies have
detected unaltered CSF levels of SAPPa and/or sAPPf from AD patients
as compared to healthy controls (Brinkmalm et al., 2013; Savage et al.,
2015). Similarly, Dobrovska et al. did not observe a significant differ-
ence in the CSF levels of sSAPPa and sAPPp between AD patients and age-
matched controls (Dobrowolska et al., 2014). However, this study
detected an increase in the ratio of sAPPB/sAPPa in the AD group,
indicating a shift towards amyloidogenic processing of APP leading to
very subtle changes in the CSF levels of sAPP. Therefore, the ratio of
sAPPB/sAPPa could be considered a better CSF marker for AD-related
changes in APP processing. Consistent with this notion, the CSF ratio
of sAPPB/sAPPua was decreased in the protective APP A673T carries,
although this result did not reach statistical significance.

Many neuroprotective functions have been attributed to sAPPa,
conveyed through modulation of PI3K, MAPK, and GSK3p signaling
pathways among others (Dar and Glazner, 2020). It has been shown that
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sAPPa itself can act as an inhibitor of BACE1, while CTFa is capable of
inhibiting y-secretase (Deng et al., 2015; Peters-Libeu et al., 2015;
Obregon et al., 2012; Tian et al., 2010). Those might be feedback
mechanisms, which when dysregulated may contribute to AD patho-
genesis. In the past, amyloidogenic processing has been the main target
of drug development against AD, while targeting the o-secretase cleav-
age of APP might hold therapeutic potential as well (Habib et al., 2017;
Lichtenthaler, 2011; Fahrenholz and Postina, 2006; Zhao et al., 2020).
Clinical trials with drugs, which inhibit BACE1, have failed so far. One of
the reasons for the failure may be that the numerous other substrates of
BACE1 are needed for essential neuronal functions (Hampel et al.,
2021). Nevertheless, the reduction of sAPPp levels observed in the CSF
from APP A673T carriers indicates that a reduction in the p-cleavage of
APP might still hold protective potential against AD, but the reduction in
BACE1 activity might need to be very subtle or only limited to APP as a
substrate. In a recent study, a short peptide generated from sAPPa was
designed, which specifically binds to BACE1 at the BACE1-APP cleavage
site and reduced AP production in vivo and in vitro (Lai et al., 2022).
Other studies have explored the possibility of editing APP through the
insertion of the A673T variant as a future treatment option for AD
caused by dominantly inherited causative variants. However, the
establishment of genome-editing therapies against neurological disor-
ders still requires a great amount of research and development (Guyon
et al., 2020; Guyon et al., 2021; Duarte and Déglon, 2020).

5. Conclusions

Taken together, we now here show for the first time that the APP
A673T variant significantly reduces sAPPJ and Ap42 levels in human
CSF. Furthermore, we found that several AD-associated proteins were
differentially expressed in the CSF and plasma of APP A673T variant
carriers as compared to matched controls, including several proteins
involved in tau dephosphorylation. In 2D and 3D cell culture models, the
introduction of the APP A673T variant modulated the levels of several
APP cleavage products and shifted APP processing towards the non-
amyloidogenic processing pathway even in the presence of two patho-
genic APP variants. Collectively, our findings emphasize that the drug
development processes should not concentrate on Af reduction or
BACE1 inhibition alone but reinforce the focus on a more holistic
approach targeting different steps of APP processing and downstream
targets. Future analyses of APP A673T variant carrier biofluids from
much larger sample sets and the subsequent comparison with different
data from APP A673T variant carriers might profoundly contribute to
the identification of specific proteins and pathways, which play an
active role in AD progression and could be utilized as early AD bio-
markers or drug targets.
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