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Abstract

Background: Increased total tau (t-tau) in cerebrospinal fluid (CSF) is a key characteristic of Alzheimer’s disease (AD)
and is considered to result from neurodegeneration. T-tau levels, however, can be increased in very early disease
stages, when neurodegeneration is limited, and can be normal in advanced disease stages. This suggests that t-tau
levels may be driven by other mechanisms as well. Because tau pathophysiology is emerging as treatment target for
AD, we aimed to clarify molecular processes associated with CSF t-tau levels.

Methods: We performed a proteomic, genomic, and imaging study in 1380 individuals with AD, in the preclinical,
prodromal, and mild dementia stage, and 380 controls from the Alzheimer’s Disease Neuroimaging Initiative and
EMIF-AD Multimodality Biomarker Discovery study.

Results: We found that, relative to controls, AD individuals with increased t-tau had increased CSF concentrations

of over 400 proteins enriched for neuronal plasticity processes. In contrast, AD individuals with normal t-tau had
decreased levels of these plasticity proteins and showed increased concentrations of proteins indicative of blood-
brain barrier and blood-CSF barrier dysfunction, relative to controls. The distinct proteomic profiles were already
present in the preclinical AD stage and persisted in prodromal and dementia stages implying that they reflect disease
traits rather than disease states. Dysregulated plasticity proteins were associated with SUZ12 and REST signaling,
suggesting aberrant gene repression. GWAS analyses contrasting AD individuals with and without increased t-tau
highlighted several genes involved in the regulation of gene expression. Targeted analyses of SNP rs9877502 in GMNC,
associated with t-tau levels previously, correlated in individuals with AD with CSF concentrations of 591 plasticity
associated proteins. The number of APOE-e4 alleles, however, was not associated with the concentration of plasticity
related proteins.
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eomic profiles.

Cerebrospinal fluid proteomics

Conclusions: CSF t-tau levels in AD are associated with altered levels of proteins involved in neuronal plasticity and
blood-brain and blood-CSF barrier dysfunction. Future trials may need to stratify on CSF t-tau status, as AD individuals
with increased t-tau and normal t-tau are likely to respond differently to treatment, given their opposite CSF prot-
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Background

The amyloid cascade hypothesis poses that Alzheimer’s
disease (AD) starts with amyloid beta (AP) aggregation
followed by tau pathology [1]. Increased total tau (t-tau)
levels in cerebrospinal fluid (CSF) are supposed to be
caused by axonal loss [2]. Still, 25% of the AD individuals
with mild cognitive impairment (MCI) or dementia have
normal t-tau levels despite axonal loss [3, 4]. Moreover,
CSF t-tau is abnormally increased in 50% of preclinical
AD individuals, when neurodegeneration is limited [5].
Furthermore, our study in cognitively normal monozy-
gotic twins discordant for amyloid aggregation, suggested
that CSF t-tau levels may rise even before amyloid aggre-
gation reaches abnormal levels [6]. An alternative expla-
nation for the increase in t-tau in AD may be increased
gene expression. A SILK study found that elevated CSF
t-tau levels in AD were associated with increased pro-
duction rather than from spilling of intracellular tau by
dying neurons [7]. A study with induced pluripotent stem
cells (iPSC) showed that AD individuals had increased
tau expression in neuronal progenitor cells compared
to controls [8]. Increased t-tau levels may also result of
increased neuronal activity, [9] or increased neuronal
plasticity as t-tau has an high expression in brain regions
with plastic potential [10]. As the drivers of increased
tau levels in AD remain largely unknown, and because
tau-related mechanisms are emerging as new treatment
targets for AD, we aimed to clarify molecular processes
associated with CSF tau dysregulation. To this end, we
performed a proteomic, genomic and imaging study
including 1380 individuals in the AD continuum, [11]
defined by abnormal CSF A, 4, spanning the clinical
spectrum from preclinical AD to mild dementia, and 380
controls with normal cognition and normal CSF A, _,,
and t-tau from the Alzheimer’s Disease Neuroimaging
Initiative (ADNI) and the European Medical Information
Framework for Alzheimer’s disease (EMIF-AD) Multi-
modality Biomarker Discovery (MBD) study [2].

Methods

Study participants

We selected 961 individuals from ADNI (adni.loni.
usc.edu) and 799 individuals from the EMIF-AD MBD
study [12]. ADNI started in 2003 as a public—private

collaboration under the supervision of Principle Inves-
tigator Michael W. Weiner, MD. The primary goal of
ADNI is to study whether serial biological markers, and
clinical and neuropsychological measures can be com-
bined to measure progression of MCI and early AD and
has enrolled 2850 individuals, see www.adni-info.org.
The EMIF-AD MBD study aimed to identify markers for
diagnosis and prognosis of predementia AD. It combined
existing clinical data, samples and scans of 1218 individu-
als with normal cognition, MCI or mild dementia from
prospective cohort studies [12].

Group definition and staging

We selected individuals with AD pathology defined as
abnormally decreased CSF amyloid beta 1-42 (AB;_,,),
and we subdivided this group into those with abnor-
mally increased total tau (t-tau) and those with normal
t-tau. Based on cognitive performance, AD individuals
were classified in 3 clinical stages as preclinical AD (nor-
mal cognition), prodromal AD (MCI) and mild AD-type
dementia according to study specific criteria [12, 13]. The
control group consisted of individuals with normal cog-
nition, and normal CSF A, ,, and t-tau levels.

Clinical assessment

Global cognition was assessed by the Mini-Mental State
Examination (MMSE) [14] and ADAS-Cog 11-item ver-
sion (ADNI) [15]. As a measure for memory function we
used the delayed recall of the logical memory subscale
II of the Wechsler Memory Scale (ADNI), [16] or center
specific verbal word learning tasks (EMIF-AD MBD)
[12]. We selected the Clinical Dementia Rating (CDR)
scale sum of boxes score as a measure of disease severity
[17].

CSF analysis

CSF samples in EMIF-AD MBD were collected according
to the BIOMARKAPD protocol, [12, 18] and in ADNI as
described elsewhere [19].

EMIF-AD MBD

CSF AP,4 and t-tau were measured locally with
INNOTEST ELISA or INNOBIA AlzBio3 (Fujirebio,
Ghent, Belgium). Cut-offs for AP, ,, and t-tau were
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cohort-specific in EMIF-AD MBD [12]. AB,_,, cut-offs
were determined for each cohort using Gaussian mix-
ture modelling [20]. We measured neurogranin, neuro-
filament-light, YKL-40, AR5 and AB,, by ELISA [2]. We
performed untargeted mass spectrometry using tan-
dem mass tag (TMT) with 1041 plexing as previously
described, using high-pH reverse phase HPLC for peptide
prefractionation [20, 21]. Peptides were mapped to 2535
proteins using the software ProteomeDiscoverer v.2.2.
(Thermo Scientific), using Mascot (MatrixScience) for
protein identification (precursor Dm tolerance 15 ppm,
fragment tolerance 0.05 Da, max missed cleavage sites
2), searching the human subset of the UniProtKB Swis-
sProt database (www.uniprot.org). Percolator (MatrixSci-
ence) was used for scoring peptide specific matches, and
a strict 1% false discovery rate (FDR) was set as threshold
for identification. For reporter ion quantification the fol-
lowing settings were used: Integration tolerance 20 ppm;
Integration Method Most Confident Centroid; normalize
on the reference protein average. The median (IQR) CV
for these proteins was 5.6 (3.8, 8.0).

ADNI
Ap,_4, and t-tau were measured on the xXMAP platform
(Luminex Corp, Austin, TX). Cut-offs for AB, ,, and t-tau
were used as published [19]. Changes in t-tau levels over
time were assessed in ADNI using longitudinal samples
measured within the same batch. YKL-40, neurogranin,
APP beta, neurogranin, neurofilament light, alpha synu-
clein, HBB, CFH, sTREM?2, VILIP-1, and BACE1 were
measured by ELISA or related assays, 190 analytes were
analyzed by the Human DiscoveryMAP panel (MAP-
RBM) and 225 proteins were analyzed by targeted mass
spectroscopy [22, 23]. We used the quality checked and
finalised ‘Normalized Intensity’ data as described in
https://adni.loni.usc.edu/wp-content/uploads/2012/
01/2011Dec28-Biomarkers-Consortium-Data-Primer-
FINALI1.pdf

Proteins and protein fragments (ADNI) values were
standardized according the mean and standard deviation
values of the control group and expressed as z-scores,
with a score of 0 indicating the average concentration
of the control group, z-scores >0 higher concentrations,
and z-scores <0 lower concentrations than controls. For
ADNI, we averaged peptides that mapped to the same
protein into a composite protein score when they cor-
related with r>0.5, and included them as single peptides
otherwise [20]. When the same protein was measured by
different platforms in ADNI, values were averaged if they
correlated with r>0.5 and otherwise we included them
as separate proteins. From the EMIF-AD MBD TMT
mass spectrometry analysis proteins were included when
observed in at least 92 individuals (30% of EMIF-AD
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MBD sample). For related proteins that had identical
values due to fragment a-specificity (e.g. ACTAl and
ACTA?2) we randomly selected one protein for analysis.

Proteomic annotation

Enrichment analysis

We included proteins for enrichment analyses that were
increased or decreased at p <0.05 relative to the contrast
tested.

Biological process enrichment analyses We performed
pathway enrichment analyses for Gene Ontology biologi-
cal processes (GO-BP) using the online Panther applica-
tion and SynGo [24-27].

Transcription factor enrichment analyses We per-
formed transcription factor enrichment analysis using
ChEA through Harmonizome through Enrichr [28-30].

Predominant cell-type of protein production

Based on the BRAIN RNASeq database (http://www.
brainrnaseq.org), [31] we labelled proteins as being pre-
dominantly produced by a cell type when levels were
higher than 40% of older individuals produced across cell

types.

Other annotations

Proteins associated with high choroid plexus expression
were defined based on the Allen Brain Atlas, [32] through
Harmonizome [29] and ABAEnrichment analysis [33].
Blood—Brain barrier (BBB) associated proteins were
selected from reference [34—36]; BACE1 substrates were
selected from reference [37, 38]; Alpha secretase sub-
strates were selected from reference [39, 40]; and gamma
secretase substrates were selected from reference [41].

Proteomic process scores (PPS)

For illustration purposes we combined proteins from
selected GO-BPs, and proteins associated with BBB dys-
function and BACE] substrates into a PPS by averaging
z-scores of individual proteins belonging to the process
that differed between AD individuals with normal or
increased t-tau in cross-sectional analysis in the total

group.

Neuroimaging analysis

We studied neuroimaging data only from ADNI, because
this study collected longitudinal scans. As a measure of
brain atrophy, we took cortical thickness data from 34
cortical areas from the longitudinal processing pipeline in
Freesurfer version 4.3 for 1.5 T T1-weighted MRI scans,
and v5.1 for 3 T T1-weighted MRI scans (http://adni.
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loni.usc.edu). As a measure of amyloid accumulation, we
used region-specific SUVR values for florbetapir bind-
ing assessed by PET imaging in 34 cortical areas as par-
cellated by Freesurfer v4.5.0 [42]. As a measure of brain
metabolism we analysed fluorodeoxyglucose (FDG)-PET
scans, [43] and determined average glucose metabolism
for brain areas standardized to the average uptake in the
vermis and brain stem according to the Desikan-Killiany
atlas (http://adni.loni.usc.edu/methods/pet-analysis-
method/pet-analysis/).

Genomic assessment

EMIF-AD MBD samples were genotyped using the Illu-
mina Global Screening array (Illumina, Incl) and 936
samples passed post-experiment QC [44]. ADNI samples
were genotyped using the Illumina 2.5-M or Illumina
OmniQuad array [45].

Genotype imputation and quality control

Data processing and quality control was performed using
GenomeStudio Software (v2.0.04, Illumina, Inc.), as
described previously [44]. To identify ethnic outliers, a
principal component analysis (PCA) of ancestry was per-
formed based on 1000 Genomes clustering, phase 3 using
PLINK [44]. Individuals of non-European descent and
family relations up to second degree were excluded. After
filtering, the ADNI genotype data included 747 individu-
als and EMIF-AD MBD 931 individuals.

SNPs were locally imputed using Minimac 3 to the
Haplotype Reference Consortium reference panel [46].
To account for population structure, principal com-
ponents (PC1-PC20) were computed on a subset of
relatively uncorrelated (r2<0.2) single nucleotide poly-
morphisms (SNPs). For ADNI subjects, Apolipopro-
tein E (APOE) €4 genotype was assessed with two SNPs;
rs429358 the ‘e4-allele’ and rs7412 the ‘e2 allele! APOE
€4 genotypes in EMIF-AD MBD were generated as
described elsewhere [44].

GWAS and post-GWAS analyses

Genome-wide association study (GWAS) analyses on
increased CSF t-tau in subjects with abnormal AP, 4,
were performed separately in ADNI (abnormal A, ,,
and increased t-tau n=246, abnormal A, ,, and nor-
mal t-tau n=238) and EMIF-AD MBD (abnormal Af,_,,
and increased t-tau #=294, abnormal A, ,, and nor-
mal t-tau n=155) using PLINK software (V1.90). We
used a logistic regression model including PC1-PC3 and
sex. Genome-wide significance was defined as p <5e-08.
Meta-analysis on ADNI and EMIF-AD MBD GWAS
summary statistics was performed using METAL [47].
MAGMA software was used to compute gene scores and
geneset scores for biological pathways based on p-values
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of the meta-analysis summary statistics. We considered
for further analysis gene scores based on at least 6 SNPs
and geneset scores with information on at least 6 genes.

Polygenic and other genetic risk score analysis

Polygenic risk scores (PGRS) for AD were computed for
each subject using PRSice (V2.3) [48]. PGRS were cal-
culated by adding the sum of each allele weighted by
the strength of its association with AD risk as calculated
previously [49]. AD cases were defined as patients clini-
cally diagnosed with AD-type dementia or individuals
with a parental history of AD (i.e., AD-by-proxy) [49].
Clumping was performed prior to calculating PGRS, to
remove SNPs that are in linkage disequilibrium (r2>0.1)
within a slicing 1 M bp window. After clumping, PGRS
were computed using various SNP inclusion thresholds.
In order to explore how specific genetic alterations were
associated with CSF proteomic profiles, we calculated for
a selection of genesets based on MAGMA analysis (see
results), gene-specific risk scores (GRS) including only
SNPs located on the respective genes with clumping as
described above and computation of GRS using various
SNP inclusion thresholds. We used weights from one
cohort to generate GRS in the other cohort. In order to
reduce the number of tests, GRS scores were selected for
SNP inclusion threshold that best differentiated within
AD between abnormally increased and normal t-tau.

Statistics

Our main outcomes are the biological process and tran-
scription enrichment analyses for which we report FDR
corrected p-values. For other analysis we report uncor-
rected p-values. Test statistics can be found in the sup-
plemental tables. Group comparisons between AD
subgroups and controls were performed using ANOVA
correcting for age and gender. Change in cognition and
imaging markers were assessed with linear mixed models
including as main terms group, time, and the interaction
group by time, and correcting for age and gender, and
additionally for level of education for cognitive markers.
We investigated within the AD individuals with normal
t-tau and AD individuals with increased t-tau whether
protein concentrations increased or decreased with
increasing disease severity ranging from preclinical AD,
prodromal AD, to mild AD-dementia with linear models.
A protein was considered to decrease or increase with
disease severity if the linear trend was statistically signifi-
cant or if there was a difference in concentration between
preclinical AD and prodromal AD, preclinical AD and
mild AD-dementia, or between prodromal AD and
mild AD-dementia and the trend analysis supported the
change with severity. Associations between GRS scores
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A. Data from ADNI
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Fig. 1 Protein concentrations relative to control group in individuals with AD according to t-tau status. Protein concentrations of individuals

with abnormal AB,_,, and increased t-tau (a+t+, red) and abnormal AB,_,, and normal t-tau (a+t-, blue) in ADNI A and EMIF-AD MBD B.
Concentrations are expressed as z-score relative to the control group (CN) that had normal cognition, normal AB,_,, and normal t-tau. Proteins are
sorted according to change relative to control group. Shown are proteins that differed between individuals with AD with increased t-tau or AD
individuals with normal tau from controls. Venn diagram shows number of proteins that differed
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and CSF protein levels were tested with linear models
adjusted for age and sex.

Results

Of the individuals with AD, 788 (57%) had increased CSF
t-tau levels and 592 (43%) normal t-tau levels. Abnormal
and normal t-tau groups showed generally similar demo-
graphics and baseline cognitive performance (Data Sla).

We first determined stability of t-tau levels over time
in 499 ADNI participants who had repeated CSF sam-
pling up to 7 years. CSF t-tau increased in the prodromal
AD stage at similar rates for both t-tau groups, and this
increase did not differ from the increase in t-tau in the
control group (Figure Sla). At last follow-up, 20% of the
AD individuals with normal t-tau at baseline developed
abnormally increased t-tau at follow-up and these indi-
viduals had t-tau levels just below the cut-point at base-
line (Figure S1b). Taken together, these findings suggest
that CSF t-tau levels reflect a trait rather than a stage.

We then studied CSF proteome profiles for t-tau sub-
groups in 559 individuals with proteomic data (Data
S1b). This included targeted proteomics of 248 proteins
in ADNI and targeted and untargeted proteomics of
1458 proteins in EMIF-AD MBD (Data S2). Compared
to controls, AD individuals with increased CSF t-tau had
increased levels of 130 proteins in ADNI (52% of ADNI
proteins measured) and of 477 proteins in EMIF-AD
MBD (33% of EMIF-AD MBD proteins measured) and

decreased levels of 2 proteins in ADNI (1% of proteins
measured) and of 43 proteins in EMIF-AD MBD (3%
of proteins measured) (Fig. 1, Data S2). AD individuals
with normal CSF t-tau, showed an opposite pattern with
increased levels of only 7 proteins in ADNI (3% of pro-
teins measured) and of 60 proteins in EMIF-AD MBD
(4% of proteins measured) and decreases in 107 proteins
in ADNI (43% of proteins measured) and of 411 proteins
in EMIF-AD MBD (28% of proteins measured). Around
50% of the proteins with increased levels in individuals
with increased t-tau had decreased levels in individu-
als with normal t-tau. This indicates that t-tau groups
show disruptions in the same molecular processes, but in
opposite directions.

Enrichment analyses with GO-BP for CSF proteins
increased in the AD group with abnormal t-tau rela-
tive to controls, showed in both ADNI and EMIF-AD
MBD involvement of plasticity-related processes such
as nervous system development, axonogenesis, syn-
apse assembly, myelination, gliogenesis, angiogenesis,
mitogen-activated protein kinase (MAPK) signaling,
cell-cycle, gene expression and glycolysis (Fig. 2 selec-
tion of representative processes; Figure S2 shows
synaptic processes; Data S3a, S3b show all enriched
processes). Abnormality in each of these processes has
been reported before in separate studies, [8, 50-55]
and our findings now suggest that they are part of com-
mon plasticity response. We also observed involvement



Visser et al. Molecular Neurodegeneration (2022) 17:27 Page 6 of 16
A) B) c) D
\\\e Log(p)*-1
W
¥ 966 e?’b
Alla+t+ Allat+t- CN a+t+ CN a+t- & Neuron Astrocyte Oligo Microglia Endothelial O@Q’ O@'Z’
E A E A E A E A @?‘ E A E A E A E A E A o4 &
L L L L L L L J [ E— — 1 L L L L Il L 1 L 1 20
suzi2 N | . 00
REST |

Nervous system development (GO:0007399)
Axonogenesis (GO:0007409)-

Synapse assembly (GO:0007416)-

Myelination (GO:0042552)

Gliogenesis (GO:0042063)

Angiogenesis (GO:0001525)

Cell cycle (GO:0007049)

Gene expression (GO:0010467)+

Cell adhesion (GO:0007155)

Extracellular matrix organization (GO:0030198)-
MAPK cascade (GO:0000165)+

Regulation of MAPK cascade (GO:0043408)
Canonical glycolysis (GO:0061621)
Cholesterol metabolic process (GO:0008203)
Cytokine-mediated signaling (GO:0019221)
Leukocyte activation (GO:0045321)
Acute-phase response (GO:0006953)
Complement activation (GO:0006956)

Blood coagulation (GO:0007596)+

Reg. neuron apoptotic process (GO:0043523)
Reg. of protein insertion in mito (GO:1900739)
React oxygen species metabolic (GO:0072593)+

analysis)

Fig. 2 Association of selected GO biological processes and transcription factors with CSF proteins, MAGMA geneset score, and cell type. A,B GO-BP
and SUZ12 and REST transcription factors enriched for proteins in AD individuals with increased t-tau (a+t—) or normal t-tau (a + t-) with increased
(red) or decreased (blue) concentrations relative to controls in the total sample (A) or in the preclinical AD stage (B). P-values of all GO-BPs are listed
in Data S3a. C P-value of association of GO-BP with abnormal t-tau in GWAS-based MAGMA genset analysis. P-values of all GO-BPs are listed in Data
S4d. D Proportion of proteins with cell-type specific expression. A: ADNI cohort, E: EMIF-AD MBD cohort; A+t+:abnormal AB,_,, and increased
t-tau; A+t abnormal AB, 4, and normal t-tau; CN A+ t+: abnormal AB,_,, and increased t-tau in preclinical AD stage; CN A +t-: abnormal AR, 4,
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of cytokine signaling, leukocyte activation, oxidative
stress, mitochondrial dysfunction, and apoptosis. Amy-
loid production was increased, reflected by increased
levels of amyloid precursor protein (APP), AP, and
AP, 35 and increased levels and activity of BACE1L, and
increased concentrations in substrates of the main
secretases involved in AP} metabolism (i.e., BACE], alpha
and gamma secretase; annotated in Data S2, column
DA-DC). Increased A production is known to set off the
amyloid cascade in autosomal dominant AD, [56] and our
data suggest that increased amyloid production may also
play a role in sporadic AD [57]. To identify potential driv-
ers of increased protein levels we performed CHeA tran-
scription factor-binding site enrichment analysis, which
indicated SUZ12 (p-FDR corrected=1.62E-11) and
REST (p-FDR corrected=1.04E-9) as most significantly
enriched. SUZ12 and REST repress gene transcription

through histone acetylation [58, 59]. Previous studies
showed evidence of REST/SUZ12 de-repression in AD
brain tissue, iPSC neurons from individuals with sporadic
AD, and tangle bearing AD neurons [8, 60, 61]. Interest-
ingly, of the proteins with increased gene expression in
these previous studies that were measured in our CSF
study, the majority showed increased CSF concentrations
in AD individuals with increased t-tau: 4 of 4 (CALBI,
NRXN3, SCN3B, SNAP25) proteins from reference [60];
56 of 67 (84%) proteins from reference [8]; and 200 of 238
(84%) proteins from reference [61] (annotated in data S2,
column DF-DQG).

AD individuals with normal t-tau showed, relative to
the control group, decreased levels of proteins associ-
ated with neuronal plasticity and regulation of MAPK
signaling, with concomitant lower levels of APP, AP, 4,
and AP, s and secretase substrates (Fig. 2, Figure S2;
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Data S3a, S3b for all enriched processes). Proteins with
decreased concentrations in the AD group with normal
t-tau, also converged on SUZ12 and REST transcription
factors, suggesting that increased gene repression activ-
ity is driving this CSF proteomic profile. Furthermore,
the AD group with normal t-tau showed 67 proteins with
increased levels relative to controls. Twenty of these pro-
teins were associated with blood—brain barrier (BBB)
dysfunction (annotated in Data S2, column DD) and 25
proteins had a high expression in choroid plexus (ABAE-
nrichment minimum pFWER =0.004), suggesting blood-
CSF barrier (BCSFB) dysfunction (annotated in Data S2,
column DE). Increased proteins were mainly seen in the
EMIF-AD MBD cohort, as ADNI proteomics was tar-
geted for brain specific proteins.

We continued analysis by comparing CSF protein con-
centrations between AD individuals with increased t-tau
and normal t-tau directly. AD individuals with increased
t-tau showed, relative to those with normal t-tau, an
increase in the concentration of 167 proteins in ADNI
(67% of ADNI proteins measured) and of 768 proteins in
EMIEF-AD MBD (53% of EMIF-AD MBD proteins meas-
ured) and a decrease in the concentration of 2 proteins
in ADNI (1% of proteins measured) and of 136 proteins
in EMIF-AD MBD (9% of proteins measured). These
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proteins were enriched for the same processes that dif-
fered for each group relative to controls (Figure S3, Data
S3a). Analysis of cell-type specific proteins revealed that
proteins of all major brain cell types differed in con-
centration between AD individuals with increased and
normal t-tau and that plasticity proteins were typically
neuron-specific (Fig. 2, Data S2).

We then investigated whether the opposite protein pat-
terns could already be detected in the preclinical stage
of AD. We found that relative to controls, preclinical
AD individuals with increased t-tau had higher levels of
plasticity proteins while preclinical AD individuals with
normal t-tau showed lower plasticity protein levels. Pre-
clinical AD individuals with normal t-tau also showed
higher concentrations of proteins associated with bar-
rier dysfunction (Table 1, Fig. 2b, Fig. 3, Data S2 column
BK-BN, Data S3a for all enriched GO-BP). These findings
indicate that both aberrant neuronal plasticity processes
and barrier dysfunction are very early events in AD.

We next investigated how protein concentrations
changed with increasing disease severity stages. In AD
individuals with increased t-tau levels, the concentra-
tion of 59 (ADNI) to 129 proteins (EMIF-AD MBD)
decreased with increasing disease severity and the con-
centration of 2 (ADNI) to 34 proteins (EMIF-AD MBD)

Table 1 Top 20 proteins that differed in preclinical AD from the control group according to CSF t-tau status

Contrast Cohort Number of Top 20 proteins with largest effect size
proteins that
differ
Preclinical AD with increased t-tau
Proteins with increased concentration relative to CN  EMIF-AD MBD 262 YWHAH, LAMP5, PCSK5, CHI3LT, SMOCT, ADCYAP1, SPP1,
GDA, CRYM, TAGLN3, PLXNA2, PCDH8, HPRT1, CPD, GAP43,
ENPP5, CAMK2A, PKM, MELTF, NAXE
ADNI 93 NRGN, PKM, VSNL1, GOT1, ALDOA, SPP1, GOT2, HGF, NEOT,
NCSTN, MOG, APLP2, SOD1, BACET, APP, CHI3LT, FABP3,
ENO2, NCAM2, SPON1
Proteins with decreased concentration relative to CN - EMIF-AD MBD 19 S100A6, ADAMDECT, GPLD1, ANXAS5, KNGT, SERPINA4,
HSPATA, IGHV4-30-2, CPB2, IGHV4-30-4, FLNA, IGHV3-30,
PRAP1, IGLV3-10, HSPA6, ABI3BP, IGHV2-70D, HSPA7, PON1
ADNI 2 GOLMT1, LEP
Preclinical AD with normal t-tau
Proteins with increased concentration relative to CN  EMIF-AD MBD 36 SLC39A1 Zb, ADIPOQ? ANGPTL7, LGI b, CD9b, KRT24, IFI30?,
TTR®, FOLR1?, NCMAP, SLC5ASP, SELPLG, ENPP2°, F5°, CTSA,
KRT12, KRTO, SIAE®, COL15A1, KRT10
ADNI 3 EDN1, APOE-e4, FGF4°
Proteins with decreased concentration relative to CN - EMIF-AD MBD 102 HS6ST1, CDH9, ASTNT, PLXNAT, APP, PMP2, STMN3, CDHS,
PRKARTA, GABARAPL2, GALNT6, PITHD1, GALNT1, CPM,
MMP17, FAM19A2, CD99, FURIN, TAGLN, CDH12
ADNI 24 abeta1-40, abeta1-38, ADGRL1, CADM3, NEOT, NPTXT,

MCAM, CHGB, PCSK1, NEGRT, L1CAM, UBB, PTPRN, CAC-
NA2D1, TIMP1, PAM, BTD, VEGFA, DAGT, NBL1

T-tau Total tau, CN Control group with normal cognition, normal AB,_,, and normal t-tau

2 Protein associated with Blood Brain Barrier dysfunction

b Proteins with high expression in choroid plexus. Full list of proteins is provided in Data S2, column BK-BN
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increased. Proteins of which the concentration decreased
with disease severity were enriched for neuronal plastic-
ity and proteins of which the concentration increased
were enriched for mitochondrial outer membrane per-
meabilization and complement activation (Fig. 3, Data
S2, S3a (all enriched GO-BP), Figure S3). In AD individu-
als with normal t-tau, the concentration of 48 (ADNI) to
265 (EMIF-AD MBD) proteins decreased with increas-
ing disease severity and the concentration of 10 proteins
(ADNI) to 54 (EMIF-AD MBD) increased with disease
severity (Fig. 3, Data S2, S3a (all enriched GO-BP), Fig-
ure S3). Proteins of which the concentration decreased
with disease severity were enriched for neuronal plas-
ticity and proteins of which the concentration increased
proteins included BBB related proteins (n=32) and pro-
teins with increased expression in the choroid plexus
(n=14). Because the concentration of plasticity pro-
teins decreased in both AD individuals with increased
t-tau and normal t-tau, differences in plasticity proteins
between the groups that were present in the preclinical
AD stage persisted in the prodromal and dementia stage
(Fig. 3). The decrease in concentration of neuronal plas-
ticity proteins with disease severity aligns with the obser-
vation of decreased gene expression of neuronal plasticity
proteins with increasing disease severity in post-mortem
AD studies [57, 62].

Next, we investigated whether genetic factors were
related to increased t-tau in AD individuals in the com-
bined ADNI and EMIF-AD MBD cohorts (n=1067).

Presence of the APOE &4 allele, the major genetic AD
risk factor, was more common in AD individuals with
increased t-tau compared to AD individuals with nor-
mal t-tau (66% vs 53% p<0.001) and was in both AD
groups more common than in controls (17%, p <0.001).
Compared to controls, AD individuals with increased
t-tau and with normal t-tau had both higher AD PGRS
across SNP inclusion thresholds (Fig. 4a, Data S4a)
[49]. PGRS did not differ between AD individuals with
increased t-tau and normal t-tau after stratification for
clinical stage and correction for APOE &4 carriership
and age (Data S4a), suggesting that these groups have
a similar AD genetic risk architecture. Next, we per-
formed an exploratory GWAS within AD individuals to
identify other potential genetic markers associated with
increased t-tau. We found tentative associations with
SNPs in the APBB2 gene (nominal p-value 1.63-2.92E-
06, Data S4b). The top 3 genes associated with increased
t-tau from gene-based analyses included, in addition to
APBB2, TBC1D10B (nominal p =2.9E-04), a Rab GTPA
activating protein involved in MAPK signaling, and
LRP3 (nominal p =3.36E-04), a low-density lipoprotein
receptor protein (Data S4c). The top 3 GO-BP gene-sets
associated with increased t-tau from MAGMA analysis
were positive regulation of cellular process (self-con-
tained p =1.07E-04), protein K29-linked ubiquitination
(self-contained p=1.52E-04) and negative regulation
of actin nucleation (self-contained p=1.57E-04, Data
S4d). Twenty-eight percent of GO-BPs enriched for
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CSF proteins that differed in concentration between
AD t-tau groups, differed also in GO-BP gene-set score
between the t-tau groups (Fig. 2; Data S3a). This sug-
gests that interindividual differences in CSF t-tau
concentrations may have partly a genetic basis. To
investigate whether genetic markers influenced CSF
protein concentrations, we correlated subject level GRS
with subject level CSF protein concentrations in 188
individuals with abnormal AP, ,,. We used the GRS of
the top 3 genes, the GRS of the top 3 GO-BP and the
GRS of 9 GO-BPs that differed between abnormal and
normal t-tau groups in both CSF and MAGMA geneset
analysis in Fig. 2. Given the association of CSF profiles
with REST and SUZ12 we also selected the GRS of 2
GO-BPs associated with histone acetylation with the

lowest self-contained p-value. For each of the GRS, we
used weights from one cohort to generate a GRS in the
other cohort. We then correlated the individual GRS of
each gene or GO-BP with individual protein concen-
trations (Data S5a). A positive correlation means that
a higher GRS is associated with a higher protein con-
centration. The largest number of positive correlations
of GRS with CSF protein concentrations were observed
for the GO-BP gene expression GRS (288 proteins),
the GO-BP regulation of MAPK cascade GRS (146
proteins), and the GO-BP histone H3 acetylation GRS
(127 proteins, Fig. 4b, left coloured part, Data S5a).
The proteins that showed a positive correlation with
these GRS were typically associated with nervous sys-
tem development, gene expression, and cell adhesion
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(Fig. 4b, right grey part). These findings support the
notion that the increase in plasticity-related processes
in CSF has in part a genetic background. Moreover,
we tested the association of SNP rs9877502 in GMNC,
previously associated with CSF t-tau levels without
stratification for amyloid aggregation, with tau status
[44, 63, 64]. Consistent with previous data, the A-allele
frequency at this site was more common in AD indi-
viduals with increased t-tau compared to those with
normal t-tau (nominal p-value=0.02). We then asso-
ciated this SNP with CSF protein levels using additive
models. 591 of 1705 proteins (35%) showed an increase
in CSF level with increasing number of rs9877502
A-alleles (Data S5b). These proteins were enriched
for neuronal plasticity related processes (Data S5c),
and SUZ12 (p-FDR corrected=5.27e-24) and REST
(p-FDR corrected =6.34e-18) signaling. 105 proteins
(6%) showed a negative correlation with the number
of rs9877502 A-alleles, including 36 proteins associ-
ated with BBB dysfunction and 36 immunoglobulins.
In a smilar way, we associated the number of APOE-e4
alleles with CSF protein levels in individuals with AD.
Forty-five proteins showed an increase in CSF levels
with increasing number of APOE-e4 alleles (Data S5b)
and these proteins were enriched for GO-BP learning
or memory (p-FDR corrected =0.046). The concentra-
tion of 36 proteins showed a negative correlation with
the number of APOE-e4 alleles (Data S5b) and were not
enriched for any GO-BP.

Finally, we studied the effect of t-tau on disease pro-
gression using longitudinal ADNI data.

Relative to controls, AD groups with increased t-tau
and normal t-tau showed both faster memory decline and
PET-amyloid accumulation in the preclinical stage and
showed faster decline in all cognitive and imaging meas-
ures in the prodromal and dementia stage. Compared to
AD individuals with normal t-tau, those with increased
t-tau declined faster on cognitive tests and in glucose
metabolism in the prodromal AD stage and showed a
faster decline in cortical thickness in the prodromal and
dementia stage (Fig. 5, Data S6).

Discussion

Our main finding is that AD individuals with
increased CSF t-tau levels showed increased concen-
trations of proteins associated with neuronal plas-
ticity, while AD individuals with normal t-tau levels
showed decreased concentrations of plasticity pro-
teins. These opposite CSF proteomic profiles were
already observed in the preclinical stage of AD, and
persisted in prodromal and mild dementia stages,
indicating that they reflect different disease traits
rather than different disease states.
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Results from our molecular process and transcription
factor enrichment analysis suggested that the increased
levels of neuroplasticity proteins in the AD group with
increased t-tau could result from an increase in mitogenic
MAPK signaling, or from a reduction in gene repression
by REST and SUZ12. The de-repression of gene expres-
sion by REST/SUZ12 in AD has previously been reported
in post-mortem AD studies and in iPSC neurons from
individuals with sporadic AD [8, 60, 61]. Our finding
that a subset of proteins coded by genes with increased
expression in these previous studies had increased CSF
concentrations in AD individuals with increased t-tau as
well, further supports the role of REST/SUZ12 de-repres-
sion in AD. Both APP and tau are regulated by REST or
SUZ12, and this may explain why the increases in levels
of AP production markers and tau occur in tandem [6].
The increased concentration of neuronal plasticity pro-
teins might reflect a compensatory mechanism triggered
by tau-induced synaptic dysfunction such as impairment
of presynaptic vesicle release, trafficking of glutamatergic
receptors, and maturation of dendritic spines [65]. AD
neuropathological studies suggested that such a plastic-
ity response is likely pathological and results in aberrant
synaptic sprouting (both at axons and at dendrites), dis-
organised capillairies and an abnormal cortical myelin
architecture [51, 52, 66]. Increased expression of APP
and tau may initiate a vicious cycle. APP and Af peptides
can activate MAPK signaling, [53, 67, 68] which may fur-
ther increase APP production[69, 70]. The APP intracel-
lular domain (AICD) stimulates gene transcription, [71]
and may increase expression of APP and BACE1 [72].
Abnormal tau may increase gene expression through
depletion of H3K9me2, altered spatial open chromatin
organization, or altered H3K9 acetylation [73, 74].

The group of AD individuals with normal t-tau was
characterized by decreased concentrations of plasticity
related proteins and increased concentrations of BBB
and BCSFB permeability related proteins. The increase
in barrier permeability may be caused by accumula-
tion of AP in vessel walls and toxic effects of AP} on cells
that constitute these barriers [75, 76]. This can loosen
tight junctions and increase paracellular transport [75,
77-79]. Impaired BBB and BCSFB function may lead
to hypoplasticity through impairments in their physi-
ological role in glucose transport, capillary perfusion,
and neurogenesis, [79] and possibly also by increasing
REST signaling, which can be triggered by ischemia
[80]. The increase in concentrations of CSF proteins
that are produced in the choroid plexus suggests
BCSFB dysfunction. The choroid plexus is involved in
the clearance of A, [81] and the increase in concentra-
tion of proteins expressed in the choroid plexus could
be a response to AP induced inflammation [82-84].
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Fig. 5 Longitudinal cognitive and imaging changes according to diagnostic group and clinical stage Upper images: change in cognitive markers.
A MMSE, B CDR sum of boxes, C Logical memory, and D ADAS-Cog. Change of controls are shown in grey, of AD individuals with increased t-tau
inred (@a+t+), and of AD individuals with normal t-tau (a+t-) in blue. 1. Slope p < 0.05 different from control; 2. Slope p < 0.05 different from 0; 3.
Slope p <0.05 different between AD individuals with increased t-tau (a+t+) and AD individuals with normal t-tau (a +t-). Lower images: Annual
rate of change in imaging markers. E amyloid aggregation, F cortical thickness and G FDG-PET glucose metabolism. PET amyloid data are not
shown for AD individuals with dementia with normal t-tau because of low number of participants (n=6). Data are shown in Data 6. Data are from
ADNI only. CN = normal cognition; MCl =mild cognitive impairment; a+t+ =abnormal AR1-42 and increased t-tau; a + t-=abnormal AB1-42 and
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AD individuals with normal t-tau may have cerebral
amyloid angiopathy (CAA), a condition in which A is
deposited in cerebral and leptomeningeal blood vessels
[85]. CAA is common in individuals with AD and cor-
relates with AP plaque deposition and neurofibrillary
tangles [85]. CAA has been associated with normal lev-
els of t-tau levels and a decrease in A, levels, which
was also observed in our AD individuals with normal
t-tau [86]. Although t-tau levels were within normal
limits, this group showed a typical AD genetic pattern
and a progressive disease course with increases in cog-
nitive and AD biomarkers abnormalities, which sup-
ports the view that this is a subtype of AD, and not a
different disease entity.

Our GWAS and GRS analyses suggested that levels of
tau and neuroplasticity proteins partly depend on genes
involved in gene expression, although no genome-wide
significant signals were identified. APBB2 showed the
strongest association with CSF t-tau in these analyses.
While markers in APBB2 do not show strong evidence
for association with AD risk in GWAS comparing con-
trols with individuals with AD-dementia [49], the gene
represents an interesting functional candidate as APBB2
binds AICD. Alternative splicing of APBB2 increased
the AB,,/ AP, ratio [87], and overexpression increased
AP, 40 APP, and AICD levels and changed gene expres-
sion [68, 87, 88]. In addition, we found associations of
rs9877502 in GMNC (previously associated with t-tau
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levels in this and other datasets) [44, 63, 64] with levels of
696 CSF proteins in AD individuals. GMNC is involved
in neuronal plasticity and regulation of gene expres-
sion [89, 90]. We also found that GRS associated with
t-tau were involved in neuronal plasticity and that these
GRS showed an association with the concentration of
plasticity-related proteins. On the contrary, the number
of APOEe4 alleles was not associated with the concen-
tration of proteins involved in neuronal plasticity. The
genetic pattern associated with t-tau levels in individuals
with AD is thus different from the genetic processes asso-
ciated with AD-type dementia, which include immunity,
lipid metabolism, and intracellular trafficking [49]. This
indicates that within the AD genetic risk architecture
other genetic processes could influence AD phenotypes.

As we found a wide range of processes deregulated,
it is possible that this may reflect an aspecific response
to brain pathology. This seems, however, unlikely as the
same set of proteins that was increased in AD individu-
als with increased t-tau was decreased in AD individuals
with normal t-tau suggesting that these processes have a
common denominator. In addition, we found that these
proteins were enriched for SUZ12 and REST transcrip-
tion factors, which are master regulators of neuronal
plasticity. Moreover, abnormalities in nervous system
development related processes, myelination, angiogen-
esis, MAPK signaling, cell-cycle, gene expression and
glycolysis have all been reported in separate AD post-
mortem, animal or cell studies [8, 50-55]. Still, some
dysregulated processes may only be indirectly involved
in plasticity. For example, increased levels of proteins
associated with glycolysis could be a response to the high
energy demand resulting from increased neuronal activ-
ity [91]. It is unlikely that the increased levels of plastic-
ity proteins in AD individuals with increased t-tau simply
reflect cell death as levels of plasticity-associated proteins
were highest in the preclinical AD stage, when neurode-
generation is limited, and decreased with increasing dis-
ease severity.

The observation that increased t-tau levels are associ-
ated with an increase in concentration of plasticity pro-
teins, aligns with observations that tau is associated with
increased neuronal excitability in neurophysiological
studies [92]. In an AD mice model it was shown that tau
could be an enabler of neural network dysfunction caused
by amyloid pathology as tau reduction reduced amyloid-
related overexcitation [92, 93]. Tau may also have direct
effects on excitability as overexpression of human tau
in mice models increased delta/theta power and reduc-
tion of tau expression counteracted these changes [94].
Another study showed that nuclear translocation of tau
led to increased expression of VgluT1, which is involved
in glutamatergic synaptic transmission [95]. A clinical
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study showed that increased CSF t-tau levels were associ-
ated with long-term depression (LTD) after transcranial
magnetic stimulation in the motor cortex [96]. As this
study was performed in demented individuals, it is possi-
ble that LTD reflects synaptic failure. Future studies that
combine electrophysiological measures with proteomic
data in human beings are required to study this question
in more detail.

We further found that AD individuals with increased
t-tau also showed increased cytokine signaling and leu-
kocyte activation. This activation could result from sol-
uble tau oligomers, [97] although it is also possible that
both increased t-tau levels and microglia activation result
from amyloid pathology.

A strength of the study is the large sample size available
for proteomic analysis and the use of two independent
cohorts. Even though these cohorts performed proteom-
ics in a different way (targeted proteomics in ADNI, non-
targeted proteomics in EMIF-AD MBD) and the overlap
in proteins measured in both studies was limited, enrich-
ment analysis showed very similar results between the
cohorts (Fig. 2), which supports the robustness of our
findings. The consistency across cohorts was also pre-
sent on the protein level. Of the 167 proteins measured
in both cohorts, only 7 proteins (5%) showed a difference
between the cohorts on both major outcomes (AD with
normal t-tau vs control and AD with increased t-tau ver-
sus controls, Data S2). A limitation is that CSF proteom-
ics was performed cross-sectionally and the differences
between disease stages need to be confirmed in longitu-
dinal studies. In addition, the association between change
in CSF protein concentrations and biological processes
needs to be further addressed in functional studies. The
sample size for genetic analysis was small and larger sam-
ples are needed to confirm these results.

Conclusions

CSF t-tau levels in AD are associated with altered levels
of proteins involved in neuronal plasticity and blood—
brain and blood-CSF barrier dysfunction. The asso-
ciation of increased CSF t-tau with neuronal plasticity
protein levels provides support for the role of tau in
neuronal plasticity and gene expression and implies that
increased CSF t-tau levels may not simply reflect axonal
loss [8, 73, 74]. It will be of critical importance to stratify
future trials on t-tau status, as individuals with increased
t-tau and normal t-tau are likely to respond differently
to treatment, given their opposite proteomic profiles.
The dosing of amyloid and tau antibodies may need to
be tailored to t-tau levels, because of differences in BBB/
BCSEB integrity between those with increased and nor-
mal t-tau. Treatments with drugs that target amyloid
production, hyperexcitation, or hyperplasticity, such
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as bace inhibitors, histone modifiers and anti-epileptic
drugs, could only be effective in AD individuals with
increased t-tau in the predementia stage, when the CSF
concentration of amyloid production markers and plas-
ticity related proteins are highest. Retrospective analysis
of previous trial data according to CSF t-tau status may
lead to a better understanding why effects in these trials
were absent or minimal and whether AD individuals with
increased t-tau and normal t-tau have a different treat-
ment response. Future studies on the mechanisms that
lead to t-tau associated proteomic profiles, such as REST
and SUZ12 signaling, will help to clarify AD pathophysi-
ology and may eventually lead to novel drug targets.

Abbreviations

AD: Alzheimer’s disease; ADNI: Alzheimer’s Disease Neuroimaging Initiative;
AICD: APP intracellular domain; APOE: Apolipoprotein E; APP: Amyloid precur-
sor protein; AB: Amyloid beta; BBB: Blood-Brain barrier; BCSFB: Blood-CSF
barrier; CAA: Cerebral amyloid angiopathy; CDR: Clinical Dementia Rating; CN:
Cognitively normal; CSF: Cerebrospinal fluid; ECM: Extracellular matrix; EMIF-
AD: European Medical Information Framework for Alzheimers disease; FDG:
Fluorodeoxyglucose; FDR: False discovery rate; GO-BP: Gene Ontology biologi-
cal processes; GRS: Gene-specific risk scores; GWAS: Genome-wide associa-
tion study; iPSC: Induced pluripotent stem cells; LD: Linkage disequilibrium;
LTD: Long-term depression; MAPK: Mitogen-activated protein kinase; MBD:
Multimodality Biomarker Discovery; MCI: Mild cognitive impairment; MMSE:
Mini-Mental State Examination; PC1: Principal component; PCA: Principal
component analysis; PET: Positron Emission Tomography; PGRS: Polygenic risk
scores; PPS: Proteomic process scores; SNP: Single nucleotide polymorphisms;
SUVR: Standardized uptake value; T-tau: Total tau; TMT: Tandem mass tag.

Supplementary Information

The online version contains supplementary material available at https://doi.
org/10.1186/513024-022-00521-3.

Additional file 1: Data S1. Participant characteristics. STa: Characteristics
of individuals with CSF AB1-42 and tau measurements available; S1b:
Characteristics of individuals with CSF proteomic data. Data S2. Protein
annotation and statistics of group comparisons of protein levels. Data
S3a. Full list of GO biological processes associated with proteins that
differ according to group and clinical stage. Data S3b. SynGO enriched
synaptic cellular components and biological processes that differ accord-
ing to group. Data S4a. Estimated marginal means of AD GWAS-based
polygenic risk scores in controls, AD individuals with increased t-tau and
AD individuals with normal t-tau. Data S4b. Top 1000 SNPS from GWAS
on AD individuals with increased t-tau and normal t-tau in pooled ADNI
and EMIF-AD MBD cohorts. Data S4c. Difference in MAGMA gene score
between AD individuals with increased t-tau and normal t-tau based

on t-tau GWAS in pooled ADNI and EMIF-AD MBD cohorts. Data S4d.
Difference in GO biological process MAGMA geneset score between AD
individuals with increased t-tau and normal t-tau based on t-tau GWAS in
pooled ADNI and EMIF-AD MBD cohorts. Data S5a. Correlation between
genetic risk score and CSF protein level in individuals with abnormal AB1-
42. Data S5b. Association of the number of GMNC rs9877502-A risk alleles
and number of APOE-e4 alleles with CSF protein concentrations in a linear
model in individuals with AD. Data S5¢. GO-BP processes enriched for
proteins that have a positive or negative association with the number of
rs9877502-A risk alleles in an additive model. Data S6. Annual change in
imaging measures.

Additional file 2: Figure S1. Longitudinal change in CSF total tau. Figure
S2. Enrichment of synaptic processes in individuals with AD according to
t-tau status. Figure S3. Enriched GO biological processes and SUZ12 and
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REST transcription factors associated with proteins that differed between
AD individuals with increased t-tau and normal t-tau and proteins that
changed with disease severity.
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