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Genetic factors play a major role in Alzheimer's disease (AD) pathology, but biological mechanisms
through which these factors contribute to AD remain elusive. Using a cerebrospinal fluid (CSF) proteomic
approach, we examined associations between polygenic risk scores for AD (PGRS) and CSF proteomic
profiles in 250 individuals with normal cognition, mild cognitive impairment, and AD-type dementia
from the Alzheimer's Disease Neuroimaging Initiative. Out of 412 proteins, 201 were associated with
PGRS. Hierarchical clustering analysis on proteins associated with PGRS at different single-nucleotide
polymorphism p-value inclusion thresholds identified 3 clusters: (1) a protein cluster correlated with
highly significant single-nucleotide polymorphisms, associated with amyloid-beta pathology and com-
plement cascades; (2) a protein cluster associated with PGRS additionally including variants contributing
to modest risk, involved in neural injury; (3) a protein cluster that also included less strongly associated
variants, enriched with cytokine-cytokine interactions and cell adhesion molecules. These findings
suggest that CSF protein levels reflect varying degrees of genetic liability for AD and may serve as a tool
to investigate biological mechanisms in AD.

� 2020 Elsevier Inc. All rights reserved.
1. Introduction

Alzheimer's disease (AD) is a progressive neurodegenerative
disorder that causes dementia (Gaugler, 2019). Genetic factors
play an important role in late-onset AD and are estimated to
explain between 58% and 79% of the variance in disease (Gatz
et al., 2006). The strongest known genetic risk variant for AD is
the apolipoprotein E (APOE)-ε4 allele, but its presence is not
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essential for developing AD-type dementia as approximately
30%e50% of all patients with AD do not carry this risk variant
(Gatz et al., 2006; Karch et al., 2014; Martiskainen et al., 2015). So
far, genome-wide association studies (GWAS) in AD have iden-
tified approximately 30 additional susceptibility loci, albeit with
more modest effects than APOE (Harold et al., 2009;
Hollingworth et al., 2011; Jansen et al., 2019; Kunkle et al.,
2019; Lambert et al., 2009, 2013; Naj et al., 2011; Seshadri
et al., 2010). The cumulative effect of multiple single-nucleotide
polymorphisms (SNPs) that are strong, but also modestly and
weakly associated with AD, can be combined into polygenic risk
scores (PGRS). Such PGRS explain up to 70%e80% (based on area
under the curve estimates) of the variance in AD (Escott-Price
et al., 2015; Purcell et al., 2009). However, as PGRS are aggre-
gate measures, they are not easy to interpret in terms of bio-
logical mechanisms. Nonetheless, such knowledge is essential for
the development of therapeutic treatment options.
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Table 1
Demographic and clinical characteristics subjects (n ¼ 250)

Characteristic All (n ¼ 250) Controls (n ¼ 73, 29%) MCI (n ¼ 116, 46%) AD-type dementia (n ¼ 61, 24%) Between-group comparisons

Age mean (SD) 75 (7) 76 (5) 75 (8) 75 (8) NS
Female n (%) 97 (39%) 33 (45%) 37 (31%) 27 (44%) NS
Education years mean (SD) 15.7 (3.0) 15.9 (2.9) 16.0 (3.0) 15.0 (3.0) AD < MCI
MMSE mean (SD) 26.7 (2.6) 29.1 (1.0) 27.0 (1.7) 23.5 (1.9) AD < MCI < controls
APOE ε4 allele �1, n (%) 124 (50%) 18 (25%) 62 (53%) 44 (72%) AD > MCI > controls
Amyloid-b mean pg/mL (SD) 168.4 (55.3) 207.2 (56.7) 158.7 (50.3) 140.4 (34.2) AD < controls, MCI < controls
Abnormal amyloid-b n (%) 174 (70%) 28 (38%) 93 (80%) 58 (95%) AD > MCI > controls
Tau mean pg/mL (SD) 99.1 (50.4) 71.43 (28.6) 102.8 (47.2) 125.0 (60.5) AD > MCI > controls
Abnormal Tau n (%) 111 (44%) 16 (22%) 58 (50%) 37 (61%) AD > controls, MCI > controls

Key: AD, Alzheimer's disease; MCI, mild cognitive impairment; MMSE, Mini-mental state examination; NS, not significant (p > 0.05); SD, standard deviation. Cutoff for
biomarker abnormality is <192 pg/mL for amyloid beta and >93 pg/mL for tau (Shaw et al., 2009).
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Changes in cerebrospinal fluid (CSF) protein levels provide
unique insight into the pathophysiological processes underlying
neurological disorders in vivo. CSF proteomic studies have high-
lighted the presence of many disrupted biological mechanisms in
AD, including amyloid-beta (Ab) production, neurotoxicity,
immune-related processes, and cholesterol metabolism, which are
processes also implied by genetic studies (Jansen et al., 2019;
Kunkle et al., 2019). The first studies investigating the relation-
ships between PGRS and CSF protein levels suggest that high PGRS
(i.e., increased genetic risk for AD), calculated either with or
without the APOE gene, show a strong association with abnormally
low Ab1-42 and high t-tau, p-tau CSF levels, which are biomarkers
for the pathophysiological hallmarks of AD (Darst et al., 2016; Jack
et al., 2018; Louwersheimer et al., 2016; Martiskainen et al., 2015;
Mormino et al., 2016; Schultz et al., 2015). Other recent research
further shows that effects of specific genetic risk loci can be
measured in CSF, with the APOE-ε4 allele being associatedwith high
levels of APOE-ε4especific peptides (Darst et al., 2016; Spellman
et al., 2015). Still, the precise relationship of genetic factors and
changes in the CSF proteome remains unclear (Hellwig et al., 2015;
Portelius et al., 2015; Represa et al., 1990; Thorsell et al., 2010). Here,
we hypothesized that the degree of genetic liability for AD is
associated with specific profiles of CSF protein levels.

This study aimed to identify which biological processes that are
disrupted in AD are likely to be associated with the genetic liability
for AD. We investigated whether PGRS at different SNP p-value
thresholds show distinct associations with CSF proteomic outcomes
across the clinical spectrum of AD, including individuals with
varying degrees of AD pathology and genetic risk for AD, clinically
presenting with normal cognition, mild cognitive impairment
(MCI), or AD-type dementia (Jack et al., 2018).
2. Methods

2.1. Study population

For the present study, we selected from the Alzheimer's disease
Neuroimaging Initiative (ADNI) subjects who had baseline CSF
Fig. 1. PGRS in AD-type dementia patients, MCI patients, and controls. PGRS scores were no
below 192 pg/mL) as reference group. ncontrols ¼ 73, nMCI ,¼ 116, nAD ¼ 61. Abbreviations: A
proteomic and genetic data available (n¼ 250; Table 1) (all data are
available at http://adni.loni.usc.edu/) (Saykin et al., 2010). ADNI was
launched in 2003, under supervision of Michael W. Weiner. ADNI
aims to examine whether magnetic resonance imaging, positron
emission tomography, other biological markers, and clinical and
neuropsychological assessment can be combined to estimate pro-
gression of MCI and AD. All study protocols were approved by the
institutional review boards of all 50 participating ADNI centers
(http://adni.loni.usc.edu/about/centers-cores/study-sites/). ADNI
provided permission to perform current analyses (http://www.
adni-info.org/). Written informed consent was obtained from all
participants.
2.2. CSF data

CSF samples were collected using lumbar puncture, and samples
were stored at the ADNI biomarker core laboratory at the University
of Pennsylvania Medical Center. Proteins and peptides were
selected based on their previous detection in CSF, relevance to AD,
and previous results from the Rules Based Medicine (RBM) multi-
plex immunoassay analysis of ADNI CSF. In total, 412 proteins and
protein fragments were included in this study: 12 proteins with
ELISA; 80 proteins with proteomics RBMmultiplex; and 320 protein
fragments measured with Mass Reaction Monitoring (MRM)-tar-
geted mass spectroscopy.

Protein assessment and quality control has been performed by
the ADNI biomarker core team and is described in detail at the ADNI
data primer (http://adni.loni.usc.edu/data-samples/biospecimen-
data/). CSF proteins measured with ELISA or related essays
included Ab 1-42, t-tau, p-tau, a-Synuclein, YKL-40, beta secretase-
1 activity, soluble amyloid precursor protein beta, factor H, neuro-
granin, neurofilament light (NfL), F(2)-Isoprostanes, and visin-like
protein 1, as described in the Supplementary Materials (Mattsson
et al., 2011). The xMAP multiplex panel, developed by RBM
(Myriad RBM), included 159 proteins. Final analyses included 80
out of 159 RBM proteins that passed data quality control and could
be detected in >10% of the samples. RBM proteins were log-
transformed if they did not follow a normal distribution
rmalized for visualization purposes using controls with normal CSF Ab (i.e., CSF Ab1-42
D, Alzheimer's disease; MCI, mild cognitive impairment; PGRS, polygenic risk scores.
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(Mattsson et al., 2014). Similarly, for MRM,we used only the 320 out
of 567 proteins fragments that were of sufficient quality and could
be detected in >10% of the samples (Spellman et al., 2015). These
protein fragments were preprocessed as listed in the finalized
“Normalized Intensity” datasheet downloaded from ADNI (see
“Biomarkers Consortium CSF Proteomics MRM data set” in “Data
Primer” at http:/adni.loni.ucla.edu). Briefly, each protein fragment
was measured at 2 transitions, and protein fragment raw peak area
data was normalized to remove variability between samples pro-
cessed on different days (see Supplementary Materials and
(Spellman et al., 2015) for more details on technical quality control).

2.3. Genotyping

Of all 250 subjectswith genetic and CSF proteomic data available,
DNA was extracted from blood for most subjects (n ¼ 227), and for
some subjects, from cell lines (n ¼ 23). ADNI samples were geno-
typed using the Illumina OmniQuad array (Saykin et al., 2010) and
were retrieved online from http://adni.loni.cule.edu/. APOE geno-
type was assessed with 2 single-nucleotide polymorphisms (SNPs;
rs429358 and rs7412) that define the epsilon 2, 3, and 4 alleles, using
DNA extracted by Cogencis from a 3-mL aliquot of EDTA blood.

The present study used DNA microarray genotype data available
from ADNI, including subjects from the ADNI1 subsamples (pro-
cessed with GenomeStudio v2009.1). In total, 310,221 SNPs were
imputed using the 1000Genomes reference panel (Genomes Project
et al., 2015), with the use of the Michigan imputation server (Das
et al., 2016) (https://imputationserver.sph.umich.edu/). To avoid
strand issues, only SNPs with no AT or CG alleles were included.
Genotype data were quality checked for gender mismatch, related-
ness, and ancestry. SNPs were excluded before data release if they
hadaminorallele frequency less than2%, deviated significantly from
Hardy-Weinberg equilibrium (p < 1 � 10�6) in the total sample of
founder individuals, or had a call rate of less than 98%.We only used
SNPs with no more than 5% genotype missingness and removed
sampleswith excess heterozygosity rate (>5 SD) (Fig. S1). To identify
ethnic outliers in the ADNI data, we performed a principal compo-
nent analysis on imputed ADNI and 1000 Genomes, phase 3 data
(including African, Ad Mixed American, East Asian, European, and
South Asian ancestries), using the EIGENSOFT package (Patterson
et al., 2006). Principal component 1 (PC1) tended to separate Afri-
can from non-African subjects, and PC2 tended to separate South
Asian from noneSouth Asian subjects (Figs. S2 and S3). ADNI sub-
jects not of Europeandescent (i.e.,more than6 S.D. away fromPC1or
PC2) were excluded from the analysis. After imputation, SNPs with
an INFO score �0.10 and minor allele frequency <0.005 were
removed. Subsequently, dosage datawere converted into best-guess
datawith a probability threshold of p> 0.8, and resulting SNPs with
missing rate<0.02 were removed. Imputed genotype data included
n ¼ 766 subjects (n ¼ 250 with and n ¼ 516 without available CSF
proteomic data) and 1,496,949 SNPs. To control for population
stratification, 20 principal components (PC1-PC20) were computed
on a subset of relatively uncorrelated (r2 < 0.2) SNPs (excluding
SNPs imputed from the 1000 Genomes reference panel), using the
EIGENSOFTpackage (Patterson et al., 2006). Thefirst 3 PCs explained
27% of variance (PC1: 16%, PC2: 6%, PC3: 5%; Fig. S4).

2.4. Derivation of PGRS

PGRS for AD were calculated using the software package PRSice,
by adding the sum of each allele weighted by the strength of its
associationwith AD risk (Euesden et al., 2015). The strength of these
associations was calculated previously by the International Geno-
mics of Alzheimer's project (IGAP) GWAS (Lambert et al., 2009).
IGAP used genotyped and imputed data on 7,055,881 SNPs to meta-
analyze 4 previously published GWAS data sets consisting of 17,008
AD cases and 37,154 controls (i.e., The European Alzheimer's disease
Initiative, the Alzheimer Disease Genetics Consortium, the Cohorts
for Heart and Aging Research in Genomic Epidemiology con-
sortium, The Genetic and Environmental Risk in AD consortium)
(Lambert et al., 2009, 2013). Clumping was performed before
calculating PGRS to remove SNPs that are in LD (r2 > 0.1) within a
slicing 1M bp window. After clumping, we computed 14 PGRS with
varying SNP p-value inclusion thresholds, ranging from very
strongly associated SNPs (to tease out APOE-ε4 effects, p� 1e-30) to
genome-wide significant SNPs (p � 1e-08) and SNPs with weak
associations with AD risk: (1) p � 1e-30 (6 SNPs), (2) p � 1e-08 (27
SNPs), (3) p � 1e-05 (68 SNPs); (4) p � 0.001 (959 SNPs); (5) p �
0.01 (6184 SNPs); (6) p � 0.02 (10,544 SNPs); (7) p � 0.03 (14,595
SNPs); (8) p � 0.04 (18,123 SNPs); (9) p � 0.05 (21,402 SNPs); (10) p
� 0.1 (36,125 SNPs); (11) p� 0.2 (59,537 SNPs); (12) p� 0.3 (78,564
SNPs); (13) p � 0.4 (94,189 SNPs); and (14) p � 0.5 (107,516 SNPs).
All PGRS were regressed on PC1-PC3.

2.5. Statistical analysis

All analyses were performed using R (version 3.2.5) (R Devel-
opment Core Team, 2010). Associations between PGRS (predictor;
separate models for each SNP inclusion threshold) and ranked CSF
levels (outcome) of 412 protein(s) (fragments) were examined us-
ing linear models, adjusted for age and sex. We repeated analyses
additionally adjusting for APOE-ε4 carrier status, to examine genetic
associations unrelated to APOE-ε4. Results on 412 PGRS CSF proteins
are presented both uncorrected and corrected for multiple com-
parisons using a 5% false discovery rate procedure.

To identify distinct patterns of CSF proteomic and PGRS associ-
ations, we performed hierarchical cluster analysis including all
proteinswith at least one significant (p< 0.05) PGRS association.We
used the Euclidean distance of protein-PGRS associations and
Ward's minimum variance method to identify clusters. We used 3
approaches to determine the optimal number of clusters k: (1) based
on the “gap” statistic (R package cluster) (Tibshirani et al., 2001); (2)
based on the “elbow” method, that defines the optimal number of
clusters as the point where there is a marked curve (i.e., “elbow”) of
the variance explained (Ketchen and Shook,1996); and (3) based on
the silhouette method, a measure of how similar an object is to its
own cluster compared to other clusters (Rousseeuw, 1987).

2.6. Enrichment analyses for Kyoto Encyclopedia of Genes and
Genomes pathways and gene ontology biological processes

The online database STRINGv10 (https://string-db.org)
(Szklarczyk et al., 2015) was used to create a network diagram of
proteins associated with PGRS. To gain more insight into the bio-
logical properties of PGRS-associated CSF proteins, proteins were
annotated using Kyoto Encyclopedia of Genes and Genomes (KEGG)
pathways, Reactome pathways, Gene Ontology (GO) biological
processes, GO protein class, GO molecular functions, and GO
cellular component databases. Analyses were repeated for separate
clusters as identified by the hierarchical cluster analysis, to examine
whether proteins with different patterns of inheritance were
associated with specific biological properties.

3. Results

3.1. Sample description

In total, 250 subjects were selected from ADNI, with an average
age of 75 (SD ¼ 7) years and 39% of the participants being female
(Table 1). The proportion of individuals with MCI was relatively
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Fig. 2. Network diagram of PGRS-associated proteins, generated using STRING v10. Proteins with at least one PGRS-CSF association with p uncorrected < 0.05 were selected in the
network. Disconnected nodes are not shown. nproteins or protein fragments ¼ 250, nnodes ¼ 110, nedges ¼ 377, average node degree ¼ 6.85, average local clustering coefficient ¼ 0.506,
expected number of edges ¼ 74, protein-protein interaction (PPI) enrichment p value < 1.0e-16. Proteins were excluded from the STRING network diagram because no uniprot code
availability (n ¼ 5), no protein code available in humans (n ¼ 2). Abbreviations: CSF, cerebrospinal fluid; PGRS, polygenic risk scores.
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high (46%) compared to controls (29%) and AD-type dementia pa-
tients (24%). As expected, PGRS were strongly associated with AD
case control status (Fig. S5). For all SNP thresholds, AD-type de-
mentia patients had the highest PGRS scores, followed by MCI pa-
tients and controls (all p < 0.05) (Fig. 1; Table S1).

3.2. PGRS CSF protein associations

In total, 201 of 412 (48.8%) proteins or protein fragments were
associated with at least one of the 14 PGRS scores (n ¼ 201 proteins
p uncorrected < 0.05; n ¼ 52 p FDR < 0.05) (Table 2; Table S2). Most of
these proteins (n ¼ 163/n ¼ 201, 81%) showed lower levels with
higher PGRS. Eighty-six proteins or protein fragments were most
strongly associated with PGRS for a SNP threshold of 0.1 (n¼ 86/n¼
201, 43%). When correcting for APOE-ε4 status, 120 PGRS-protein
associations remained significant (n ¼ 120, 59.7% proteins p uncor-

rected < 0.05; n ¼ 8, 15.4% proteins p FDR < 0.05) (Table S3). PGRS-
associated proteins showed more interactions with each other
thanwhat would be expected for a random set of proteins of similar
size drawn from the human genome, indicating that the proteins
are at least partially biologically connected as a group (enrichment
p < 1.0e-16; Figs. 2, and 3, Table S4).

3.3. Hierarchical cluster analysis

Hierarchical clustering analysis on proteins associated with any
PGRS (in terms of SNP inclusions thresholds) revealed 3 clusters of
CSF protein-PGRS associations, as illustrated in Fig. 4 (Table 2,
Figs. S6e8). Cluster 1 included 68 proteins that were associated
with PGRS that included SNPs with strong (pIGAP ¼ 1.00e-
30epIGAP ¼ 1.00e-03) associations with AD (PGRS-HR). Cluster 2
consisted of 21 proteins that were associated with PGRS that
included SNPs with a strong to moderate (pIGAP ¼ 0.01epIGAP ¼
0.05) association with AD risk (PGRS-MR). Cluster 3 included 112
proteins that were associated with PGRS that included SNPs with a
strong to low (pIGAP ¼ 0.10epIGAP ¼ 0.50) association with AD risk
(PGRS-LR) (see Fig. S9 for a visualization of the distribution of
optimal SNP inclusion thresholds across cluster 1, 2, and 3). For each
cluster, protein-protein interaction networks contained more as-
sociations than what would be expected for a random set of



Table 2
Association between PGRS and CSF proteins concentrations for optimal SNP threshold, uncorrected and corrected for APOE-ε4 status

Protein (fragment) Including APOE B p uncorrected p FDR Excluding APOE B p uncorrected p FDR

Optimal SNP
threshold

Adjusted
R2

Optimal SNP
threshold

Adjusted R2

Cluster 1
Afamin_DADPDTFFAK 1.00E-03 0.01 �0.15 2.75E-02 2.38E-01 1.00E-03 0.29 �0.1 7.30E-02 4.85E-01
Afamin_FLVNLVK 1.00E-03 0.01 �0.14 3.05E-02 2.38E-01 1.00E-03 0.29 �0.09 9.66E-02 4.85E-01
Afamin_LPNNVLQEK 1.00E-03 0.01 �0.15 1.98E-02 2.38E-01 1.00E-03 0.29 �0.1 8.13E-02 4.85E-01
Alpha-1B-glycoprotein_NGVAQEPVHLDSPAIK 1.00E-08 0.01 �0.13 4.87E-02 2.57E-01 1.00E-08 0.51 �0.08 9.67E-02 5.58E-01
Alpha-1B-glycoprotein_SGLSTGWTQLSK 1.00E-08 0.01 �0.14 3.24E-02 2.57E-01 1.00E-08 0.51 �0.08 7.21E-02 5.49E-01
Alpha-2-HS-glycoprotein_AHYDLR 1.00E-08 0.01 �0.15 2.76E-02 2.55E-01 1.00E-03 0.29 �0.1 9.56E-02 4.85E-01
Alpha-2-HS-glycoprotein_FSVVYAK 1.00E-08 0.01 �0.16 2.10E-02 2.34E-01 1.00E-08 0.51 �0.11 2.63E-02 5.49E-01
Alpha-2-HS-glycoprotein_HTLNQIDEVK 1.00E-08 0.01 �0.16 1.83E-02 2.29E-01 1.00E-03 0.29 �0.1 7.02E-02 4.85E-01
Alpha-2-macroglobulin 1.00E-08 0.01 �0.16 1.87E-02 2.29E-01 1.00E-08 0.51 �0.11 1.93E-02 5.49E-01
Amyloid beta 1-42 1.00E-08 0.2 �0.46 2.84E-14 5.91E-12 0.3 0.15 �0.28 4.40E-05 9.15E-03
Apolipoprotein AI 1.00E-08 0.02 �0.18 5.09E-03 1.31E-01 1.00E-08 0.51 �0.08 8.21E-02 5.49E-01
Apolipoprotein E 1.00E-08 0.03 �0.2 1.54E-03 6.52E-02 0.5 0.11 �0.14 2.79E-02 1.73E-01
Apolipoprotein E_CLAVYQAGAR (E2) 1.00E-08 0.05 �0.24 9.53E-05 9.91E-03 0.2 0.11 �0.16 8.77E-03 1.90E-01
Apolipoprotein E_LAVYQAGAR 1.00E-05 0.01 0.13 4.41E-02 4.58E-01 0.1 0.11 �0.08 1.97E-01 4.69E-01
Apolipoprotein E_LGADMEDVR (E4) 1.00E-08 0.38 0.62 1.79E-27 7.43E-25 0.01 0.2 0.15 1.60E-01 9.94E-01
Apolipoprotein H 1.00E-08 0.01 �0.14 4.70E-02 2.57E-01 1.00E-08 0.51 �0.09 7.28E-02 5.49E-01
Beta-2-microglobulin_VNHVTLSQPK 1.00E-08 0.01 �0.15 3.81E-02 2.57E-01 0.1 0.11 �0.08 2.55E-01 5.49E-01
Biotinidase_SHLIIAQVAK 1.00E-03 0.01 �0.14 4.01E-02 2.38E-01 1.00E-03 0.29 �0.09 9.32E-02 4.85E-01
C-reactive protein 1.00E-03 0.03 �0.2 2.12E-03 1.10E-01 0.2 0.1 �0.11 7.34E-02 3.07E-01
C-reactive protein_ESDTSYVSLK 1.00E-03 0.03 �0.2 1.22E-03 7.66E-02 0.2 0.1 �0.1 9.19E-02 3.60E-01
Cell surface glycoprotein MUC18_EVTVPVFYPTEK 1.00E-03 0.01 �0.15 2.03E-02 2.38E-01 0.1 0.12 �0.11 7.89E-02 2.78E-01
Ceruloplasmin_NNEGTYYSPNYNPQSR 1.00E-08 0.01 �0.15 2.55E-02 2.44E-01 1.00E-08 0.51 �0.1 4.06E-02 5.49E-01
Chromogranin A_EDSLEAGLPLQVR 1.00E-03 0.01 �0.14 2.49E-02 2.38E-01 1.00E-03 0.29 �0.1 6.66E-02 4.85E-01
Complement C1q subcomponent subunit B_LEQGENVFLQATDK 1.00E-30 0.03 �0.22 1.47E-03 6.97E-02 1.00E-05 0.48 �0.11 3.81E-02 9.88E-01
Complement C1q subcomponent subunit B_VPGLYYFTYHASSR 1.00E-08 0.02 �0.2 5.34E-03 1.31E-01 1.00E-08 0.51 �0.09 6.44E-02 5.49E-01
Complement C2_HAIILLTDGK 1.00E-08 0.01 �0.14 4.49E-02 2.57E-01 0.1 0.11 �0.08 2.42E-01 5.33E-01
Complement C3_IHWESASLLR 1.00E-30 0.01 �0.16 1.58E-02 2.86E-01 1.00E-05 0.47 �0.08 1.01E-01 9.88E-01
Complement component C6_SEYGAALAWEK 1.00E-08 0.01 �0.14 3.59E-02 2.57E-01 1.00E-08 0.51 �0.09 4.96E-02 5.49E-01
Complement factor B_DAQYAPGYDK 1.00E-30 0.01 �0.13 4.40E-02 3.40E-01 1.00E-03 0.29 �0.06 2.49E-01 5.72E-01
Complement-C3 1.00E-30 0.01 �0.15 3.30E-02 3.40E-01 1.00E-30 0.51 �0.07 1.36E-01 7.84E-01
Contactin 1_TTKPYPADIVVQFK 1.00E-03 0.01 �0.14 3.93E-02 2.38E-01 1.00E-03 0.29 �0.11 4.75E-02 4.85E-01
Exostosin-like 2_VIVVWNNIGEK 1.00E-08 0.01 �0.14 4.43E-02 2.57E-01 1.00E-08 0.51 �0.1 3.80E-02 5.49E-01
Factor H 1.00E-03 0.01 �0.14 4.99E-02 2.41E-01 1.00E-03 0.29 �0.09 1.32E-01 4.85E-01
Fibroblast Growth Factor 4 1.00E-08 0.13 0.39 1.00E-09 1.39E-07 1.00E-08 0.51 0.12 1.76E-02 5.49E-01
Fibulin-1_IIEVEEEQEDPYLNDR 1.00E-30 0.01 �0.15 1.87E-02 2.89E-01 1.00E-03 0.28 �0.05 3.47E-01 6.35E-01
Fibulin-1_TGYYFDGISR 1.00E-30 0.01 �0.13 4.78E-02 3.40E-01 1.00E-30 0.51 �0.06 1.76E-01 7.84E-01
Glial fibrillary acidic protein_ALAAELNQLR 0.02 0.03 0.18 1.03E-02 1.87E-01 0.02 0.17 0.11 9.29E-02 8.65E-01
Immunoglobulin alpha 1.00E-03 0.01 �0.14 3.76E-02 2.38E-01 1.00E-03 0.29 �0.1 7.08E-02 4.85E-01
Inter-alpha-trypsin inhibitor heavy chain H1_EVAFDLEIPK 1.00E-08 0.01 �0.15 2.49E-02 2.44E-01 1.00E-08 0.51 �0.12 8.59E-03 5.49E-01
Inter-alpha-trypsin inhibitor heavy chain H1_QYYEGSEIVVAGR 1.00E-08 0.02 �0.17 9.01E-03 1.45E-01 1.00E-08 0.51 �0.12 1.17E-02 5.49E-01
Interferon gamma Induced Protein-10 1.00E-05 0.03 �0.2 1.63E-03 1.14E-01 1.00E-05 0.47 �0.06 2.30E-01 9.88E-01
Interleukin 3 1.00E-08 0.04 �0.22 5.98E-04 4.15E-02 1.00E-08 0.51 �0.09 5.09E-02 5.49E-01
Isoprostane 8,12-iso-isoprostane F2_-VI-d11 1.00E-08 0.02 �0.17 7.03E-03 1.44E-01 1.00E-08 0.5 �0.06 2.29E-01 5.90E-01
Kininogen 1_DIPTNSPELEETLTHTITK 1.00E-08 0.01 �0.13 4.17E-02 2.57E-01 1.00E-08 0.51 �0.09 5.02E-02 5.49E-01
Kininogen 1_QVVAGLNFR 1.00E-30 0.01 �0.14 3.71E-02 3.40E-01 1.00E-30 0.51 �0.08 8.45E-02 7.74E-01
Laminin subunit beta-2_AQGIAQGAIR 1.00E-03 0.01 �0.14 3.51E-02 2.38E-01 1.00E-03 0.3 �0.12 3.29E-02 4.85E-01
Leucine-rich alpha-2-glycoprotein_DLLLPQPDLR 1.00E-08 0.01 �0.15 2.48E-02 2.44E-01 1.00E-08 0.5 �0.06 2.03E-01 5.89E-01
Leucine-rich alpha-2-glycoprotein_VAAGAFQGLR 1.00E-08 0.01 �0.14 3.49E-02 2.57E-01 1.00E-08 0.5 �0.06 1.95E-01 5.89E-01
Metalloproteinase inhibitor 1_SEEFLIAGK 1.00E-03 0.01 �0.14 4.58E-02 2.41E-01 1.00E-03 0.29 �0.08 1.86E-01 5.04E-01
Mimecan, osteoglycin_ESAYLYAR 1.00E-03 0.02 �0.18 8.66E-03 2.00E-01 1.00E-03 0.29 �0.08 1.84E-01 5.04E-01
Mimecan, osteoglycin_ETVIIPNEK 1.00E-30 0.01 �0.16 2.32E-02 3.12E-01 1.00E-03 0.28 �0.06 3.53E-01 6.35E-01
Mimecan, osteoglycin_LEGNPIVLGK 1.00E-30 0.03 �0.2 3.42E-03 1.29E-01 1.00E-30 0.51 �0.07 1.77E-01 7.84E-01

(continued on next page)
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Table 2 (continued )

Protein (fragment) Including APOE B p uncorrected p FDR Excluding APOE B p uncorrected p FDR

Optimal SNP
threshold

Adjusted
R2

Optimal SNP
threshold

Adjusted R2

Myelin-oligodendrocyte glycoprotein 1.00E-03 0.01 �0.14 3.26E-02 2.38E-01 1.00E-03 0.29 �0.1 6.61E-02 4.85E-01
Myoglobin 1.00E-30 0.01 �0.14 3.50E-02 3.40E-01 1.00E-03 0.29 �0.06 2.71E-01 5.84E-01
N-acetylmuramoyl-L-alanine amidase_AGLLRPDYALLGHR 1.00E-08 0.01 �0.14 4.28E-02 2.57E-01 1.00E-08 0.51 �0.09 7.97E-02 5.49E-01
Neural cell adhesion molecule 2_IIELSQTTAK 1.00E-03 0.01 �0.14 3.11E-02 2.38E-01 1.00E-03 0.29 �0.1 6.13E-02 4.85E-01
Neutrophil Gelatinase Associated Lipocal 1.00E-08 0.02 �0.18 1.58E-02 2.12E-01 1.00E-08 0.51 �0.09 9.88E-02 5.61E-01
Osteopontin 1.00E-08 0.03 0.18 3.46E-03 1.11E-01 0.01 0.2 0.07 2.40E-01 9.94E-01
Prostaglandin F2 alpha isoform 8 1.00E-08 0.02 �0.17 6.02E-03 1.39E-01 1.00E-08 0.51 �0.08 6.36E-02 5.49E-01
Protein-AMBP 1.00E-30 0.02 �0.2 7.39E-03 2.05E-01 1.00E-30 0.51 �0.1 4.78E-02 7.74E-01
Protein-AMBP_AFIQLWAFDAVK 1.00E-08 0.02 �0.18 7.94E-03 1.44E-01 1.00E-08 0.51 �0.12 1.77E-02 5.49E-01
Protein-AMBP_ETLLQDFR 1.00E-30 0.03 �0.23 1.51E-03 6.97E-02 1.00E-30 0.52 �0.12 1.88E-02 7.74E-01
Protein-AMBP_FLYHK 1.00E-30 0.04 �0.25 5.81E-04 5.70E-02 1.00E-30 0.52 �0.13 9.78E-03 7.74E-01
Prothrombin_ETAASLLQAGYK 1.00E-30 0.01 �0.14 3.45E-02 3.40E-01 1.00E-30 0.51 �0.09 5.70E-02 7.74E-01
Prothrombin_YGFYTHVFR 1.00E-30 0.01 �0.14 4.63E-02 3.40E-01 1.00E-30 0.51 �0.1 4.11E-02 7.74E-01
Sex hormone binding globulin 1.00E-08 0.01 �0.14 3.73E-02 2.57E-01 0.02 0.17 0.09 1.28E-01 8.65E-01
Visinin-like protein 1 1.00E-03 0.01 0.15 1.66E-02 2.38E-01 0.4 0.1 0.07 2.35E-01 5.62E-01
Vitamin D-binding protein_VPTADLEDVLPLAEDITNILSK 1.00E-30 0.01 �0.14 3.98E-02 3.40E-01 1.00E-30 0.51 �0.09 5.65E-02 7.74E-01

Cluster 2
Agouti-related protein 0.01 0.02 0.13 4.79E-02 6.51E-01 1.00E-03 0.29 �0.07 2.30E-01 5.49E-01
Alpha synuclein 0.01 0.02 0.14 3.04E-02 5.05E-01 0.3 0.1 0.09 1.55E-01 4.63E-01
Chitinase-3-like protein 1_ILGQQVPYATK 0.05 0.05 0.23 8.08E-04 6.72E-02 0.05 0.14 0.17 1.08E-02 5.63E-01
Chitinase-3-like protein 1_SFTLASSETGVGAPISGPGIPGR 0.05 0.04 0.21 1.89E-03 9.33E-02 0.05 0.14 0.15 2.08E-02 6.47E-01
Chitinase-3-like protein 1_VTIDSSYDIAK 0.05 0.04 0.2 3.85E-03 1.23E-01 0.05 0.14 0.15 2.77E-02 6.47E-01
Contactin-associated protein-like 2_YSSSDWVTQYR 0.01 0.02 0.12 4.85E-02 6.51E-01 0.01 0.21 0.11 6.46E-02 9.94E-01
Fatty acidebinding protein, heart 0.04 0.03 0.19 3.45E-03 1.11E-01 0.04 0.15 0.13 3.10E-02 7.78E-01
Fatty acidebinding protein, heart_SIVTLDGGK 0.01 0.04 0.22 8.52E-04 5.06E-02 0.01 0.21 0.13 3.00E-02 9.94E-01
Fatty acidebinding protein, heart_SLGVGFATR 0.03 0.04 0.2 1.45E-03 7.52E-02 0.04 0.15 0.13 3.62E-02 7.78E-01
Ferritin 0.01 0.03 0.16 1.15E-02 2.56E-01 0.01 0.2 0.09 1.17E-01 9.94E-01
Fructose-bisphosphate aldolase A _ALDOA_ALQASALK 1.00E-05 0.01 0.14 2.48E-02 3.55E-01 0.01 0.2 0.05 4.15E-01 9.94E-01
Fructose-bisphosphate aldolase A _ALDOA_QLLLTADDR 1.00E-05 0.02 0.16 1.31E-02 2.60E-01 1.00E-05 0.47 0.05 2.81E-01 9.88E-01
Gamma-enolase_GNPTVEVDLYTAK 0.01 0.05 0.22 5.10E-04 3.54E-02 0.01 0.22 0.16 6.49E-03 8.71E-01
Gamma-enolase_LGAEVYHTLK 0.05 0.03 0.16 1.18E-02 2.47E-01 0.05 0.13 0.12 4.65E-02 6.47E-01
Macrophage colony stimulating factor 1 0.02 0.02 0.15 2.46E-02 3.11E-01 0.02 0.18 0.15 1.06E-02 5.92E-01
Matrix metalloproteinase 3 0.01 0.02 0.15 1.96E-02 3.55E-01 0.01 0.21 0.12 3.71E-02 9.94E-01
Neurogranin 0.01 0.1 0.32 3.91E-07 5.42E-05 0.01 0.24 0.22 3.63E-04 1.51E-01
Osteopontin_AIPVAQDLNAPSDWDSR 0.01 0.02 0.13 4.63E-02 6.51E-01 0.01 0.2 0.08 1.81E-01 9.94E-01
S100 calcium-binding protein B 1.00E-05 0.02 0.17 8.61E-03 1.99E-01 0.02 0.16 0.07 2.32E-01 8.65E-01
Total tau 0.01 0.11 0.33 1.32E-07 1.11E-05 0.40 0.14 0.24 1.43E-04 2.00E-02
Phosphorylated tau 0.01 0.13 0.36 6.43E-09 1.35E-06 0.20 0.13 0.23 5.60E-04 5.87E-02

Cluster 3
Alpha-dystroglycan_GVHYISVSATR 0.1 0.03 �0.17 1.16E-02 6.63E-02 0.1 0.13 �0.15 1.56E-02 9.96E-02
Alpha-dystroglycan_LVPVVNNR 0.1 0.02 �0.13 4.83E-02 1.72E-01 0.1 0.12 �0.1 1.01E-01 3.24E-01
Amyloid beta A4 protein _LVFFAEDVGSNK 0.1 0.03 �0.17 8.05E-03 5.58E-02 0.1 0.12 �0.12 4.01E-02 1.74E-01
Apolipoprotein D_VLNQELR 1.00E-03 0.01 0.13 4.37E-02 2.39E-01 1.00E-03 0.3 0.14 1.05E-02 4.85E-01
Beta-2-microglobulin_VEHSDLSFSK 0.1 0.02 �0.16 2.21E-02 9.92E-02 0.1 0.12 �0.11 8.97E-02 3.04E-01
CD40 antigen 1.00E-03 0.03 �0.2 2.39E-03 1.10E-01 0.1 0.13 �0.17 6.56E-03 7.70E-02
CD59 glycoprotein 0.1 0.04 �0.2 2.39E-03 3.32E-02 0.1 0.13 �0.17 8.22E-03 7.81E-02
Cadherin-13_INENTGSVSVTR 0.1 0.03 �0.17 7.06E-03 5.15E-02 0.1 0.13 �0.16 7.74E-03 7.70E-02
Cadherin-13_YEVSSPYFK 0.1 0.03 �0.16 1.09E-02 6.52E-02 0.1 0.13 �0.15 1.15E-02 8.99E-02
Calsyntenin 3_ATGEGLIR 0.1 0.02 �0.14 2.26E-02 9.92E-02 0.1 0.13 �0.15 1.05E-02 8.81E-02
Cell adhesion molecule 3_EGSVPPLK 0.1 0.04 �0.2 1.84E-03 2.95E-02 0.1 0.14 �0.19 1.90E-03 6.42E-02
Cell adhesion molecule 3_GNPVPQQYLWEK 0.1 0.03 �0.18 6.38E-03 4.91E-02 0.1 0.13 �0.16 8.89E-03 7.87E-02
Cell adhesion molecule 3_SLVTVLGIPQKPIITGYK 0.1 0.02 �0.15 2.26E-02 9.92E-02 0.1 0.12 �0.12 4.34E-02 1.82E-01
Cell surface glycoprotein MUC18_GATLALTQVTPQDER 0.1 0.02 �0.15 2.11E-02 9.66E-02 0.1 0.12 �0.12 5.54E-02 2.13E-01
Cholecystokinin_AHLGALLAR 0.5 0.05 �0.2 1.49E-03 4.43E-02 0.5 0.13 �0.17 4.14E-03 1.15E-01
Cholecystokinin_NLQNLDPSHR 0.1 0.02 �0.14 3.18E-02 1.27E-01 0.1 0.12 �0.12 4.39E-02 1.82E-01
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Chromogranin A 0.1 0.03 �0.17 6.00E-03 4.91E-02 0.1 0.14 �0.17 4.01E-03 6.74E-02
Chromogranin A_SEALAVDGAGKPGAEEAQDPEGK 0.1 0.06 �0.25 5.78E-05 4.81E-03 0.1 0.15 �0.22 3.56E-04 3.71E-02
Chromogranin A_SGEATDGARPQALPEPMQESK 0.1 0.03 �0.16 1.18E-02 6.63E-02 0.1 0.13 �0.14 1.99E-02 1.17E-01
Chromogranin A_SGELEQEEER 0.1 0.03 �0.18 4.41E-03 4.43E-02 0.1 0.13 �0.16 8.80E-03 7.87E-02
Chromogranin A_YPGPQAEGDSEGLSQGLVDR 0.1 0.04 �0.19 2.56E-03 3.33E-02 0.1 0.13 �0.17 6.08E-03 7.67E-02
Contactin 1_DGEYVVEVR 0.3 0.03 �0.17 8.67E-03 7.67E-02 0.3 0.11 �0.16 7.67E-03 1.28E-01
Glutamate receptor 4_LQNILEQIVSVGK 0.1 0.02 �0.13 4.06E-02 1.47E-01 0.1 0.13 �0.14 1.71E-02 1.06E-01
Glutamate receptor 4_NTDQEYTAFR 0.1 0.03 �0.17 7.33E-03 5.26E-02 0.1 0.13 �0.17 5.49E-03 7.37E-02
Golgi membrane protein 1_QQLQALSEPQPR 0.1 0.03 �0.18 6.79E-03 5.13E-02 0.1 0.13 �0.15 1.23E-02 8.99E-02
Immunoglobulin superfamily member 8_DTQFSYAVFK 1.00E-03 0.01 �0.13 4.49E-02 2.41E-01 1.00E-03 0.29 �0.1 8.43E-02 4.85E-01
Immunoglobulin superfamily member 8_LQGDAVVLK 0.1 0.02 �0.14 4.02E-02 1.47E-01 0.1 0.12 �0.11 7.88E-02 2.78E-01
Immunoglobulin superfamily member 8_VVAGEVQVQR 0.1 0.03 �0.17 1.04E-02 6.39E-02 0.1 0.13 �0.14 2.49E-02 1.29E-01
Kallikrein 6_LSELIQPLPLER 1.00E-03 0.01 �0.13 4.65E-02 2.41E-01 1.00E-03 0.29 �0.1 5.98E-02 4.85E-01
Latrophilin 1_LVVSQLNPYTLR 0.5 0.03 �0.14 3.29E-02 1.47E-01 0.5 0.11 �0.12 5.71E-02 2.48E-01
Macrophage Migration Inhibitory Factor 0.2 0.04 0.2 1.55E-03 5.85E-02 0.2 0.12 0.18 2.93E-03 1.90E-01
N-acetyllactosaminide beta-1,3-N-acetylglucosaminyltransferase_YEAAVPDPR 0.1 0.02 �0.13 3.73E-02 1.41E-01 0.1 0.12 �0.12 5.28E-02 2.09E-01
N-terminal prohormone of brain natriuretic peptide 0.4 0.03 0.15 2.95E-02 1.46E-01 0.4 0.1 0.13 4.56E-02 2.31E-01
Neural cell adhesion molecule 1_AGEQDATIHLK 0.1 0.03 �0.18 4.42E-03 4.43E-02 0.1 0.13 �0.16 9.52E-03 8.25E-02
Neural cell adhesion molecule 1_GLGEISAASEFK 0.1 0.02 �0.14 2.69E-02 1.12E-01 0.1 0.12 �0.12 4.27E-02 1.81E-01
Neural epidermal growth factor-like like 2_AFLFQDTPR 0.5 0.03 �0.15 1.74E-02 1.01E-01 0.5 0.11 �0.14 2.52E-02 1.69E-01
Neural epidermal growth factor-like like 2_FTGSSWIK 0.1 0.03 �0.17 7.99E-03 5.58E-02 0.1 0.13 �0.15 1.23E-02 8.99E-02
Neural epidermal growth factor-like like 2_SALAYVDGK 0.1 0.02 �0.15 1.64E-02 8.11E-02 0.1 0.13 �0.14 2.24E-02 1.22E-01
Neurexin 1_DLFIDGQSK 0.1 0.03 �0.17 8.93E-03 5.78E-02 0.1 0.13 �0.16 7.34E-03 7.70E-02
Neurexin 1_ITTQITAGAR 0.1 0.03 �0.18 5.76E-03 4.89E-02 0.1 0.14 �0.18 3.28E-03 6.55E-02
Neurexin 1_SDLYIGGVAK 0.1 0.03 �0.18 3.55E-03 3.99E-02 0.1 0.14 �0.18 2.62E-03 6.42E-02
Neurexin 2_AIVADPVTFK 0.1 0.02 �0.13 3.76E-02 1.41E-01 0.1 0.12 �0.13 3.57E-02 1.58E-01
Neurexin 2_LGERPPALLGSQGLR 0.3 0.02 �0.12 4.84E-02 1.92E-01 0.3 0.1 �0.12 5.32E-02 2.33E-01
Neurexin 3_IYGEVVFK 0.1 0.02 �0.15 1.61E-02 8.09E-02 0.1 0.13 �0.15 1.45E-02 9.82E-02
Neuroblastoma suppressor of tumorigenicity 1 0.1 0.04 �0.2 2.38E-03 3.32E-02 0.1 0.13 �0.16 1.33E-02 9.21E-02
Neurocan core protein_APVLELEK 0.1 0.03 �0.18 3.76E-03 4.12E-02 0.1 0.14 �0.17 3.88E-03 6.74E-02
Neurocan core protein_LSSAIIAAPR 0.1 0.02 �0.16 1.60E-02 8.09E-02 0.1 0.13 �0.14 2.20E-02 1.22E-01
Neuroendocrine convertase 1_ALAHLLEAER 0.1 0.03 �0.18 5.69E-03 4.89E-02 0.1 0.13 �0.15 1.22E-02 8.99E-02
Neuroendocrine convertase 1_GEAAGAVQELAR 0.1 0.04 �0.19 2.97E-03 3.62E-02 0.1 0.13 �0.17 5.67E-03 7.37E-02
Neuroendocrine convertase 1_NSDPALGLDDDPDAPAAQLAR 0.1 0.03 �0.18 4.47E-03 4.43E-02 0.1 0.13 �0.16 7.48E-03 7.70E-02
Neurofilament light 0.3 0.11 0.34 2.57E-07 5.34E-05 0.3 0.17 0.31 2.18E-06 9.08E-04
Neuronal cell adhesion molecule_SLPSEASEQYLTK 0.1 0.03 �0.16 1.13E-02 6.60E-02 0.1 0.13 �0.14 1.94E-02 1.16E-01
Neuronal cell adhesion molecule_VFNTPEGVPSAPSSLK 0.1 0.03 �0.17 6.25E-03 4.91E-02 0.1 0.13 �0.16 8.44E-03 7.81E-02
Neuronal cell adhesion molecule_YIVSGTPTFVPYLIK 0.1 0.02 �0.14 3.26E-02 1.28E-01 0.1 0.12 �0.12 5.50E-02 2.13E-01
Neuronal growth regulator 1_SSIIFAGGDK 0.1 0.03 �0.18 4.78E-03 4.48E-02 0.1 0.13 �0.16 7.35E-03 7.70E-02
Neuronal pentraxin 1_FQLTFPLR 0.1 0.02 �0.16 1.47E-02 7.55E-02 0.1 0.12 �0.13 2.69E-02 1.36E-01
Neuronal pentraxin 1_LENLEQYSR 0.1 0.03 �0.16 1.28E-02 7.01E-02 0.1 0.13 �0.15 1.28E-02 9.05E-02
Neuronal pentraxin 2_LESLEHQLR 0.5 0.04 �0.17 8.07E-03 7.31E-02 0.5 0.12 �0.15 1.59E-02 1.36E-01
Neuronal pentraxin 2_TESTLNALLQR 0.5 0.05 �0.2 1.12E-03 3.94E-02 0.3 0.12 �0.18 3.14E-03 1.19E-01
Neuronal pentraxin receptor_ELDVLQGR 0.1 0.04 �0.21 8.09E-04 2.33E-02 0.3 0.12 �0.18 2.37E-03 1.19E-01
Neuronal pentraxin receptor_LVEAFGGATK 0.1 0.04 �0.2 1.82E-03 2.95E-02 0.1 0.13 �0.17 5.66E-03 7.37E-02
Neurosecretory protein VGF_AYQGVAAPFPK 0.1 0.04 �0.21 8.03E-04 2.33E-02 0.1 0.14 �0.18 2.62E-03 6.42E-02
Neurosecretory protein VGF_NSEPQDEGELFQGVDPR 0.1 0.05 �0.23 3.85E-04 1.79E-02 0.5 0.14 �0.2 1.01E-03 7.99E-02
Neurosecretory protein VGF_THLGEALAPLSK 0.1 0.04 �0.21 1.07E-03 2.79E-02 0.1 0.14 �0.18 3.02E-03 6.55E-02
Pancreatic Polypeptide 0.03 0.02 0.17 1.32E-02 2.46E-01 0.03 0.17 0.18 4.62E-03 3.84E-01
Peptidyl-glycine alpha-amidating monooxygenase_IPVDEEAFVIDFKPR 0.1 0.04 �0.2 1.60E-03 2.95E-02 0.1 0.14 �0.18 4.05E-03 6.74E-02
Peptidyl-glycine alpha-amidating monooxygenase_IVQFSPSGK 0.1 0.05 �0.23 3.00E-04 1.78E-02 0.1 0.15 �0.2 9.03E-04 5.00E-02
Peptidyl-glycine alpha-amidating monooxygenase_NGQWTLIGR 0.1 0.04 �0.21 1.50E-03 2.95E-02 0.1 0.14 �0.18 3.31E-03 6.55E-02
Pigment epithelium-derived factor_SSFVAPLEK 0.1 0.02 �0.15 2.60E-02 1.09E-01 0.1 0.12 �0.12 5.36E-02 2.11E-01
Poliovirus receptor-related protein 1_ITQVTWQK 0.1 0.04 �0.2 1.35E-03 2.95E-02 0.1 0.14 �0.19 1.10E-03 5.07E-02
Proenkephalin-B_FLPSISTK 0.1 0.03 �0.17 6.28E-03 4.91E-02 0.1 0.13 �0.15 1.54E-02 9.96E-02
Proenkephalin-B_LSGSFLK 0.1 0.03 �0.16 1.18E-02 6.63E-02 0.1 0.12 �0.14 2.52E-02 1.29E-01
Proenkephalin-B_SVGEGPYSELAK 0.1 0.02 �0.14 3.05E-02 1.23E-01 0.1 0.12 �0.12 4.85E-02 1.97E-01
Prolactin 0.04 0.04 0.21 8.47E-04 5.47E-02 0.04 0.17 0.19 1.51E-03 2.09E-01

(continued on next page)
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Table 2 (continued )

Protein (fragment) Including APOE B p uncorrected p FDR Excluding APOE B p uncorrected p FDR

Optimal SNP
threshold

Adjusted
R2

Optimal SNP
threshold

Adjusted R2

Prostaglandin-H2 D-isomerase_WFSAGLASNSSWLR 0.1 0.02 �0.14 3.53E-02 1.35E-01 0.1 0.12 �0.1 1.12E-01 3.42E-01
Protein CutA_TQSSLVPALTDFVR 0.1 0.03 �0.17 8.62E-03 5.78E-02 0.1 0.13 �0.16 1.06E-02 8.81E-02
Protein family with sequence similarity 3C_GINVALANGK 0.1 0.03 �0.19 3.44E-03 3.97E-02 0.1 0.14 �0.17 4.70E-03 7.24E-02
Protein family with sequence similarity 3C_SALDTAAR 0.1 0.04 �0.2 1.97E-03 3.04E-02 0.1 0.14 �0.18 3.06E-03 6.55E-02
Protein family with sequence similarity 3C_SPFEQHIK 0.1 0.03 �0.18 4.60E-03 4.45E-02 0.1 0.13 �0.16 7.29E-03 7.70E-02
Protein family with sequence similarity 3C_TGEVLDTK 0.1 0.02 �0.14 2.58E-02 1.09E-01 0.1 0.12 �0.13 3.84E-02 1.68E-01
Protein-L-isoaspartate(D-aspartate) O-methyltransferase_VQLVVGDGR 0.1 0.02 �0.14 2.97E-02 1.22E-01 0.1 0.13 �0.14 2.07E-02 1.20E-01
Receptor-type tyrosine-protein phosphatase-like N_AEAPALFSR 0.1 0.05 �0.22 4.72E-04 1.79E-02 0.1 0.15 �0.2 7.56E-04 5.07E-02
Receptor-type tyrosine-protein phosphatase-like N_LAAVLAGYGVELR 0.1 0.03 �0.17 9.02E-03 5.78E-02 0.1 0.13 �0.15 1.53E-02 9.96E-02
Receptor-type tyrosine-protein phosphatase-like N_SELEAQTGLQILQTGVGQR 0.5 0.04 �0.18 4.26E-03 6.19E-02 0.3 0.12 �0.17 6.36E-03 1.28E-01
SLIT and NTRK-like protein 1_SLPVDVFAGVSLSK 0.1 0.03 �0.16 9.41E-03 5.93E-02 0.1 0.13 �0.15 1.08E-02 8.81E-02
SPARC-like protein 1_HIQETEWQSQEGK 0.1 0.03 �0.18 4.36E-03 4.43E-02 0.1 0.13 �0.16 6.46E-03 7.70E-02
SPARC-like protein 1_HSASDDYFIPSQAFLEAER 0.1 0.02 �0.14 2.35E-02 1.02E-01 0.1 0.12 �0.13 3.39E-02 1.54E-01
Secretogranin 1_GEAGAPGEEDIQGPTK 0.1 0.06 �0.24 1.90E-04 1.31E-02 0.1 0.15 �0.2 7.52E-04 5.00E-02
Secretogranin 1_HLEEPGETQNAFLNER 0.1 0.04 �0.2 2.36E-03 3.32E-02 0.1 0.14 �0.19 2.25E-03 6.42E-02
Secretogranin 1_NYLNYGEEGAPGK 0.1 0.07 �0.26 3.00E-05 3.12E-03 0.1 0.16 �0.23 1.41E-04 2.81E-02
Secretogranin 1_SSQGGSLPSEEK 0.1 0.04 �0.21 8.42E-04 2.33E-02 0.1 0.14 �0.18 4.00E-03 6.74E-02
Secretogranin 2_ALEYIENLR 0.1 0.02 �0.15 2.23E-02 9.92E-02 0.1 0.13 �0.14 1.79E-02 1.09E-01
Secretogranin 2_IILEALR 0.1 0.02 �0.16 1.40E-02 7.38E-02 0.1 0.13 �0.16 7.74E-03 7.70E-02
Secretogranin 2_VLEYLNQEK 0.1 0.04 �0.2 1.82E-03 2.95E-02 0.1 0.13 �0.17 5.26E-03 7.37E-02
Secretogranin 3_ELSAERPLNEQIAEAEEDK 0.1 0.05 �0.22 6.15E-04 2.13E-02 0.1 0.14 �0.19 1.92E-03 6.42E-02
Secretogranin 3_FQDDPDGLHQLDGTPLTAEDIVHK 0.1 0.03 �0.18 5.49E-03 4.87E-02 0.1 0.13 �0.15 1.46E-02 9.82E-02
Secretogranin 3_LNVEDVDSTK 0.1 0.05 �0.22 4.64E-04 1.79E-02 0.1 0.14 �0.19 1.99E-03 6.42E-02
Seizure 6-like protein 1_ETGTPIWTSR 0.1 0.03 �0.17 9.04E-03 5.78E-02 0.1 0.13 �0.15 1.18E-02 8.99E-02
Seizure 6-like protein 1_SPTNTISVYFR 0.1 0.02 �0.14 2.60E-02 1.09E-01 0.1 0.12 �0.13 3.56E-02 1.58E-01
Sialate O-acetylesterase_ELSNTAAYQSVR 0.5 0.03 0.14 3.32E-02 1.47E-01 0.5 0.11 0.11 6.85E-02 2.75E-01
Superoxide dismutase [Cu-Zn]_GDGPVQGIINFEQK 0.1 0.02 �0.13 3.95E-02 1.47E-01 0.1 0.13 �0.14 2.19E-02 1.22E-01
Superoxide dismutase [Cu-Zn]_HVGDLGNVTADK 0.1 0.02 �0.15 1.45E-02 7.52E-02 0.1 0.13 �0.14 1.96E-02 1.16E-01
Superoxide dismutase [Cu-Zn]_TLVVHEK 0.1 0.02 �0.14 2.99E-02 1.22E-01 0.1 0.13 �0.14 1.63E-02 1.02E-01
TNF-Related Apoptosis-Inducing Ligand 0.03 0.02 0.14 4.01E-02 4.64E-01 0.03 0.16 0.14 2.29E-02 8.68E-01
Tranforming growth factor beta 1 0.05 0.03 0.18 5.17E-03 1.34E-01 0.05 0.14 0.15 1.38E-02 5.63E-01
Transthyretin_TSESGELHGLTTEEEFVEGIYK 0.3 0.03 0.15 1.44E-02 9.33E-02 0.3 0.11 0.16 9.67E-03 1.28E-01
Transthyretin_VEIDTK 0.3 0.02 0.13 4.71E-02 1.88E-01 0.3 0.11 0.14 1.85E-02 1.41E-01
Tumor necrosis factor receptor superfamily member_ASNLIGTYR 0.1 0.02 �0.15 1.80E-02 8.52E-02 0.1 0.13 �0.14 2.47E-02 1.29E-01
Vascular endothelial growth factor 1.00E-03 0.02 �0.19 4.74E-03 1.51E-01 0.3 0.1 �0.13 4.09E-02 2.06E-01
Voltage-dependent calcium channel subunit alpha-2 delta-1_FVVTDGGITR 0.5 0.04 �0.18 4.31E-03 6.19E-02 0.3 0.11 �0.16 1.01E-02 1.28E-01
Voltage-dependent calcium channel subunit alpha-2 delta-1_IKPVFIEDANFGR 0.3 0.03 �0.16 1.21E-02 8.67E-02 0.3 0.11 �0.14 2.13E-02 1.48E-01
Voltage-dependent calcium channel subunit alpha-2 delta-1_TASGVNQLVDIYEK 0.3 0.04 �0.18 4.73E-03 6.17E-02 0.3 0.11 �0.16 9.43E-03 1.28E-01

Significant associations (i.e., p FDR < 0.05) are depicted in bold.
Key: APOE, apolipoprotein E; CSF, cerebrospinal fluid; FDR, false discovery rate; PGRS, polygenic risk scores; SNP, single-nucleotide polymorphism.
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Fig. 3. Horizontal bar graph of KEGG biological processes (A), GO molecular function (B), GO cellular components (C), GO protein class (D), GO biological processes (E), and
Reactome pathways (F) of PGRS-associated CSF proteins. Abbreviations: CSF, cerebrospinal fluid; GO, Gene Ontology; KEGG, Kyoto Encyclopedia of Genes and Genomes; PGRS,
polygenic risk scores.
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proteins of similar size drawn from the human genome (all p FDR <

0.05; Fig. 3AeF).
Proteins in cluster 1 included among others APOE protein frag-

ments (APOE_LGADMEDVR [APOE-ε4], APOE_CLAVYQAGAR [APOE-
ε2]), Ab1-42, alpha-1-microglobulin (AMBP) protein fragments
(AMBP_AFIQLWAFDAVK, AMBP_ETLLQDFR, AMBP_FLYHK), com-
plement protein fragments (C1q subunit B_LEQGENVFLQATDK, C1q
subunit B_VPGLYYFTYHASSR, C2_HAIILLTDGK, C3_IHWESASLLR,
C6_SEYGAALAWEK, factor B_DAQYAPGYDK). Cluster 1 proteins
were enriched for “complement and coagulation cascades” (KEGG p
FDR ¼ 4.23e-12, Table S5).

Cluster 2 proteins included neurogranin, total tau (t-tau),
phosphorylated tau (p-tau), chitinase-3-like protein 1 (CHI3L1/
YKL-40) fragments (CHI3L1_ILGQQVPYATK, CHI3L1_SFTLAS-
SETGVGAPISGPGIPGR, CHI3L1_VTIDSSYDIAK), and fatty
acidebinding protein (FABP) fragments (FABP_SIVTLDGGK,
FABP_SLGVGFATR), proteins supposed to reflect neural injury and
astrocyte (dys)function. Cluster 2 proteins were not enriched for
specific KEGG biological processes (Table S6).

Cluster 3 proteins (n¼ 112) includedNfL, secretogranin (SCG)-1, -2,
and -3 fragments (SCG-1_GEAGAPGEEDIQGPTK, SCG-
1_HLEEPGETQNAFLNER, SCG-1_NYLNYGEEGAPGK, SCG-1_SSQG
GSLPSEEK, SCG-2_ALEYIENLR, SCG-2_IILEALR, SCG-2_VLEYLNQEK,
SCG-3_ELSAERPLNEQIAEAEEDK, SCG-
3_FQDDPDGLHQLDGTPLTAEDIVHK, SCG-3_LNVEDVDSTK), chromog-
ranin-A (CgA) fragments (CgA_SEALAVDGAGKPGAEEAQDPEGK,
CgA_SGEATDGARPQALPEPMQESK, CgA_SGELEQEEER, CgA_YPGP-
QAEGDSEGLSQGLVDR), and neurosecretory protein VGF (non-
acronymic) (VGF_AYQGVAAPFPK, VGF_NSEPQDEGELFQGVDPR,
VGF_THLGEALAPLSK) fragments. Proteins in cluster 3 were enriched
for cytokine-cytokine receptor interaction (KEGG p FDR ¼ 0.0146) and
cell adhesion molecules (KEGG p FDR ¼ 5.28e-08) (Table S7).

When repeating analyses adjusting for APOE-ε4 status, most
PGRS-HR cluster 1 protein associations (n ¼ 49, 72%) lost signifi-
cance, indicating that the associations of those proteins were
mostly dependent of APOE-ε4, possibly reflecting downstream ef-
fects of APOE-ε4 on those proteins. The association of PGRS-HRwith
Ab1-42 remained significant after controlling for APOE-ε4 status. Of
all proteins in cluster 2, levels of 13 (62%) proteins (e.g., neuro-
granin, total tau, phosphorylated tau, CHI3L1/YKL-40 fragments,
and FABP fragments) were independent of APOE-ε4 status (p <

0.05). Most cluster 3 proteins (88%), including NfL, SCG 1 fragments,
and CgA, remained significantly associated (p < 0.05) with the
corresponding PGRS-LR after controlling for APOE-ε4 carrier status
(Table 2, Table S3). We further repeated clustering analysis
including only proteins that survived correction for multiple testing
(n ¼ 52 proteins with p FDR < 0.05) and observed largely similar
clusters (Figs. S10eS12).



Fig. 4. Heatmap of associations between PGRS and in vivo levels of protein levels in CSF with (left, middle) and without (right) including APOE-ε4 status. Proteins with at least one
PGRS-CSF association with p uncorrected < 0.05 (n ¼ 201) were selected in this heatmap. Abbreviations: APOE, apolipoprotein E; CSF, cerebrospinal fluid; PGRS, polygenic risk scores;
SNP, single-nucleotide polymorphisms.

L.M. Reus et al. / Neurobiology of Aging xxx (2020) 1.e1e1.e151.e10
4. Discussion

In this study, we observed that differential patterns of inheri-
tance for AD were associated with 3 distinct CSF proteomic profiles.
Our findings show that it is possible to dissect heritability in bio-
logical processes underlying AD pathogenesis in vivo by studying
associations with CSF proteomic levels.

Previous studies reported that high PGRS, calculatedwith genome-
wide significant susceptibility loci only and thus indicating a strong
genetic risk for AD, were associatedwith low CSFAb1-42 and high CSF
t-tau and p-tau levels (Darst et al., 2016; Louwersheimer et al., 2016;
Martiskainen et al., 2015; Mormino et al., 2016; Schultz et al., 2015).
Wereplicate thosefindingsandextendonthosebyshowingthegenetic
risk for AD is also associated with CSF protein levels that are related to
other biological processes than Ab pathology, including inflammatory
processes, synaptic degeneration, and dyslipidemia. Furthermore, we
observed that thedegree of genetic risk forAD (i.e., very strong toweak
genetic effects) was associated with 3 distinct subsets of proteins.



L.M. Reus et al. / Neurobiology of Aging xxx (2020) 1.e1e1.e15 1.e11
When controlling for APOE-ε4 status, 40.3% PGRS-protein asso-
ciations lost significance, highlighting the crucial role of the APOE-
ε4 allele in AD pathogenesis. Most cluster 1 proteins lost signifi-
cance after APOE-ε4 correction, followed by cluster 2 and cluster 3
proteins. Still, PGRS associations with Ab1-42, t-tau, chromogranin
A, NfL, peptidyl-glycine alpha-amidating monooxygenase and
secretogranin 1 CSF levels remained significant after correction for
APOE-ε4 status, suggesting that other genes next to APOE are
associated with key AD pathogenic processes, such as Ab aggrega-
tion, neural injury, and inflammatory responses.

Cluster 1 contained proteins related to Ab pathology and com-
plement and coagulation cascades (Lambert et al., 2009). The closely
linked complement and coagulation systems play amajor role in the
primary immune response to pathogens, primarily lead via the
innate immune response andhemostasis (i.e., cessation of blood loss
from a damaged vessel), respectively (Yasojima et al., 1999). An
explanation for the observed genetic association with these path-
ways could be that multiple variants conferring genetic risk to AD
such as the genome-wide significant SNP rs4844610 on comple-
ment receptor 1 (CR1) or the long isoform of CR1 (CR1-S) were
included in the PGRS, which may directly influence levels of com-
plement protein(s) (fragments) (Hazrati et al., 2012; Lambert et al.,
2009). Ab has shown to activate the complement system, poten-
tially explaining the genetic association between AD and
complement-related proteins (Rogers et al., 1992).

Cluster 2 proteins were related to synaptic degeneration, neuro-
inflammatory processes, and dyslipidemia. Proteins included t-tau
and p-tau, neurogranin, CHI3L1/YKL-40, and FABP protein(s)
(fragments), all known to be increased in AD and also in other
neurodegenerative disorders (Blennow et al., 2001; Chiasserini
et al., 2010; Hellwig et al., 2015). This suggests that multiple cau-
ses (e.g., multiple common genetic variants) exist for higher levels
of these proteins, highlighting the importance of precision medi-
cine when developing potential therapeutic interventions for AD.

Cluster 3 consisted of proteins that correlated with PGRS that
also included SNPs with weak associations with AD. These were
enriched for cytokine-cytokine interactions. Cytokines play a major
role in inflammatory and anti-inflammatory processes and are
dysregulated in AD (Kauwe et al., 2014; Rubio-Perez and Morillas-
Ruiz, 2012; Tarkowski et al., 2000; Togo et al., 2000; Zetterberg
et al., 2004). The notion that these proteins were associated with
PGRS that included the weakest SNPs suggests that many different
SNPs may lead to inflammatory processes as observed in AD. There
is some evidence that dysfunctional inflammatory and anti-
inflammatory processes could be upstream to Ab pathology. For
example, transforming growth factor b1 (TGFb1) has shown to
stimulate amyloid precursor protein production and subsequent
Ab1-42 generation in rodent and human astrocytes (Gray and Patel,
1993; Lesne et al., 2003). However, inflammatory responses may
also be a downstream consequence of Ab1-42 aggregation
(Luedecking et al., 2000; Wyss-Coray et al., 2001). Our results
suggest that the cumulative effect of many genes with weak effects
on AD risk may contribute to subtle abnormalities in the inflam-
matory response, possibly making the brain at higher risk for
developing Ab pathology and eventually AD-type dementia. Cluster
3 proteins further showed enrichment for cell adhesion molecules,
proteins expressed on the cell surface which are particularly
important for synapse structure and function (Bot et al., 2011).
Synaptic loss has been observed in a variety of neurodegenerative
disorders and is directly linked to cognitive decline (Bereczki et al.,
2018). Furthermore, NfL was part of this cluster, of which higher
levels indicate axonal injury (Yuan et al., 2015). Previous studies
have reported elevated CSF NfL levels in a variety of neurological
disorders, including AD (Bridel et al., 2019; Khalil et al., 2018).
Together with our observation that NfL strongly relates to the
cumulative effects of SNPs with weak effects for AD, this suggests
that CSF NfL levels reflect a generic neuropathological mechanism,
rather than AD-specific mechanisms.

A potential limitation of this study is that PGRS including SNPs
with weak effects may include more noise, making it difficult to
differentiate between true risk alleles and unassociated variants. Still,
we think that the PGRS approach is an elegant method for resem-
bling polygenicity, as it captures many SNPs that collectively
contribute to disease risk that would have beenmissed when using a
genome-wide threshold (Purcell et al., 2009). In addition, sample
overlap between ADNI and IGAP could have inflated the PGRS, as we
were not able to identify the exact (potential) overlap between the 2
samples. However, as the potential contribution of ADNI subjects to
IGAP is relatively small (<1.04% for patients with AD-type dementia,
<0.20% for control subjects) and because we examined PGRS asso-
ciations with independently measured CSF proteomic data, potential
influence of inflation is likely to be minimal. Another limitation of
our study is that we are unable to make strong inferences on the
strength of causality, that is, whether the genetic liability for AD is
directly or indirectly associated with CSF protein levels because we
performed analyses cross-sectionally. Repeated CSF proteomic ana-
lyses need to be performed to further investigate this question. We
also do not know the degree to which these analyses extend to in-
dividuals from non-European descent. Furthermore, we show that
the degree of genetic risk for AD associates with distinct CSF pat-
terns, suggesting that these patterns may help in patient stratifica-
tion. Where the objective of our study was to examine PGRS-CSF
associations, it is essential that our efforts will be extended to the
classification of diagnostic groups (e.g., AD case-control status) using
CSF protein patterns as predictors. Finally, we did not stratify ana-
lyses on diagnostic groups. However, we see this as a strength of the
present study as continuous PGRS may more precisely reflect un-
derlying pathogenic processes. As such, examining CSF protein levels
provides unique insights into pathophysiological processes under-
lying AD along the clinical spectrum of the disease.

Results presented in this study demonstrate that a high genetic
liability for AD is associated with distinct biological mechanisms
that are measurable using a CSF proteomic approach. CSF protein
levels seemed to reflect varying degrees of genetic liability for AD,
suggesting that the CSF proteome is influenced by multiple distinct
patterns of inheritance. Identifying how CSF protein levels are
genetically influenced by AD may be of importance for the devel-
opment of treatments, especially when using CSF protein levels as
outcome measure for drug trials.

CRediT authorship contribution statement

Lianne M. Reus: Conceptualization, Methodology, Software,
Formal analysis, Writing - original draft, Visualization. Sven
Stringer: Methodology, Software, Visualization, Writing - original
draft, Writing - review & editing. Danielle Posthuma: Writing -
review & editing. Charlotte E. Teunissen: Writing - review &
editing. Philip Scheltens: Writing - review & editing. Yolande A.L.
Pijnenburg: Conceptualization, Supervision, Writing - review &
editing. Pieter Jelle Visser: Conceptualization, Supervision, Writing
- review & editing. Betty M. Tijms: Conceptualization, Methodol-
ogy, Supervision, Writing - review & editing.

Acknowledgements

Research of the Alzheimer center Amsterdam is part of the
neurodegeneration research program of Amsterdam Neuroscience.
The Alzheimer Center Amsterdam is supported by Stichting Alz-
heimer Nederland and Stichting VUmc fonds. Analyses were sup-
ported by the EU-PRISM Project (Psychiatric Ratings using



L.M. Reus et al. / Neurobiology of Aging xxx (2020) 1.e1e1.e151.e12
Intermediate Stratified Markers, www.prism-project.eu), which
received funding from the Innovative Medicines Initiative 2 Joint
Undertaking under grant agreement No 115916. This Joint Under-
taking receives support from the European Union's Horizon 2020
research and innovation program and European Federation of
Pharmaceutical Industries and Associations (EFPIA).

Data collection and sharing for this project was funded by the
Alzheimer's Disease Neuroimaging Initiative (ADNI), National
Institutes of Health (Grant U01 AG024904) and DOD ADNI
(Department of Defense award number W81XWH-12-2-0012).
ADNI is funded by the National Institute on Aging, the National
Institute of Biomedical Imaging and Bioengineering, and through
generous contributions from the following: AbbVie, Alzheimer's
Association; Alzheimer's Drug Discovery Foundation; Araclon
Biotech; BioClinica, Inc; Biogen; Bristol-Myers Squibb Company;
CereSpir, Inc; Cogstate; Eisai Inc; Elan Pharmaceuticals, Inc; Eli Lilly
and Company; EuroImmun; F. Hoffmann-La Roche Ltd and its
affiliated company Genentech, Inc; Fujirebio; GE Healthcare; IXICO
Ltd; Janssen Alzheimer Immunotherapy Research & Development,
LLC.; Johnson & Johnson Pharmaceutical Research & Development
LLC.; Lumosity; Lundbeck; Merck & Co, Inc; Meso Scale Diagnostics,
LLC.; NeuroRx Research; Neurotrack Technologies; Novartis Phar-
maceuticals Corporation; Pfizer Inc; Piramal Imaging; Servier;
Takeda Pharmaceutical Company; and Transition Therapeutics. The
Canadian Institutes of Health Research is providing funds to sup-
port ADNI clinical sites in Canada. Private sector contributions are
facilitated by the Foundation for the National Institutes of Health
(www.fnih.org). The grantee organization is the Northern Califor-
nia Institute for Research and Education, and the study is coordi-
nated by the Alzheimer's Therapeutic Research Institute at the
University of Southern California. ADNI data are disseminated by
the Laboratory for Neuro Imaging at the University of Southern
California.

The authors thank the International Genomics of Alzheimer's
Project (IGAP) for providing summary results data for these ana-
lyses. The investigators within IGAP contributed to the design and
implementation of IGAP and/or provided data but did not partici-
pate in analysis or writing of this report. IGAP wasmade possible by
the generous participation of the control subjects, the patients, and
their families. The ieSelect chips were funded by the French Na-
tional Foundation on Alzheimer's disease and related disorders. The
European Alzheimer's disease Initiative (EADI) was supported by
the LABEX (laboratory of excellence program investment for the
future) DISTALZ grant, Inserm, Institut Pasteur de Lille, Université
de Lille 2, and the Lille University Hospital. The Genetic and Envi-
ronmental Risk in AD consortium (GERAD) was supported by the
Medical Research Council (grant no. 503480), Alzheimer's Research
UK (grant no. 503176), the Wellcome Trust (grant no. 082604/2/07/
Z), and German Federal Ministry of Education and Research (i.e.,
Bundesministerium für Bildung und Forschung, BMBF): Compe-
tence Network Dementia (CND) grant no. 01GI0102, 01GI0711,
01GI0420. The Cohorts for Heart and Aging Research in Genomic
Epidemiology consortium (CHARGE) was partly supported by the
NIH/NIA grant R01 AG033193 and the NIA AG081220 and AGES
contract N01eAGe12100, the NHLBI grant R01 HL105756, the Ice-
landic Heart Association, and the Erasmus Medical Center and
Erasmus University. The Alzheimer Disease Genetics Consortium
(ADGC) was supported by the NIH/NIA grants U01 AG032984, U24
AG021886, U01 AG016976, and the Alzheimer's Association grant
ADGCe10e196728.

Charlotte E. Teunissen received grant funding from the European
Commission, the Dutch Research Council (ZonMW), Association of
Frontotemporal Dementia/Alzheimer's Drug Discovery Foundation,
Alzheimer Netherlands. Charlotte E. Teunissen has functioned in
advisory boards of Fujirebio and Roche, received nonfinancial
support in the form of research consumables from ADx Neurosci-
ences and Euroimmun, performed contract research or received
grants from Probiodrug, Janssen prevention center, Boehringer,
Brains online, Axon Neurosciences, EIP pharma, Roche. Philip
Scheltens has acquired grant support (for the institution) from
Piramal. In the past 2 years, he has received consultancy/speaker
fees (paid to the institution) from Biogen and Roche (diagnostics).
He is PI of studies with Probiodrug and EIP Pharma. Yolande AL
Pijnenburg received a personal fellowship from the Dutch brain
foundation. Pieter Jelle Visser serves as an advisory board member
of Eli-Lilly, is consultant for Janssen, and has received grants from
GE healthcare and Biogen. Pieter Jelle Visser received support from
the EU/EFPIA Innovative Medicines Initiative Joint Undertaking
(EMIF grant: 115372). Betty M. Tijms received grant funding from
the ZonMW Memorabel grant program #73305056 and
#733050824. All other authors report no disclosures. Funding
sources had no role in design and conduct of the study, data
collection, data analysis, data interpretation, or in writing or
approval of this report. Written informed consent was obtained
from all participants.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.neurobiolaging.2020.03.012.

References

Bereczki, E., Branca, R.M., Francis, P.T., Pereira, J.B., Baek, J.H., Hortobagyi, T.,
Winblad, B., Ballard, C., Lehtio, J., Aarsland, D., 2018. Synaptic markers of
cognitive decline in neurodegenerative diseases: a proteomic approach. Brain
141, 582e595.

Blennow, K., Vanmechelen, E., Hampel, H., 2001. CSF total tau, Abeta42 and phos-
phorylated tau protein as biomarkers for Alzheimer's disease. Mol. Neurobiol.
24, 87e97.

Bot, N., Schweizer, C., Ben Halima, S., Fraering, P.C., 2011. Processing of the synaptic
cell adhesion molecule neurexin-3beta by Alzheimer disease alpha- and
gamma-secretases. J. Biol. Chem. 286, 2762e2773.

Bridel, C., van Wieringen, W.N., Zetterberg, H., Tijms, B.M., Teunissen, C.E., , the,
N.F.L.G., Alvarez-Cermeno, J.C., Andreasson, U., Axelsson, M., Backstrom, D.C.,
Bartos, A., Bjerke, M., Blennow, K., Boxer, A., Brundin, L., Burman, J.,
Christensen, T., Fialova, L., Forsgren, L., Frederiksen, J.L., Gisslen, M., Gray, E.,
Gunnarsson, M., Hall, S., Hansson, O., Herbert, M.K., Jakobsson, J., Jessen-Krut, J.,
Janelidze, S., Johannsson, G., Jonsson, M., Kappos, L., Khademi, M., Khalil, M.,
Kuhle, J., Landen, M., Leinonen, V., Logroscino, G., Lu, C.H., Lycke, J.,
Magdalinou, N.K., Malaspina, A., Mattsson, N., Meeter, L.H., Mehta, S.R.,
Modvig, S., Olsson, T., Paterson, R.W., Perez-Santiago, J., Piehl, F., Pijnenburg, Y.A.L.,
Pyykko, O.T., Ragnarsson, O., Rojas, J.C., Romme Christensen, J., Sandberg, L.,
Scherling, C.S., Schott, J.M., Sellebjerg, F.T., Simone, I.L., Skillback, T., Stilund, M.,
Sundstrom, P., Svenningsson, A., Tortelli, R., Tortorella, C., Trentini, A., Troiano, M.,
Turner, M.R., van Swieten, J.C., Vagberg, M., Verbeek, M.M., Villar, L.M., Visser, P.J.,
Wallin, A., Weiss, A., Wikkelso, C., Wild, E.J., 2019. Diagnostic value of cerebro-
spinal fluid neurofilament light protein in neurology: a systematic review and
meta-analysis. JAMA Neurol.

Chiasserini, D., Parnetti, L., Andreasson, U., Zetterberg, H., Giannandrea, D.,
Calabresi, P., Blennow, K., 2010. CSF levels of heart fatty acid binding protein are
altered during early phases of Alzheimer's disease. J. Alzheimers Dis. 22,
1281e1288.

Darst, B.F., Koscik, R.L., Racine, A.M., Oh, J.M., Krause, R.A., Carlsson, C.M.,
Zetterberg, H., Blennow, K., Christian, B.T., Bendlin, B.B., Okonkwo, O.C.,
Hogan, K.J., Hermann, B.P., Sager, M.A., Asthana, S., Johnson, S.C., Engelman, C.D.,
2016. Pathway-specific polygenic risk scores as predictors of amyloid-beta
deposition and cognitive function in a sample at increased risk for alzheim-
er's disease. J. Alzheimers Dis. 55, 473e484.

Das, S., Forer, L., Schonherr, S., Sidore, C., Locke, A.E., Kwong, A., Vrieze, S.I.,
Chew, E.Y., Levy, S., McGue, M., Schlessinger, D., Stambolian, D., Loh, P.R.,
Iacono, W.G., Swaroop, A., Scott, L.J., Cucca, F., Kronenberg, F., Boehnke, M.,
Abecasis, G.R., Fuchsberger, C., 2016. Next-generation genotype imputation
service and methods. Nat. Genet. 48, 1284e1287.

Escott-Price, V., Sims, R., Bannister, C., Harold, D., Vronskaya, M., Majounie, E.,
Badarinarayan, N., , Gerad/Perades, Consortia, I., Morgan, K., Passmore, P.,
Holmes, C., Powell, J., Brayne, C., Gill, M., Mead, S., Goate, A., Cruchaga, C.,
Lambert, J.C., van Duijn, C., Maier, W., Ramirez, A., Holmans, P., Jones, L.,
Hardy, J., Seshadri, S., Schellenberg, G.D., Amouyel, P., Williams, J., 2015. Com-
mon polygenic variation enhances risk prediction for Alzheimer's disease. Brain
138 (Pt 12), 3673e3684.

https://doi.org/10.1016/j.neurobiolaging.2020.03.012
https://doi.org/10.1016/j.neurobiolaging.2020.03.012
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref1
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref1
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref1
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref1
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref1
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref2
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref2
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref2
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref2
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref3
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref3
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref3
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref3
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref4
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref4
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref4
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref4
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref4
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref4
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref4
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref4
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref4
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref4
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref4
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref4
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref4
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref4
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref4
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref4
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref5
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref5
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref5
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref5
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref5
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref6
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref6
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref6
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref6
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref6
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref6
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref6
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref7
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref7
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref7
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref7
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref7
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref7
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref8
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref8
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref8
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref8
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref8
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref8
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref8
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref8


L.M. Reus et al. / Neurobiology of Aging xxx (2020) 1.e1e1.e15 1.e13
Euesden, J., Lewis, C.M., O'Reilly, P.F., 2015. PRSice: polygenic risk score software.
Bioinformatics 31, 1466e1468.

Gatz, M., Reynolds, C.A., Fratiglioni, L., Johansson, B., Mortimer, J.A., Berg, S., Fiske, A.,
Pedersen, N.L., 2006. Role of genes and environments for explaining Alzheimer
disease. Arch. Gen. Psychiatry 63, 168e174.

Gaugler, J., James, B., Johnson, T., Marin, A., Weuve, J., 2019. 2019 Alzheimer's disease
facts and figures. Alzheimers Dement. 15, 321e387.

Genomes Project, C., Auton, A., Brooks, L.D., Durbin, R.M., Garrison, E.P., Kang, H.M.,
Korbel, J.O., Marchini, J.L., McCarthy, S., McVean, G.A., Abecasis, G.R., 2015.
A global reference for human genetic variation. Nature 526, 68e74.

Gray, C.W., Patel, A.J., 1993. Regulation of beta-amyloid precursor protein isoform
mRNAs by transforming growth factor-beta 1 and interleukin-1 beta in astro-
cytes. Brain Res. Mol. Brain Res. 19, 251e256.

Harold, D., Abraham, R., Hollingworth, P., Sims, R., Gerrish, A., Hamshere, M.L.,
Pahwa, J.S., Moskvina, V., Dowzell, K., Williams, A., Jones, N., Thomas, C.,
Stretton, A., Morgan, A.R., Lovestone, S., Powell, J., Proitsi, P., Lupton, M.K.,
Brayne, C., Rubinsztein, D.C., Gill, M., Lawlor, B., Lynch, A., Morgan, K.,
Brown, K.S., Passmore, P.A., Craig, D., McGuinness, B., Todd, S., Holmes, C.,
Mann, D., Smith, A.D., Love, S., Kehoe, P.G., Hardy, J., Mead, S., Fox, N., Rossor, M.,
Collinge, J., Maier, W., Jessen, F., Schurmann, B., Heun, R., van den Bussche, H.,
Heuser, I., Kornhuber, J., Wiltfang, J., Dichgans, M., Frolich, L., Hampel, H.,
Hull, M., Rujescu, D., Goate, A.M., Kauwe, J.S., Cruchaga, C., Nowotny, P.,
Morris, J.C., Mayo, K., Sleegers, K., Bettens, K., Engelborghs, S., De Deyn, P.P., Van
Broeckhoven, C., Livingston, G., Bass, N.J., Gurling, H., McQuillin, A., Gwilliam, R.,
Deloukas, P., Al-Chalabi, A., Shaw, C.E., Tsolaki, M., Singleton, A.B., Guerreiro, R.,
Muhleisen, T.W., Nothen, M.M., Moebus, S., Jockel, K.H., Klopp, N.,
Wichmann, H.E., Carrasquillo, M.M., Pankratz, V.S., Younkin, S.G., Holmans, P.A.,
O'Donovan, M., Owen, M.J., Williams, J., 2009. Genome-wide association study
identifies variants at CLU and PICALM associated with Alzheimer's disease. Nat.
Genet. 41, 1088e1093.

Hazrati, L.N., Van Cauwenberghe, C., Brooks, P.L., Brouwers, N., Ghani, M., Sato, C.,
Cruts, M., Sleegers, K., George-Hyslop St, P., Van Broeckhoven, C., Rogaeva, E.,
2012. Genetic association of CR1 with Alzheimer's disease: a tentative disease
mechanism. Neurobiol. Aging 33, 2949.e5-2949.e12.

Hellwig, K., Kvartsberg, H., Portelius, E., Andreasson, U., Oberstein, T.J., Lewczuk, P.,
Blennow, K., Kornhuber, J., Maler, J.M., Zetterberg, H., Spitzer, P., 2015. Neuro-
granin and YKL-40: independent markers of synaptic degeneration and neu-
roinflammation in Alzheimer's disease. Alzheimers Res. Ther. 7, 74.

Hollingworth, P., Harold, D., Sims, R., Gerrish, A., Lambert, J.C., Carrasquillo, M.M.,
Abraham, R., Hamshere, M.L., Pahwa, J.S., Moskvina, V., Dowzell, K., Jones, N.,
Stretton, A., Thomas, C., Richards, A., Ivanov, D., Widdowson, C., Chapman, J.,
Lovestone, S., Powell, J., Proitsi, P., Lupton, M.K., Brayne, C., Rubinsztein, D.C.,
Gill, M., Lawlor, B., Lynch, A., Brown, K.S., Passmore, P.A., Craig, D.,
McGuinness, B., Todd, S., Holmes, C., Mann, D., Smith, A.D., Beaumont, H.,
Warden, D., Wilcock, G., Love, S., Kehoe, P.G., Hooper, N.M., Vardy, E.R., Hardy, J.,
Mead, S., Fox, N.C., Rossor, M., Collinge, J., Maier, W., Jessen, F., Ruther, E.,
Schurmann, B., Heun, R., Kolsch, H., van den Bussche, H., Heuser, I., Kornhuber, J.,
Wiltfang, J., Dichgans, M., Frolich, L., Hampel, H., Gallacher, J., Hull, M.,
Rujescu, D., Giegling, I., Goate, A.M., Kauwe, J.S., Cruchaga, C., Nowotny, P.,
Morris, J.C., Mayo, K., Sleegers, K., Bettens, K., Engelborghs, S., De Deyn, P.P., Van
Broeckhoven, C., Livingston, G., Bass, N.J., Gurling, H., McQuillin, A., Gwilliam, R.,
Deloukas, P., Al-Chalabi, A., Shaw, C.E., Tsolaki, M., Singleton, A.B., Guerreiro, R.,
Muhleisen, T.W., Nothen, M.M., Moebus, S., Jockel, K.H., Klopp, N.,
Wichmann, H.E., Pankratz, V.S., Sando, S.B., Aasly, J.O., Barcikowska, M.,
Wszolek, Z.K., Dickson, D.W., Graff-Radford, N.R., Petersen, R.C., , Alzheimer's
Disease Neuroimaging, I., van Duijn, C.M., Breteler, M.M., Ikram, M.A.,
DeStefano, A.L., Fitzpatrick, A.L., Lopez, O., Launer, L.J., Seshadri, S.,
consortium, C., Berr, C., Campion, D., Epelbaum, J., Dartigues, J.F., Tzourio, C.,
Alperovitch, A., Lathrop, M., consortium, E., Feulner, T.M., Friedrich, P., Riehle, C.,
Krawczak, M., Schreiber, S., Mayhaus, M., Nicolhaus, S., Wagenpfeil, S.,
Steinberg, S., Stefansson, H., Stefansson, K., Snaedal, J., Bjornsson, S.,
Jonsson, P.V., Chouraki, V., Genier-Boley, B., Hiltunen, M., Soininen, H.,
Combarros, O., Zelenika, D., Delepine, M., Bullido, M.J., Pasquier, F., Mateo, I.,
Frank-Garcia, A., Porcellini, E., Hanon, O., Coto, E., Alvarez, V., Bosco, P.,
Siciliano, G., Mancuso, M., Panza, F., Solfrizzi, V., Nacmias, B., Sorbi, S., Bossu, P.,
Piccardi, P., Arosio, B., Annoni, G., Seripa, D., Pilotto, A., Scarpini, E.,
Galimberti, D., Brice, A., Hannequin, D., Licastro, F., Jones, L., Holmans, P.A.,
Jonsson, T., Riemenschneider, M., Morgan, K., Younkin, S.G., Owen, M.J.,
O'Donovan, M., Amouyel, P., Williams, J., 2011. Common variants at ABCA7,
MS4A6A/MS4A4E, EPHA1, CD33 and CD2AP are associated with Alzheimer's
disease. Nat. Genet. 43, 429e435.

Jack Jr., C.R., Bennett, D.A., Blennow, K., Carrillo, M.C., Dunn, B., Haeberlein, S.B.,
Holtzman, D.M., Jagust, W., Jessen, F., Karlawish, J., Liu, E., Molinuevo, J.L.,
Montine, T., Phelps, C., Rankin, K.P., Rowe, C.C., Scheltens, P., Siemers, E.,
Snyder, H.M., Sperling, R., Contributors, 2018. NIA-AA Research Framework:
toward a biological definition of Alzheimer's disease. Alzheimers Dement. 14,
535e562.

Jansen, I., Savage, J., Watanabe, K., Bryois, J., Williams, D., Steinberg, S., Sealock, J.,
Karlsson, I., Hagg, S., Athanasiu, L., Voyle, N., Proitsi, P., Witoelar, A., Stringer, S.,
Aarsland, D., Almdahl, I.S., Andersen, F., Bergh, S., Bettella, F., Bjornsson, S.,
Braekhus, A., Brathern, G., De Leeuw, C.A., Desikan, R.S., Djurovic, S.,
Dumitrescu, L., Fladby, T., Homan, T., Jonsson, P.V., Kiddle, S.J., Rongve, A.,
Saltvedt, I., Sando, S.B., Selbak, G., Skene, N., Snaedal, J., Stordal, E., Ulstein, I.,
Wang, Y., White, L., Hjerling-Leffler, J., Sullivan, P.F., van der Flier, W.M.,
Dobson, R., Davis, L., Stefansson, H., Stefansson, K., Pedersen, N.L., Ripke, S.,
Andreassen, O.A., Posthuma, D., 2019. Genetic Meta-Analysis Identifies New Loci
and Functional Pathways for Alzheimers Disease Risk. Nat. Gen. 51, 401e413.

Karch, C.M., Cruchaga, C., Goate, A.M., 2014. Alzheimer's disease genetics: from the
bench to the clinic. Neuron 83, 11e26.

Kauwe, J.S., Bailey, M.H., Ridge, P.G., Perry, R., Wadsworth, M.E., Hoyt, K.L.,
Staley, L.A., Karch, C.M., Harari, O., Cruchaga, C., Ainscough, B.J., Bales, K.,
Pickering, E.H., Bertelsen, S., , Alzheimer's Disease Neuroimaging, I., Fagan, A.M.,
Holtzman, D.M., Morris, J.C., Goate, A.M., 2014. Genome-wide association study
of CSF levels of 59 alzheimer's disease candidate proteins: significant associa-
tions with proteins involved in amyloid processing and inflammation. PLoS
Genet. 10, e1004758.

Ketchen, D.J., Shook, C.L., 1996. The application of cluster analysis in strategic
management research: an analysis and critique. Strateg. Manage J. 17, 441e458.

Khalil, M., Teunissen, C.E., Otto, M., Piehl, F., Sormani, M.P., Gattringer, T., Barro, C.,
Kappos, L., Comabella, M., Fazekas, F., Petzold, A., Blennow, K., Zetterberg, H.,
Kuhle, J., 2018. Neurofilaments as biomarkers in neurological disorders. Nat.
Rev. Neurol. 14, 577e589.

Kunkle, B.W., Grenier-Boley, B., Sims, R., Bis, J.C., Damotte, V., Naj, A.C., Boland, A.,
Vronskaya, M., van der Lee, S.J., Amlie-Wolf, A., Bellenguez, C., Frizatti, A.,
Chouraki, V., Martin, E.R., Sleegers, K., Badarinarayan, N., Jakobsdottir, J., Ham-
ilton-Nelson, K.L., Moreno-Grau, S., Olaso, R., Raybould, R., Chen, Y., Kuzma, A.B.,
Hiltunen, M., Morgan, T., Ahmad, S., Vardarajan, B.N., Epelbaum, J., Hoffmann, P.,
Boada, M., Beecham, G.W., Garnier, J.G., Harold, D., Fitzpatrick, A.L.,
Valladares, O., Moutet, M.L., Gerrish, A., Smith, A.V., Qu, L., Bacq, D., Denning, N.,
Jian, X., Zhao, Y., Del Zompo, M., Fox, N.C., Choi, S.H., Mateo, I., Hughes, J.T.,
Adams, H.H., Malamon, J., Sanchez-Garcia, F., Patel, Y., Brody, J.A.,
Dombroski, B.A., Naranjo, M.C.D., Daniilidou, M., Eiriksdottir, G., Mukherjee, S.,
Wallon, D., Uphill, J., Aspelund, T., Cantwell, L.B., Garzia, F., Galimberti, D.,
Hofer, E., Butkiewicz, M., Fin, B., Scarpini, E., Sarnowski, C., Bush, W.S.,
Meslage, S., Kornhuber, J., White, C.C., Song, Y., Barber, R.C., Engelborghs, S.,
Sordon, S., Voijnovic, D., Adams, P.M., Vandenberghe, R., Mayhaus, M.,
Cupples, L.A., Albert, M.S., De Deyn, P.P., Gu, W., Himali, J.J., Beekly, D.,
Squassina, A., Hartmann, A.M., Orellana, A., Blacker, D., Rodriguez-Rodriguez, E.,
Lovestone, S., Garcia, M.E., Doody, R.S., Munoz-Fernadez, C., Sussams, R., Lin, H.,
Fairchild, T.J., Benito, Y.A., Holmes, C., Karamujic-Comic, H., Frosch, M.P.,
Thonberg, H., Maier, W., Roschupkin, G., Ghetti, B., Giedraitis, V., Kawalia, A.,
Li, S., Huebinger, R.M., Kilander, L., Moebus, S., Hernandez, I., Kamboh, M.I.,
Brundin, R., Turton, J., Yang, Q., Katz, M.J., Concari, L., Lord, J., Beiser, A.S.,
Keene, C.D., Helisalmi, S., Kloszewska, I., Kukull, W.A., Koivisto, A.M., Lynch, A.,
Tarraga, L., Larson, E.B., Haapasalo, A., Lawlor, B., Mosley, T.H., Lipton, R.B.,
Solfrizzi, V., Gill, M., Longstreth Jr., W.T., Montine, T.J., Frisardi, V., Diez-
Fairen, M., Rivadeneira, F., Petersen, R.C., Deramecourt, V., Alvarez, I., Salani, F.,
Ciaramella, A., Boerwinkle, E., Reiman, E.M., Fievet, N., Rotter, J.I., Reisch, J.S.,
Hanon, O., Cupidi, C., Andre Uitterlinden, A.G., Royall, D.R., Dufouil, C.,
Maletta, R.G., de Rojas, I., Sano, M., Brice, A., Cecchetti, R., George-Hyslop, P.S.,
Ritchie, K., Tsolaki, M., Tsuang, D.W., Dubois, B., Craig, D., Wu, C.K., Soininen, H.,
Avramidou, D., Albin, R.L., Fratiglioni, L., Germanou, A., Apostolova, L.G.,
Keller, L., Koutroumani, M., Arnold, S.E., Panza, F., Gkatzima, O., Asthana, S.,
Hannequin, D., Whitehead, P., Atwood, C.S., Caffarra, P., Hampel, H., Quintela, I.,
Carracedo, A., Lannfelt, L., Rubinsztein, D.C., Barnes, L.L., Pasquier, F., Frolich, L.,
Barral, S., McGuinness, B., Beach, T.G., Johnston, J.A., Becker, J.T., Passmore, P.,
Bigio, E.H., Schott, J.M., Bird, T.D., Warren, J.D., Boeve, B.F., Lupton, M.K.,
Bowen, J.D., Proitsi, P., Boxer, A., Powell, J.F., Burke, J.R., Kauwe, J.S.K., Burns, J.M.,
Mancuso, M., Buxbaum, J.D., Bonuccelli, U., Cairns, N.J., McQuillin, A., Cao, C.,
Livingston, G., Carlson, C.S., Bass, N.J., Carlsson, C.M., Hardy, J., Carney, R.M.,
Bras, J., Carrasquillo, M.M., Guerreiro, R., Allen, M., Chui, H.C., Fisher, E.,
Masullo, C., Crocco, E.A., DeCarli, C., Bisceglio, G., Dick, M., Ma, L., Duara, R.,
Graff-Radford, N.R., Evans, D.A., Hodges, A., Faber, K.M., Scherer, M., Fallon, K.B.,
Riemenschneider, M., Fardo, D.W., Heun, R., Farlow, M.R., Kolsch, H., Ferris, S.,
Leber, M., Foroud, T.M., Heuser, I., Galasko, D.R., Giegling, I., Gearing, M., Hull, M.,
Geschwind, D.H., Gilbert, J.R., Morris, J., Green, R.C., Mayo, K., Growdon, J.H.,
Feulner, T., Hamilton, R.L., Harrell, L.E., Drichel, D., Honig, L.S., Cushion, T.D.,
Huentelman, M.J., Hollingworth, P., Hulette, C.M., Hyman, B.T., Marshall, R.,
Jarvik, G.P., Meggy, A., Abner, E., Menzies, G.E., Jin, L.W., Leonenko, G., Real, L.M.,
Jun, G.R., Baldwin, C.T., Grozeva, D., Karydas, A., Russo, G., Kaye, J.A., Kim, R.,
Jessen, F., Kowall, N.W., Vellas, B., Kramer, J.H., Vardy, E., LaFerla, F.M.,
Jockel, K.H., Lah, J.J., Dichgans, M., Leverenz, J.B., Mann, D., Levey, A.I., Pickering-
Brown, S., Lieberman, A.P., Klopp, N., Lunetta, K.L., Wichmann, H.E.,
Lyketsos, C.G., Morgan, K., Marson, D.C., Brown, K., Martiniuk, F., Medway, C.,
Mash, D.C., Nothen, M.M., Masliah, E., Hooper, N.M., McCormick, W.C.,
Daniele, A., McCurry, S.M., Bayer, A., McDavid, A.N., Gallacher, J., McKee, A.C., van
den Bussche, H., Mesulam, M., Brayne, C., Miller, B.L., Riedel-Heller, S.,
Miller, C.A., Miller, J.W., Al-Chalabi, A., Morris, J.C., Shaw, C.E., Myers, A.J.,
Wiltfang, J., O'Bryant, S., Olichney, J.M., Alvarez, V., Parisi, J.E., Singleton, A.B.,
Paulson, H.L., Collinge, J., Perry, W.R., Mead, S., Peskind, E., Cribbs, D.H.,
Rossor, M., Pierce, A., Ryan, N.S., Poon, W.W., Nacmias, B., Potter, H., Sorbi, S.,
Quinn, J.F., Sacchinelli, E., Raj, A., Spalletta, G., Raskind, M., Caltagirone, C.,
Bossu, P., Orfei, M.D., Reisberg, B., Clarke, R., Reitz, C., Smith, A.D., Ringman, J.M.,
Warden, D., Roberson, E.D., Wilcock, G., Rogaeva, E., Bruni, A.C., Rosen, H.J.,
Gallo, M., Rosenberg, R.N., Ben-Shlomo, Y., Sager, M.A., Mecocci, P., Saykin, A.J.,
Pastor, P., Cuccaro, M.L., Vance, J.M., Schneider, J.A., Schneider, L.S., Slifer, S.,
Seeley, W.W., Smith, A.G., Sonnen, J.A., Spina, S., Stern, R.A., Swerdlow, R.H.,
Tang, M., Tanzi, R.E., Trojanowski, J.Q., Troncoso, J.C., Van Deerlin, V.M., Van
Eldik, L.J., Vinters, H.V., Vonsattel, J.P., Weintraub, S., Welsh-Bohmer, K.A.,
Wilhelmsen, K.C., Williamson, J., Wingo, T.S., Woltjer, R.L., Wright, C.B., Yu, C.E.,

http://refhub.elsevier.com/S0197-4580(20)30091-9/sref9
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref9
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref9
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref10
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref10
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref10
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref10
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref11
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref11
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref11
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref12
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref12
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref12
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref12
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref13
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref13
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref13
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref13
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref14
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref14
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref14
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref14
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref14
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref14
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref14
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref14
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref14
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref14
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref14
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref14
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref14
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref14
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref14
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref14
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref14
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref14
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref15
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref15
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref15
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref15
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref16
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref16
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref16
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref16
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref17
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref17
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref17
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref17
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref17
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref17
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref17
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref17
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref17
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref17
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref17
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref17
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref17
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref17
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref17
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref17
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref17
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref17
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref17
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref17
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref17
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref17
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref17
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref17
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref17
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref17
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref17
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref17
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref17
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref17
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref17
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref17
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref17
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref17
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref18
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref18
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref18
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref18
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref18
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref18
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref18
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref19
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref19
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref19
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref19
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref19
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref19
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref19
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref19
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref19
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref19
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref19
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref20
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref20
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref20
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref21
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref21
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref21
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref21
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref21
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref21
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref21
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref22
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref22
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref22
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref23
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref23
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref23
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref23
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref23
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref24
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref24
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref24
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref24
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref24
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref24
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref24
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref24
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref24
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref24
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref24
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref24
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref24
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref24
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref24
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref24
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref24
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref24
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref24
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref24
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref24
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref24
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref24
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref24
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref24
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref24
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref24
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref24
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref24
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref24
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref24
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref24
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref24
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref24
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref24
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref24
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref24
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref24
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref24
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref24
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref24
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref24
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref24
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref24
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref24
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref24
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref24
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref24
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref24
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref24
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref24
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref24
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref24
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref24
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref24
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref24
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref24
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref24
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref24
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref24
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref24
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref24
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref24
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref24
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref24
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref24
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref24
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref24


L.M. Reus et al. / Neurobiology of Aging xxx (2020) 1.e1e1.e151.e14
Yu, L., Saba, Y., , Alzheimer Disease Genetics, C., European Alzheimer's Disease, I.,
Cohorts for, H., Aging Research in Genomic Epidemiology, C., Genetic, Envi-
ronmental Risk in Ad/Defining Genetic, P., Environmental Risk for Alzheimer's
Disease, C, Pilotto, A., Bullido, M.J., Peters, O., Crane, P.K., Bennett, D., Bosco, P.,
Coto, E., Boccardi, V., De Jager, P.L., Lleo, A., Warner, N., Lopez, O.L., Ingelsson, M.,
Deloukas, P., Cruchaga, C., Graff, C., Gwilliam, R., Fornage, M., Goate, A.M.,
Sanchez-Juan, P., Kehoe, P.G., Amin, N., Ertekin-Taner, N., Berr, C., Debette, S.,
Love, S., Launer, L.J., Younkin, S.G., Dartigues, J.F., Corcoran, C., Ikram, M.A.,
Dickson, D.W., Nicolas, G., Campion, D., Tschanz, J., Schmidt, H., Hakonarson, H.,
Clarimon, J., Munger, R., Schmidt, R., Farrer, L.A., Van Broeckhoven, C., , M, C.O.D.,
DeStefano, A.L., Jones, L., Haines, J.L., Deleuze, J.F., Owen, M.J., Gudnason, V.,
Mayeux, R., Escott-Price, V., Psaty, B.M., Ramirez, A., Wang, L.S., Ruiz, A., van
Duijn, C.M., Holmans, P.A., Seshadri, S., Williams, J., Amouyel, P.,
Schellenberg, G.D., Lambert, J.C., Pericak-Vance, M.A., 2019. Genetic meta-
analysis of diagnosed Alzheimer's disease identifies new risk loci and impli-
cates Abeta, tau, immunity and lipid processing. Nat. Genet. 51, 414e430.

Lambert, J.C., Heath, S., Even, G., Campion, D., Sleegers, K., Hiltunen, M.,
Combarros, O., Zelenika, D., Bullido, M.J., Tavernier, B., Letenneur, L., Bettens, K.,
Berr, C., Pasquier, F., Fievet, N., Barberger-Gateau, P., Engelborghs, S., De Deyn, P.,
Mateo, I., Franck, A., Helisalmi, S., Porcellini, E., Hanon, O., , European Alz-
heimer's Disease Initiative, I., de Pancorbo, M.M., Lendon, C., Dufouil, C.,
Jaillard, C., Leveillard, T., Alvarez, V., Bosco, P., Mancuso, M., Panza, F.,
Nacmias, B., Bossu, P., Piccardi, P., Annoni, G., Seripa, D., Galimberti, D.,
Hannequin, D., Licastro, F., Soininen, H., Ritchie, K., Blanche, H., Dartigues, J.F.,
Tzourio, C., Gut, I., Van Broeckhoven, C., Alperovitch, A., Lathrop, M., Amouyel, P.,
2009. Genome-wide association study identifies variants at CLU and CR1
associated with Alzheimer's disease. Nat. Genet. 41, 1094e1099.

Lambert, J.C., Ibrahim-Verbaas, C.A., Harold, D., Naj, A.C., Sims, R., Bellenguez, C.,
DeStafano, A.L., Bis, J.C., Beecham, G.W., Grenier-Boley, B., Russo, G., Thorton-
Wells, T.A., Jones, N., Smith, A.V., Chouraki, V., Thomas, C., Ikram, M.A.,
Zelenika, D., Vardarajan, B.N., Kamatani, Y., Lin, C.F., Gerrish, A., Schmidt, H.,
Kunkle, B., Dunstan, M.L., Ruiz, A., Bihoreau, M.T., Choi, S.H., Reitz, C., Pasquier, F.,
Cruchaga, C., Craig, D., Amin, N., Berr, C., Lopez, O.L., De Jager, P.L.,
Deramecourt, V., Johnston, J.A., Evans, D., Lovestone, S., Letenneur, L., Moron, F.J.,
Rubinsztein, D.C., Eiriksdottir, G., Sleegers, K., Goate, A.M., Fievet, N.,
Huentelman, M.W., Gill, M., Brown, K., Kamboh, M.I., Keller, L., Barberger-
Gateau, P., McGuiness, B., Larson, E.B., Green, R., Myers, A.J., Dufouil, C., Todd, S.,
Wallon, D., Love, S., Rogaeva, E., Gallacher, J., St George-Hyslop, P., Clarimon, J.,
Lleo, A., Bayer, A., Tsuang, D.W., Yu, L., Tsolaki, M., Bossu, P., Spalletta, G., Proitsi, P.,
Collinge, J., Sorbi, S., Sanchez-Garcia, F., Fox, N.C., Hardy, J., Deniz Naranjo, M.C.,
Bosco, P., Clarke, R., Brayne, C., Galimberti, D., Mancuso, M., Matthews, F., , Eu-
ropean Alzheimer's Disease, I., Genetic, Environmental Risk in Alzheimer's, D.,
Alzheimer's Disease Genetic, C., Cohorts for, H., Aging Research in Genomic, E.,
Moebus, S., Mecocci, P., Del Zompo, M., Maier, W., Hampel, H., Pilotto, A.,
Bullido, M., Panza, F., Caffarra, P., Nacmias, B., Gilbert, J.R., Mayhaus, M.,
Lannefelt, L., Hakonarson, H., Pichler, S., Carrasquillo, M.M., Ingelsson, M.,
Beekly, D., Alvarez, V., Zou, F., Valladares, O., Younkin, S.G., Coto, E., Hamilton-
Nelson, K.L., Gu, W., Razquin, C., Pastor, P., Mateo, I., Owen, M.J., Faber, K.M.,
Jonsson, P.V., Combarros, O., O'Donovan, M.C., Cantwell, L.B., Soininen, H.,
Blacker, D., Mead, S., Mosley Jr., T.H., Bennett, D.A., Harris, T.B., Fratiglioni, L.,
Holmes, C., de Bruijn, R.F., Passmore, P., Montine, T.J., Bettens, K., Rotter, J.I.,
Brice, A., Morgan, K., Foroud, T.M., Kukull, W.A., Hannequin, D., Powell, J.F.,
Nalls, M.A., Ritchie, K., Lunetta, K.L., Kauwe, J.S., Boerwinkle, E.,
Riemenschneider, M., Boada, M., Hiltuenen, M., Martin, E.R., Schmidt, R.,
Rujescu, D., Wang, L.S., Dartigues, J.F., Mayeux, R., Tzourio, C., Hofman, A.,
Nothen, M.M., Graff, C., Psaty, B.M., Jones, L., Haines, J.L., Holmans, P.A.,
Lathrop, M., Pericak-Vance, M.A., Launer, L.J., Farrer, L.A., van Duijn, C.M., Van
Broeckhoven, C., Moskvina, V., Seshadri, S., Williams, J., Schellenberg, G.D.,
Amouyel, P., 2013. Meta-analysis of 74,046 individuals identifies 11 new sus-
ceptibility loci for Alzheimer's disease. Nat. Genet. 45, 1452e1458.

Lesne, S., Docagne, F., Gabriel, C., Liot, G., Lahiri, D.K., Buee, L., Plawinski, L.,
Delacourte, A., MacKenzie, E.T., Buisson, A., Vivien, D., 2003. Transforming
growth factor-beta 1 potentiates amyloid-beta generation in astrocytes and in
transgenic mice. J. Biol. Chem. 278, 18408e18418.

Louwersheimer, E., Wolfsgruber, S., Espinosa, A., Lacour, A., Heilmann-Heimbach, S.,
Alegret, M., Hernandez, I., Rosende-Roca, M., Tarraga, L., Boada, M.,
Kornhuber, J., Peters, O., Frolich, L., Hull, M., Ruther, E., Wiltfang, J., Scherer, M.,
Riedel-Heller, S., Jessen, F., Nothen, M.M., Maier, W., Koene, T., Scheltens, P.,
Holstege, H., Wagner, M., Ruiz, A., van der Flier, W.M., Becker, T., Ramirez, A.,
2016. Alzheimer's disease risk variants modulate endophenotypes in mild
cognitive impairment. Alzheimers Dement. 12, 872e881.

Luedecking, E.K., DeKosky, S.T., Mehdi, H., Ganguli, M., Kamboh, M.I., 2000. Analysis
of genetic polymorphisms in the transforming growth factor-beta1 gene and
the risk of Alzheimer's disease. Hum. Genet. 106, 565e569.

Martiskainen, H., Helisalmi, S., Viswanathan, J., Kurki, M., Hall, A., Herukka, S.K.,
Sarajarvi, T., Natunen, T., Kurkinen, K.M., Huovinen, J., Makinen, P., Laitinen, M.,
Koivisto, A.M., Mattila, K.M., Lehtimaki, T., Remes, A.M., Leinonen, V.,
Haapasalo, A., Soininen, H., Hiltunen, M., 2015. Effects of Alzheimer's disease-
associated risk loci on cerebrospinal fluid biomarkers and disease progres-
sion: a polygenic risk score approach. J. Alzheimers Dis. 43, 565e573.

Mattsson, N., Andreasson, U., Persson, S., Arai, H., Batish, S.D., Bernardini, S., Boc-
chio-Chiavetto, L., Blankenstein, M.A., Carrillo, M.C., Chalbot, S., Coart, E.,
Chiasserini, D., Cutler, N., Dahlfors, G., Duller, S., Fagan, A.M., Forlenza, O.,
Frisoni, G.B., Galasko, D., Galimberti, D., Hampel, H., Handberg, A., Heneka, M.T.,
Herskovits, A.Z., Herukka, S.K., Holtzman, D.M., Humpel, C., Hyman, B.T.,
Iqbal, K., Jucker, M., Kaeser, S.A., Kaiser, E., Kapaki, E., Kidd, D., Klivenyi, P.,
Knudsen, C.S., Kummer, M.P., Lui, J., Llado, A., Lewczuk, P., Li, Q.X., Martins, R.,
Masters, C., McAuliffe, J., Mercken, M., Moghekar, A., Molinuevo, J.L.,
Montine, T.J., Nowatzke, W., O'Brien, R., Otto, M., Paraskevas, G.P., Parnetti, L.,
Petersen, R.C., Prvulovic, D., de Reus, H.P., Rissman, R.A., Scarpini, E., Stefani, A.,
Soininen, H., Schroder, J., Shaw, L.M., Skinningsrud, A., Skrogstad, B., Spreer, A.,
Talib, L., Teunissen, C., Trojanowski, J.Q., Tumani, H., Umek, R.M., Van Broeck, B.,
Vanderstichele, H., Vecsei, L., Verbeek, M.M., Windisch, M., Zhang, J.,
Zetterberg, H., Blennow, K., 2011. The Alzheimer's Association external quality
control program for cerebrospinal fluid biomarkers. Alzheimers Dement. 7,
386e395.e6.

Mattsson, N., Insel, P., Nosheny, R., Trojanowski, J.Q., Shaw, L.M., Jack Jr., C.R.,
Tosun, D., Weiner, M., Alzheimer's Disease Neuroimaging, I., 2014. Effects of
cerebrospinal fluid proteins on brain atrophy rates in cognitively healthy older
adults. Neurobiol. Aging 35, 614e622.

Mormino, E.C., Sperling, R.A., Holmes, A.J., Buckner, R.L., De Jager, P.L., Smoller, J.W.,
Sabuncu, M.R., Alzheimer's Disease Neuroimaging, I.,, 2016. Polygenic risk of
Alzheimer disease is associated with early- and late-life processes. Neurology
87, 481e488.

Naj, A.C., Jun, G., Beecham, G.W., Wang, L.S., Vardarajan, B.N., Buros, J., Gallins, P.J.,
Buxbaum, J.D., Jarvik, G.P., Crane, P.K., Larson, E.B., Bird, T.D., Boeve, B.F., Graff-
Radford, N.R., De Jager, P.L., Evans, D., Schneider, J.A., Carrasquillo, M.M., Ertekin-
Taner, N., Younkin, S.G., Cruchaga, C., Kauwe, J.S., Nowotny, P., Kramer, P.,
Hardy, J., Huentelman, M.J., Myers, A.J., Barmada, M.M., Demirci, F.Y.,
Baldwin, C.T., Green, R.C., Rogaeva, E., George-Hyslop St, P., Arnold, S.E.,
Barber, R., Beach, T., Bigio, E.H., Bowen, J.D., Boxer, A., Burke, J.R., Cairns, N.J.,
Carlson, C.S., Carney, R.M., Carroll, S.L., Chui, H.C., Clark, D.G., Corneveaux, J.,
Cotman, C.W., Cummings, J.L., DeCarli, C., DeKosky, S.T., Diaz-Arrastia, R.,
Dick, M., Dickson, D.W., Ellis, W.G., Faber, K.M., Fallon, K.B., Farlow, M.R.,
Ferris, S., Frosch, M.P., Galasko, D.R., Ganguli, M., Gearing, M., Geschwind, D.H.,
Ghetti, B., Gilbert, J.R., Gilman, S., Giordani, B., Glass, J.D., Growdon, J.H.,
Hamilton, R.L., Harrell, L.E., Head, E., Honig, L.S., Hulette, C.M., Hyman, B.T.,
Jicha, G.A., Jin, L.W., Johnson, N., Karlawish, J., Karydas, A., Kaye, J.A., Kim, R.,
Koo, E.H., Kowall, N.W., Lah, J.J., Levey, A.I., Lieberman, A.P., Lopez, O.L.,
Mack, W.J., Marson, D.C., Martiniuk, F., Mash, D.C., Masliah, E., McCormick, W.C.,
McCurry, S.M., McDavid, A.N., McKee, A.C., Mesulam, M., Miller, B.L., Miller, C.A.,
Miller, J.W., Parisi, J.E., Perl, D.P., Peskind, E., Petersen, R.C., Poon, W.W.,
Quinn, J.F., Rajbhandary, R.A., Raskind, M., Reisberg, B., Ringman, J.M.,
Roberson, E.D., Rosenberg, R.N., Sano, M., Schneider, L.S., Seeley, W.,
Shelanski, M.L., Slifer, M.A., Smith, C.D., Sonnen, J.A., Spina, S., Stern, R.A.,
Tanzi, R.E., Trojanowski, J.Q., Troncoso, J.C., Van Deerlin, V.M., Vinters, H.V.,
Vonsattel, J.P., Weintraub, S., Welsh-Bohmer, K.A., Williamson, J., Woltjer, R.L.,
Cantwell, L.B., Dombroski, B.A., Beekly, D., Lunetta, K.L., Martin, E.R.,
Kamboh, M.I., Saykin, A.J., Reiman, E.M., Bennett, D.A., Morris, J.C., Montine, T.J.,
Goate, A.M., Blacker, D., Tsuang, D.W., Hakonarson, H., Kukull, W.A.,
Foroud, T.M., Haines, J.L., Mayeux, R., Pericak-Vance, M.A., Farrer, L.A.,
Schellenberg, G.D., 2011. Common variants at MS4A4/MS4A6E, CD2AP, CD33
and EPHA1 are associated with late-onset Alzheimer's disease. Nat. Genet. 43,
436e441.

Patterson, N., Price, A.L., Reich, D., 2006. Population structure and eigenanalysis.
PLoS Genet. 2, e190.

Portelius, E., Zetterberg, H., Skillback, T., Tornqvist, U., Andreasson, U.,
Trojanowski, J.Q., Weiner, M.W., Shaw, L.M., Mattsson, N., Blennow, K., Alz-
heimer's Disease Neuroimaging, I., 2015. Cerebrospinal fluid neurogranin:
relation to cognition and neurodegeneration in Alzheimer's disease. Brain 138
(Pt 11), 3373e3385.

Purcell, S.M., Wray, N.R., Stone, J.L., Visscher, P.M., O'Donovan, M.C., Sullivan, P.F.,
Sklar, P., International Schizophrenia, C., 2009. Common polygenic variation
contributes to risk of schizophrenia and bipolar disorder. Nature 460,
748e752.

Represa, A., Deloulme, J.C., Sensenbrenner, M., Ben-Ari, Y., Baudier, J., 1990. Neuro-
granin: immunocytochemical localization of a brain-specific protein kinase C
substrate. J. Neurosci. 10, 3782e3792.

Rogers, J., Cooper, N.R., Webster, S., Schultz, J., McGeer, P.L., Styren, S.D., Civin, W.H.,
Brachova, L., Bradt, B., Ward, P., 1992. Complement activation by beta-amyloid in
Alzheimer disease. Proc. Natl. Acad. Sci. U. S. A. 89, 10016e10020.

Rousseeuw, P.J., 1987. Silhouettes - a graphical aid to the interpretation and vali-
dation of cluster-analysis. J. Comput. Appl. Math. 20, 53e65.

Rubio-Perez, J.M., Morillas-Ruiz, J.M., 2012. A review: inflammatory process in
Alzheimer's disease, role of cytokines. ScientificWorldJournal 2012, 756357.

Saykin, A.J., Shen, L., Foroud, T.M., Potkin, S.G., Swaminathan, S., Kim, S.,
Risacher, S.L., Nho, K., Huentelman, M.J., Craig, D.W., Thompson, P.M., Stein, J.L.,
Moore, J.H., Farrer, L.A., Green, R.C., Bertram, L., Jack Jr., C.R., Weiner, M.W.,
Alzheimer's Disease Neuroimaging, I., 2010. Alzheimer's Disease Neuroimaging
Initiative biomarkers as quantitative phenotypes: genetics core aims, progress,
and plans. Alzheimers Dement. 6, 265e273.

Schultz, S.A., Boots, E.A., Dougherty, R.J., Darst, B.F., Yu, S., Kirby, T., Edwards, D.F.,
Einerson, J.A., Korcarz, C.E., Zetterberg, H., Blennow, K., Carlsson, C.M.,
Bendlin, B.B., Asthana, S., Sager, M.A., Hermann, B.P., Johnson, S.C., Stein, J.H.,
Engelman, C.D., Cook, D.B., Okonkwo, O.C., 2015. Cardiorespiratory capacity
modifies the association between a polygenic risk score and CSF biomarkers in
preclinical Alzheimer’s disease. Alzheimers Dement. 11, P766.

Seshadri, S., Fitzpatrick, A.L., Ikram, M.A., DeStefano, A.L., Gudnason, V., Boada, M.,
Bis, J.C., Smith, A.V., Carassquillo, M.M., Lambert, J.C., Harold, D., Schrijvers, E.M.,
Ramirez-Lorca, R., Debette, S., Longstreth Jr., W.T., Janssens, A.C., Pankratz, V.S.,

http://refhub.elsevier.com/S0197-4580(20)30091-9/sref24
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref24
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref24
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref24
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref24
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref24
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref24
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref24
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref24
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref24
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref24
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref24
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref24
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref24
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref24
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref24
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref24
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref25
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref25
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref25
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref25
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref25
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref25
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref25
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref25
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref25
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref25
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref25
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref25
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref26
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref26
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref26
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref26
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref26
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref26
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref26
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref26
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref26
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref26
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref26
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref26
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref26
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref26
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref26
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref26
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref26
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref26
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref26
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref26
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref26
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref26
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref26
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref26
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref26
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref26
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref26
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref26
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref26
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref26
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref26
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref26
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref26
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref26
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref27
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref27
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref27
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref27
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref27
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref28
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref28
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref28
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref28
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref28
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref28
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref28
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref28
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref29
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref29
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref29
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref29
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref30
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref30
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref30
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref30
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref30
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref30
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref30
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref31
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref31
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref31
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref31
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref31
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref31
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref31
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref31
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref31
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref31
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref31
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref31
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref31
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref31
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref31
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref31
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref31
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref32
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref32
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref32
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref32
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref32
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref33
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref33
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref33
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref33
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref33
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref34
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref34
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref34
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref34
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref34
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref34
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref34
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref34
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref34
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref34
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref34
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref34
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref34
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref34
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref34
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref34
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref34
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref34
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref34
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref34
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref34
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref34
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref34
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref34
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref34
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref34
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref34
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref34
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref34
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref34
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref34
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref35
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref35
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref36
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref36
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref36
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref36
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref36
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref36
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref37
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref37
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref37
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref37
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref37
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref38
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref38
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref38
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref38
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref39
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref39
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref39
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref39
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref40
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref40
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref40
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref41
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref41
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref42
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref42
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref42
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref42
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref42
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref42
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref42
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref43
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref43
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref43
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref43
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref43
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref43
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref44
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref44
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref44


L.M. Reus et al. / Neurobiology of Aging xxx (2020) 1.e1e1.e15 1.e15
Dartigues, J.F., Hollingworth, P., Aspelund, T., Hernandez, I., Beiser, A.,
Kuller, L.H., Koudstaal, P.J., Dickson, D.W., Tzourio, C., Abraham, R., Antunez, C.,
Du, Y., Rotter, J.I., Aulchenko, Y.S., Harris, T.B., Petersen, R.C., Berr, C., Owen, M.J.,
Lopez-Arrieta, J., Varadarajan, B.N., Becker, J.T., Rivadeneira, F., Nalls, M.A., Graff-
Radford, N.R., Campion, D., Auerbach, S., Rice, K., Hofman, A., Jonsson, P.V.,
Schmidt, H., Lathrop, M., Mosley, T.H., Au, R., Psaty, B.M., Uitterlinden, A.G.,
Farrer, L.A., Lumley, T., Ruiz, A., Williams, J., Amouyel, P., Younkin, S.G., Wolf, P.A.,
Launer, L.J., Lopez, O.L., van Duijn, C.M., Breteler, M.M., Consortium, C., Con-
sortium, G., Consortium, E., 2010. Genome-wide analysis of genetic loci asso-
ciated with Alzheimer disease. JAMA 303, 1832e1840.

Shaw, L.M., Vanderstichele, H., Knapik-Czajka, M., Clark, C.M., Aisen, P.S.,
Petersen, R.C., Blennow, K., Soares, H., Simon, A., Lewczuk, P., Dean, R.,
Siemers, E., Potter, W., Lee, V.M., Trojanowski, J.Q., Alzheimer's Disease Neuro-
imaging, I., 2009. Cerebrospinal fluid biomarker signature in Alzheimer's dis-
ease neuroimaging initiative subjects. Ann. Neurol. 65, 403e413.

Spellman, D.S., Wildsmith, K.R., Honigberg, L.A., Tuefferd, M., Baker, D.,
Raghavan, N., Nairn, A.C., Croteau, P., Schirm, M., Allard, R., Lamontagne, J.,
Chelsky, D., Hoffmann, S., Potter, W.Z., Alzheimer's Disease Neuroimaging, I.,
Foundation for, N.I.H.B.C.C.S.F.P.P.T., 2015. Development and evaluation of a
multiplexed mass spectrometry based assay for measuring candidate peptide
biomarkers in Alzheimer's Disease Neuroimaging Initiative (ADNI) CSF. Prote-
omics Clin. Appl. 9, 715e731.

Szklarczyk, D., Franceschini, A., Wyder, S., Forslund, K., Heller, D., Huerta-Cepas, J.,
Simonovic, M., Roth, A., Santos, A., Tsafou, K.P., Kuhn, M., Bork, P., Jensen, L.J., von
Mering, C., 2015. STRING v10: protein-protein interaction networks, integrated
over the tree of life. Nucleic Acids Res. 43, D447eD452.
Tarkowski, E., Liljeroth, A.M., Nilsson, A., Ricksten, A., Davidsson, P., Minthon, L.,
Blennow, K., 2000. TNF gene polymorphism and its relation to intracerebral
production of TNFalpha and TNFbeta in AD. Neurology 54, 2077e2081.

Thorsell, A., Bjerke, M., Gobom, J., Brunhage, E., Vanmechelen, E., Andreasen, N.,
Hansson, O., Minthon, L., Zetterberg, H., Blennow, K., 2010. Neurogranin in ce-
rebrospinal fluid as a marker of synaptic degeneration in Alzheimer's disease.
Brain Res. 1362, 13e22.

Tibshirani, R., Walther, G., Hastie, T., 2001. Estimating the number of clusters in a
data set via the gap statistic. J. R. Stat. Soc. Series B Stat. Methodol. 63, 411e423.

Togo, T., Akiyama, H., Kondo, H., Ikeda, K., Kato, M., Iseki, E., Kosaka, K., 2000.
Expression of CD40 in the brain of Alzheimer's disease and other neurological
diseases. Brain Res. 885, 117e121.

Wyss-Coray, T., Lin, C., Yan, F., Yu, G.Q., Rohde, M., McConlogue, L., Masliah, E.,
Mucke, L., 2001. TGF-beta1 promotes microglial amyloid-beta clearance and
reduces plaque burden in transgenic mice. Nat. Med. 7, 612e618.

Yasojima, K., Schwab, C., McGeer, E.G., McGeer, P.L., 1999. Up-regulated production
and activation of the complement system in Alzheimer's disease brain. Am. J.
Pathol. 154, 927e936.

Yuan, A., Sershen, H., Veeranna, Basavarajappa, B.S., Kumar, A., Hashim, A., Berg, M.,
Lee, J.H., Sato, Y., Rao, M.V., Mohan, P.S., Dyakin, V., Julien, J.P., Lee, V.M.,
Nixon, R.A., 2015. Neurofilament subunits are integral components of synapses
and modulate neurotransmission and behavior in vivo. Mol. Psychiatry 20,
986e994.

Zetterberg, H., Andreasen, N., Blennow, K., 2004. Increased cerebrospinal fluid levels
of transforming growth factor-beta1 in Alzheimer's disease. Neurosci. Lett. 367,
194e196.

http://refhub.elsevier.com/S0197-4580(20)30091-9/sref44
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref44
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref44
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref44
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref44
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref44
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref44
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref44
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref44
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref44
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref44
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref45
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref45
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref45
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref45
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref45
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref45
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref46
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref46
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref46
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref46
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref46
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref46
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref46
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref46
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref47
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref47
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref47
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref47
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref47
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref48
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref48
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref48
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref48
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref49
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref49
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref49
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref49
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref49
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref50
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref50
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref50
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref51
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref51
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref51
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref51
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref52
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref52
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref52
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref52
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref53
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref53
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref53
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref53
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref54
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref54
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref54
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref54
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref54
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref54
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref55
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref55
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref55
http://refhub.elsevier.com/S0197-4580(20)30091-9/sref55

	Degree of genetic liability for Alzheimer's disease associated with specific proteomic profiles in cerebrospinal fluid
	1. Introduction
	2. Methods
	2.1. Study population
	2.2. CSF data
	2.3. Genotyping
	2.4. Derivation of PGRS
	2.5. Statistical analysis
	2.6. Enrichment analyses for Kyoto Encyclopedia of Genes and Genomes pathways and gene ontology biological processes

	3. Results
	3.1. Sample description
	3.2. PGRS CSF protein associations
	3.3. Hierarchical cluster analysis

	4. Discussion
	CRediT authorship contribution statement
	Acknowledgements
	Appendix A. Supplementary data
	References


