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Connecting dementia risk loci to the CSF proteome
identifies pathophysiological leads for dementia
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Yanaika S. Hok-A-Hin,” the Alzheimer’s Disease Neuroimaging Initiative, Alice'Chen-
Plotkin,® David J. Irwin,® William T. Hu,1911 Lieke H. Meeter,12 John C. van Swieten,?
Henne Holstege,!:26 Marc Hulsman,2:6 Afina W. Lemstra,>2? Yolande A: L. Pijnenburg,!2

Wiesje M. van der Flier,1-2 Charlotte E. Teunissen’ and Marta del.Campo Milan?-13.14
Abstract

Genome-wide association studies have successfully identified many genetic risk loci for
dementia, but exact biological mechanisms through which genetic risk factors contribute to
dementia remains unclear. Integrating CSF proteomic data with dementia risk loci could
reveal intermediate molecular pathways connecting genetic variance to the development of

dementia.

We tested to what extent effects of known.dementia risk loci can be observed in CSF levels of
665 proteins (proximity extension-based (PEA) immunoassays) in a deeply-phenotyped
mixed-memory clinic cohort (n=502, mean age (sd) = 64.1 [8.7] years, 181 female [35.4%)]),
including patients with Alzheimer’s disease (AD, n=213), dementia with Lewy bodies (DLB,
n=50) and frontotemporal dementia (FTD, n=93), and controls (n=146). Validation was
assessed in-independent cohorts (n=99 PEA platform, n=198, MRM-targeted mass
spectroscopy and.-multiplex assay). We performed additional analyses stratified according to
diagnostic status (AD, DLB, FTD and controls separately), to explore whether associations

between CSF proteins and genetic variants were specific to disease or not.

We. identified four AD risk loci as protein quantitative trait loci (pQTL): CR1-CR2
(rs3818361, P=1.65e-08), ZCWPW1-PILRB (rs1476679, P=2.73e-32), CTSH-CTSH
(rs3784539, P=2.88e-24) and HESX1-RETN (rs186108507, P=8.39e-08), of which the first
three pQTLs showed direct replication in the independent cohorts. We identified one AD-
specific association between a rare genetic variant of TREM2 and CSF IL6 levels
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(rs75932628, P = 3.90e-7). DLB risk locus GBA showed positive trans effects on seven inter-
related CSF levels in DLB patients only. No pQTLs were identified for frontotemporal

dementia, either for the total sample as for analyses performed within FTD only.

pQTL variants were involved in the immune system, highlighting the importance of this
system in the pathophysiology of dementia. We further identified pQTLs in stratified analyses
for AD and DLB, hinting at disease-specific pQTLs in dementia. Dissecting the contribution
of risk loci to neurobiological processes aids in understanding disease mechanisms .underlying

dementia.
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Introduction

Genetic factors play a pivotal role in the development of dementia, as supported by high
heritability estimates for Alzheimer’s disease (AD), dementia with Lewy bodies (DLB) and
frontotemporal dementia (FTD) -3, Large-scale genome-wide association studies (GWAS)
have identified many common single nucleotide polymorphisms (SNPs) as risk or protective
variants for AD-type dementia 412, DLB 1314 and FTD 1518, Most of these genetic risk loci
have small effect sizes and are often located within non-coding regions rather than in a
specific gene. Hence, the functional interpretation that link these genetic risk factors to
biological mechanisms of disease has been extremely challenging. One of the proposed
mechanisms is that genetic variation in coding and non-coding variants affects gene

expression and consequently contributes to disease via alterations in protein abundances 1920,
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As proteins have a close relationship with pathophysiological processes, genetic studies on
protein levels (i.e. protein quantitative trait loci or pQTL) can provide a biological
understanding on how genetic variation influences the risk for dementia 2. Unraveling the
biological processes and specific proteins that are affected by genetic risk variants could thus
provide biomarkers, but also novel targets and therapeutic strategies to prevent or counter the
development of different types of dementia 22. Of note, quantitative trait loci (QTL) effects
can be either tissue-shared or tissue-specific, and therefore QTL studies in specific tissue

types or biofluids relevant to neurodegenerative disease are essential 23-25,

CSF reflects several pathophysiological processes that take place in vivo in.the human brain,
and thus serves as an important source to identify potential biomarkers and drug targets for
neurodegenerative disease 2. The integration of genetic data with the CSF proteome has
improved our understanding of the gene regulatory landscape underlying dementia 27-29, as
illustrated by the cis and trans effects of AD risk factors APOE-€4 2°, and MS4A 30, and trans
effects of FTD risk factor TMEM106B on neurofilament light 3. However, protein QTL
studies using CSF proteomic information related to.a wider range of biological mechanisms
are limited 24 or have only been performed in cognitively healthy subjects 22. Including
patients in pQTL studies is relevant as it.will naturally increase the frequency of rare risk
alleles, which have (often) stronger-associations with disease risk compared to common risk
alleles 32, The inclusion of patients further allows to detect potential QTL effects specific to

neurodegenerative disease, which has not been examine before in the field of dementia.

In this study, we aimed to identify CSF proteins associated with genetic risk factors for three
major dementia types, AD, DLB and FTD, to better understand their underlying
pathophysiological processes. We report results on the association between known genetic
risk loci for AD, DLB and FTD, and 665 CSF protein levels (measured using proximity
extension-based immunoassays) in a well-characterized dementia cohort (n=502) (Amsterdam
Dementia Cohort, ADC) 33, Independent data from two other CSF sub-studies (ADC: n=99;
Alzheimer’s disease Neuroimaging Initiative (ADNI) cohort: n=198) 34 were used to validate
our findings. We identified several pQTLs for AD and DLB, but not for FTD. Identified CSF

proteins were related to immune system and glucose metabolism.
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Material and methods

Study sample

Figure S1 provides an overview of cohorts included in discovery and replication analyses. All

participating studies were approved by their respective Medical Ethics Committee.

Discovery cohort

For the discovery phase, we selected 502 subjects from the Amsterdam Dementia Cohort
(ADC) 2 who had both genetic 3536 and CSF proteome data available®’. Diagnostic groups
included control subjects (n=146), and patients with mild cognitive impairment (MCI; n=37),
AD (n=176), DLB (n=50) or FTD (n=93). All patients with MCI had abnormal CSF amyloid -
B and most (n=28/37, 75.7%) had a positive AD CSF biomarker status (defined by an
abnormal ratio of CSF t-tau/ amyloid-p 28). Since these biomarker statuses have been
associated with an intermediate to high likelihood«to progress to AD-type dementia, we

grouped MCI and AD patients together 9.

All patients from the ADC underwent a standardized multidisciplinary assessment, consisting
of medical history, informant-based history, neurological and medical examination,
neuropsychological investigation, electroencephalography (EEG), brain magnetic resonance
imaging (MRI), standard laboratory work-up and lumbar puncture 33. Global cognition was
estimated using the mini-mental state examination (MMSE) 4°. Diagnoses were assigned
according to diagnostic criteria for psychiatric and neurodegenerative disease guidelings 4144,
All AD diagnoses.in the ADC cohort were supported by a positive AD CSF biomarker status,
as assessed using the ratio CSF total tau/amyloid-beta 38. Controls had subjective cognitive
decline (SCD). SCD was assigned to subjects that did not meet clinical criteria for psychiatric
or neurodegenerative disorders and had no objective cognitive abnormalities on
neuropsychological testing. This study was performed in accordance with the ethical
standards as laid down in the 1964 Declaration of Helsinki and its later amendments. Written

informed consent was obtained from all participants.
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Extended CSF proteome cohort

To further analyze whether the levels of pQTL-related proteins identified in this study
differed across diagnostic groups, we used the corresponding proteomic data from the
extended CSF proteome cohort used in this study 37. The larger CSF proteome study included
a total of 747 CSF samples from patients with AD (n=230), DLB (n=123), FTD (n=199) and

195 control subjects.

Replication cohorts

Replication analyses were performed in independent cohorts from.ADC (n=99 controls only)
and Alzheimer’s disease Neuroimaging Initiative (ADNI) (n=198; n=67 controls, n=88
patients with MCI, n=43 AD patients) (see supplementary materials) 34 . All AD diagnoses
within the ADNI replication cohort were supported by a positive AD CSF biomarker status.

Cerebrospinal fluid proteome measurements

CSF samples were collected via lumbar puncture, using a 25-gauge needle and syringe. CSF
levels of amyloid-beta 42 (Apa2), total tau (t-tau) and hyperphosphorylated 181 tau (p-tau)
were determined as part of the diagnostic work-up, using enzyme-linked immunosorbent
assays (ELISA) (Innotest: Fujirebio, Ghent, Belgium) 33. For the ADC cohort, CSF APa2
values were adjusted: for drift over time as described previously #°. Biomarker abnormality
cut-offs for the ADC cohort are CSF ABa42 < 813 pg/ml, CSF t-tau > 375 pg/ml, ratio t-tau/
ABa2 > 0.52 %8 Forthe ADNI cohort, cut-off points for biomarker abnormality are Apas2 levels
< 192 pg/ml and t-tau levels > 93 pg/ml , ratio t-tau/ ABa2 > 0.39 4,

In total, 979 CSF proteins were measured using eleven multiplex antibody-based protein
panels based on the proximity extension assay (PEA) (i.e., cardiometabolic, cardiovascular 11
and Ill, cell regulation, development, immune response, inflammation, metabolism,
neurology, oncology Il and organ damage; Olink proteomics, Uppsala, Sweden,
www.olink.com) 47. Each panel can measure up to 92 proteins, and 30 proteins were measured
in two different panels (replicates). All characteristics and validation data for each assay are

available on the manufacturer’s webpage (www.olink.com). Protein assessment and quality

control has been described in detail previously 37. To control for potential inter-plate variation,

samples were randomized across plates and intra- and interplate quality controls. To control
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for batch effects, 16 bridging samples were included. Proteins with values below the lower
limit of detection (LOD) in more than 15% of the total samples were removed, leading
ultimately to 665 proteins (642 unique proteins, some proteins were measured multiple times)
included for further analysis (see Table S1 and Table S2 for a list of included and excluded
proteins, respectively). Remaining raw values under LOD (2.7% of all measurements which
were similarly distributed across diagnostic groups: 3.4% for controls, 1.6% for MCI, 2.6%
for AD, 2.4% for DLB, 2.5% for FTD) were kept as provided by the manufacturer. Protein

levels are reported in log2-scale as Normalized Protein eXpression (NPX).

CSF proteome data from ADNI cohort were measured with Mass.ReactionMonitoring
(MRM)-targeted mass spectroscopy (for ADNI methods see supplementary file and Spellman
et al., 2°. We combined MRM protein fragments into a single protein score when these were
correlated with r>0.5, as described previously #8. CSF IL6 was measured as part of another

study using multiplex assays and normalized using inverse-rank normalization 4°.

Genotyping and imputation

All genetic samples from the ADC were genotyped on the Illumina Global Screening Array
(GSA) v1, human genome build 37. ADNI samples were genotyped using the Illumina
OmniQuad array 34 and were retrieved online from http://adni.loni.cule.edu/. Standard quality
control methods were performed, as described in depth elsewhere 3536, Briefly, single
nucleotide polymorphisms (SNPs) with a significant deviation from Hardy-Weinberg
equilibrium (P<1x107), or a variant call rate < 98% were excluded from the total sample.
Individuals with sex mismatches or an individual call rate less than 98% were excluded from
analyses. SNPs were imputed to the Haplotype Reference Consortium (HRC) reference panel,

with the use‘of the Sanger imputation server (https://imputationserver.sph.umich.edu) 5051,

To identify genetic ethnic outliers, a principal component (PC) analysis of ancestry was
performed (based on 1000Genomes clustering) using EIGENSOFT. Individuals of non-
European ancestry were excluded from analysis (n=25). Relatedness was assessed through
identity by descent, and family relations up to second degree (i.e., identity-by-descent>0.3)
were excluded. To account for population structure, PCs were calculated on the whole sample

and sub-samples of diagnostic groups for stratified analyses.

Genetic risk loci were selected based on their previous genome-wide association with AD
(n=98) 4125253 DI B (n=9) 1314 or FTD (n=9) 15-17, All SNPs with the strongest signal within
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the risk loci and SNPs in linkage disequilibrium (LD) with these (r2>0.8) were extracted from
genetic data based on rsID and/or base pair location in the genome. For SNPs that were not
available in our data, we selected SNPs in LD (r>>0.6) with the risk SNP of interest. The final
SNP selection included 2,244 SNPs for AD, 198 SNPs for DLB and 328 SNPs for FTD
(Table S3).

Statistical analysis

Association signals between genetic risk variants and CSF protein levels were performed
using a linear regression model in PLINK (version 2.0) 455, Additional statistical analyses
and data visualization were performed using R (version 4.0.3, Bunny-Wunnies freak out, R
Development Core team 2010). Analyses were performed in the total sample (n=502) and
corrected for age, sex and population structure (PC1-4). SNPs with a minor allele frequency
(MAF)<0.001 were excluded from final results. The pQTLs were defined as cis when the risk
SNP was within £1 Mb of the transcriptional start site.(TSS) of the gene of the corresponding
CSF protein, and as trans if the SNP was outside this'+1 Mb region. SNPs were assigned to
gene names using positional mapping, andfor intergenic genes this was done by selecting the
nearest located gene. To examine whether pQTL associations were only detectable in specific
dementia subtypes, additional analyses were performed stratified according to diagnostic

status only (AD, DLB, FTD and controls separately).

Results based on the total.and stratified samples were corrected for multiple testing using a
5% Bonferroni significance threshold (i.e., P<0.05/(number of genetic risk loci (98 risk loci
for AD, 9 for DLB, 9 for FTD) *number of unique CSF proteins). Nominal significance was
defined as P<0.05/number of genetic risk loci (Table S3). As correcting for the total number
of 2,244 SNPs would be overly stringent, we used a LD-based significance threshold by
dividing .0=0.05 by the number of independent genetic markers (116 genetic risk loci for
dementia) multiplied by the number of CSF proteins. Replication analyses were performed for
significant pQTL associations. For replication analyses, the significance threshold was P
<0.05 (unadjusted).To examine whether pQTLs in the discovery and replication data were
driven by the same genetic signal, LD patterns were examined using LDpair (1000 Genomes,

European ancestry) and zoomplot 5657,

To further analyze the pathophysiological and clinical relevance of the proteins associated to
the pQTL, CSF protein levels were compared between pairs of diagnostic groups (i.e.,

diagnosis associated with the genetic risk loci and controls) within the extended CSF
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proteome cohort (n=747), using nested linear models, corrected for age and sex, as previously
described 37. Multiplicity (per group comparison) was taken into account by controlling the
false discovery rate (FDR) at q < 0.05 8. Spearman rank-order correlations were used to
examine the correlation between CSF proteins identified by the pQTL analysis and classical
AD CSF biomarkers (Apaz, t-tau, p-tau and t-tau/ A4 ratio) and MMSE scores.

Colocalisation analyses

To examine whether dementia and CSF protein levels share similar causal-genetic variants,
we performed Bayesian  colocalization  analyses usingg COLOC  package®®
(https://chrlswallace.github.io/coloc/articles/a03_enumeration.html).-.CSF proteins for which
we identified a significant pQTL in the total sample were selected-for this analysis, including
CR2, PILRB, CTSH, RETN. For each CSF protein, we selected a genetic region using a 50kb
a window surrounding the most significant SNP In"the pQTL analysis. COLOC uses a
Bayesian framework to generate posterior probability (PP) for five mutually exclusive
hypotheses regarding the sharing of causal genetic variants between two traits (i.e., dementia
and CSF protein levels), including: 0. No'genetic associations with either dementia or the CSF
protein (PP0), 1. Association with-dementia only (PP1), 2. Association with the CSF protein
level only (PP2), 3. Association.with dementia and CSF protein levels from distinct causal
variants (PP3) and 4. Shared causal variant between dementia and CSF protein levels (PP4).
We defined colocalization evidence as supportive for a shared causal variant (PP4) or distinct
causal variant (PP3) between dementia and CSF protein levels, when the PP was higher than

the other posterior probabilities.

Enrichment analysis for GO biological processes

Towgain more insight into the biological properties of the pQTL associations, enrichment
analyses on CSF proteins nominally (suggestive a = 0.05/number of genetic risk loci, see
Table S3) associated with risk loci for dementia were performed using g:Profiler
(https://biit.cs.ut.ee/gprofiler/gost) 6961, G:Profiler is public web server designed for
characterizing gene lists resulting from mining high-throughput genomic data, such as

enrichment analysis.
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Proteins were annotated using the Gene Ontology (GO) biological processes database.
Enrichment analyses were performed including those CSF proteins (with protein code
availability in g:Profiler) with nominal associations in the complete (n=44 proteins) or
disease-specific stratified analysis (AD: 29 proteins, DLB: 13 proteins, FTD: 6 proteins).

Enrichment results were corrected for multiple comparisons using the g:SCS algorithm, which
is specially developed to estimate thresholds in complex and structured functional profiling
data such as the GO database. Enrichment analyses were repeated including the 642 unique

proteins of OLINK as a background list as sensitivity analysis.

Results

Demographic and clinical characteristics of the discovery sample (n=502) are presented in
Table 1. Control subjects were younger than all dementia patient groups. The percentage of
females was lower in DLB compared to all other diagnostic groups. MMSE scores were
lowest in AD, followed by DLB, FTD, MCI and controls.

pQTL mapping of dementia risk loci

A total of 2,244 genetic risk variants for AD, DLB and FTD were tested for their association
with 665 CSF protein levels..In the total sample (n=502 including controls, AD, DLB and
FTD), we identified 32 significant pQTL SNP-protein pairs between four AD genetic risk loci
(CR1, HESX1, ZCWPW1 and CTSH) and CSF levels of four proteins (CR2, resistin, PILRB,
CTSH respectively) (Figure 1, Figure S2, Table 2). A full overview of all 672 nominally
significant (P.< 4.95e-04) pQTL-protein pairs between 30 genetic loci and 90 CSF proteins is
presented in Supplementary Table S4. The first pQTL locus, CR1 on chromosome 1,
significantly associated with CSF levels of protein CR2. The most significant SNP is the
intronic variant rs3818361 (effect allele=A, P = 1.65e-8), of which the effect allele related to
higher CR2 CSF protein levels (Figure 2A, Figure S3). The second pQTL locus HESX1 on
chromosome 3 was based on one rare intergenic variant (rs186108507-T, MAF=0.002, P =
8.30e-8), which associated with higher levels of CSF resistin (Figure 2B, Figure S4). The
third locus, ZCWPW1, significantly associated with PILRB CSF levels (Figure 2C, Figure
S5). The most significant SNP is the intronic variant rs1476679 (effect allele=C, P = 2.73e-
32), of which the protective, effect allele associated with lower PILRB CSF levels.

10
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Explorative analysis on the same genetic variant of gene PILRA (effect allele=C, SNP
rs1476679) with CSF PILRA protein levels showed similar results in direction of effect, but
did not reach genome-wide significance (P = 1.80e-3). The last pQTL was the previously
reported cis association between CTSH and CSF CTSH, of which rs3784539-T associated
with lower CSF CTSH protein levels (P =2.88e-24) (Figure 2D, Figure S6)21:24.28,

Disease-specific pQTL

We next examined the presence of pQTL associations specific to~dementia types. The
identified CSF protein associations with CR1, ZCWPW?1, and CTSH remained significant after
stratification for AD and controls, indicating that these pQTLs.are not specific to AD-type
dementia (Figure S2, see Table S5 for a complete overview. of suggestive results). The
HESX1-RETN pQTL could be tested in controls only (P =.6.58e-5), since the AD patient
group did not include rs186108507-T carriers.

Within AD patients (n=212), we identified. an AD-specific association between a rare genetic
variant on TREM2 (rs75932628-T) and. CSF protein levels of IL6 (P = 3.90e-7, P > 0.5 in the
total sample). Within DLB patients (n=50), we observed that a rare SNP-allele on GBA
(rs12742181-T) showed positive pleiotropic trans associations with CSF protein levels of
FCRL1 (P = 1.94e-6) and‘nominal significant associations with CD79B (P = 5.47e-5), SELL
(P = 9.73e-5), TNFRS13B (P.= 1.07e-4), IGLC2 (P = 2.36e-4), CD1C (P = 4.47e-4) and
CXCL13 (P = 6:86e-4) (P. > 0.5 in the total sample, n=502) (Figure 3). None of the GBA
associations .were significant after excluding the n=1 homozygous risk allele carrier
(rs12742181-Tlrs12742181-T) (Figure S7). FTD risk loci did not significantly associate with
any of the CSF proteins analyzed in this study, either for the total sample as for analyses

performed within FTD patients only.

Replication results

Table S6 describes characteristics from the replication datasets, including ADC (n=99,
measured with PEA platform) and ADNI (n=198, RETN measured with MRM-targeted mass
spectroscopy, 1L6 measured with a multiplex assay) cohorts. Three pQTL-protein pairs were
directly replicated, including risk locus CR1 with CSF CR2 (ADC cohort: rs3818361, P =
1.66e-3, ADNI: not measured), risk locus ZCWPW1 with CSF PILRB levels (ADC cohort:

11
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rs1476679, P = 7.82e-8, ADNI: not measured) and risk locus CTSH with CSF CTSH (ADC
cohort: rs3784539, P = 2.40e-07, ADNI: not measured). The association between AD risk
locus HESX1 and CSF resistin was indirectly replicated, since the discovery SNP
(rs186108507) or SNPs in LD were not available in our validation cohorts (ADC cohort:
rs4637258, P = 0.01; ADNI cohort rs9860863: P = 1.17e-3) (Table 2, Table S7). Similarly,
we observed an indirection replication between genetic risk locus TREM2 (discovery SNP:
rs75932628) and CSF IL6 (rs6937336: P = 0.02) (Table S7). Since the discovery SNPs for
both HESX1 and TREM2 were not in LD with their replication SNPs respectively, discovery
and replication results may reflect independent effects within the same genetic.region. DLB-
specific associations for GBA could not be tested as replication cohorts did not include DLB
patients and had a low frequency of the rare GBA SNP allele (n=7/99 heterozygous carriers of
rs12742181-T, MAF=0.04%).

pQTL proteins associate with clinical and pathophysiological

phenotypes

To assess the clinical and pathophysiological relevance of the pQTL-associated proteins to
specific dementias, we compared levels of these CSF proteins across diagnostic groups and
analyzed their associations.to AD. pathological proxies (i.e., CSF amyloid-beta, t-tau, p-tau,
ratio t-tau/amyloid-beta) and cognitive function (MMSE), using the data from the extended
cohort employed inthis study?’.

Of the four CSF proteins associated with AD risk loci (i.e., CR2, resistin, PILRB and CTSH),
resistin and PILRB were increased in AD compared to controls and the group of non-AD
dementias (FTD and DLB, q < 0.05, Figure S8A). CTSH CSF protein levels were decreased
in the non-AD dementia group compared to AD. None of these proteins correlated with CSF
amyloid-beta protein levels. CSF levels of PILRB, CR2, resistin and CTSH were all
associated with t-tau (PILRB: r> 0.2, P <0.0001, CR2 and resistin: r< 0.2 P <0.05, CTSH: r
> 0.15, P < 0.001) and p-tau (PILRB, CR2, restitin: r > 0.1, P<0.001, and CTSH:r<0.1, P <
0.05). CSF PILRB and resistin were also associated with t-tau/amyloid-beta (r: 0.15-0.30, P <
0.0001). All three proteins, except for CTSH, correlated with MMSE scores, albeit weakly (r
<0.2, P <0.05, Figure S8C).

Of all pQTL proteins that associated with the DLB risk loci GBA (FCRL1, CD79B, SELL,
TNFRS13B, IGLC2,CD1C and CXCL13), only CXCL13 showed a nominal increase in DLB
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compared to controls (p < 0.05, Figure S8B). CXCL13 was also increased in the AD group.
None of the proteins correlated with CSF amyloid-beta. Significant correlations of CD79B,
SELL, CD1C and CXCL13 with t-tau, t-tau/amyloid-beta ratio or MMSE scores were
detected, albeit weakly (r <0.2). A strong in-between correlation (r > 0.35) was observed for
pQTL proteins, suggesting that these proteins might be involved in similar biological
pathways (Figure S8C).

Colocalization analysis

We performed colocalization analyses to assess whether identical.or different genetic variants
underlie AD and CSF proteins for which we identified a significant pQTL in the total sample,
including CR2, PILRB, CTSH, RETN. For CR2, PILRB and CTSH the colocalization
analysis indicated that genetic variants at the same locus associate with both AD and the CSF
protein levels (model PP4). For RETN we found that distinct genetic variants (at the same
genetic locus) are associated with AD and CSF protein levels of RETN (model PP3) (Table
S8, Table S9).

Enrichment analysis

No enrichment in any specific biological process was observed when all proteins analyzed
within this study were included as background list. Without correcting for this background
list, we observed an _enrichment of biological processes related to the immune function in
those proteins.showing nominal associations with dementia risk loci (e.g., GO:0002376
immune system process, GO:0002687 positive regulation of leukocyte migration, range Padj=
8.12e-8 - 4.55e-2, Table S10).

Discussion

Here, we integrated genetic and CSF proteomic data to better understand the biological
context underlying the genetic architecture of dementia. We identified and replicated pQTL
associations between three AD risk loci and three CSF proteins (CR1-CR2, ZCWPW1-PILRB,
CTSH-CTSH). Disease-specific analyses revealed a pQTL effect of TREM2 on CSF IL6 in
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AD patients only, which warrants replication in another study. Within DLB patients, the DLB
risk locus GBA showed pleiotropic positive trans-effects on FCRL1, CD79B, SELL,
TNFRSF13B, IGLC2, CD1C and CXCL13 CSF levels. FTD risk loci did not significantly

associate with any of the CSF proteins analyzed in this study.

This study provides novel additional information, such as the identification of novel'CSF

PQTL loci and dementia-specific insights, to the few CSF pQTL studies performed so far24.2-

29 Together with a recent multi-tissue study on 971 CSF samples (of which 249 had an AD
diagnosis and 717 were controls) 24, our study is unique by the inclusion-of a large set of
samples from patients with different dementia types, which allowed us to-identify disease-
specific CSF proteome-genome associations. The proteins identified through our pQTL
analysis provides new insights into biological processes by which-the genetic risk loci may
contribute to the pathogenesis of the different dementia types (described in detail below).
These types of analyses are relevant as treatment targets with genetic support are more likely

to succeed and to be approved as compared to those without®2,

Our study revealed an association between the CR1loci and the levels of CSF CR2, which
could be explained by the close interplay of CR1 and CR2 83. CSF CR1 protein levels were
not measured within our proteomic array; and thus we could not test the association between
CR1 and CSF CR1. Both CR1.and CR2 are part of the complement system, which is involved

in immune regulation 63 and can play-a relevant role in AD pathophysiology 5264,

The strongest association detected in this study was between ZCWPW1 risk variants and CSF
PILRB protein levels. A previous study has shown that this loci also influences gene
expression of PILRB ©°-67, The identified protective variant associated with lower levels of
PILRB in"CSF. In‘line with such findings we also observed higher CSF PILRB levels in AD
compared to controls or other non-AD dementias, underpinning the role that this protein may
play in AD pathophysiology. PILRB is a cellular signalling activating receptor expressed in
myeloid cells and activates the immune response by binding the tyrosine kinase-binding
protein (TYROBP/DAP12), the strongest main microglia network regulator associated with
AD pathophysiology 686° TYROBP is directly involved in AP turn-over and neuronal
damage and has been shown to modulate tau pathology as well as cognitive deficits in AD
mice models 7°-73, Accordingly, TYROBP or its adaptor proteins such as PILRB have been

proposed as attractive immune-related targets for therapy development 74.

We also detected an association between the AD risk gene HESX1 and CSF resistin. The

discovery analysis included only two heterozygous rs186108507-T carriers and thus, results
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should be interpreted with caution and need replication in samples including more carriers of
the rare allelic variant of rs186108507. In line with previous CSF findings, we observed that
CSF resistin levels were higher in AD compared to controls and patients with non-AD
dementias 7°. Resistin is an adipokine that regulates glucose metabolism and can exert pro-
inflammatory effects via the secretion of tumor necrosis factor-a and various interleukins 7°.
Multiple studies have shown that this protein contributes to the pathogenesis of different age-

related disorders through changes in metabolism and inflammatory processes 7°.

Emerging studies suggest that QTL effects are dynamic, meaning that they.can depend on
physiological context, such as sex,’” environment 8 and disease 7°. The discovery of these
context-dependent QTL effects does not only provide insight into the dynamic, genetic
regulation of disorders, but it may reveal relevant molecular players'that cannot be otherwise
detected through population-based studies. Indeed, the targets identified through context-
dependent QTL have been show to play a major role in‘the pathophysiology of the disease 7°.
Within AD patients only, we observed a trans-pQTL between AD risk locus TREM2 and IL6
CSF protein levels in two independent data sets, which is supported by experimental cell
models of microglia activation 8. This AD-specific result suggest that this QTL effect might
be a relevant contributor to AD pathogenesis. Within DLB patients only, we observed a trans-
pQTL of the GBA gene with CSF protein levels of seven inter-correlated proteins associated
with the immune response. It further should be noted that all associations with GBA were
driven by a homozygous risk allele carrier of the GBA risk variant. While this may hint
toward a GBA-induced dysregulation of closely interacting proteins, current results should be

interpreted with‘caution and need replication in independent cohorts.

Several limitations should be considered. The coverage of all genetic variants within known
risk loci was not high, and additional pQTL associations relevant to dementia have been likely
missed. In-addition, proteome and genetic studies with samples from non-AD dementias are
limited; and thus, it is essential to extent such studies to identify additional pQTL effects
related to non-AD dementias. Furthermore, the frequency of rare risk alleles (e.g.,
rs186108507 on HESX1 and rs6937336 on TREM2 for AD) was low. As such rare variants
have often stronger associations with disease risk compared to common risk alleles 32, future
studies should aim to increase sample sizes in order to enlarge such groups. As only a few
genetic risk loci for DLB (n=7) and FTD (n=9) have been identified compared to AD (n=98),
larger collaborative GWAS efforts on DLB and FTD are essential to enable further gene

discovery and discovery of disease-specific effects in these dementias. FTD particularly
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requires studies of larger sample sizes, as the high clinicopathological heterogeneity of
FTD likely hampers the identification of common biological pathways as also seen in
previous biomarker discovery studies®'. Furthermore, our study consisted solely of
European-ancestry individuals. Future studies must include diverse ancestral samples to better
grasp the relationship between genetic variation and CSF proteomics. Finally, it should be
noted that pQTL studies cannot be used for causal inference. Therefore, experimental
validation is essential to further understanding of the relationship between genetic variance to
protein levels and disease pathogenesis, to eventually identify which biological mechanisms

are suitable targets for treatment strategies.

In conclusion, the results of this study reveal that genetic risk loci for ADand DLB serve as
pQTLs, regulating the levels of specific proteins in CSF (i.e.,(CR1-CR2, ZCWPW1-PILRB,
CTSH-CTSH,). While preliminary, our targeted approach of including well-phenotyped
patients with specific causes of dementia further allowed us to identify disease-specific
pQTLs of TREM2-IL6 in AD and GBA-interconnected inflammatory proteins in DLB.
Considering that the CSF biochemical profile'may.reflect brain pathological changes, these
results pinpoint to the specific proteins and pathways by which genetic variants associated to
AD and DLB contribute or prevent the development of these dementia types. Most pQTLS
associated with CSF proteins were involved in the immune function, supporting previous data
and highlighting the importance of this system in the pathophysiology of dementia.

Data availability

CSF proteomic data can be made available upon request. Data sharing of subject-level genetic
data may be rrestricted by consent given by research participants within each contributing
cohort and by European GDPR regulations, which currently excludes data sharing with a

number of non-European countries. ADNI data can be downloaded from adni.loni.usc.edu.

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 Alzheimer Nederland and Stichting VUmc fonds. The clinical database structure

was developed with funding from Stichting Dioraphte.

16

$20Z 8unf 0 UO Jasn 0osIouBIL4 UBS ‘eluioe) 10 Ausieaiun Aq 26/1£9//06088Me/UIRIG/SE60 L "0 /I0P/a[oIIB-80UBADE/UIRIG/WOD dNodlwapeoe//:sdiy Woll papeojumod



o ©O© 00 N O 0o b~ w

—

—
—

12

13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30

31

Funding

Genotyping of the Dutch case-control samples was performed in the context of EADB
(European Alzheimer DNA biobank) funded by the JPco-fuND FP-829-029 (ZonMW
projectnumber 733051061). Lianne Reus was funded by the Memorabel fellowship
‘Identifying biological and clinical relevance of (epi)genetic risk factors in sporadic FTD’
(ZonMW projectnumber: 10510022110012). The computational work in this manuseript was
carried out on the Dutch national e-infrastructure with the support of SURFE.Cooperative.
Computing hours were granted in 2016, 2017, 2018 and 2019 to Henne Holstege by the Dutch
Research Council (project name: ‘100plus’; project numbers 15318 and17232).

Competing interests

M.d.C. has been an invited speaker at Eisai. L.V. received a grant for the CORAL consortium
by Olink. B.M.T. and P.J.V. are inventors. on a patent (W02020197399A1; owned by
Stichting VUmc). D.J.1. is a Scientific. Advisory Board Member for Denali Therapeutics.
W.M.v.d.F. has performed contract. research for Biogen MA and Boehringer Ingelheim.
W.M.v.d.F. has been an invited speaker at Boehringer Ingelheim, Biogen MA, Danone, Eisali,
WebMD Neurology (Medscape) and Springer Healthcare. W.M.v.d.F. is consultant to Oxford
Health Policy Forum CIC, Roche and Biogen MA. W.M.v.d.F. participated in advisory
boards of Biogen MA and Roche. All funding is paid to her institution. W.M.v.d.F. is member
of the steering.committee of PAVE and Think Brain Health. W.M.v.d.F. was associate editor
of Alzheimer’s Research & Therapy in 2020/2021. W.M.v.d.F. is associate editor at Brain.
C:E.T. has-a collaboration contract with ADx Neurosciences, Quanterix and Eli Lilly and
performed contract research or received grants from AC-Immune, Axon Neurosciences,
Bioconnect, Bioorchestra, Brainstorm Therapeutics, Celgene, EIP Pharma, Eisai, Grifols,
Novo Nordisk, PeopleBio, Roche, Toyama and Vivoryon. She serves on editorial boards of
Medidact Neurologie/Springer, Alzheimer’s Research & Therapy and Neurology:
Neuroimmunology & Neuroinflammation and is editor of a Neuromethods book (Springer).
She had speaker contracts for Roche, Grifols and Novo Nordisk. The other authors declare

that they have no competing interests.

17

$20Z 8unf 0 UO Jasn 0osIouBIL4 UBS ‘eluioe) 10 Ausieaiun Aq 26/1£9//06088Me/UIRIG/SE60 L "0 /I0P/a[oIIB-80UBADE/UIRIG/WOD dNodlwapeoe//:sdiy Woll papeojumod



10
11
12

13
14
15

16
17
18

19
20

21
22
23

24
25
26

27
28
29

Supplementary material

Supplementary material is available at Brain online.

References

1. Gatz M, Reynolds CA, Fratiglioni L, et al. Role of genes and environments for
explaining  Alzheimer disease. Arch Gen Psychiatry. Feb 2006;63(2):168-74.
doi:10.1001/archpsyc.63.2.168

2. Rohrer JD, Guerreiro R, Vandrovcova J, et al. The heritability and genetics of

frontotemporal lobar degeneration. Neurology. 2009;73:1451-1458.

3. Vergouw LJM, van Steenoven I, van de Berg WDJ, et al. An update on the genetics of
dementia with Lewy bodies. Parkinsonism. Relat Disord. Oct 2017;43:1-8.
doi:10.1016/j.parkreldis.2017.07.009

4. Jansen IE, Savage JE, Watanabe K, et al. Genome-wide meta-analysis identifies new
loci and functional pathways influencing Alzheimer's disease risk. Nat Genet. Mar
2019;51(3):404-413. d0i:10.1038/s41588-018-0311-9

5. Kunkle BW, Grenier-Boley B, Sims R, et al. Genetic meta-analysis of diagnosed
Alzheimer's disease identifies new risk loci and implicates Abeta, tau, immunity and lipid
processing. Nat Genet. Mar.2019;51(3):414-430. d0i:10.1038/s41588-019-0358-2

6. Marioni RE, Harris SE, Zhang Q, et al. GWAS on family history of Alzheimer's
disease. Transl Psychiatry. May 18 2018;8(1):99. d0i:10.1038/s41398-018-0150-6

7. Sims'R, van der Lee SJ, Naj AC, et al. Rare coding variants in PLCG2, ABI3, and
TREMZ2 implicate microglial-mediated innate immunity in Alzheimer's disease. Nat Genet.
Sep-2017;49(9):1373-1384. d0i:10.1038/ng.3916

8. Jun GR, Chung J, Mez J, et al. Transethnic genome-wide scan identifies novel
Alzheimer's disease loci. Alzheimers Dement. Jul 2017;13(7):727-738.
doi:10.1016/}.jalz.2016.12.012

9. Lambert JC, lbrahim-Verbaas CA, Harold D, et al. Meta-analysis of 74,046
individuals identifies 11 new susceptibility loci for Alzheimer's disease. Nat Genet. Dec
2013;45(12):1452-8. d0i:10.1038/ng.2802

18

$20Z 8unf 0 UO Jasn 0osIouBIL4 UBS ‘eluioe) 10 Ausieaiun Aq 26/1£9//06088Me/UIRIG/SE60 L "0 /I0P/a[oIIB-80UBADE/UIRIG/WOD dNodlwapeoe//:sdiy Woll papeojumod



10
11
12

13
14
15

16
17
18

19
20
21
22

23
24
25

26
27
28
29

30
31

10.  de Rojas I, Moreno-Grau S, Tesi N, et al. Common variants in Alzheimer's disease
and risk stratification by polygenic risk scores. Nat Commun. Jun 7 2021;12(1):3417.
d0i:10.1038/s41467-021-22491-8

11. Bellenguez C, Kucukali F, Jansen IE, et al. New insights into the genetic etiology of
Alzheimer's disease and related dementias. Nat Genet. Apr 2022;54(4):412-436.
d0i:10.1038/s41588-022-01024-z

12.  Wightman DP, Jansen IE, Savage JE, et al. A genome-wide association study with
1,126,563 individuals identifies new risk loci for Alzheimer’s disease. Nature Genetics.
2021/09/01 2021;53(9):1276-1282. d0i:10.1038/s41588-021-00921-z

13. Guerreiro R, Ross OA, Kun-Rodrigues C, et al. Investigating the genetic architecture
of dementia with Lewy bodies: a two-stage genome-wide association study. Lancet Neurol.
Jan 2018;17(1):64-74. doi:10.1016/S1474-4422(17)30400-3

14.  Chia R, Sabir MS, Bandres-Ciga S, et al. Genome sequencing analysis identifies new
loci associated with Lewy body dementia and provides insights into its genetic architecture.
Nat Genet. Mar 2021;53(3):294-303. d0i:10.1038/s41588-021-00785-3

15. Ferrari R, Hernandez DG, Nalls'MA, et al. Frontotemporal dementia and its subtypes:
a genome-wide association study. Lancet Neurol. Jul 2014;13(7):686-99. d0i:10.1016/S1474-
4422(14)70065-1

16. Pottier C, Ren Y, Perkerson RB, 3rd, et al. Genome-wide analyses as part of the
international FTLD-TDP whole-genome sequencing consortium reveals novel disease risk
factors and .increases support for immune dysfunction in FTLD. Acta Neuropathol. Jun
2019;137(6):879-899. d0i:10.1007/s00401-019-01962-9

17.. Van Deerlin VM, Sleiman PM, Martinez-Lage M, et al. Common variants at 7p21 are
associated with frontotemporal lobar degeneration with TDP-43 inclusions. Nat Genet. Mar
2010;42(3):234-9. d0i:10.1038/ng.536

18. Reus LM, Jansen IE, Mol MO, et al. Genome-wide association study of
frontotemporal dementia identifies a C9ORF72 haplotype with a median of 12-G4C2 repeats
that predisposes to pathological repeat expansions. Transl Psychiat. 2021/09/02
2021;11(1):451. d0i:10.1038/s41398-021-01577-3

19. Buccitelli C, Selbach M. mRNAs, proteins and the emerging principles of gene
expression control. Nat Rev Genet. Jul 24 2020;d0i:10.1038/s41576-020-0258-4

19

$20Z 8unf 0 UO Jasn 0osIouBIL4 UBS ‘eluioe) 10 Ausieaiun Aq 26/1£9//06088Me/UIRIG/SE60 L "0 /I0P/a[oIIB-80UBADE/UIRIG/WOD dNodlwapeoe//:sdiy Woll papeojumod



10
11
12

13
14
15

16
17
18

19
20
21

22
23
24
25

26
27
28
29

30
31

20.  Vogel C, Marcotte EM. Insights into the regulation of protein abundance from
proteomic and transcriptomic analyses. Nat Rev Genet. Mar 13 2012;13(4):227-32.
d0i:10.1038/nrg3185

21.  Wingo AP, Liu Y, Gerasimov ES, et al. Integrating human brain proteomes with
genome-wide association data implicates new proteins in Alzheimer's disease pathogenesis.
Nat Genet. Feb 2021;53(2):143-146. doi:10.1038/s41588-020-00773-z

22.  Gallagher MD, Chen-Plotkin AS. The Post-GWAS Era: From .Association to
Function. Am J Hum Genet. May 3 2018;102(5):717-730. d0i:10.1016/j.ajhg.2018.04.002

23. Reus LM, Pasaniuc B, Posthuma D, Boltz T, International FTDGC, Pijnenburg YAL,
Ophoff RA. Gene Expression Imputation Across Multiple Tissue Types Provides Insight Into
the Genetic Architecture of Frontotemporal Dementia and Its Clinical Subtypes. Biol
Psychiatry. Apr 15 2021;89(8):825-835. d0i:10.1016/j.hiopsych.2020.12.023

24.  Yang CR, Farias FHG, Ibanez L, et al. Genomic atlas of the proteome from brain,
CSF and plasma prioritizes proteins implicated “in neurological disorders. Nature
Neuroscience. Jul 8 2021;d0i:10.1038/s41593-021-00886-6

25. Hansson O, Kumar A, Janelidze .S, et al. The genetic regulation of protein expression
in  cerebrospinal  fluid. <“EMBO Mol Med. Jan 11  2023;15(1):e16359.
doi:10.15252/emmm.202216359

26. Roche S, Gabelle A; Lehmann S. Clinical proteomics of the cerebrospinal fluid:
Towards the discovery of new biomarkers. Proteomics Clin Appl. Mar 2008;2(3):428-36.
d0i:10.1002/prca.200780040

27. Kauwe JS; Bailey MH, Ridge PG, et al. Genome-wide association study of CSF levels
of 59-alzheimer's disease candidate proteins: significant associations with proteins involved in
amyloid = processing and inflammation. PL0oS Genet. Oct 2014;10(10):e1004758.
d0i:10.1371/journal.pgen.1004758

28.  Sasayama D, Hori H, Nakamura S, et al. Identification of single nucleotide
polymorphisms regulating peripheral blood mMRNA expression with genome-wide
significance: an eQTL study in the Japanese population. PLoS One. 2013;8(1):e54967.
doi:10.1371/journal.pone.0054967

29.  Spellman DS, Wildsmith KR, Honigberg LA, et al. Development and evaluation of a
multiplexed mass spectrometry based assay for measuring candidate peptide biomarkers in

20

$20Z 8unf 0 UO Jasn 0osIouBIL4 UBS ‘eluioe) 10 Ausieaiun Aq 26/1£9//06088Me/UIRIG/SE60 L "0 /I0P/a[oIIB-80UBADE/UIRIG/WOD dNodlwapeoe//:sdiy Woll papeojumod



11
12

13
14
15

16
17
18

19
20
21

22
23
24

25
26
27

28
29
30

Alzheimer's Disease Neuroimaging Initiative (ADNI) CSF. Proteomics Clin Appl. Aug
2015;9(7-8):715-31. d0i:10.1002/prca.201400178

30. Deming Y, Filipello F, Cignarella F, et al. The MS4A gene cluster is a key modulator
of soluble TREM2 and Alzheimer's disease risk. Sci Transl Med. Aug 14
2019;11(505)do0i:10.1126/scitranslmed.aau2291

31. Hong S, Dobricic V, Bos I, et al. TMEM106B and CPOX are genetic determinants. of

cerebrospinal fluid Alzheimer’s disease biomarker levels. Brain. 2021;

32.  Visscher PM, Wray NR, Zhang Q, Sklar P, McCarthy MI, Brown MA, Yang J. 10
Years of GWAS Discovery: Biology, Function, and Translation. Am J Hum Genet. Jul 6
2017;101(1):5-22. d0i:10.1016/j.ajhg.2017.06.005

33.  van der Flier WM, Scheltens P. Amsterdam Dementia Cohort: Performing Research to
Optimize Care. J Alzheimers Dis. 2018;62(3):1091-1111. d0i:10.3233/JAD-170850

34.  Saykin AJ, Shen L, Foroud TM, et al. Alzheimer's Disease Neuroimaging Initiative
biomarkers as quantitative phenotypes: Genetics core aims, progress, and plans. Alzheimers
Dement. May 2010;6(3):265-73. d0i:10.1016/j.jalz.2010.03.013

35.  Tesi N, van der Lee SJ, Hulsman M, et al. Centenarian controls increase variant effect
sizes by an average twofold<in an extreme case-extreme control analysis of Alzheimer's
disease. Eur J Hum Genet:Feb2019;27(2):244-253. d0i:10.1038/s41431-018-0273-5

36.  Tesi N, van- der Lee SJ, Hulsman M, et al. Immune response and endocytosis
pathways are associated with the resilience against Alzheimer's disease. Transl Psychiatry.
Sep 29 2020;10(1):332. d0i:10.1038/s41398-020-01018-7

37. Del Campo et al. CSF proteome profiling across the Alzheimer’s disease spectrum
reflects the-multifactorial nature of the disease and identifies specific biomarker panels.
Nature Aging. 2022;

38. Duits FH, Teunissen CE, Bouwman FH, et al. The cerebrospinal fluid "Alzheimer
profile™: easily said, but what does it mean? Alzheimers Dement. Nov 2014;10(6):713-723 e2.
d0i:10.1016/}.jalz.2013.12.023

39.  Vos SJ, Verhey F, Frolich L, et al. Prevalence and prognosis of Alzheimer's disease at
the mild cognitive impairment stage. Brain. May 2015;138(Pt 5):1327-38.
d0i:10.1093/brain/awv029

21

$20Z 8unf 0 UO Jasn 0osIouBIL4 UBS ‘eluioe) 10 Ausieaiun Aq 26/1£9//06088Me/UIRIG/SE60 L "0 /I0P/a[oIIB-80UBADE/UIRIG/WOD dNodlwapeoe//:sdiy Woll papeojumod



w N

N o o b~

11
12
13
14

15
16
17

18
19
20

21
22
23

24
25
26

27
28
29

30
31

40. Folstein MF, Folstein SE, McHugh PR. "Mini-mental state". A practical method for
grading the cognitive state of patients for the clinician. J Psychiatr Res. Nov 1975;12(3):189-
98.

41.  Albert MS, DeKosky ST, Dickson D, et al. The diagnosis of mild cognitive
impairment due to Alzheimer's disease: Recommendations from the National Institute on
Aging-Alzheimer's Association workgroups on diagnostic guidelines for Alzheimer's disease.
Alzheimers & Dementia. May 2011;7(3):270-279. doi:10.1016/j.jalz.2011.03.008

42. McKeith 1G, Boeve BF, Dickson DW, et al. Diagnosis and management of dementia
with Lewy bodies: Fourth consensus report of the DLB Consortium. Neurology. Jul 4
2017;89(1):88-100. d0i:10.1212/WNL.0000000000004058

43.  McKhann GM, Knopman DS, Chertkow H, et al. The diagnosis of dementia due to
Alzheimer's disease: recommendations from the National Institute on Aging-Alzheimer's
Association workgroups on diagnostic guidelines..for. Alzheimer's disease. Alzheimers
Dement. May 2011;7(3):263-9. d0i:10.1016/}.jalz.2011.03.005

44, Rascovsky K, Hodges JR, Knopman.D, et al. Sensitivity of revised diagnostic criteria
for the behavioural variant of frontotemporal dementia. Brain. Sep 2011;134(Pt 9):2456-77.
d0i:10.1093/brain/awrl79

45.  Tijms BM, Willemse EAJ, Zwan MD, et al. Unbiased Approach to Counteract
Upward Drift in Cerebrospinal Fluid Amyloid-beta 1-42 Analysis Results. Clin Chem. Mar
2018;64(3):576-585..d01:10.1373/clinchem.2017.281055

46.  Shaw.LM, Vanderstichele H, Knapik-Czajka M, et al. Cerebrospinal fluid biomarker
signature.«in “Alzheimer's disease neuroimaging initiative subjects. Ann Neurol. Apr
2009;65(4):403-13. d0i:10.1002/ana.21610

47.  Assarsson E, Lundberg M, Holmquist G, et al. Homogenous 96-plex PEA
immunoassay exhibiting high sensitivity, specificity, and excellent scalability. PLoS One.
2014;9(4):95192. d0i:10.1371/journal.pone.0095192

48.  Tijms BM, Gobom J, Reus L, et al. Pathophysiological subtypes of Alzheimer's
disease based on cerebrospinal fluid proteomics. Brain. Dec 1 2020;143(12):3776-3792.
d0i:10.1093/brain/awaa325

49. Hu WT, Ozturk T, Kollhoff A, Wharton W, Christina Howell J, Alzheimer's Disease
Neuroimaging I. Higher CSF sTNFR1-related proteins associate with better prognosis in very

22

$20Z 8unf 0 UO Jasn 0osIouBIL4 UBS ‘eluioe) 10 Ausieaiun Aq 26/1£9//06088Me/UIRIG/SE60 L "0 /I0P/a[oIIB-80UBADE/UIRIG/WOD dNodlwapeoe//:sdiy Woll papeojumod



10
11

12
13
14

15
16
17

18
19
20

21
22

23
24
25

26
27
28
29

early Alzheimer's disease. Nat Commun. Jun 28 2021;12(1):4001. doi:10.1038/s41467-021-
24220-7

50. Das S, Forer L, Schonherr S, et al. Next-generation genotype imputation service and
methods. Nat Genet. Oct 2016;48(10):1284-1287. d0i:10.1038/ng.3656

51. McCarthy S, Das S, Kretzschmar W, et al. A reference panel of 64,976 haplotypes for
genotype imputation. Nat Genet. Oct 2016;48(10):1279-83. d0i:10.1038/ng.3643

52.  LiuJZ, Erlich Y, Pickrell JK. Case-control association mapping by proxy using family
history of disease. Nat Genet. Mar 2017;49(3):325-331. d0i:10.1038/ng.3766

53. Desikan RS, Schork AJ, Wang Y, et al. Polygenic Overlap Between C-Reactive
Protein, Plasma Lipids, and Alzheimer Disease. Circulation. Jun 9.2015;131(23):2061-2069.
doi:10.1161/CIRCULATIONAHA.115.015489

54, Purcell S, Neale B, Todd-Brown K, et al. PLINK:-a tool set for whole-genome
association and population-based linkage analyses. Am J Hum Genet. Sep 2007;81(3):559-75.
d0i:10.1086/519795

55.  Chang CC, Chow CC, Tellier LC, Vattikuti S, Purcell SM, Lee JJ. Second -generation
PLINK: rising to the challenge of larger and richer datasets. Gigascience. 2015;4:7.
do0i:10.1186/s13742-015-0047-8

56.  Machiela MJ, Chanock SJ. LDlink: a web-based application for exploring population-
specific haplotype structure and linking correlated alleles of possible functional variants.
Bioinformatics. Nov 1 2015;31(21):3555-7. d0i:10.1093/bioinformatics/btv402

57. Genomes Project C, Auton A, Brooks LD, etal. A global reference for human genetic
variation. Nature: Oct 1 2015;526(7571):68-74. d0i:10.1038/nature15393

58. Benjamini Y, Hochberg, Y. Controlling the False Discovery Rate: A Practical and
Powerful Approach to Multiple Testing. Wiley for the Royal Statistical Society.
1995;57(1):289-300.

59.  Giambartolomei C, Vukcevic D, Schadt EE, Franke L, Hingorani AD, Wallace C,
Plagnol V. Bayesian test for colocalisation between pairs of genetic association studies using
summary statistics. PLoS Genet. May 2014;10(5):e1004383.
doi:10.1371/journal.pgen.1004383

23

$20Z 8unf 0 UO Jasn 0osIouBIL4 UBS ‘eluioe) 10 Ausieaiun Aq 26/1£9//06088Me/UIRIG/SE60 L "0 /I0P/a[oIIB-80UBADE/UIRIG/WOD dNodlwapeoe//:sdiy Woll papeojumod



11
12
13

14
15
16

17
18
19

20
21
22

23
24

25
26
27

28
29
30

60. Reimand J, Isserlin R, Voisin V, et al. Pathway enrichment analysis and visualization
of omics data using g:Profiler, GSEA, Cytoscape and EnrichmentMap. Nat Protoc. Feb
2019;14(2):482-517. d0i:10.1038/s41596-018-0103-9

61. Reimand J, Kull M, Peterson H, Hansen J, Vilo J. g:Profiler--a web-based toolset for
functional profiling of gene lists from large-scale experiments. Nucleic Acids Res. Jul
2007;35(Web Server issue):W193-200. doi:10.1093/nar/gkm226

62. Nelson MR, Tipney H, Painter JL, et al. The support of human genetic evidence for
approved drug indications. Nat Genet. Aug 2015;47(8):856-60. d0i:10.1038/ng.3314

63.  Veerhuis R, Nielsen HM, Tenner AJ. Complement in the brain. Mel Immunol. Aug
2011;48(14):1592-603. d0i:10.1016/j.molimm.2011.04.003

64. Dejanovic B, Huntley MA, De Maziere A, et al. Changes in.the Synaptic Proteome in
Tauopathy and Rescue of Tau-Induced Synapse Loss by Clq Antibodies. Neuron. Dec 19
2018;100(6):1322-1336 e7. d0i:10.1016/j.neuron.2018.10.014

65.  Allen M, Kachadoorian M, Carrasquillo MM;.et al. Late-onset Alzheimer disease risk
variants mark  brain  regulatory loci. ' Neurol Genet. Aug 2015;1(2):e15.
d0i:10.1212/NXG.0000000000000012

66. Kikuchi M, Hara N, Hasegawa M, Miyashita A, Kuwano R, Ikeuchi T, Nakaya A.
Enhancer variants associated with.Alzheimer's disease affect gene expression via chromatin
looping. BMC Med Genomics. Sep 9 2019;12(1):128. d0i:10.1186/s12920-019-0574-8

67. Karch CM, Ezerskiy LA, Bertelsen S, Alzheimer's Disease Genetics C, Goate AM.
Alzheimer's Disease Risk Polymorphisms Regulate Gene Expression in the ZCWPW1 and the
CELF21.Loci. PLoS One. 2016;11(2):e0148717. doi:10.1371/journal.pone.0148717

68: Ma.J; Jiang T, Tan L, Yu JT. TYROBP in Alzheimer's disease. Mol Neurobiol. Apr
2015;51(2):820-6. doi:10.1007/s12035-014-8811-9

69. Liu M, Li S, Ma C, et al. Bioinformatics analysis indicates that microRNA6285p
overexpression may alleviate Alzheimer's disease by targeting TYROBP. Mol Med Rep. Feb
2021;23(2)d0i:10.3892/mmr.2020.11781

70.  Zhang B, Gaiteri C, Bodea LG, et al. Integrated systems approach identifies genetic
nodes and networks in late-onset Alzheimer's disease. Cell. Apr 25 2013;153(3):707-20.
d0i:10.1016/j.cell.2013.03.030

24

$20Z 8unf 0 UO Jasn 0osIouBIL4 UBS ‘eluioe) 10 Ausieaiun Aq 26/1£9//06088Me/UIRIG/SE60 L "0 /I0P/a[oIIB-80UBADE/UIRIG/WOD dNodlwapeoe//:sdiy Woll papeojumod



A W0 N

o N OO O

11
12

13
14

15
16

17
18

19
20

21
22
23

24
25
26

27
28
29

71. Haure-Mirande JV, Audrain M, Fanutza T, et al. Deficiency of TYROBP, an adapter
protein for TREM2 and CR3 receptors, is neuroprotective in a mouse model of early
Alzheimer's pathology. Acta  Neuropathologica. Nov  2017;134(5):769-788.
doi:10.1007/s00401-017-1737-3

72. Haure-Mirande JV, Wang M, Audrain M, et al. Integrative approach to sporadic
Alzheimer's disease: deficiency of TYROBP in cerebral Abeta amyloidosis mouse normalizes
clinical phenotype and complement subnetwork molecular pathology without reducing Abeta
burden. Mol Psychiatry. Mar 2019;24(3):431-446. doi:10.1038/s41380-018-0255-6

73.  Audrain M, Haure-Mirande JV, Wang M, et al. Integrative approach to sporadic
Alzheimer's disease: deficiency of TYROBP in a tauopathy mouse model reduces C1q and
normalizes clinical phenotype while increasing spread and stateof phosphorylation of tau.
Mol Psychiatry. Sep 2019;24(9):1383-1397. doi:10.1038/s41380-018-0258-3

74. Heppner FL, Ransohoff RM, Becher B. Immune attack: the role of inflammation in
Alzheimer disease. Nat Rev Neurosci. Jun 2015;16(6):358-72. d0i:10.1038/nrn3880

75. Fagan AM, Perrin RJ. Upcoming. candidate cerebrospinal fluid biomarkers of
Alzheimer's disease. Biomark Med. Aug 2012;6(4):455-76. d0i:10.2217/bmm.12.42

76.  Acquarone E, Monacelli'F, Borghi R, Nencioni A, Odetti P. Resistin: A reappraisal.
Mech Ageing Dev. Mar 2019;178:46-63. do0i:10.1016/j.mad.2019.01.004

77.  Wingo AP, Liu Y, Gerasimov ES, et al. Sex differences in brain protein expression
and disease. Nat Med. Sep 2023;29(9):2224-2232. d0i:10.1038/s41591-023-02509-y

78.  Carayol J; Chabert C, Di Cara A, et al. Protein quantitative trait locus study in obesity
during .weight-loss identifies a leptin regulator. Nat Commun. Dec 12 2017;8(1):2084.
d0i:10.1038/541467-017-02182-z

79.. Yoo T, Joo SK, Kim HJ, et al. Disease-specific eQTL screening reveals an anti-
fibrotic effect of AGXT2 in non-alcoholic fatty liver disease. J Hepatol. Sep 2021;75(3):514-
523. d0i:10.1016/j.jhep.2021.04.011

80. Wang M, Gao X, Zhao K, Chen H, Xu M, Wang K. Effect of TREM2 on Release of
Inflammatory Factor from LPS-stimulated Microglia and Its Possible Mechanism. Ann Clin
Lab Sci. Mar 2019;49(2):249-256.

25

$20Z 8unf 0 UO Jasn 0osIouBIL4 UBS ‘eluioe) 10 Ausieaiun Aq 26/1£9//06088Me/UIRIG/SE60 L "0 /I0P/a[oIIB-80UBADE/UIRIG/WOD dNodlwapeoe//:sdiy Woll papeojumod



w N

81. Del Campo M, Zetterberg H, Gandy S, et al. New developments of biofluid-based
biomarkers for routine diagnosis and disease trajectories in frontotemporal dementia.
Alzheimers Dement. Nov 2022;18(11):2292-2307. d0i:10.1002/alz.12643

26

$20Z 8unf 0 UO Jasn 0osIouBIL4 UBS ‘eluioe) 10 Ausieaiun Aq 26/1£9//06088Me/UIRIG/SE60 L "0 /I0P/a[oIIB-80UBADE/UIRIG/WOD dNodlwapeoe//:sdiy Woll papeojumod



o N oo o b~ W N

10
11
12
13
14
15
16
17
18
19
20

21

22
23
24
25
26
27
28
29

30
31

Figure legends

Figure 1 Relation between Alzheimer’s disease genetic risk variants (left) and CSF
protein concentrations (right) in the total sample. In this figure, we selected the top ten
pQTL associations between AD genetic risk variants (left) and CSF protein levels (right) in
the total sample (n=502). Significant associations (P<7.71e-07) replicated in the independent
cohorts are depicted in black text. Suggestive associations (P<4.95e-04) are depicted in grey.
The size of the arrows indicates the strength of the association (beta estimate) between genetic

variants and CSF protein levels. Supporting data is presented in Table S4.

Figure 2 Significant pQTL associations in the total sample (n=502). (A) Genetic risk locus
CR1 on CSF CR2 (B) Genetic risk locus HESX1 on CSF RETN (C) Genetic risk locus
ZCWPW1 on CSF PILRB (D) Genetic risk locus CTSH.on CSF CTSH. In this visualization,
groups are based on the carriership of the risk allele..For example in Figure 2A, “AA” (blue)
corresponds to subjects homozygous for the rs3818361-A allele, “AG” (brown) to
heterozygous subjects and “GG” (pink) to subjects homozygous for the rs3818361-G allele.
The discovery and replication cohorts did-not include homozygous rs186108507-T carriers
(HESX1). Abbreviations: pQTL: protein quantitative trait loci, CR2: complement receptor 2,
CR1: complement receptor1, PILRB: Paired immunoglobulin-like type 2 receptor beta,
CTSH: Cathepsin H, ZCWPW1:-Zinc Finger CW-Type And PWWP Domain Containing 1,
RETN: resistin, HESX1:HESX Homeobox 1.

Figure 3" pQTL associations for GBA locus in patients with dementia with Lewy bodies
(n=50). (A) CSF FCRL1 (B) CSF CD79B (C) CSF SELL (D) CSF TNFRS13B (E) CSF
IGLC2 (F) CD1C (G) CSF CXCL13. Abbreviations: pQTL: protein quantitative trait loci,
CSF: cerebrospinal fluid, FCRL1: Fc receptor like 1, CD79B: CD79b molecule, SELL.:
selectin L, TNFRSF13B: TNF receptor superfamily member 13B, IGLC2: Immunoglobulin
Lambda Constant 2, CD1C: CD1c molecule, CXCL13: C-X-C motif chemokine ligand 13,
GBA: glucocerebrosidase. Protein levels are reported in log2-scale as Normalized Protein
eXpression (NPX).
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Table | Demographic and clinical characteristics from discovery data (n=502), Amsterdam Dementia Cohort

All Control prodromal AD-type DLB FTD P
n=502 s AD/MCI dementia n=50 n=93
n=146 n=37 n=176
Age, mean (SD) 64.1 (8.7) 57.7 68.0 (7.0) 66.0 (7.7) 69.0 66.5 <20 x
(7.7) (7.6) 7.7) 10-'62
Female, n (%) 181 46 17 (45.9%) 70 (39.8%) 3 (6.0%) 45 53x 10
(35.4%) (31.5%) (48.4%)
MMSE, median (IQR) 25(21.75- | 29 (27— 27 (25-28) 21 (17-24) 23 (21- | 25 (23— <20 x
28) 29) 26) 28) 10-16¢
APOE-e4,at least one allele, n 223 36 27 (73.0%) 104 (60.5%) 29 27 7.0 x
(%) (45.8%) (25.0%) (60.4%) (31.4%) 10-13¢
Abnormal CSF t-tau/A ratio, 232 [ 28 (75.7%) 175 (100%) 12 16 <22 x
n (%) (46.8%) (0.69%) (24.5%) (18.0%) 10-16¢

WN=_0OVONOOUTRWN

—_— )

Data are presented as mean (SD) for normally distributed continuous variables, as median (first quartile — third quartile) for non-normally
distributed continuous variables and as n (%) for categorical variables. Post-hoc comparisons were performed using x? tests or t-tests
where appropriate. Missing values: 2 for MMSE, |5 for APOE-status, 6 f ratio total tau/amyloid-B. Abbreviations: AD: Alzheimer’s Disease,
DLB: dementia with Lewy bodies, FTD: frontotemporal dementia, MMSE: Mini-mental state examination (range 0-30), SD: standard
deviation, IQR: interquartile range, APOE: Apoliproprotein E, CSF: cerebrospinal fluid.

*Post-hoc comparisons with P < 0.05 age: controls<prodromal AD, AD, DLB, FTD.

®Post-hoc comparisons with P < 0.05 sex (% female): DLB<controls, prodromal AD, AD, FTD & controls<FTD.

‘Post-hoc comparisons with P <0.05 MMSE: controls>prodromal AD>FTD>DLB>AD.

4Post-hoc comparisons with P <0.05 APOE-e4 carriership: controls<prodromal AD,AD,DLB & FTD<prodromal AD,AD,DLB. & Abnormal
CSF t-tau/Aratio: controls<FTD,DLB<prodromal AD<AD.
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Table 2 Significant associations between genetic risk loci for Alzheimer’s disease and CSF protein levels in the total
sample (N =502)

SNP Genetic CSF C Bp discovery, n =502 replication, n = replication, n =
locus protein | hr 99 ADC 198 ADNI
r|lal| % n | Be P Bet P Beta P
ef | It | alt ta a
rs38183 | CRI/ CR2 I 20778 | G| A| 20 |5 [ 02 | I.65 x| 025 | 1.66 x| NA NA
6l 4968 0[5 1078 1073
2
rs|4766 | ZCWPWI | PILRB 7 10000 | T | C|30 |5 |-0.]273 x| -03 ] 782 x|[NA NA
79 4446 0 (37 [10™ 8 1078
2
rs37845 | CTSH CTSH 15179219 | C| T | 14 |5 | -0.]288 x| -07 | 240 x [ NA NA
39 188 0 |70 | 107 0 1077
2
rs|8610 [ HESXI RETN 3 57228 | C | T |02 |5 (30839 x| -03 | 0.0l 0.75 1.17 %1073
8507° 084 0 | 4 1078 3
2

NOORWN_OCOONOOI_W

—_—) e e A

The Beta values represent the SNP effect (of the alternative allele) on the corresponding CSF protein. For proteins with multiple SNPs
associated with CSF levels, the bi-allelic genetic variant with the lowest P-value for the association with the CSFprotein levelis shown. CSF
protein levels are measured using proximity extension assay (PEA), unless stated otherwise. In_the’ADNI cohort, CSF RETN levels were
measured using proteomics MRM targeted mass spectroscopy. Genetic AD risk loci were selected based.on association with AD risk in
previous GWAS studies: CR/ (Beta = 0.02, P =201 x 107'%), ZCWPWI (Beta =-0.02, P = 6.04.x10'*), HESX| (Beta =0.17 P=4.17 x
107)*and CTSH (Beta = -0.72, P = 4.2 x 107°)''. Abbreviations: SNP: single nucleotide polymorphism, Chr: chromosome, Bp: base pair
location, ref: reference allele, alt: alternative allele/effect allele, AD: Alzheimer’s disease, CR2: complement receptor 2, CRI: complement
receptor |, PILRB: Paired immunoglobulin-like type 2 receptor beta, CTSH: Cathepsin.H, ZCWPW!I: Zinc Finger CW-Type And PWWP
Domain Containing |, RETN: resistin, HESX/: HESX Homeobox |.

*The SNP rs186 108507 was not used in replication analyses because it was not measured (ADNI) or had a too low MAF (ADC replication
cohort). Both replication SNPs were in linkage equilibrium with discovery variant rsI86108507 (rs9860863 for ADC D’ = |, R2 = 0.002;
rs4637258 for ADNID’= |, R2 = 0.005), and direction of effects (Beta values) can therefore not be compared between discovery and
replication stages. Discovery and replication results may reflect independent effects within the same genetic region.
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