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Abstract

INTRODUCTION: Plasma has been proposed as an alternative to cerebrospinal fluid

(CSF) formeasuringAlzheimer’s disease (AD) biomarkers, but no studies have analyzed

in detail which biofluid is more informative for genetics studies of AD.

METHOD: Eleven proteins associated with AD (α-synuclein, apolipoprotein E [apoE],

CLU, GFAP, GRN, NfL, NRGN, SNAP-25, TREM2, VILIP-1, YKL-40) were assessed in

plasma (n = 2317) and CSF (n = 3107). Both plasma and CSF genome-wide associa-

tion study (GWAS) analyses were performed for each protein, followed by functional
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annotation. Additional characterization for each biomarker included calculation of

correlations and predictive power.

RESULTS: Eighteen plasma protein quantitative train loci (pQTLs) associated with 10

proteins and 16CSF pQTLs associatedwith 9 proteinswere identified. Plasma andCSF

shared some genetic loci, but protein levels between tissues correlated weakly. CSF

protein levels better associated with AD compared to plasma.

DISCUSSION: The present results indicate that CSF is more informative than plasma

for genetic studies in AD.

KEYWORDS

Alzheimer’s disease, biomarkers, CSF, genomics, neurodegenerative disease, plasma, protein
quantitative trait loci

Highlights

∙ The identification of novel protein quantitative trait loci (pQTLs) in both plasma and

cerebrospinal fluid (CSF).

∙ Plasma and CSF levels of neurodegeneration-related proteins correlated weakly.

∙ CSF ismore informative than plasma for genetic studies of Alzheimer’s disease (AD).

∙ Neurofilament light (NfL), triggering receptor expressedonmyeloid cells 2 (TREM2),

and chitinase-3-like protein 1 (YKL-40) tend to show relatively strong inter-tissue

associations.

∙ Anovel signal in the apolipoprotein E (APOE) regionwas identified, which is an eQTL

for APOC1.

1 BACKGROUND

Alzheimer’s diseases (AD) is the most common cause of dementia,

with an estimated 6.7 million individuals impacted in the United

States alone.1 AD is a neurodegenerative disease that has several

hallmarks, including the deposition of extracellular amyloid plaques

and formation of intracellular neurofibrillary tangles.2 Although some

recently approved treatments are able to slow the disease progres-

sion, no treatment exists to reverse or stop the progression of AD

despite the plethora of clinical trials that have been implemented in

recent history.2 This is due, in part, to the high rate of comorbidi-

ties in patients with AD and because the disease is advanced by the

time patients develop symptoms.2 Biomarkers could be used to iden-

tify comorbidities and diagnose AD earlier to improve clinical trial

outcomes.2,3

Cerebrospinal fluid (CSF)–derived biomarkers can be used for

evaluating several aspects of AD pathology including synaptic pathol-

ogy, glial cell pathology, and comorbidities (note that some of these

biomarkers are not AD specific). CSF biomarkers that are commonly

used include the ratio of amyloid beta-42 (Aß42) to amyloid beta-40

(Aß40), phosphorylated tau (p-tau), and total tau (t-tau).2 Levels of

neurodegeneration can be assessed using neurofilament light (NfL),

with visinin-like protein 1 (VILIP-1) being investigated as another such

marker.2,4 Other CSF biomarkers are emerging to further increase AD

diagnostic accuracy. One new set of biomarkers being evaluated for

potential clinical use to measure central nervous system (CNS) synap-

tic damage include neurogranin (NRGN) and synaptosomal-associated

protein 25 (SNAP-25).2,5 It is important to assess synaptic pathol-

ogy because it occurs relatively early in the symptomatic disease

process and increased levels of synaptic pathology correlate with

cognitive decline.2 Another set of biomarkers under evaluation are

those that are indicators of glial cell pathology, including glial fibrillary

acidic protein (GFAP), triggering receptor expressed on myeloid cells

2 (TREM2), and chitinase-3-like protein 1 (YKL-40).2 Glial cells appear

to be a critical component of AD pathology, supporting the impor-

tance of such biomarkers.2 In addition to AD biomarkers, biomarkers

of other diseases are being assessed to aid in differentiating AD from

other similar neurodegenerative diseases and to assess comorbidities,

including α-synuclein, progranulin (GRN), and TAR DNA-binding pro-

tein 43 (TDP-43).2,3,6 CSF biomarkers are used because CSF interacts

directly with the CNS extracellular space and can thus offer a repre-

sentative picture of CNS pathologies.4 However, there are limitations

to using CSF as the tissue source for biomarkers; the procedure is per-

ceived by some as invasive, which can lead to difficulty in recruitment

of individuals to AD clinical trials.

One alternative biofluid being pursued for AD biomarkers is blood

plasma due to its ease of access and low risk of complications.2

In addition, advancements in assay sensitivity now enable accurate
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measurement ofmany brain-derived proteins that are present in blood

at low concentrations.2 However, the blood–brain barrier (BBB) com-

plicates using plasma as a potential source of AD biomarkers, since

protein transfer between the brain blood supply to the peripheral cir-

culation is heavily regulated.7 Despite this, some plasma biomarkers

such as p-tau do have strong associations with brain pathology.2 Thus

researchers have been assessing which plasma protein levels corre-

late best with CSF and amyloid biomarkers to optimize which plasma

proteins should be studied for clinical application for AD and other

neurodegenerative diseases.4 At the genetic level, a previous study

from Bradley and coauthors8 found genetic overlap between plasma

and CSF in protein quantitative trait loci (pQTLs) of key AD genes.

Research has shown, however, that plasma biomarkers tend to differ-

entiate AD cases and controls less effectively than CSF biomarkers,

with the exception of some recent highly accurate tests, which means

further research is required to identify potentially clinically relevant

plasma biomarkers.3,9

The present study has several goals related to forwarding AD

research. The main goals are to identify the genetic basis of several

key AD-related proteins and determine which tissue is more infor-

mative for genetic studies of AD. Here we will use proteomic data

already generated in a large number of well-characterized samples

from the Knight Alzheimer’s Disease Research Center (Knight-ADRC)

andexternal cohorts. By identifying pQTLs that are associatedwithAD,

we can identify potential AD causal loci and thus potential treatment

targets.

2 METHODS

2.1 Cohorts

2.1.1 Ethics statement

The ethics committee and institutional review board of Washington

University School of Medicine in St. Louis approved this study. All par-

ticipants provided informed consent for all data used in the present

study.

2.1.2 Plasma and CSF cohorts

For the plasma analyses, 2317 European individuals were included

from the Knight-ADRC. The age range of these individuals was 27 to

104 years. The sample was 45.84%male.

For the CSF analyses, 3107 individuals of European descent were

included from six different cohorts: Knight-ADRC10–12 (n = 805,

46.7% male), the Alzheimer’s Disease Neuroimaging Initiative (ADNI;

n = 689; 58.2% male), Dominantly-Inherited Alzheimer Network

(DIAN; n = 193; 48.4% male), Barcelona-113 (n = 197; 52.3% male),

Fundació Alzheimer’s Center Barcelona (FACE; n = 438; 41.1% male),

and Parkinson’s Progression Marker Initiative (PPMI; n = 785; 55.1%

male).

RESEARCH INCONTEXT

1. Systematic review: The authors reviewed the litera-

ture using PubMed and Google Scholar. Researchers

have been investigating less invasive methods than lum-

bar puncture for assessing neurodegenerative disease

biomarkers. Plasma has been proposed as an alterna-

tive tissue for obtaining such biomarkers, but insufficient

evidence exists to support its use.

2. Interpretation: The present research found that cere-

brospinal fluid (CSF) and plasma levels of key Alzheimer’s

disease (AD) proteins correlate poorly despite overlap

in genetic protein quantitative trait loci (pQTLs). CSF is

a better source of AD biomarkers in general, although

the use of plasma neurofilament light (NfL) levels as a

proxy for CSF NfL levels is supported. These results will

contribute to the identificationof optimalADbiomarkers.

3. Future directions: (1) investigate the significance of the

APOC1 expression in plasma apolipoprotein E (APOE)

expression levels, (2) assess the biological importance of

the novel pQTLs identified in the present study, and (3)

extend the present analyses to other ADgenes. TheAPOE

region was identified, which is an expression quantitative

trait locus (eQTL) for APOC1.

Knight-ADRC

The predecessor of the Knight-ADRC atWashington University began

in 1979 to study cognition in participants as they age to improve

understanding of the aging process, as well as diseases of aging. The

Knight-ADRC itself grew from this preceding study and was estab-

lished in 1985 with a grant from the National Institute on Aging (NIA).

Its ultimate goal is to foster and facilitate research on AD and related

dementias (ADRDs) and to identify treatments and/or cures for AD.

Eligibility criteria for the clinical cohort followed by the Knight-ADRC

include age65 years of age or older, cognitively unimpaired or impaired

at baseline, availability of a study partner, willingness to undergo

longitudinal imaging and CSF studies, and no medical or psychiatric

condition that precludes longitudinal participation. Participation in the

study is voluntary and free for the research participant. Participants

undergo annual clinical and cognitive assessments using a uniform pro-

tocol, provide blood samples at baseline and every 2 years thereafter,

and have imaging studies and CSF collection at baseline and every 3

years thereafter. The Knight-ADRC has studied 5510 unique individ-

uals, of whom 2426 were clinically diagnosed with AD dementia and

2156 were cognitively unimpaired. Of these participants, 82.47% are

European American individuals. Both CSF and plasma samples from

this cohort were used for the present study. Plasma was drawn from

about 3798 of the participants, and 1650 of these individuals have lon-

gitudinal plasma data available. CSF was collected by lumbar puncture

from 1058 participants.
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The ADNI

The ADNI is an ongoing, observational study of the various facets

of AD progression in thousands of individuals aged 55 to 99 years

of age with mild cognitive impairment (MCI), AD, or no dementia.

The study was initiated in 2002. Data have been collected from

57 different sites in North America. There are four major versions

of ADNI, and in each iteration participants have multiple types of

data collected including clinical, psychometric, genetic, and imaging

data. The goal of the study is to identify primary and/or secondary

treatments for AD. CSF was collected from participants via lumbar

puncture.

Barcelona-1

This cohort is a collection of ≈300 individuals that were collected by

the University Hospital Mutua de Terrassa in Barcelona, Spain.14 The

study has collected control individuals and individuals with memory

issues ranging from MCI to AD. CSF was collected from participants

using lumbar puncture.13

The DIAN

TheDIAN is a project that was initiated inWashingtonUniversity in St.

Louis in 2008, which studies autosomal dominant AD (ADAD), a less

common type of AD. Samples were collected frommany different sites

across the world, including sites in the United States, Asia, Europe,

Australia, and South America. Participants who were eligible for

inclusion in the study were at least 18 years of age; without severe

cognitive issues; able to find two partners that could offer additional

information about the participant; and English speakers. Although the

goal is to better understandADAD, the project aims to develop primary

and/or secondary treatments for any type of AD. Data were collected

from participants in the form of interviews, memory tests, imaging,

and post-mortem brain autopsy. Both plasma and CSF samples were

collected from participants, although only CSF samples were used

for the present study. CSF was collected by lumbar puncture from

participants.

FACE

The Fundacion ACE (FACE) cohort is a sample that was collected by

the ACE Foundation, which is a non-profit organization located in

Spain that is involved in the treatment of and research into AD. To

this date FACE has collected 17,993 genetic samples from individuals

with dementia, and they have more than 20,000 genetic samples in

storage.

The PPMI

This PPMI cohort, funded by theMichael J. Fox Foundation for Parkin-

son’s Research (MJFF), was created based on ongoing longitudinal

observations of the progression of Parkinson’s disease in ≈3000 indi-

viduals (the goal is to have a sample size of 4000 individuals). The

samples have been collected from 50 different locations around the

world, including cities in the United States, Europe, Israel, and Aus-

tralia. The goal of this cohort is to have the largest collection of tangible

data from individuals with Parkinson’s disease. The study incorporates

clinical, genetic, and imaging data to unveil potential improvements on

modern treatments. Some of the specific areas studied include motor

skills, neuropsychiatric functioning, and sleeping. Both CSF and plasma

were drawn from participants in this study, along with skin and urine

samples. CSF is the only tissue that was used from this cohort and was

collected via standard lumbar puncture procedures.15

2.1.3 AD genome-wide association study (GWAS)
risk summary statistics

For comparison against CSF and plasma data, the summary statistics

from a previous AD study performed by Bellenguez and coauthors16

were included for analyses. The purpose of this study was to identify

and confirm loci associated with AD to better understand the physio-

logical underpinnings of the disease. The study successfully identified

42 new loci, and confirmed 33 previous loci. This study analyzed

788,989 European individuals (111,326 individuals with AD or proxies

for AD and 677,663 controls) from 11 different cohorts using fixed-

effectsmeta-analysis; extensive follow-up analyseswereperformedon

the meta-analysis results. Please refer to the original publication for

further information.6

For one of the present analyses, a different set of AD summary

statistics from Schwartzentruber and coauthors17 was used because

Bellenguez and coauthors16 excluded the apolipoprotein E (APOE)

region from their analyses (although Bellenguez and coauthors16 did

find APOE variants that were significant at a 5× 10−8 p-threshold level

in stage 1 of their study, beforeAPOEwas removed). Schwartzentruber

and colleagues17 used inverse-weighted meta-analysis of genome-

wide association study-by-proxy (GWASX) data, as well as genetic

co-localization analyses between AD and potential risk loci expression

quantitative trait loci (eQTLs), to identify and confirm loci associated

with AD; they found four novel genes and replicated 32 other loci. The

study included 858 AD cases, 52,791 proxy-AD cases, and 355,900

controls.17

2.2 Proteins

2.2.1 Protein-level data generation and quality
control

The proteins were measured using the SOMAscan7k platform, a pro-

tein level assay that is high throughput and based on aptamers.18 The

platform can detect proteins at concentrations as low as the femto-

molar level. The version of SOMAscan7k used in the present research

outputs measurements for 7584 aptamers from ≈6383 unique pro-

teins. When identifying protein concentrations, they also included

308 control proteins related to hybridization, normalization, binding

specificity, and non-human protein sequences. Protein concentrations

were determined using a DNA aptamer assay that is proprietary to

Somalogic. Protein concentrations were reported in relative fluo-

rescence units. In the following normalization and quality control
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sections, all steps are the same for plasma and CSF unless otherwise

specified.

2.2.2 Normalization of protein concentration
measurements

After measuring protein concentrations, normalization of the data

was performed to control for technical variation and facilitate qual-

ity control. First, hybridization control normalization was performed

at the sample level. Second, the aptamers were split into three dif-

ferent groups based on their signal-to-noise ratios and processed

separately for the remainder of the normalization steps. Third, the

median signal normalization to calibrators was calculated, which con-

trols for confounds for groups of wells on the same plate that have

the same experimental conditions and dilution level.18 Finally, an iter-

ative adaptive normalization of maximum likelihood method was used

to normalize the data to a reference to control for both technical and

biological variance.13

2.2.3 Quality control of protein concentration
measurements

Quality control of the protein measurements was performed, using

an in-house pipeline, at both the protein aptamer level and the sam-

ple level. For protein aptamer–level quality control, aptamers were

removed from the data if they met one of the following conditions:

if an aptamer was found to go above the limit of detection (LOD)

score threshold in >15% of the samples assessed (this quality control

step was restricted to plasma), if the difference between the aptamer-

specific median scale factor and its relevant calibration scale factor

was>0.5, or if the aptamer-specific median coefficient of variation had

a value>0.15. The remaining protein datawere then log10 transformed

and an interquartile rangewas calculated for these transformed values

on a protein-by-protein basis; aptamers were removed if the aptamer-

specific median scale factor differed from the median scale factor by

more than 1.5 times the interquartile range in≥85%of samples.13 Pro-

tein aptamers and samples with a call rate <65% were then removed

from the data. Protein aptamer call rates were recalculated and pro-

tein aptamers with a call rate <85% were removed from the data. The

sample call rates were then recalculated and individuals with a call

rate<85%were removed.

2.3 Analyses

2.3.1 Genetic quality control

Quality control of the genetic data was performed using PLINK1.9.19

Genetic data had already been linked to proteomics data before

the proteomics in-house quality control.13 Imputation was per-

formed on the genetic data using the TOPMed imputation server.20

Before imputation, quality control was performed and variants were

removed if they had: a genotyping rate <98%, minor allele fre-

quency (MAF) ≤0.3%, and/or a Hardy-Weinberg equilibrium (HWE)

p-value < 1 × 10−6. After imputation, further thresholds for variant

inclusion were set. Variants with a HWE p-value < 5 × 10−30 were

excluded from analyses. Duplicate single-nucleotide polymorphisms

(SNPs) and duplicate samples were removed from the data. SNPs that

were strand ambiguous were removed to avoid bias in the results.

Principal component (PC) analysis was performed to calculate

genetic PCs, and PC1 and PC2 were plotted (Figure S1). Based on the

plot, it was decided that individuals with a PC1 between −0.0025 and

0.0025, and a PC2 between −0.010 and 0.004, were European and

retained for further analysis (plot visualization was used for selecting

Europeans because of availability of data produced previously in the

lab). An identity-by-descent analysiswas performed to assess potential

cryptic relatedness between individuals in the sample; one individual

per pair with �̂� >0.2was removed and the individual whowas removed

had a higher sample genotypingmissingness rate within the pair.

2.3.2 Protein level GWAS

A GWAS was performed to assess plasma protein pQTLs in PLINK2,

using protein aptamer levels as the dependent variables (the protein

aptamers included in these analyses can be found in Table S1). The

independent variables included genetic variant, age, sex, protein plate,

cohort array, 10 genetic PCs, and two protein PCs. Over 10 million

variants were included in the plasma and CSF analyses.

No inflation was found for any of the analyses based on QQ-plots

(Figures S2–S17). All summary statistics from this study are available

onONTIME browser.10

2.3.3 In silico functional annotation

A scoring system was implemented to identify likely functional genes

for each prioritized locus. Variants were selected for gene scoring by

selecting every variant thatwaswithin 1Mbof each trans sentinel vari-

ant that both had an r2 ≥ 0.6 with the sentinel variant and a p-value

≤ 5 × 10−5. Additional variants with an r2 ≥ 0.6 with each sentinel

variant were added from the Linkage Disequilibrium (LD) Proxy 1000

Genomes GRCh38 high-coverage data.21 Each gene at a signal was

given a single point on a variant-by-variant basis for each time one

of the following occurred: if the variant was a coding variant for that

gene; if the genewas the closest gene to the variant; for each isomer of

the gene in which the variant was a pQTL (from two studies that ana-

lyzed 6907 plasma and 7028 CSF proteins, respectively); and for each

MetaBrain22 or GTEx23 CNS tissue in which that variant was an eQTL

for the gene. The gene with the highest score was selected as the likely

functional gene. To determine if the proposed functional genes were

novel or not, we assessed both the GWAS Catalog and plasma pQTLs

from the study by Ferkingstad and coauthors.24 A genewas considered

a novel pQTL if it was not associated with the respective protein in the
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plasma pQTL data at a p < 5 × 10−8 and if it was not mentioned as a

plasma nor CNS pQTL in the GWASCatalog.

2.3.4 Protein level correlations between tissues

Pearson correlations between CSF and plasma protein aptamer lev-

els were calculated using the cor.test function in R to assess if there

were similar levels of these aptamers between tissues. A correlation

was also calculated between the plasma and CSF GWAS effect sizes

for each protein aptamer separately using the cor.test function in R for

the purpose of identifying protein aptamers that have similar genetic

determinantsbetweenplasmaandCSF.Clinically definedADpolygenic

risk scores (PRSs) were correlated against the log10 protein concen-

trations of each protein aptamer using cor.test in R to assess protein

levels that associate with increased risk of AD; the AD PRSs were

calculated in PRSice-225 using summary statistics from Bellenguez

and coauthors.16 Only individuals who had CSF and plasma measure-

ments taken within 6 months of each other were included, to minimize

biases due to temporal changes in measurements (n = 289). A Bonfer-

roni correction was applied to the significance threshold for the 272

total correlations that were calculated across the entire study (p-value

threshold= 1.80 × 10−4).

2.3.5 Predicting AD status from protein levels

The programpROCwas used to perform receiver-operating character-

istic (ROC) analyses to assess which proteins best predicted clinically

determined AD status, and to identify which tissue showed better

predictive ability of AD status.26 For each protein aptamer in each

tissue, two models were run: a covariate-free model and a covariate-

containingmodel. In the covariate-freemodel, anROCanalysiswas run

in which the outcome variable was AD status and the predictor vari-

able was the log10 protein levels. In the covariate-containing model,

a general linear model was run in which the outcome variable was

log10 protein levels and the predictor variable was the genotype of

the sentinel variant for the protein; for the subsequent ROC analysis,

the residuals from the general linear model were used as the predictor

variable and the outcome variable was AD status.

2.3.6 Genetic co-localization

Co-localization analyses were performed using the coloc.abf function

from the coloc package in R to identify loci that were potentially

causally associated between plasma and CSF sentinel variants, as well

as between plasmaorCSF and clinically definedAD; the coloc.abf func-

tion assumes that there is a single causal variant.27 For co-localization

analyses that included AD summary statistics, non-APOE regions were

assessed in the study by Bellenguez and colleagues,16 whereas co-

localization in the APOE region was assessed using AD summary

statistics from the study by Schwartzentruber and colleagues.17 Loci

were selected for colocalization analysis if a plasma top hit was within

1 Mb of a CSF top hit, or if a tissue top hit was within 1 Mb of an AD

top hit. For all plasma co-localization analyses, the variance of the pro-

tein aptamer levelswasestimatedby calculating thevariance inprotein

aptamer levels of Europeans included in the analyses.We used z-score

corrected CSF data for the co-localization analyses, so a variance of 1

was used for all CSF co-localization analyses. A region was considered

to co-localize between two phenotypes when the posterior probability

that they shared the same causal variant (PP.H4) was≥0.8.

3 RESULTS

3.1 Study design

Plasma and CSF protein GWAS analyses were performed on unre-

lated European individuals. Eleven proteins were selected for analysis

based on their known association with neurodegenerative disease:

apolipoprotein E (APOE), CLU, GFAP, GRN, NfL, NRNG, α-synuclein,
SNAP-25, TREM2, VILIP-1, and YKL-40. APOE, CLU, α-synuclein, and
TREM2 had multiple aptamers included from the protein measure-

ments. Only two of the possible APOE aptamer measurements were

assessed, as the other two failed the LOD filter during plasma protein

quality control. The demographics of the participants can be found in

Table 1.

The present study had several stages. First, protein aptamers were

selected based on their previous association with AD and availability

for analysis. Second, association analyses were run, for both plasma

and CSF proteins. Third, potential functional genes were proposed for

each sentinel variant (or variant in LD with the sentinel variant at r2 ≥

0.6) based on a score that accounted for pQTLs, eQTLs, gene proximity

to each variant, and functional variant annotation. Fourth, post-GWAS

analyses were performed between plasma and CSF parameters to

identify similarities between tissues, which included correlations and

colocalization analyses. Fifth, both plasma and CSF data were com-

pared against AD data to identify which tissue shared genetic loci with

AD, andwhich tissue best predictedAD status; this includedROCanal-

yses and co-localization analyses. The overall study design is outlined

in Figure 1A.

3.2 CSF and plasma pQTL findings

3.2.1 Plasma GWASs

A GWAS was performed on 2317 European individuals to determine

the genetic basis of plasma protein levels for 11 proteins associated

with neurodegenerative disease (Figure 1B; Table 2; Table S2; Figures

S2–S17). Eighteen loci showed significant associations for 10 unique

proteins (14different aptamers;p≤5×10−8). Theonlyproteinwithout
any GWAS hit was α-synuclein.

Of the18 loci, 13were trans-pQTLand5were cis-pQTLassociations.

Cis signalswere found for apoE (X2938.55: p=4.76×10−19; X5312.49:
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F IGURE 1 Study design flow chart and dot plot of top hits for plasma and CSF. (A) This image is a flowchart of the entire set of analyses that
were performed for the present study. Proteins were selected as outcome variables based on their association with neurodegenerative disease
and availability in the SOMAscan7k proteomics panel. Plasma and CSF proteinmeasurements were used for association analyses. Several
functional analyses were performed to prioritize likely functional variants and genes, compare associations between plasma and CSF (sections
with dark green background in post-GWAS analyses section), and compare associations between plasma or CSF and AD (sections with light green
background in post-GWAS analyses section). (B) This plot shows the genomic position of significant variants across all analyses with respect to the
gene that codes for the respective protein aptamer. Each color indicates if a signal is cis or trans. Each shape represents the tissue in which a variant
was found to be significant. (C) The Circos plots showwhich genes had aptamers with a top hit in the APOE region by connecting these regions with
the APOE region with lines that are colored based on effect size direction (red: negative; blue: positive, black: essentially zero) and that have
thickness determined by the effect size (magnitudemultiplied by 10 tomake the lines easier to see). The APOE region is the only unlabeled region.
Protein aptamer levels were log10 transformed before analysis. All participants were European in ethnicity based on principal component analysis.
AD, Alzheimer’s disease; CSF, cerebrospinal fluid; GWAS, genome-wide association study; N, sample size; pQTL: protein quantitative trait locus.
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TABLE 1 Demographics summary by cohort.

Tissue Cohort Sample Size Mean Age (SD) %Male %APOE ε4+ %ADCases

Plasma

Knight-ADRC 2317 75.2 (10.0) 45.8 39.9 38.1

CSF

ADNI 689 73.7 (7.5) 58.2 50.2 75.6

PPMI 785 61.8 (9.4) 55.1 N/A 0.0

FACE 438 71.9 (8.3) 41.1 35.6 54.3

DIAN 193 38.6 (10.7) 48.4 27.6 61.7

Knight-ADRC 805 71.4 (8.7) 46.7 39.0 22.1

Barcelona-1 197 68.8 (7.5) 52.3 N/A 32.0

Total 3107

Note: This table summarizes demographic information of the participants included in the plasma andCSF association analyses. The%APOE ε4+ column speci-

fies the percentage of each cohort that included individualswith at least oneAPOE ε4 allele. There is someoverlap between the plasma andCSFKnight-ADRC

sample. All participants were European in ancestry based on principal component analysis.

Abbreviations: AD,Alzheimer’s disease; ADNI, Alzheimer’sDiseaseNeuroimaging Initiative; ADRC,Alzheimer’sDiseaseResearchCenter; CSF, cerebrospinal

fluid; DIAN, Dominantly Inherited Alzheimer Network; FACE, Fundació Alzheimer’s Center; PPMI, Parkinson’s Progression Markers Initiative; SD, standard

deviation.

p=1.95×10−24), GRN (p=3.50×10−9), TREM2 (p=2.06×10−12) and

YKL-40 (p= 9.76 × 10−215).

For trans signals, to identify the most likely functional gene driv-

ing the association, a scoring system was implemented (see Meth-

ods; Table S3). Functional annotation in silico nominated a func-

tional gene at the: (1) APOE locus for NfL; (2) IGKV4-1 for GFAP,

as it included a coding variant; (3) PSRC1 for GRN, as it co-

localized with eQTLs across several studies; and (4) CDH23 for GRN

and (5) MS4A6A for TREM2 based on the presence of a coding

variant and eQTLs. Four of the trans sentinel variants were rare

(MAF <0.01): chr1:17210401:C:T and chr8:135875240:G:A associ-

ated with CLU (X24941.14), chr10:11676245:G:A associated with Ng,

and chr5:175754615:C:A associated with VILIP-1.

To determine if the signals were novel, we assessed both the GWAS

Catalog and the plasma pQTLs from the Ferkingstad and coauthors24

study. We identified one novel plasma pQTL: IGKV4-1 for GFAP (Table

S3).

3.2.2 CSF GWAS

CSF protein GWASs were performed on 3107 European samples

(Figure 1B; Table 3; Figures S2–S17; Table S4). Sixteen loci showed

significant association across nine unique proteins (13 aptamers; p

≤ 5 × 10−8). The two proteins without a GWAS hit were GFAP and

α-synuclein.
Of the 16 loci, 12 were trans-pQTL associations and four were cis-

pQTL associations. Cis signals were found for APOE (p = 2.39 × 10−41),

GRN (p = 3.16 × 10−17), TREM2 (p = 2.69 × 10−20), and YKL-40

(p= 1.66 × 10−1452).

Of all the signals, six were rare: chr19:40601522:C:T associated

with CLU (X24941.14); chr3:123475573:T:G, chr5:14278964:T:C, and

chr17:75755876:C:T associated with NfL; chr6:40974457:G:A associ-

atedwith TREM2 (X5635.66); and chr6:41161395:C:T associatedwith

TREM2 (X11581.21). A Circos plot of the trans-pQTLs for APOE can be

seen in Figure 1C.

For the 12 trans signals, three were located in the APOE region, and

for the remaining 9,wewere able to nominate a functional gene for five

of them. We nominated the following functional genes: (1) LTBP4 for

CLU and (2)MS4A6A for TREM2 (all aptamers) based on the presence

of a coding variant; (3) LRRK2 for GRN based on eQTL mapping; and

(4) CCDC50 for NRGN, and (5) SERPINA1 for SNAP-25 based on pQTL

mapping.

Of theseCSFpQTLs, fourwerenovel and included the signals: LTBP4

with CLU; CCDC50with NRGN; and APOEwith both NRGN and VILIP-

1. Some previously identified functional genes were replicated such as

the LRRK2GRNpQTL, SERPINA1 SNAP-25 pQTL, andMS4A6ATREM2

pQTL (Table S5).

Summary statistics for three coding variants in TREM2, in both

plasma and CSF, are available in Table S6. All summary statistics from

this study are available onONTIME browser.10

3.3 Comparison of plasma and CSF

3.3.1 Across tissue pQTL effect size correlations
are weak

Correlations were calculated between the plasma and CSF pQTL

effect sizes to identify genetic overlap between tissues for the same

aptamer (Table S7; Figure S18; additional genetic correlation results

can be found in Extended Results Section 5.1). Three different statis-

tical significance thresholds for pQTL p-values were used for including

variants in the correlation calculations: 5 × 10−5, 5 × 10−6, and

5 × 10−8. The highest correlation coefficients were found for YKL-40

(r = 0.89, p = 1.00 × 10−3, variants included in analysis [nVar] = 9;
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F IGURE 2 Correlation between CSF and plasmameasurements of various AD-associated protein aptamers in Europeans. These correlation
plots show the correlation in protein levels between CSF and plasma for 16 different aptamers in Europeans who had both their plasma and CSF
measurements takenwithin 6months of each other. The left-hand plot shows the overall correlations, whereas the right-hand plots show
correlations for AD patients (top) and controls (bottom), respectively. Larger circles indicate a stronger correlation and color indicates both the
magnitude and the direction of the effect, with blue indicating a positive correlation and red indicating a negative correlation. The white asterisks
indicate correlations that had p≤ 5 × 10−8 and the black asterisks indicate correlations that has p≤ 5 × 10−5. Protein aptamer levels were log10
transformed before analysis. All participants were European in ethnicity based on principal component analysis. AD n range= 62–71; Control n
range= 201–216. AD, Alzheimer’s disease; CSF, cerebrospinal fluid.

variant-inclusion p-value threshold = 5 × 10−8) and GFAP (r = 0.98,

p = 0.02, nVar = 4; variant-inclusion p-value threshold = 5 × 10−5).

No other protein showed a nominally significant correlation for effect

sizes across tissues.

3.3.2 CSF and plasma protein levels are weakly
correlated

Protein level correlations were calculated between CSF and plasma

levels to identify proteins with similar expression levels between

tissues (Figure 2;Table S8). Only two proteins showed significant cor-

relations between plasma and CSF after Bonferroni correction for the

number of tests (p = 1.80 × 10−4): YKL-40 (r = 0.62, p = 1.71 × 10−32),

and TREM2 (r≥ 0.35, p≤ 9.38× 10−14).

In addition, correlations were calculated stratified by AD status and

trends similar to the overall correlations were observed. CSF versus

plasma YKL-40 correlations were consistent across tissues between

cases and controls (controls: r= 0.64, p= 5.81 × 10−26; cases: r = 0.58,

p= 7.25× 10−8). However, TREM2 showed protein correlations across

tissues in controls (r≥ 0.35, p≤ 1.38× 10−7) but not cases (r≥ 0.21, p≤

0.08; Table S8). In addition, the across-tissueNRGNprotein correlation

was six times larger in AD patients (r = 0.37, p = 1.00 × 10−3) than in

controls (r= 0.06, p= 0.40; Fisher’s z= 2.34, p= 0.02). NfL also showed

a higher correlation in AD patients, (r = 0.27, p = 0.03) than in controls

(r = 0.07, p = 0.28; Fisher’s z = 1.37, p = 0.17), although the difference

was not significant.

3.3.3 CSF and plasma pQTLs are shared except in
the APOE region

Colocalization analysis was performed to assess overlap in signals

between plasma and CSF protein levels (Table 4). The loci for GRN,

NfL, SNAP-25, TREM2, and YKL-40 in CSF and plasma co-localized

(PP.H4 range = 0.87–1.00); for TREM2, the exception is that TREM2

(X16300.4) failed to co-localize with the other two TREM2 aptamers

on chromosome 6.
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TABLE 4 Co-localization analysis between CSF and plasma aptamers in Europeans.

Plasma

Gene

Plasma

Aptamer PlasmaHit

CSF

Gene CSF Aptamer CSFHit

Number of

Variants PP.H4

APOE X2938.55 chr19:44913034:C:T APOE X2938.55 chr19:44908684:T:C 3112 0.031

APOE X5312.49 chr19:44908684:T:C 3112 0.018

NfL X10082.251 chr19:44908684:T:C 3112 0.018

NRGN X18303.39 chr19:44888997:C:T 3071 0.006

VILIP-1 X13522.20 chr19:44919589:G:A 3090 0.004

X5312.49 chr19:44908822:C:T APOE X2938.55 chr19:44908684:T:C 3128 0.008

APOE X5312.49 chr19:44908684:T:C 3128 0.000

NfL X10082.251 chr19:44908684:T:C 3128 0.000

NRGN X18303.39 chr19:44888997:C:T 3087 0.000

VILIP-1 X13522.20 chr19:44919589:G:A 3076 0.000

GRN X4992.49 chr17:44352876:C:T GRN X4992.49 chr17:44352876:C:T 2192 1.000

NFL X10082.251 chr19:44908684:T:C APOE X2938.55 chr19:44908684:T:C 3129 1.000

APOE X5312.49 chr19:44908684:T:C 3129 1.000

NFL X10082.251 chr19:44908684:T:C 3129 1.000

NRGN X18303.39 chr19:44888997:C:T 3088 0.997

VILIP-1 X13522.20 chr19:44919589:G:A 3074 0.997

SNAP-25 X13105.7 chr14:94318281:C:T SNAP-25 X13105.7 chr14:94378225:C:T 3727 0.994

TREM2 X5635.66 chr11:60254475:G:A TREM2 X11851.21 chr11:60177107:C:T 2663 0.999

TREM2 X16300.4 chr11:60177107:C:T 2663 0.984

TREM2 X5635.66 chr11:60177107:C:T 2663 0.874

X11851.21 chr11:60254475:G:A TREM2 X11851.21 chr11:60177107:C:T 2663 0.999

TREM2 X16300.4 chr11:60177107:C:T 2663 0.984

TREM2 X5635.66 chr11:60177107:C:T 2663 0.874

X16300.4 chr6:41161469:C:T TREM2 X11851.21 chr6:41161395:C:T 3426 0.037

TREM2 X16300.4 chr6:41161469:C:T 3426 1.000

TREM2 X5635.66 chr6:40974457:G:A 2842 0.484

chr11:60254475:G:A TREM2 X11851.21 chr11:60177107:C:T 2663 0.999

TREM2 X16300.4 chr11:60177107:C:T 2663 0.984

TREM2 X5635.66 chr11:60177107:C:T 2663 0.874

YKL-40 X11104.13 chr1:203183049:C:T YKL-40 X11104.13 chr1:203183673:T:C 2766 0.996

Note: This table shows the posterior probabilities that a causal variant was shared between plasma and CSF in loci that were prioritized in both plasma and

CSF. The PP.H4 column contains the prior probability that two phenotypes share a causal gene hit based on a coloc.abf analysis. Co-localization analysis was

performed between a plasma and CSF sentinel variant if they were within 1 Mb of each other. Values highlighted with bold are statistically significant at a

PP.H4 ≥ 0.8. The AD top association data were derived from Bellenguez et al., 2022. All participants were European based on principal component analysis.

CSF n= 3107; Plasma n= 2317.

Abbreviations: AD, Alzheimer’s disease; CSF, cerebrospinal fluid; NFL, neurofilament light; NRGN, neurogranin; PP.H4, posterior probability of sharing

causative variant; SNAP-25, synaptosomal-associated protein 25; TREM2, triggering receptor expressed onmyeloid cells 2; YKL-40, chitinase-3-like protein

1; VILIP, visinin-like protein 1.

Both plasma APOE cis-pQTLs identified in this study failed to

demonstrate colocalization with all APOE region CSF pQTLs iden-

tified in this study (PP.H4 ≤ 3.1%; includes pQTLs for APOE, NfL,

NRGN, VILIP-1). These two plasma APOE pQTL sentinel variants also

had low LD with all of the APOE region CSF pQTL sentinel vari-

ants (r2 range = 0.01–0.12). However, the plasma NfL APOE region

pQTL co-localized with all APOE region CSF pQTLs (PP.H4 range =
0.99–1.00).

3.4 Plasma and CSF biomarkers as quantitative
traits for genetics studies for AD

3.4.1 AD top hits co-localize with CSF sentinel
variants more frequently than plasma sentinel variants

Co-localization was assessed between clinical AD risk loci and both

plasma and CSF pQTLs for the non-APOE regions using the study
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TABLE 5 Co-localization analysis between CSF or plasma and AD in Europeans.

Plasma CSF

Gene Aptamer Variant ID GeneNearest Hit

Number of

Variants PP.H4

Number of

Variants PP.H4

APOE X2938.55 chr19:44913034:C:T APOE 3030 0.017 2905 1.000

chr19:44908684:T:C APOE 3023 0.017 2897 1.000

X5312.49 chr19:44908822:C:T APOE 3024 6.960 × 10−16 2898 1.000

chr19:44908684:T:C APOE 3023 6.960 × 10−16 2897 1.000

CLU X24941.14 chr19:40601522:C:T LTBP4 3446 0.010 3487 0.007

GRN X4992.49 chr1:109275908:C:T CELSR2 3105 0.027 3093 0.018

X4992.49 chr17:44352876:C:T GRN 2705 1.000 2578 1.000

NFL X10082.251 chr5:14278964:T:C TRIO 3633 0.033 3746 0.082

chr19:44908684:T:C APOE 3023 1.000 2897 1.000

NRGN X18303.39 chr10:11676245:G:A ENSG00000271046 3988 0.029 4269 0.014

chr19:44888997:C:T APOE 3048 0.044 2945 1.000

TREM2 X5635.66 chr6:40974457:G:A UNC5CL 4349 0.999 4437 0.848

chr11:60177107:C:T MS4A6A 3425 0.920 3404 1.000

chr11:60254475:G:A MS4A4A 3424 0.920 3328 1.000

X11851.21 chr6:41161395:C:T TREM2 4157 0.065 4185 0.555

chr11:60177107:C:T MS4A6A 3425 0.999 3404 1.000

chr11:60254475:G:A MS4A4A 3424 0.999 3328 1.000

X16300.4 chr6:41161469:C:T TREM2 4157 0.223 4187 0.539

chr11:60177107:C:T MS4A6A 3428 0.994 3404 1.000

chr11:60254475:G:A MS4A4A 3427 0.990 3328 1.000

VILIP-1 X13522.20 chr19:44919589:G:A APOE 3017 0.054 2899 1.000

Note: This table shows the posterior probabilities that a causal variant was shared between plasma or CSF and AD. PP.H4 represents the probability that

two phenotypes share a causal gene hit based on a coloc.abf analysis. Co-localization analysis was performed between a plasma, or a CSF, and an AD sentinel

variant if they were within 1 Mb of each other. Values highlighted with bold are statistically significant at a PP.H4 ≥ 0.8 The AD top association data were

derived fromBellenguez et al., 2022. All participants were European based on principal component analysis. CSF n= 3107; Plasma n= 2317.

Abbreviations: AD, Alzheimer’s disease; CSF, cerebrospinal fluid; NFL, neurofilament light; NRGN, neurogranin; PP.H4, posterior probability of sharing a

causative variant; TREM2, triggering receptor expressed onmyeloid cells 2; VILIP, visinin-like protein 1.

by Bellenguez and coauthors,16 as the APOE region data were not

available in this data set (Table 5; Table S9; Extended Results Sec-

tion 5.2). AD sentinel variants co localized with both plasma and

CSF for the following loci: the GRN AD hit associated with a GRN

pQTL and the MS4A4A and TREM2 AD hits associated with TREM2

pQTLs.

Although AD top hits co-localized with GRN sentinel variants in the

GRN region on chromosome 17 in both tissues, the GRN trans-pQTL in

the chr1 PSRC1 region failed to co-localize with AD hits in both plasma

(PP.H4 = 0.03) and CSF (PP.H4 = 0.02). However, this chr1 pQTL is

close to the SORT1 gene thatwas prioritized in the study by Bellenguez

et al.16

Co-localization analysis was also performed between AD and

protein level sentinel variants in the APOE locus using the data set

from Schwartzentruber and coauthors17 (Table 5; Table 9). AD top

hits co-localized with all proteins with a CSF pQTL on chromosome

19: APOE, NfL, NRGN, and VILIP-1. In plasma, only the NfL sentinel

variant co-localized with an AD top hit. Thus in the APOE region, CSF

and AD top hits co-localized more frequently than plasma and AD top

hits.

3.4.2 CSF protein levels predict AD status more
accurately than plasma protein levels

ROC analyses were performed to identify the predictive value of

plasma and CSF protein levels on clinical AD status (Tables S10, S11;

Figure 3). The p-value threshold for significance was set at p ≤ 0.003

based on a Bonferroni correction. CSF protein levels were signifi-

cantly better predictors of AD status than plasma protein levels for

GFAP, GRN, NfL, NRGN, TREM2 (X16300.4), and VILIP-1, whereas

plasma protein levels of none of the assessed proteins were signifi-

cantly better predictors of AD status compared to CSF protein levels

(Tables S10, S11; Figure 3; Figure S19). These results were repli-

cated when performing the ROC analyses on only individuals who

had both CSF and plasma measurements within a 6 month period
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F IGURE 3 Predictive ability of protein aptamer levels on AD status in CSF and plasma in Europeans. (A) This dot plot shows the predictive
ability of protein aptamer levels on AD status in plasma and CSFwithout covariates included. (B) This dot plot shows the predictive ability of
protein aptamer levels on AD status in CSFwith a top hit included as a covariate. The top hits were included by regressing protein aptamer levels
on top hit genotype and then running an ROC analysis with AD status as the predictor and the residuals of the protein aptamer-top hit model as
the predictor. (C) This dot plots shows the predictive ability of protein aptamer levels on AD status in plasmawith a top hit included as a covariate.
For Plots B and C, the no-covariate model is plotted for comparison and color indicates the presence or lack of a top hit covariate. Error bars
represent 95% confidence intervals of the AUC. Protein aptamer levels were log10 transformed before analysis. All participants were European in
ethnicity based on principal component analysis. CSF n= 800; Plasma n= 2176. AD, Alzheimer’s disease; AUC, area under the curve; CSF,
cerebrospinal fluid; ROC, receiver-operating characteristic.

(Figure S19). The largest differences in area under the curve (AUC)

between plasma and CSF were found for NfL (ΔAUC in plasma com-

pared to CSF = −0.15, p = 2.33 × 10−5), VILIP-1 (ΔAUC = −0.13,
p = 2.09 × 10−8), NRGN (ΔAUC = −0.11, p = 2.91 × 10−12), and

GRN (ΔAUC = −0.07, p = 3.00 × 10−3). NfL protein levels were the

most accurate predictor of AD status in both plasma (AUC = 0.60)

and CSF (AUC = 0.76). TREM2 levels showed similar AD status pre-

dictive accuracy between plasma andCSF for two of TREM2 aptamers,

whereas TREM2 (X16300.4) showed a significantly higher predictive

ability in CSF (CSF AUC = 0.59) than plasma (plasma AUC = 0.50;

p= 0.001).

To assess if adding genetics to the prediction models improved

the predictive power of these proteins, a separate set of ROC anal-

yses was performed that controlled for the top hit genotype in each

locus (Table S11). Only one of the ROC analyses resulted in a signif-

icant difference in predictive ability between the covariate-free and

top hit-containing models; when controlling for the sentinel variant

chr19:44908684:T:C, plasma NfL showed a decrease in AD status pre-

dictive ability (∆AUC = −0.08, p = 9.68 × 10−7). The CSF YKL-40

protein level predictive abilities showed a similar change in AUCwhen

controlling for chr1:203183673:T:C (∆AUC= 0.08, p= 0.02).

3.4.3 AD PRS correlates weakly with both plasma
and CSF protein levels

Correlations for both plasma and CSF protein levels with six clinical

AD PRS scores (with or without APOE included and using three differ-

ent variant-inclusions thresholds) were performed to determine if the

overall AD genetic architecture correlates with protein levels (Table

S12; Figure S20). Most of the correlations failed to reach significance.

Plasma NfL showed correlation with an AD PRS only when correlated

against the PRS that included APOE (5 × 10−5 threshold: r = −0.33,
p= 1.10 × 10−65; 5 × 10−8 threshold: r=−0.38, p= 5.55 × 10−91).

TREM2 protein levels correlated with several of the PRSs across

both tissues (Table S12; Figure S20; plasma: r≤ −0.08, p≤ 3.38× 10−5;

CSF: r≤−0.14, p≤3.73×10−5). CSF levels of TREM2protein aptamers

tended to correlate with the PRS about three times as strongly as the

plasma levels of these aptamers across statistical significance-inclusion

thresholds for the APOE-including PRS. However, correlations were

relatively similar with the non-APOE PRS between TREM2 plasma and

CSF protein aptamers. As a note, TREM2 (X11851.21) showed a four

times stronger correlation with the 5 × 10−8 non-APOE PRS in plasma

(r=−0.12, p= 4.45 × 10−9) compared to CSF (r=−0.03, p= 0.41)
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4 DISCUSSION

The goal of the present study was to (1) identify potential functional

genes that act as pQTLs for AD-relevant proteins in two key diagnos-

tic tissues; (2) compare protein levels between CSF and plasma, and (3)

determinewhat tissueprotein levels representbetter endophenotypes

for genetic studies.

Previous studies found overlapping and tissue-specific pQTLs

between plasma and CSF,10,28 which was also found in this study.

pQTLswere found formost of the assessed proteins in both plasma and

CSF, with a total of 18 loci in plasma and 16 in CSF. Six of the loci were

shared across tissues for the same protein (two trans: MS4A4A with

TREM2 and APOEwith NfL; four cis: GRN, SNAP-25, TREM2, YKL-40)

indicating that shared genetic regulators across multiple tissues,8 and

suggesting some genetic overlap across tissues, although that overlap

seems to be driven by either pleiotropic regions (APOE) or cis-signals.

These data also suggest that some plasma-derived biomarkers of AD

may be appropriate for genetic studies of AD.

A notable finding is with respect to the two independent signals in

plasma for apoE protein levels in theAPOE locus (chr19:44913034:C:T,

p = 4.77 × 10−19; chr19:44908822:C:T, p = 1.95 × 10−24; r2 = 0.04).

One of these variants (chr19:44913034:C:T) has weak LD with both

APOE ε2 (r2 = 0.04) and APOE4 ε4 (r2 = 0.12), and does not co-localize

with the either of these alleles, suggesting that this is an independent

signal. The finding is further notable because this variant is also

associated with AD risk.29 Functional in silico analyses indicated

that the variant is an eQTL for APOC1, which is 3′’ from APOE, in

the brain cortex; thus, we propose that APOC1 is the functional

gene for this plasma APOE signal. A recent study demonstrated that

the APOE locus was also associated with sTREM2 levels.30 Wang

and colleagues31 performed QTL mapping and functional analyses,

and for sTREM2 they reported that NECTIN2, not APOE or APOC1,

was driving the association with sTREM2. The variant identified

in the present study (chr19:44913034:C:T) is not in LD with the

variant they found to be associated with sTREM2 (rs11666329;

r2 = 2.00 × 10−3). This indicates that the signal we have identified

is yet another independent signal in the APOE region that is asso-

ciated with AD-related phenotypes. Previous studies also indicate

that other genes in this region, beyond APOE, such as NECTIN230

or APOC1,32 may be implicated in AD. The mechanism by which

APOC1 affects APOE levels could be through its inhibitory interac-

tions in plasma with APOE, and other apolipoproteins,33 such that

decreased function could lead to excessive APOE activity that leads

to excessive deposition of lipids in cells. Taken together, these results

emphasize that it is possible to have independent cis-signals in the

same locus across tissues, pointing to tissue-specific regulatory

mechanisms.

One novel plasma pQTL and four novel CSF pQTLs were identi-

fied. The functional genes nominated for some of these pQTLs are

known to be part of biological and/or pathological pathways. With

respect to the novel plasma pQTL, the IGKV4-1 gene on chromosome

2, proposed as the functional gene for the GFAP pQTL, is implicated

in the immune system and is associated with the complement cascade

and B-cell receptor signaling.34 The genes that are most co-expressed

with IGKV4-1 are associated with the microglia pathogen phagocyto-

sis pathway (WP3937), and tend to bemicroglia enriched,34 suggesting

that that IGKV4-1 is associated with both AD and GFAP expression

through immune activation.

The proposed functional gene for the novel CSF NRGN pQTL,

CCDC50, has been found to be associated with AD, indicating a poten-

tial biological pathway linking CCDC50 neurogranin (NRGN), and AD.35

LTBP4, the proposed functional gene for the CLU pQTL locus on chro-

mosome 19 (over 4 Mb from APOE), has been found to be associated

with brain volume35 and Duchenne muscular dystrophy.36 Thus we

have identified pQTLs that have biological and functional relevance to

neurodegenerative disease that should be pursued further.

Plasma and CSF shared pQTLs in several loci, as reported

previously.10,28 Co-localization analyses indicated that the same

variant was driving the signal in both plasma and CSF for GRN,

NfL, SNAP-25, TREM2, and YKL-40 (Table 4). There was a lack of

co-localization between plasma and CSF pQTLs in the APOE locus

as discussed above. CLU, another key AD protein, and NRGN also

had trans pQTLs on different chromosomes between tissues. These

data indicate that there are likely differing tissue-specific regulatory

mechanisms that regulate protein levels.

Previous studies have evaluated protein correlations between

plasma and CSF biomarkers of AD.37–43 Some of these studies indi-

cate a poor correlation between plasma and CSF biomarkers,39 and

some indicate a strong correlation,41 but these studies only looked at

one or two biomarkers. In our study, only two of the assessed proteins

(TREM2 r ≥ 0.349; YLK-40 r = 0.62) showed significant correlations

in protein levels between plasma and CSF. This differs from previous

studies, including some that found plasma NfL correlated relatively

stronglywithCSFNfL levels (r=0.64-0.86; sample size 78-188),38,40,43

and another study that found a poor correlation between sTREM2 lev-

els between plasma and CSF (r = 0.04; n = 180)44; however, these

other studies were done in smaller sample sizes. Furthermore, pro-

teinswithin the same tissue tended to correlate stronger than the same

protein across tissues (see Extended Results Section 5.3).

In addition, we found that in some cases the protein correlation

across tissuedependondisease status.NRGN levels showeda six times

greater correlation across tissues in patients with AD than in con-

trols. A higher correlation in cases indicates that expression levels are

becoming increasingly similar between tissues asADprogresses,which

is important because CSF NRGN has been linked to AD progression.45

On the other hand, the TREM2 across-tissue correlation was found in

controls but not cases, and the across-tissue correlation for YKL-40

was not affected by disease status.4 These changes in the across-tissue

protein correlations might reflect changes in the biology of the dis-

ease or even inform us aboutwhat disease stage those biomarkersmay

be tagging. Based on this, we would hypothesize that sTREM2 is tag-

ging early stages (correlation only on controls) and NRGN is tagging

later stages or tagging progression (correlation only in cases). How-

ever, additional studies and comparison are needed to fully determine
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what specific phenotype and biological process these biomarkers are

capturing.

It is important to compare plasma and CSF proteins as biomarkers

of AD. Previous studies perform such analyses but many of these stud-

ies look only at Aß, tau, and/or NfL, only in one tissue, and very few

have compared across tissues. The present results indicate that, for the

assessed proteins, CSF biomarkers would be more effective in deter-

mining AD status. However, it is important to note that this study did

not include p-tau217, which has been shown to be a very good plasma

biomarker.46 In our analyses, the CSF protein levels would predict AD

status more accurately than the plasma-derived version. Despite this,

NfL showcased its effectiveness as an ADbiomarker, as it was themost

accurate predictor of AD status across all assessed proteins in both

CSF (AUC = 0.76; max non-NfL AUC = 0.66 [VILIP-1]) and plasma

(AUC = 0.60; max non-NfL AUC = 0.59 [TREM2]). Combining NfL with

other biomarkers, such as p-tau181 or 217, to predict AD status may

have higher predictive power than eachmarker alone.

There are some limitations to consider in our study. The present

study analyzed several proteins associatedwithAD, but did not include

Aß (Aß40, 42, 38) or tau proteoforms (p-tau181, 217, 231), which are

the most reliable fluid biomarkers for AD in both CSF and plasma.47

However, these proteoforms are unavailable in the SOMAscan7K plat-

form that was used for analysis. Another limitation of our study is

that participants were considered to have AD based on clinical status

and not biomarker evaluation. Biomarker status was available for the

CSF samples and has been used before in previous studies stratifying

by biomarker.10,11,13,48 However, this was not the case for plasma, as

the proteins necessary to perform the amyloid/tau/neurodegeneration

(ATN) classificationwere not available.Note thatwe also did not assess

the possibility of confounding from other neurodegenerative diseases.

Another limitation is related to the lack of correlation between plasma

and CSF GFAP levels of GFAP was identified, which is different from a

previous study that found a significant correlation in levels (r= 0.40).43

This inconsistency with previous studies might be due to known pro-

teinmeasurement issueswith the SOMAscan7Kassaywhen compared

to immunoassays.13

The results of the present study are compelling as they demonstrate

that, despite substantial overlap in genetic pQTLs, CSF and plasma pro-

tein levels do not correlate significantly. In addition, novel pQTLs were

identified inbothplasmaandCSF that shouldbe further investigated to

identify potential biological pathways involved inAD, and topotentially

identify AD treatment targets. CSF protein levels are better predictors

of AD status across many of the assessed proteins, indicating that CSF

is the preferred tissue to drawAD biomarkers.
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