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CSF proteomic signature predicts progression to Alzheimer’s
disease dementia
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Abstract

Introduction: Individuals in the Alzheimer’s disease (AD) continuum with mild cogni-

tive impairment (prodromal AD) are at increased risk to develop dementia. Still, under-

lying pathophysiological processes remain unclear. We studied whether cerebrospinal

fluid (CSF) proteome changes are related to time to clinical progression in prodromal

AD.

Methods:Wemeasured 671CSF proteins in 49 prodromal AD individuals (67±7 years

old, 22 [45%] female) from the Amsterdam Dementia Cohort. Associations of protein

levels with time to dementia onset were tested with Cox regression models, followed

by biological pathway enrichment analysis.

Results:Eighteen (36%) individuals developed dementia during follow-up. In total, 128

(98%) proteins were associated with a 1.4- to 17-fold increased risk of progression

to dementia (all P < .05). These proteins showed enrichment for immune system pro-

cesses, signal transduction, neuronal death, and neurodevelopmental biology.

Discussion: CSF proteome changes related to rate of progression to dementia can be

detected in prodromal AD, providing more insight into processes involved in early AD

pathophysiology.
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1 INTRODUCTION

Alzheimer’s disease (AD) is characterized by pathological depositions

of amyloidbeta (Aβ) plaquesandhyperphosphorylated tau (neurofibril-
lary tangles) in the brain. Biomarkers for these pathological hallmarks

can be measured in cerebrospinal fluid (CSF).1 Individuals with mild

cognitive impairment (MCI) and an abnormal amyloid biomarker (AD

continuum stage 3), hereafter called prodromal AD individuals, are at

increased risk to develop dementia.2,3 Individuals with prodromal AD

show heterogeneity in disease progression rates, but the underlying
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pathophysiological processes remain unclear. Recent advances in CSF

proteomics provide the opportunity to study multiple biological pro-

cesses at the same time within an individual. The first CSF proteomics

studies comparing AD dementia individuals to controls have shown

up- or downregulation of proteins related to different biological pro-

cesses, including immune system processes, metabolism, hemostasis,

and synaptic functioning.4,5 Such alterations may already be present

in the MCI stage.5–7 Furthermore, MCI individuals who later pro-

gressed to AD dementia show CSF proteomic alterations compared to

MCI individuals who remain stable.7,8 However, previous studies often
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based diagnoses on clinical criteria without biomarker evidence of AD,

and did not include time to dementia onset in their analysis. As such, it

remains unclear which biological processes are related to rates of clini-

cal progression in prodromalAD. In this study,we investigatedwhether

CSF proteome changes can be detected that are related to progression

to dementia in individuals with prodromal AD and which underlying

biological processes are involved.

2 METHODS

2.1 Cohort

Prodromal AD individuals were included from the AmsterdamDemen-

tia Cohort (ADC)9 when they had CSF proteomics and longitudinal

clinical follow-up available. All met the National Institute on Aging–

Alzheimer’s Association (NIA-AA) criteria forMCI10 and had an abnor-

mal baseline amyloid status as measured in CSF, reflecting AD contin-

uum stage 3.3 Progression to dementia was assessed according to the

NIA-AA criteria for AD dementia.11 For this study, we labeled individ-

uals as progression to AD dementia (MCI-p) or no progression (MCI-n)

at follow-up. The study was approved by the medical ethical board of

the institution and all participants gave written informed consent.

2.2 CSF biomarkers

At first visit, a lumbar puncture was performed between the L3/L4,

L4/L5, or L5/S1 intervertebral space using a 25-gauge needle and

CSF was collected in polypropylene tubes. Aβ 1-42 (Aβ42) and

phosphorylated tau (p-tau) concentrations were determined using

enzyme-linked immunosorbent assays (INNOTEST β-AMYLOID[1-42]

and PHOSPHO-TAU[181P]; Fujirebio). Aβ42 abnormality was deter-

mined using a drift-corrected cutoff of< 813 pg/mL.12

2.3 CSF proteomics

CSF protein concentrations were quantified with multiplex panels

based on the Proximity Extension Assay (PEA) technology (Olink Pro-

teomics Inc.) as described previously.13 Briefly, 11 validated antibody-

based protein panels were used, containing reagents to measure 979

proteins in total. Each protein was targeted by binding a unique pair of

oligonucleotide-labeled antibody probes. A polymerase chain reaction

(PCR) target sequence was formed for probes in close vicinity through

a proximity-dependent DNA polymerization event. Maximizing sen-

sitivity and specificity, this was further quantified with the Fluidigm

BioMark HD real-time PCR platform, after which protein levels were

log2 transformed. Details on assay characteristics and validation can

be foundon the producer’swebsite.14 Proteinswere excluded from the

analyses when they failed quality control or when they were detected

in less than10 individuals in either theMCI-p orMCI-n group, resulting

in 671 (69%) unique proteins included for further analysis. To aid inter-

pretation, protein concentrationswereZ-transformed to themean and

standard deviation of the whole group.

2.4 Statistical analysis

Statistical analyses were performed using R v3.6.1 “Action of the Toes

”. Baseline comparisons between MCI-p and MCI-n were made with

Chi-square tests, unpaired t-tests, or Mann-Whitney U tests. Associa-

tions of protein levels with time to dementia onset were tested with

Cox proportional hazards models, adjusting for age, sex, and p-tau lev-

els, as these are known to be related to time to dementia onset.15

Panther Gene Ontology (GO) and ClueGO were used for biological

pathway enrichment analysis of all significant proteins.

3 RESULTS

3.1 Cohort demographics

We included 49 individuals (67±7 years old, 22 (45%) female; Table 1).

Eighteen (37%) individuals progressed toADdementia during amedian

follow-up of 2.1 [interquartile range: 1.2–3] years. There were no sig-

nificant group differences in age, sex, apolipoprotein E (APOE) Ɛ4 allele
carriers, or CSF Aβ42 and p-tau levels.

3.2 Proteomics for prediction of progression to
dementia

In total, levels of 128 (19%) proteins were associated with time to

dementia onset, of which 25were also differentially expressed inMCI-

p compared toMCI-n at baseline (Figure 1). The majority of 125 (98%)

proteins had a hazard ratio (HR) below 1, indicating that lower con-

centrations of these proteins were associated with increased risks

to progress to AD dementia (1.4- to 17-fold higher risk; Figure 1A,

all P < .05). Proteins with the strongest association were ALDH3A1,

GHRL, CBLIF, NOTCH1, and CD79B. Three proteins (RASA1, IL6,

CCL18) had an HR above 1, indicating that higher concentrations of

those proteins were associated with increased risks of progression to

AD dementia (1.6- to 2.2-fold higher risk; Figure 1B, all P < .05). A

model including only p-tau, age, and sex was not significant (P= .903).

3.3 Pathway enrichment predicting progression
to dementia

Next, we performed pathway enrichment analyses on proteins for

which lower concentrations predicted progression to dementia using

Panther GO and ClueGO, and found enrichment for biological pro-

cesses associated with the immune system, including leukocyte acti-

vation and cytokine signaling, as well as signal transduction and the

mitogen-activated protein kinase (MAPK) cascade, neuronal death,
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TABLE 1 Baseline demographics for all individuals (n= 49)

Characteristic All (n= 49) MCI-n (n= 31) MCI-p (n= 18)

Female sex, n (%) 22 (45%) 16 (52%) 6 (33%)

Age, mean± SD 67.3±6.8 67.5±6.4 67.1±7.8

APOE Ɛ4 carrier, n (%) 32 (65%) 21 (68%) 11 (61%)

Follow-up time (y), median (IQR) 2.1 (1.2-3) 2.1 (1.1-3.1) 2.1 (1.9-3)

Aβ42, median (IQR) 600 (540-678) 650 (527-699) 589 (542-642)

P-tau, median (IQR) 73 (50-98) 73 (49-97) 76 (54-101)

Abnormal p-tau, n (%) 35 (71%) 22 (71%) 13 (72%)

Note: No differences were observed between individuals based on progression to dementia status.

Abbreviations: Aβ42, amyloid beta 1-42; APOE, apolipoprotein E; IQR, interquartile range; MCI, mild cognitive impairment; MCI-n, MCI individuals without

progression to AD dementia; MCI-p, individuals with progression to AD dementia; n, number; p-tau, phosphorylated tau; SD, standard deviation; y, years.

F IGURE 1 Association between proteins and time to dementia
onset in prodromal AD individuals. A, Forest plot of proteins with a
significant HR< 1 fromCox regression analysis adjusted for age, sex,
and p-tau level. B, Forest plot of proteinswith a significant HR> 1 from
Cox regression analysis adjusted for age, sex, and p-tau level. (A+B)
proteins with differential expression at baseline aremarkedwith (↓) or
(↑) forMCI-p compared toMCI-n (P-values< .05). C, Results from
pathway enrichment analysis of all proteins with a significant HR< 1
using ClueGO for cluster visualization. AD, Alzheimer’s disease; HR,
hazard ratio; MCI, mild cognitive impairment; MCI-n, MCI individuals
with no progression to AD dementia; MCI-p, MCI individuals with
progression to AD dementia; p-tau, phosphorylated tau

and neurodevelopmental biology (Figure 1C, all pFDR< .05).We found

no enrichment for proteins of which higher concentrations predicted

progression to dementia.

4 DISCUSSION

In this study, we identified a proteomic signature in CSF that was asso-

ciatedwith a1.4- to17-fold increased risk of progression toADdemen-

tia in prodromal AD. These proteins were involved in immune system

processes, signal transduction, neurodevelopmental biology, and neu-

ronal death, suggesting that these processes play a role in developing

dementia.

Prior studies investigating proteome differences between MCI-n

and MCI-p individuals cross-sectionally each reported 5 to 13 pro-

teins to be differentially expressed, with little overlap between stud-

ies, and also with our results.7,8,16 One protein, NCAN, identified in

our study was previously reported,7 but in an opposite direction. That

previous study also showed a non-linear relationship between NCAN

protein concentrations and cognitive status, with MCI individuals hav-

ing higher protein concentrations compared to AD dementia individu-

als and cognitively normal individuals. Possibly, our MCI-p group may

already display an “AD-like” profile compared toMCI-n.

We further extend the literature by taking time to clinical progres-

sion into account, and as a result observed a large group of proteins to

be associatedwith progression to dementia. These showedenrichment

for biological pathways involved in immune system processes and sig-

nal transduction, both ofwhich have been related toAD in previous tis-

sue and CSF proteomics studies.5,6 It is commonly hypothesized that

amyloid depositions trigger a neuroinflammatory response involving

several signal transduction pathways,17 which may be captured in our

proteomic measurements. Another biological process that was asso-

ciated with progression to dementia was the MAPK cascade, which

involves many signaling pathways and has been implicated in multiple

aspects of AD pathogenesis, including neuroinflammation, tau phos-

phorylation, and synaptic plasticity.18 Our results suggest that dysreg-

ulation of MAPK pathways may contribute to faster cognitive decline

and could thus potentially serve as a therapeutic target.
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It is known that higher levels of proteins associated with neuronal

injury are related to faster decline (e.g., total tau, p-tau) in prodro-

mal AD.15 While we found a group of proteins to be enriched for

neuronal death, we observed that mostly lower concentrations were

associated with faster progression to dementia. The functional conse-

quenceof in- or decreasedCSFprotein levels in general remains largely

unclear, as CSF protein concentrations do not always correspond to

protein concentrations in brain tissue, and can also, for example, reflect

active sequestering of proteins or a dysregulation between endo- and

exocytosis. It would be interesting to further investigate the relation-

ship between longitudinal changes in CSF protein levels during disease

progression, and eventually changes in tissue.

A potential limitation of our study is that we used targeted pro-

teomics, and so we may have missed other proteins that play a role in

ADpathogenesis. Still, an advantage of theOlink panels is that they are

versatile, and allow developing a prognostic neurodegeneration panel

that is easy to use in clinical practice. Another potential limitation is our

relatively small sample size, resulting in wide confidence intervals for

our analyses, and the relatively short follow-up time. Given the hetero-

geneity in prodromal AD, further studies are needed to replicate and

validate these results in larger samples. Furthermore, it would also be

interesting to study the influence of other clinical features like vascular

comorbidities and cognitive profiles. A strength of our study is that our

memory clinic population is well phenotypedwith clinical follow-up.

In conclusion, our results provide more insight into processes

involved in early AD pathophysiology and subsequent progression to

dementia.
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