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Suspected non-Alzheimer’s disease pathophysiology (SNAP) is a biomarker-based concept describing individuals with abnormal tau 
and/or neurodegeneration markers but normal amyloid levels. SNAP is common in individuals with normal cognition (NC), but its 
underlying pathophysiology is understudied, while being relevant for clinical trial design and treatment approaches. We aimed to in
vestigate the pathophysiology of individuals with NC who are amyloid-negative and tau-positive (SNAP) through cerebrospinal fluid 
(CSF) proteomics. Two hundred and ninety-one individuals with NC were classified based on CSF amyloid β1-42 and phosphorylated 
tau 181, as amyloid-negative/tau-negative (controls), amyloid-negative/tau-positive (SNAP), amyloid-positive/tau-negative and amyl
oid-positive/tau-positive. We measured 3102 proteins in CSF using tandem mass tag proteomic analyses. We compared protein abun
dance between groups using analysis of covariance and identified enriched biological pathways using Gene Ontology. We also 
examined differences between groups in genetic risk for Alzheimer’s disease, estimated using polygenic risk scores based on gen
ome-wide association study data. SNAP individuals with NC showed mostly increased protein levels (n = 360) compared with con
trols, mainly associated with neuroplasticity, angiogenesis, and protein modification and degradation. The proteomic profile of SNAP 
was similar to that of amyloid-positive/tau-positive individuals, while distinct from amyloid-positive/tau-negative individuals, who 
showed mainly decreased proteins associated with neuroplasticity. Higher levels of amyloid β1-40 and amyloid β1-42 were observed 
in SNAP compared with the three other groups. Polygenic risk scores analyses showed no significant differences between SNAP, amyl
oid-positive/tau-negative, and amyloid-positive/tau-positive individuals, while SNAP showed some genetic differences from controls, 
which were driven by APOE. Individuals with NC and SNAP or amyloid-positive/tau-positive status showed similar CSF proteomic 
profiles, while amyloid-positive/tau-negative individuals showed a distinct CSF proteomic profile. This suggests that tau, rather than 
amyloid, might be the main driver of the proteomic profiles in SNAP and other amyloid/tau subgroups. This may have implications for 
future proteomic studies and clinical trial design, as these findings highlight the importance of considering tau status in future studies.
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Graphical Abstract

Introduction
Suspected non-Alzheimer’s disease pathophysiology (SNAP) 
is a biomarker-based concept referring to individuals with a 
normal amyloid-β protein (Aβ) marker (A−), and abnormal 
tau (T+) and/or neurodegeneration (N+) marker(s), defined 
by cerebrospinal fluid (CSF) or imaging markers.1,2 In the 
present paper, SNAP is defined as normal CSF Aβ-42 levels 
and abnormal CSF p-tau levels (A−T+). Globally, SNAP 

(A−T+ or A−N+) is common (∼20%) among individuals 
with normal cognition (NC).3 While the underlying patho
physiology of A−T+ individuals with NC is still largely un
known, this knowledge will likely have implications for 
trial design and treatment development for individuals 
with NC-SNAP.

Previous studies have demonstrated that NC-SNAP (A–T+ 
or A−N+) is associated with lower apolipoprotein E (APOE) 
ɛ4 frequency compared with individuals with NC and 
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abnormal amyloid (A+), but similar to controls.4-6 NC A−T+ 
has shown a higher vascular burden than controls, but similar 
as NC A+T+.6-9 While SNAP in individuals with mild cogni
tive impairment (MCI) has been shown to be associated with 
cognitive decline, previous studies have shown that 
NC-SNAP A−T+ or A−N+ individuals remains relatively 
cognitively stable after a mean follow-up time of 7 years.4,6,10

Yet, higher CSF levels of APPβ and immune and inflamma
tory markers (TREM2, YKL-40 and CX3CL1) have been ob
served in NC A−T+ compared with controls and NC A+T−, 
but similar to NC A+T+.11,12 Higher levels of clusterin, which 
promotes Aβ clearance,13 have been found in NC A−T+ com
pared with controls, NC A+T− and NC A+T+.12 To date, it is 
still unclear whether NC-SNAP represents early Alzheimer’s 
disease (AD) or may reflect other non-Alzheimer’s disease 
underlying processes, and whether NC-SNAP has similar 
genetic risk for Alzheimer’s disease as persons with NC and 
abnormal amyloid.

In the present study, we aimed to investigate the patho
physiology of NC A−T+ (SNAP) using large-scale CSF pro
teomics, allowing the assessment of a substantial number 
of proteins at once. We compared the proteomic profile of 
NC A−T+ (normal CSF Aβ42 and abnormal CSF p-tau, 
A−T+; n = 30) to that of controls (NC A−T−; n = 141), 
and preclinical Alzheimer’s disease (NC A+T− (n = 65) and 
NC A+T+ (n = 55)). We characterized proteins with signifi
cantly different levels by Gene Ontology (GO) analysis, as 
well as cell type- and brain region–specific gene expression 
analysis. In addition, we examined differences in genetic 
risk for Alzheimer’s disease, as estimated using AD polygenic 
risk scores (PGRS), between NC A−T+, controls and preclin
ical Alzheimer’s disease biomarker groups.

Materials and methods
Participants
Two hundred and ninety-one participants were included from 
the Maastricht BioBank Alzheimer Centre Limburg cohort 
(BB-ACL, n = 42) memory clinic study,14 Washington 
University Knight Alzheimer Disease Research Centre 
(ADRC, n = 88) study15 and European Medical Information 
Framework for Alzheimer’s Disease Multimodal Biomarker 
Discovery study (EMIF-AD MBD, n = 161).16 The study re
ceived ethical approval from local medical ethics committees 
at all participating centres, and all participants provided writ
ten informed consent prior to inclusion. For the present study, 
we included participants without cognitive impairment [NC or 
subjective cognitive decline (NC)] who had baseline CSF sam
ples and available data of CSF Aβ42 and CSF p-tau levels.

Neuropsychological assessment
A neuropsychological assessment was administered to all 
participants, including the Mini-Mental State Examination 
(MMSE) and neuropsychological tests assessing several 

cognitive domains. Neuropsychological tests varied across 
centres. The most commonly used memory tests were the 
Rey Auditory Verbal Learning Test (administered in the 
BB-ACL and EMIF-AD MBD studies) and the Free and 
Cued Selective Reminding Test (used in the Washington 
University Knight ADRC study). Attention was assessed 
using the Trail Making Test A, executive functioning with 
the Trail Making Test B, and language with the Animal 
Fluency test. Further details on the neuropsychological as
sessments and Z-score calculations are provided else
where.14,16,17 NC was defined as performance on 
neuropsychological test within 1.5 standard deviation (SD) 
of the age-, gender-, and education-adjusted mean.

CSF protein analysis
CSF collection was performed using lumbar puncture, fol
lowed by the CSF centrifugation and storage at −80°C in 
polypropylene tubes. Untargeted proteomic and peptidomic 
analyses using tandem mass tag spectrometry were per
formed at the Neurochemistry Lab of the University of 
Gothenburg, as previously described.18-20 A total of 3102 
proteins were quantified. For the final analysis, only proteins 
with data available in at least one-third of participants with
in each diagnostic group were retained. In cases where pro
teins had identical values due to fragment non-specificity, 
one protein was randomly selected for inclusion.18 All ana
lyses were performed according to the manufacturer’s in
structions and using two batches (batch one including 203 
individuals, batch two including 88 individuals) of reagents 
by board-certified laboratory technicians who were blinded 
to clinical information.

Targeted CSF biomarker analyses, including Aβ40, Aβ42, 
phosphorylated tau (p-tau), total tau (t-tau), neurofilament 
light (NfL), and neurogranin (Ng), were conducted using vali
dated immunoassays (Supplementary Table 1). In the BB-ACL 
and EMIF-AD MBD cohorts, levels of Aβ40, Aβ42, NfL, and 
Ng were centrally analyzed by the Neurochemistry Laboratory 
at the University of Gothenburg, Sweden. In addition, Aβ42, t- 
tau and p-tau levels were measured locally. For the 
Washington University Knight ADRC cohort, all biomarkers, 
including Aβ40, Aβ42, t-tau, p-tau, NfL and Ng, were mea
sured locally.

Genetic analysis
Protocols for APOE genotyping are described else
where.16,21,22 Participants were classified as APOE-ɛ4 car
rier or non-carrier.

In a subset of the cognitively unimpaired participants of 
the EMIF-AD MBD study (n = 145), genotype data (Global 
Screening Array GSA Illumina, Inc.) was available, which al
lowed the calculation of polygenic risk score for AD (AD 
PGRS) using PRSice (v2.3).23 AD PGRS were calculated 
based on a genome-wide association study (GWAS) on 
AD,24 as previously reported.18 Analyses with and without 
APOE region were performed.
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Image analysis
MRI data acquisition and preprocessing followed site- 
specific protocols, and a thorough quality check has been 
performed. Images were analyzed using Freesurfer (version 
5.3.0. for EMIF-AD MB and BB-ACL studies and version 
5.0. for the Washington University Knight ADRC study, 
https://surfer.nmr.mgh.harvard.edu).25 Subcortical volumes 
(including hippocampal volume) were normalized by total 
intracranial volume.

Participant classification
Amyloid (A) and tau (T) status were determined using locally 
measured CSF Aβ42 and p-tau levels, respectively. 
Biomarker abnormality was defined based on cohort-specific 
thresholds. Given the differences in assay procedures across 
centres, Aβ42 thresholds were recalculated independently 
for each cohort using an unbiased Gaussian mixture model
ling approach (Supplementary Table 2). We classified parti
cipants with NC as A−T− (controls, n = 141), A−T+ 
(NC-SNAP, n = 30), A+T− (n = 65), or A+T+ (n = 55).

Pathway enrichment analysis
To explore biological pathways associated with the signifi
cant up- or down-regulated proteins, GO enrichment ana
lysis were performed using PANTHER (Protein ANalysis 
THrough Evolutionary Relationships, version 15.0, Los 
Angeles, CA, USA).26 Statistical significance was determined 
using Fisher’s exact test with false discovery rate correction 
according to the Benjamini-Hochberg procedure,27 retaining 
only pathways with an FDR-adjusted P-value below 
0.05.28,29 To simplify interpretation and minimize overlap, 
related GO terms were consolidated into broader functional 
categories. Molecular functions and cellular components as
sociated with the significantly up- or downregulated proteins 
were also explored using GO enrichment analysis and are 
presented in Supplementary Table. Enriched pathways and 
categories were independently confirmed using complemen
tary tools, including STRING version 11.030 and ClueGO,31

a Cytoscape plug-in.

Brain cell expression analysis
Brain cell-specific protein expression analyses were con
ducted with the online database Brain RNA-Seq (http:// 
www.brainrnaseq.org/).32 Proteins were labelled as being 
predominantly produced by a cell type when levels were 
higher than 40% of the total produced across cell types.

Gene set expression enrichment in 
adult human brain regions
We explored whether proteins differing between groups 
were enriched for specific brain regions using 
ABAEnrichment analysis.33 As brain barriers may impact 
the CSF composition, we also studied proteins associated 

with brain barriers functioning. We annotated proteins as in
dicative of blood-brain barrier (BBB) permeability from 
references34-36 or as highly expressed by the choroid plexus 
(ChP) of the lateral ventricles according to the Allen Brain 
Atlas37 through Harmonizome.38

Weighted gene co-expression 
network analysis
Weighted Gene Co-expression Network Analysis (WGCNA) 
was performed to identify co-expressed protein modules and 
examine their associations with participant groups and AD 
biomarkers using the R package WGCNA, as previously de
scribed.39 Proteins with at least one-third of observations 
across each participant group were included, resulting in 
1377 proteins. The co-expression network was constructed 
with a soft-thresholding power β of 7, selected based on 
scale-free topology fit and mean connectivity. Pairwise bi
weight mid-correlation (bicor) was calculated for all protein 
pairs to generate a signed adjacency matrix. Hierarchical 
clustering and the dynamic tree cut method were applied to 
identify protein modules. Module eigengenes, representing 
the most representative protein abundance values for each 
module, were computed. GO annotation of the proteins 
was conducted using the org.Hs.eg.db and GO.db R 
packages. Protein identifiers were mapped to corresponding 
Entrez Gene IDs, and associated GO terms were retrieved, al
lowing us to assess the distribution of GO terms across mod
ules to define the primary function of each module. The 
relationship between WGCNA modules and AD biomarkers 
(local CSF Aβ42 and p-tau Z-scores) was explored by com
puting biweight midcorrelation (bicor) between each module 
eigengene and clinical variables. Non-parametric tests were 
applied for comparisons between diagnostic groups, as the 
data was non-normal (assessed via Shapiro-Wilk and 
Fligner-Killeen tests). The Kruskal-Wallis test was used to as
sess module expression differences between groups, followed 
by the Wilcoxon test for pairwise post-hoc comparisons.

Statistical analysis
To characterize A−T+ individuals, we compared clinical, 
CSF and imaging measures between biomarker groups using 
analyses of covariance (ANCOVA) corrected for age and sex 
for continuous variables and Chi-square for categorical vari
ables. For the targeted CSF and imaging markers, we trans
formed the values to Z-scores as different methodologies 
were used in different centres. CSF protein levels from untar
geted analyses were normalized according to the mean and 
standard deviation of the control group (NC A−T−) and 
compared between AT groups using ANCOVA corrected 
for age and sex. AD PGRS were compared between groups 
using linear models. Post hoc, these ANCOVA analyses 
were also performed adjusted for APOE-ɛ4 carriership. 
Statistical analyses were performed using R 3.6.2 and IBM 
SPSS Statistics version 26. Two-sided statistical significance 
was used and set at P < 0.05.
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Results
Sample characteristics
Sample characteristics are presented in Table 1. NC A−T+ 
were older than controls but similar to NC A+T− and NC 
A+T+. NC A−T+ were less often APOE-ɛ4 carriers com
pared with NC A+T+, similar to controls and NC A+T−. 
NC A−T+ had lower memory scores compared with controls 
and NC A+T+. Hippocampal volumes were larger and CSF 
Aβ40 and Aβ42 levels were higher in NC A−T+ compared 
with all other groups. The Aβ42/40 ratio was lower in NC 
A−T+ compared with controls, and higher compared with 
NC A+T− and NC A+T+. CSF NfL and Ng levels were simi
lar in NC A−T+ and NC A+T+, while p-tau and t-tau levels 
were lower in NC A−T+ compared with NC A+T+. Ng, 
p-tau and t-tau levels were higher in NC A−T+ compared 
with NC A+T− and controls. NfL levels were higher in NC 
A−T+ compared with NC A+T−.

We also examined the differences in AD PGRS between 
the groups in a subset of individuals from the EMIF-AD 
MBD study (n controls = 65; n NC A−T+ = 12; n NC 
A+T− = 44, n NC A+T+ = 24). We found significantly high
er AD PGRS in NC A+T− and A+T+ individuals compared 
with controls for the threshold P-value of 1e−30, 1e−8 

and 5e−8, and, only for A+T+, also for threshold 1e−5 
(Supplementary Fig. 1A). NC A−T+ showed significantly 
higher AD PGRS compared with controls for the threshold 
P-value of 1e−30 (Supplementary Fig. 1A). Differences be
tween the groups were mainly driven by APOE 
(Supplementary Fig. 1B). No significant AD PGRS differ
ences were found between NC A−T+, NC A+T− and NC 
A+T+. Age and sex correction did not change the results 
(Supplementary Table 3A and B).

CSF proteomic profiles of NC A−T+, 
A+T− and A+T+ compared with 
controls
In NC A−T+, 360 proteins were increased and 58 de
creased compared with controls (Fig. 1A, Supplementary 
Table 4A). The increased proteins in NC A−T+ were main
ly enriched for biological processes linked to the nervous 
system, cell adhesion, angiogenesis, protein modification 
and degradation, and immune system (Fig. 2A, 
Supplementary Table 4B). The cell mapping analysis indi
cated that increased proteins were predominantly ex
pressed in the neurons (129 proteins, 36%). The 
decreased proteins in NC A−T+ were enriched for 

Table 1 Sample characteristics

Controls 
n = 141

NC-SNAP 
n = 30

NC A+T− 
n = 65

NC A+T +  
n = 55

p NC-SNAP 
versus 

controls

p NC-SNAP 
versus NC 

A+T−
p NC-SNAP 
vs NC A +T+

Age, years 64.7 (8.7) 68.2 (8.3) 65.1 (8.6) 70.8 (7.4) 0.047 0.102 0.138
Female (%) 80 (57) 18 (60) 33 (51) 29 (53) 0.743 0.402 0.519
Education, years 13.1 (3.6) 13.3 (3.8) 13.6 (3.4) 13.4 (4.0) 0.728 0.707 0.973
APOE-ɛ4 carriers (%) 26 (23) 9 (34) 32 (52) 30 (57) 0.277 0.112 0.049
APOE genotype (%) ɛ2/ɛ3 = 22 (20) 

ɛ2/ɛ4 = 1 (1) 
ɛ3/ɛ3 = 64 (57) 
ɛ3/ɛ4 = 24 (21) 
ɛ4/ɛ4 = 1 (1)

ɛ2/ɛ3 = 2 (7) 
ɛ2/ɛ4 = 0 (0) 

ɛ3/ɛ3 = 16 (59) 
ɛ3/ɛ4 = 8 (30) 
ɛ4/ɛ4 = 1 (4)

ɛ2/ɛ3 = 4 (6) 
ɛ2/ɛ4 = 1 (2) 

ɛ3/ɛ3 = 26 (42) 
ɛ3/ɛ4 = 25 (40) 
ɛ4/ɛ4 = 6 (10)

ɛ2/ɛ3 = 4 (7) 
ɛ2/ɛ4 = 1 (2) 

ɛ3/ɛ3 = 19 (36) 
ɛ3/ɛ4 = 18 (34) 
ɛ4/ɛ4 = 11 (21)

0.409 0.543 0.1763

MMSE 28.8 (1.2) 28.5 (1.5) 28.7 (1.2) 28.4 (1.9) 0.225 0.523 0.705
Memory, Z score 0.2 (0.9) −0.1 (1.0) 0.1 (0.9) 0.4 (0.8) 0.015 0.074 0.016
Attention, Z score 0.2 (1.0) 0.0 (1.2) 0.3 (1.0) 0.3 (0.7) 0.528 0.492 0.223
Executive Functioning, Z score 0.3 (1.0) 0.3 (0.8) 0.2 (1.0) 0.2 (0.8) 0.638 0.639 0.674
Language, Z score 0.0 (1.0) −0.3 (0.8) −0.0 (1.0) 0.0 (0.8) 0.105 0.110 0.092
CSF Aβ40, Z score 0.3 (1.2) 0.8 (1.2) −0.9 (1.0) −0.1 (1.6) 0.093 <0.001 0.011
CSF Aβ42, Z score 0.5 (1.3) 1.1 (1.0) −1.1 (1.0) −0.5 (1.0) 0.036 <0.001 <0.001
CSF Aβ42/40 ratio. Z score 0.9 (1.0) 0.4 (0.9) −0.7 (1.3) −1.5 (0.7) 0.03 <0.001 <0.001
CSF NfL, Z score 0.0 (1.5) 0.4 (1.2) −0.4 (1.3) 0.2 (1.1) 0.154 0.007 0.512
CSF Ng, Z score −0.3 (0.7) 1.0 (3.0) −0.5 (0.5) 0.6 (1.4) <0.001 <0.001 0.568
CSF P-tau, Z-score −0.4 (0.5) 0.8 (0.8) −0.5 (0.5) 1.3 (1.2) <0.001 <0.001 0.026
CSF T-tau, Z-score −0.3 (0.5) 0.5 (0.8) −0.5 (0.6) 1.2 (1.4) <0.001 <0.001 0.015
Hippocampal volume, Z-score 0.1 (1.3) 0.9 (1.6) −0.3 (1.5) −0.4 (1.3) 0.012 0.005 <0.001

Values represent mean (standard deviation) or number (percentages). Significant P-values (<0.05) are bold. The sample size was smaller for some variables: 37 values are missing for 
APOE genotype. 14 values are missing for memory, 43 values for attention and language, and 45 for executive functioning. 39 values are missing for Aβ40, Aβ42, Aβ42/40 ratio and NfL. 
42 values are missing for Ng and 41 for hippocampal volume. T-tau and p-tau values were measures locally and so are presented as Z-scores with controls within each data set as a 
reference. Results for comparison of APOE genotypes were: 1 = The percentage of ɛ2ɛ3 carrier is higher in controls compared with NC A+T− (P = 0.046); The percentage of ɛ3ɛ4 
carrier is lower in controls compared with NC A+T− (P = 0.008); The percentage of ɛ4ɛ4 carrier is lower in controls compared with NC A+T− (P = 0.005). 2 = The percentage of 
ɛ2ɛ3 carrier is higher in controls compared with NC A+T+ (P = 0.046); The percentage of ɛ3ɛ3 carrier is higher in controls compared with NC A+T+ (P = 0.011); The percentage of 
ɛ4ɛ4 carrier is lower in controls compared with NC A+T+ (P = <0.001). 3 = The percentage of ɛ3ɛ3 carrier is higher in NC-SNAP compared with NC A+T+ (P = 0.046); The 
percentage of ɛ4ɛ4 carrier is lower in NC-SNAP compared with NC A+T+ (P = 0.043). Abbreviations: A, amyloid; Aβ, amyloid β; AD, Alzheimer’s disease; MMSE, Mini Mental State 
Examination; NC, normal cognition; NfL, neurofilament light; Ng, neurogranin; P, P-value; P-tau, phosphorylated tau; SNAP, suspected non-Alzheimer’s pathophysiology; T, tau; T-tau, 
total tau.
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biological processes related to the immune system, hemo
stasis, proteolysis, cytoskeleton and lipids (Fig. 2B, 
Supplementary Table 4B). Of the decreased proteins, 

33% (19 proteins) were enriched for expression in the 
ChP (ABAenrichment P = 0.065) and 43% (25 proteins) 
were associated with BBB functioning.

A

B

Figure 2 CSF proteomics in NC-SNAP (A−T+) compared with controls. (A) Selected biological processes GO terms for the increased 
proteins in the comparison NC A−T+ versus controls. (B) Selected biological processes GO terms for the decreased proteins in the comparison 
NC A−T+ versus controls. Pathway enrichment analyses were performed using Fisher’s exact test with false discovery rate (using the 
Benjamini-Hochberg procedure). GO, Gene Ontology; NC, normal cognition; SNAP, Suspected non-Alzheimer’s disease pathophysiology  
(A−T+); A+, abnormal levels of CSF Aβ42; T+, abnormal levels of CSF phosphorylated-tau; NC, normal cognition; SNAP, Suspected 
non-Alzheimer’s disease pathophysiology (A−T+); A+, abnormal levels of CSF Aβ42; T+, abnormal levels of CSF phosphorylated-tau.
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In NC A+T−, 67 proteins were increased and 113 de
creased compared with controls (Fig. 1B, Supplementary 
Table 4A and E), while in NC A+T+, 273 proteins were 

increased and 21 decreased compared with controls 
(Fig. 1C, Supplementary Table 4A and F), as detailed in 
Supplementary Results.

A

B

Figure 3 Overlap of significantly dysregulated CSF proteins in NC A/T groups versus controls. (A) Proportional Venn diagram 
showing the overlap in proteins with significantly different levels between NC A−T+ and controls as well as between NC A+T− and controls and 
between NC A+T+ and controls. (B) Table depicting the number and direction of the proteins with significantly different levels from the 
comparisons shown in the Venn diagram.
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We next compared the proteins with significantly different 
levels in the different biomarker group comparisons with con
trols (Fig. 3A and B). Out of the 418 proteins with significantly 

different levels in NC A−T+ versus controls, ∼40% (159 pro
teins) were also significantly different in NC A+T+ compared 
with controls, mainly in the same direction and upregulated 

A

B

C

Figure 5 CSF proteomics in NC-SNAP (A−T+) compared with NC A+T+. (A) Volcano plots showing the CSF proteins that were 
significantly different in NC A−T+ versus NC A+T+. CSF protein levels were compared between groups using ANCOVA corrected for age and 
sex. Each dot represents a protein. The log2 fold change are plotted versus the −log10 P-values.  The name of the top 20 significant CSF proteins 
are annotated. The total number of proteins that are decreased (left) or increased (right) is indicated. Horizontal dotted line indicates the 
significance threshold. (B) Selected biological processes GO terms for the increased proteins in the comparison NC A−T+ versus NC A+T+. 
(C) Selected biological processes GO terms for the decreased proteins in the comparison NC A−T+ versus NC A+T+. Pathway enrichment 
analyses were performed using Fisher’s exact test with false discovery rate (using the Benjamini-Hochberg procedure). GO, Gene Ontology; NC, 
normal cognition; SNAP, Suspected non-Alzheimer’s disease pathophysiology (A−T+); A+, abnormal levels of CSF Aβ42; T+, abnormal levels of 
CSF phosphorylated-tau.
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(Fig. 3A and B). These proteins were associated with biological 
pathways linked to the nervous system, oxidative stress and en
ergy metabolism and were predominantly expressed in the neu
rons (60 proteins, 39%). Approximatively half (188 proteins) 
of the proteins with significantly different levels in NC A−T+ 
versus controls were uniquely different in NC A−T+ (Fig. 3A 
and B). The increased proteins were mainly associated with 
cell adhesion, nervous system, proteins, vascular system and 
immune system, while the decreased proteins were mainly asso
ciated with immune system, proteolysis, cytolysis, cytoskeleton 
and, hemostasis and fibrinolysis, and were associated with BBB 
functioning (20 proteins, 45%). Of the proteins with signifi
cantly different levels in NC A+T− versus controls, 83 proteins 
(47%) were also significantly different in NC A−T+ and/or NC 
A+T+ versus controls, albeit mainly in the opposite direction in 
NC A+T− compared with NC A−T+ and NC A+T+ (Fig. 3A 
and B).

Comparisons between CSF 
proteomic profiles of NC A−T+, 
A+T− and A+T+
To study more thoroughly the proteomic differences be
tween SNAP and AD, we next directly compared CSF pro
teins in NC A−T+ with NC A+T− and NC A+T+.

Comparing NC A−T+ to NC A+T−, 445 proteins were in
creased and 103 decreased (Fig. 4A, Supplementary 
Table 4A). The increased proteins were mainly enriched 
for biological processes linked to cell adhesion, nervous sys
tem, angiogenesis, proteins and extracellular matrix (ECM) 
(Fig. 4B, Supplementary Table 4C). Increased proteins 
were predominantly expressed by the neurons (161 proteins, 
36%). The decreased proteins were mainly enriched for bio
logical processes related to the cytoskeleton, immune system, 
proteolysis, hemostasis and fibrinolysis, and epithelial cell 
(Fig. 4C, Supplementary Table 4C). Forty-seven percent 
(48 proteins) of the decreased proteins were enriched for ex
pression in the ChP (ABAenrichment P = <0.001) and 
twenty-three percent were associated with BBB functioning 
(24 proteins).

Comparing NC A−T+ to NC A+T+, 31 proteins were in
creased and 34 decreased (Fig. 5A, Supplementary 
Table 4A). The increased proteins were not associated with 
specific biological processes (Fig. 5B), but were predomin
antly expressed by the neurons (29%, 9 proteins). The de
creased proteins were enriched for biological processes 
linked to cytoskeleton and energy metabolism (Fig. 5C, 
Supplementary Table 4D). Forty-four percent (15 proteins) 
of the decreased proteins were enriched for expression in 
the ChP (ABAenrichment P = 0.314).

Protein co-expression network
Protein co-expression network analysis using WGCNA iden
tified 9 modules, ranging in size from 538 (M1) to 23 (M9) 
proteins. GO analysis of the protein module members re
vealed distinct functional annotations for all 9 modules 

(Supplementary Fig. 2A). Four modules were significantly cor
related with CSF Aβ42 and/or p-tau levels (Supplementary 
Fig. 2A). Module M1, associated with nervous system devel
opment, showed a positive correlation with both CSF Aβ42 
and p-tau levels. Module M7, related to immune response, 
was negatively correlated with both CSF Aβ42 and p-tau le
vels. Module M6, related to immunoglobulins, was negatively 
correlated with CSF p-tau only, while Module M5, related to 
complement, was negatively correlated with CSF Aβ42 only.

When examining differences in module eigengene values 
between groups, four modules showed significant differences 
(Supplementary Fig. 2B). Module M1, associated with ner
vous system development, was upregulated in NC A−T+ 
and NC A+T+ compared with controls and NC A+T−. 
Module M2, related to synapse function, was upregulated 
in NC A+T+ versus controls and A+T−. Module M5, related 
to complement, was downregulated in NC A−T+ compared 
with A+T− and showed a trend towards significance 
compared with A+T+ (P-value = 0.07). Finally, Module 
M7, related to immune response, was increased in NC 
A+T− compared with all other groups.

CSF proteomics to identify unique 
processes in NC A−T+
To identify the uniquely different proteins and pathways in 
NC A−T+, we selected the significantly different proteins 
overlapping in NC A−T+ versus controls, NC A−T+ versus 
NC A+T− and NC A−T+ versus NC A+T+ comparisons 
(Fig. 6A–C). This resulted in a total of 37 proteins uniquely 
associated with NC A−T+, in which 25 were increased and 
12 were decreased (Fig. 6A and B). All together, these pro
teins were linked with the cytoskeleton, iron ion transport 
and homeostasis and acute inflammatory response. The in
creased proteins were not linked with clear biological pro
cesses but were predominantly produced by the neurons 
(28%, 7 proteins). In the literature, a significant proportion 
of the increased proteins have shown to be related to neuro
plasticity (ACE, BDNF, CARTP, CCK, LYNX1, NOTCH3 
and VGF), proteolysis (MANEAL, MMP17, UBQLN2) 
and iron uptake and transport (TF and TFRC). The de
creased proteins were associated with biological pathways 
associated with the cytoskeleton and epithelial cells 
(Supplementary Table 4G). Approximatively half of the de
creased proteins were keratins (KRT1, KRT2, KRT5, 
KRT9 and KRT10). In the literature, other decreased pro
teins have been shown to be associated with the immune sys
tem (C5, ICAM1 and LBP), iron homeostasis and transport 
(CP and HPX) and proteolysis (CPVL and PRLP). Fifty-eight 
percent (7 proteins) of the decreased proteins were enriched 
for expression in the ChP (ABAenrichment P = 0.398).

Post hoc analysis
To better understand the influence of APOE-ɛ4 on our CSF 
findings, we also performed analyses with APOE-ɛ4 

12 | BRAIN COMMUNICATIONS 2025, fcaf253                                                                                                                A. Delvenne et al.

D
ow

nloaded from
 https://academ

ic.oup.com
/braincom

m
s/article/7/4/fcaf253/8170043 by D

O
 N

O
T U

SE Institute of Education m
erged w

ith 9000272 user on 23 July 2025

http://academic.oup.com/braincomms/article-lookup/doi/10.1093/braincomms/fcaf253#supplementary-data
http://academic.oup.com/braincomms/article-lookup/doi/10.1093/braincomms/fcaf253#supplementary-data
http://academic.oup.com/braincomms/article-lookup/doi/10.1093/braincomms/fcaf253#supplementary-data
http://academic.oup.com/braincomms/article-lookup/doi/10.1093/braincomms/fcaf253#supplementary-data
http://academic.oup.com/braincomms/article-lookup/doi/10.1093/braincomms/fcaf253#supplementary-data
http://academic.oup.com/braincomms/article-lookup/doi/10.1093/braincomms/fcaf253#supplementary-data
http://academic.oup.com/braincomms/article-lookup/doi/10.1093/braincomms/fcaf253#supplementary-data
http://academic.oup.com/braincomms/article-lookup/doi/10.1093/braincomms/fcaf253#supplementary-data
http://academic.oup.com/braincomms/article-lookup/doi/10.1093/braincomms/fcaf253#supplementary-data
http://academic.oup.com/braincomms/article-lookup/doi/10.1093/braincomms/fcaf253#supplementary-data
http://academic.oup.com/braincomms/article-lookup/doi/10.1093/braincomms/fcaf253#supplementary-data
http://academic.oup.com/braincomms/article-lookup/doi/10.1093/braincomms/fcaf253#supplementary-data


correction, which did not appreciably change the results 
(Supplementary Table 5).

Moreover, we also corrected our analyses for batch ef
fects, which resulted in similar findings. We also corrected 
our analysis for centre-specific effects, which resulted in simi
lar results. As EMIF-AD MBD and Maastricht BB-ACL data 
were acquired in batch 1, while Washington University 
Knight ADRC data were acquired in batch 2, we conducted 
separate analyses for the two batch cohorts to validate our 
findings within each cohort independently. The results 
were consistent with our original findings, supporting the ro
bustness of our conclusions.

Discussion
This study investigated the pathophysiology of NC-SNAP 
(A−T+) in relation to preclinical Alzheimer’s disease (NC 
A+T− and NC A+T+) and controls using CSF proteomics. 
We found that NC A−T+ showed mainly increased protein 
levels compared with controls, which were associated with 
neuroplasticity, angiogenesis, protein modification and deg
radation, and immune system. The proteomic profile of NC 
A−T+ was relatively similar to that of NC A+T+, but distinct 
from that of NC A+T−, which showed mainly decreased pro
teins related to neuroplasticity. Together, these results 

A

B

C

Figure 6 CSF proteomic profiles of the different comparisons and proteins uniquely associated with NC-SNAP (A−T+). 
(A) Proportional Venn diagram showing the overlap in proteins with significantly different levels between NC A−T+ and controls, between  
NC A−T+ and NC A+T− and between NC A−T+ and NC A+T+. The total number of proteins with significantly different levels in each of the 
groups is annotated. (B) Table depicting the number and direction of the different proteins as showed in the Venn diagram. (C) Heatmap 
representing the log2 fold-change values of the proteins with significantly different levels in each comparison. Statistical analysis was performed 
using ANCOVA corrected for age and gender. Significant differences were determined based on P-values < 0.05. NC, normal cognition; SNAP, 
Suspected non-Alzheimer’s disease pathophysiology (A−T+); A+, abnormal levels of CSF Aβ42; T+, abnormal levels of CSF phosphorylated-tau.
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indicate that the CSF proteomic profile of both NC A−T+ 
and NC A+T+ are mainly driven by tau rather than amyloid.

Compared with controls, NC A−T+ showed mostly 
increased levels of proteins, which were associated with neu
roplasticity, angiogenesis, protein modification and degrad
ation, and leukocytes. These protein changes are likely 
driven by tau pathophysiology. Neuronal plasticity might re
flect a compensatory response due to tau-induced synaptic 
dysfunction.23,40 Angiogenesis could also be part of this 
neuronal plasticity response.23,41 The increased levels of pro
teins associated with protein phosphorylation and proteoly
sis may also be linked with tau hyperphosphorylation42 and 
tau proteolysis.43 Finally, increased tau levels can lead to 
neuroinflammation, including activation of microglia and 
astrocytes, which could enhance the transport of leukocytes 
across the BBB.42,44 A recent study suggests an alternative 
explanation for the increased levels of proteins in 
NC-SNAP, indicating that some A−T+ individuals may pre
sent non-disease-related increases in overall CSF protein le
vels.45 This inherent variability could contribute to the 
increased protein levels observed in NC-SNAP.

The decreased proteins in NC A−T+ compared with con
trols, while not predominant, were associated with pathways 
linked to immune system, hemostasis, proteolysis, cytoskel
eton (intermediate filament) and lipids. These proteins 
changes may be associated with ChP and BBB function
ing,23,46 which both have been shown to be compromised 
with aging and AD.47 Indeed, the ChP is a highly vascular
ized structure composed of specialized epithelial cells that 
contain intermediate filaments.48 It plays an important role 
in transport of lipids across the epithelium into the CSF, 
and in protein clearance, such as Aβ, from the CSF. It has 
also important immune functions, as it is a gateway for im
mune cell entry into the brain and contains and activate com
plement components.49-54 Moreover, pathways associated 
with complement, immunoglobulins and B cells, blood co
agulation and lipids have previously been associated with 
disturbed BBB functioning.23 These pathway associations 
with ChP and BBB functioning were shown previously in 
SNAP and Alzheimer’s disease,18,23,46 although proteins 
were increased in Alzheimer’s disease.

Comparing NC A−T+ to NC A+T+, minimal proteomic 
differences were found, suggesting that the observed prote
omic profiles are more related to tau than to amyloid. Both 
groups exhibited predominantly increased levels of 
plasticity-related proteins compared with controls, with con
siderable overlap. However, amyloid markers in NC-SNAP 
were clearly in the normal range, and according to established 
definitions, the absence of amyloid means no AD. 
Additionally, the frequency of APOE-ɛ4 carriers was lower 
in NC A−T+ compared with NC A+T+, which aligns with 
previous studies.2,8 The latter could explain the absence of 
Aβ aggregation in NC-SNAP55 and indicates that NC-SNAP 
is biologically different from typical AD. NC-SNAP may re
present primary age-associated tauopathy, which is character
ized by pathology that is similar to neurofibrillary tangles in 
preclinical Alzheimer’s disease.56 Persons with NC-SNAP 

may be resistant to amyloid, although amyloid resistance is of
ten associated with specific genetic variants.57 Nonetheless, 
apart from APOE, our study did not support this notion. 
Future genetic studies are needed to validate that hypothesis.

NC A−T+ showed a different proteomic profile from 
NC A+T−. NC A+T− showed mainly decreased levels of plasti
city proteins. Overlapping proteins (40%) were mostly in
creased in NC A−T+ and decreased in NC A+T− and were 
mainly associated with neuroplasticity and influenced by 
tau.23 ChP dysfunction was associated with both NC A−T+ 
and NC A+T−, although related to distinct proteins and changes 
in opposite directions. The observed decreased levels in 
plasticity-related proteins and increased levels of proteins linked 
with ChP dysfunction in A+T− have been shown previously.23

Therefore, it seems that both amyloid and tau abnormality drive 
changes in neuroplasticity and ChP functioning but in a different 
way. Unlike in NC A−T+, decreased proteins in NC A+T− were 
not associated with BBB-related protein changes.

We identified 37 proteins uniquely dysregulated in SNAP 
(A−T+). Some are plasticity-related proteins and higher levels 
of those proteins are known to be linked with less Aβ accumu
lation or better cognitive outcomes.58-64 Some protein changes 
were associated with iron, and previous papers reported an as
sociation with iron accumulation and tau pathology in 
AD.65,66 Moreover, several proteins were keratins. This could 
be linked with changes in ChP functioning, as ChP epithelial 
cells contain keratins.48 Furthermore, we observed higher le
vels of Aβ40 and Aβ42 in NC A−T+ compared with all other 
groups. This may indicate disrupted amyloid metabolism, 
with either increased production or decreased clearance, 
which could result from changes in ChP functioning.45,52 Of 
note, NC-SNAP A−T+ individuals exhibited larger hippo
campal volumes compared with all other AT groups, which 
suggests that NC-SNAP A−T+ may be different from 
NC-SNAP A−N+, based on smaller hippocampal volume.

SNAP is a biomarker-concept independent of the clinical sta
tus, and therefore can also occur in MCI. In contrast to the in
creased protein levels in NC-SNAP, in our previous proteomic 
study, we found mainly decreased protein levels in MCI-SNAP 
compared with controls.18 These proteins were associated with 
different biological pathways than in NC-SNAP, with mainly 
some differences ECM-related pathways. However, the de
creased proteins partially overlapped (21%) and were related 
to hemostasis, immune system, lipids and proteolysis, and 
with a predominant expression in the ChP.18 Overall, it seems 
that the pathophysiological profile of SNAP is dependent 
on clinical status. Cognitive impairments in SNAP may 
result from various comorbid non-Alzheimer’s disease 
pathologies,67-69 leading to a distinct underlying pathology 
than in NC-SNAP. NC-SNAP may reflect a more pure form 
of tau pathology such as primary age-associated tauopathy 
(PART) or atypical Alzheimer’s disease.

Our study has several strengths and limitations. This study 
introduces novel insights into the pathophysiological charac
terisation of NC-SNAP (A−T+) and provides a better under
standing of the differences and similarities between NC- 
SNAP and preclinical Alzheimer’s disease. The use of 
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large-scale proteomics alongside a substantial sample size en
ables robust statistical power and a thorough pathophysio
logical characterisation of the groups. Similar to many prior 
studies on SNAP, we defined groups based on tau using CSF 
p-tau181, while the use of alternative p-tau variants, such as 
p-tau217 and p-tau231, to define SNAP may yield distinct 
pathophysiological profiles. SNAP can also be defined using 
tau positron emission tomography imaging, potentially repre
senting a different subset of individuals. Indeed, a previous 
study showed that A−T+ individuals (stratified by CSF meas
urement) had similar tau-PET tracer retention in temporal 
areas as the A−T− group,10 suggesting that CSF tau and tau 
PET do not correlate in A−T+ individuals. Furthermore, there 
is currently no evidence indicating that tau-PET tracers are able 
to capture PART, which may be relevant to understanding 
NC-SNAP. SNAP can also be defined using neurodegeneration 
markers, such as hippocampal volume or CSF neurofilament, 
which could result in different SNAP prevalence as well as 
proteomic profiles. Furthermore, revised criteria for diagnosis, 
staging and biomarker classification in AD are currently in de
velopment,70 which may influence the classification and iden
tification of SNAP cases. Given the exploratory nature of 
these findings, interpretations of the proteomic profiles and re
lated pathways in NC-SNAP should be considered provisional, 
pending validation in larger, independent cohorts and through 
a more holistic approach. Further research is also needed to 
elucidate the causes and consequences of the dysregulated pro
cesses associated with NC-SNAP. Longitudinal studies are 
needed to investigate cognitive outcomes and longitudinal 
changes in proteomic profiles in NC-SNAP and compared 
them with those of preclinical Alzheimer’s disease.

Our study initiates the characterisation of the underlying 
pathophysiology of NC-SNAP (A−T+), showing altered levels 
of proteins involved in neuronal plasticity, angiogenesis, pro
tein modification and degradation, and immune system. We 
found a similar CSF proteomic profile in NC-SNAP and NC 
A+T+, suggesting that tau, rather than amyloid, may be the 
main driver of the CSF proteomic profiles in NC-SNAP and 
other AT groups. This may have implications for future prote
omic studies and clinical trial design, underscoring the need of 
considering tau status in future research and trials.

Supplementary material
Supplementary material is available at Brain Communications 
online.
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